Exploring Evolutionary Differences
in Bionanoscience
Mechanisms and the Pathophysiology

Yuya Hayashi

iNANO Interdisciplinary Nanoscience Center and
Department of Bioscience - Soil Fauna Ecology and Ecotoxicology
Aarhus University, Denmark

PhD thesis
March 2014

This thesis has been submitted to The Faculty of Science and Technology at Aarhus
University, Denmark, in order to fulfil the requirements for obtaining the PhD degree
in Nanoscience. The work has been carried out under the supervision of Associate
Professor Duncan Sutherland at iNANO Interdisciplinary Nanoscience Center, as well
as co-supervisions of Dr. Lars-Henrik Heckmann (during 2009-2010) and Dr. Janeck
Scott-Fordsmand at Department of Bioscience – Soil Fauna Ecology and Ecotoxicology
(formerly, Department of Terrestrial Ecology, Danmarks Miljøundersøgelser), from
April 2009 to March 2014.

This document was typeset in LATEX by the author.
Aarhus, 2014

Abstract
n facing the ever increasing variety of nano-sized formulations, a major challenge is
to develop an intelligent testing strategy that in the long-term will enable paradigm
shifts from in vivo-oriented safety evaluations to the effective utilisation of in vitro and
in silico screening approaches. Indeed, species extrapolation has long been considered in particular to assess the ecological risk of the environmental pollutants to which
diverse taxa of inhabitants are exposed. However, whether ecological risks of nanoparticles can be extrapolated between species is a question that calls for an urgent answer.
The main objective of this PhD study was to assess how the evolutionary differences
manifest in the context of nanoparticle-cell interactions, using earthworm coelomocytes
as an invertebrate model of immunity. The goal is not to enable species extrapolation,
but rather to show a proof of the concept and how evolutionary differences may be
defined in nanomaterials ecotoxicology. As a model nanoparticle of emerging environmental contaminants, nanosilver was selected on the basis of its wide, expanding
applications in the consumer products as well as in the biomedical sector.
Initially, a comparative approach was used for innate immunity model systems of
earthworms and humans in vitro, the molecular findings of which were then evaluated in vivo in earthworms exposed to the same nanoparticles spiked into a soil matrix.
These studies collectively suggested the importance of immune responses as an endpoint for both invertebrate and vertebrate species, where oxidative stress was a common
mode of action of nanosilver. The subsequent studies determined whether the mode of
nanoparticle uptake differs depending on the origin of protein repertoires constituting
the biomolecular corona around nanoparticles. The results support the striking contribution of protein coronas as the biological identity of nanoparticles indicating that native protein repertoires are likely more “recognisable” by the cellular machinery. Here,
protein secretion was found rapidly involved in the “conditioning” of the biological
identity linking the protein corona formation to biological interactions. In analogy with
vertebrate acute phase responses, transcriptional re-programming of secretory protein
profile upon nanoparticle-cell interactions was evident with concomitant induction of
the conserved pattern recognition transmembrane protein Toll-like receptors. These
findings overall indicate an evolutionarily conserved trait in which antioxidant mechanisms underlie the immune responses to nanosilver, whilst the pathophysiology feeds
back to the particle recognition process in a species-specific manner.
Overall, this study revealed a ground-breaking facet of nanoparticle-cell interactions
in invertebrates, and this finding provides a novel and highly important factor that
likely dictates the behaviour and fate of nanoparticles once they enter the biological
system. What appears intriguing is that such biokinetics of nanoparticles may not be
the same even among related species of invertebrates sharing similar ecological niches,
for example, between various earthworm species. This is because the protein repertoires and resulting formation of protein coronas can be species-specific. However,
unless specifically designed so, the target selectivity of nanoparticles is rather general
unlike organic pollutants (e.g. endocrine disrupters); thereby the stress response mechanisms are probably not very different at the cellular level. At the interface between bionanoscience and ecotoxicology, the concept of evolutionary differences therefore takes
a shape of its own kind, and cross-species extrapolation would require an additional
dimension that accounts for species differences at nanoparticles.
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Dansk resumé (Danish abstract)
Den nanoteknologiske æra har tilbudt en lang række af materialer på nano skalaen.
Det er vigtigt at udvikle en intelligent test strategi, der vil gøre det muligt at lave sikkerhedsvurderinger med en effektiv udnyttelse af in vitro og in silico screenings tilgange.
Art ekstrapolering er en tilgang, der foreslås for vurdering af risikoen for miljøforurening, fordi ikke kun én model art, men mange forskellige arter er truet. Hvorvidt denne
fremgangsmåde kan anvendes på miljø mæssige risikovurderinger af nanopartikler er
ikke kendt, og skal derfor undersøges.
Hovedformålet med dette ph.d.-studie var at vurdere, hvordan de evolutionære forskelle
vises i forbindelse med nanopartikel-celle-interaktioner ved hjælp af regnormen coelomocyter som hvirvelløs model af immunitet. Målet er ikke at gøre det muligt for art
ekstrapolering, men snarere at vise et bevis for konceptet og hvordan evolutionære
forskelle måske kan defineres i nanomateriale økotoksikologi. Nanosølv blev valgt som
studie model på grundlag af sin brede, ekspanderende applikationer i forbrugerprodukter såvel som i den biomedicinske sektor.
I starten blev regnormen coelomocyter sammelignet til immune celler fra mennesker
efter eksponering for nanosølv in vitro. Regnorme blev derefter eksponeret in vivo
til nanosølv i jord for at sammenligne virkningerne af nanosølv in vivo og in vitro.
Disse undersøgelser antydede, at nanosølv påvirker immunforsvaret i både hvirvelløse
dyr og hvirveldyr, og at oxidativt stress sandsynligvis er involveret som en udløser af
immunrespons. De efterfølgende undersøgelser afgjorde, om mekanismen af nanopartikel optagelse afhænger af oprindelsen af proteinerne, dvs. hvilken art proteinerne
blev taget fra, da celler genkender protein coronaen omkring nanopartikler, snarere
end nanopartikelen selv. Resultaterne antyder, at protein coronaen fungerer som den
biologiske identitet af nanopartikler, og dette indikerer, at cellerne sikkert genkender
deres egne proteiner bundet til nanopartikler, snarere end proteiner fra andre arter.
Det blev ogsåkonstateret, at udskillelse af proteiner hurtigt er involveret i denne proces. En genekspression undersøgelse viste, at protein sekretion profilen blev ændret ved
nanosølv, og dette ledsages af opregulering af de bevarede mønstergenkendende transmembrane Toll-like receptorer. Sammenfattende viser disse resultater evolutionær bevarelse af oxidativt stress og immunrespons til nanosølv, mens nanopartikle genkendelsen
og patofysiologien er specifikke for arter.
Samlet set viste dette ph.d.-studie et vigtigt aspekt af nanopartikel-celle interaktioner
i hvirvelløse dyr. Skæbnen og opførsel af nanopartikler er ikke nødvendigvis den samme,
selv blandt beslægtede hvirvelløse dyr der deler samme økologiske nicher, for eksempel
mellem forskellige regnorme arter. Dog er stress respons mekanismer nok ikke meget
anderledes på celleniveau, fordi nanosølv inducerer oxidativt stress som en generel
mekanisme i modsætning til organiske miljøgifte (fx. hormonforstyrrende stoffer). På
grænsefladen mellem bionanoteknologi og økotoksikologi, har begrebet evolutionære
forskelle derfor taget sin egen form, og tværsart ekstrapolering ville kræve en ekstra
dimension, der tager forbehold for artsforskelle på nanopartikler.
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1
Introduction
he concept of evolutionary differences in the context of nanomaterials ecotoxicology
is a scarcely studied, rather new idea integrating nano-bio interactions at molecular scales and the biodiversity that nature offers today. The conventional ecological risk
assessment practices, however, rely on the use of selected sentinel species to represent
the ecosystem sensitivity to which they belong. From evolutionary perspectives, the
testing strategy of “the cornerstone species” in nanomaterials ecotoxicology should be
based not only on ecophysiology but also on molecular-level understanding of nanoparticle behaviour in the biological system.
This chapter provides a general background to how nanoparticles, nanosilver in particular, find their way into the environment and what may be the common mode of
action of nanosilver across the animal kingdom. Particular emphasis is given to a much
less studied discipline of the area, namely immunogenicity of nanoparticles, from a
viewpoint of biomolecular-nanoparticle interactions. A brief introduction to the use of
an earthworm model of immune-competence follows to address the concept of evolutionary differences in toxicity mechanisms and the pathophysiology of nanoparticles.

T

1.1
1.1.1

Nanoparticles in the Environment
Nanoparticles as emerging pollutants

Definitions. Nanotoxicology has started to gain much attention since 2005 when an
extensive review by Oberdörster and colleagues 1 called for the need of an interdisciplinary approach to safety evaluation of engineered nanoparticles. The definition of a
nanoparticle has evolved since then, from simply a particulate having a characteristic
dimension with 1-100 nm in size, to a more detailed description incorporating statistical criterion (in general >50% in the number size distribution) into the size parameters
to define what is considered a nanoparticle 2 . Meeting this statistical requirement is
in fact still challenging due to technical limitations while concerted efforts have been
made (e.g. NM-series characterisation by EC JRC 3 ). This transition itself illustrates the
complexity nanoparticles display and that we have begun to understand the importance
1
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of nanoparticle characterisation for standardisation and regulation purposes.
Legislations. Naturally occurring ultrafine particles of the same size range have existed
long before the advent of the nanotechnology era. Yet, one of the major concerns arising
from rapid development and commercialisation of nanotechnology products is uncertainty in the modes of action in non-target living organisms. This is primarily because
those products have been artificially-designed for targeted, effective functionalities in
a broad range of applications from daily cosmetics to high-end devices. Nanomaterials are currently covered, for example, under existing EU legislations (e.g. REACH,
cosmetics and food) but in general without a tailored provision specific for nano-scale
materials except for a few sectors. Together with uncertainty in the routes of exposure,
a new risk assessment paradigm is needed for an intelligent testing strategy with additional physicochemical dimensions, particularly relating to characteristics occurring
at nano-scale liquid-solid interfaces created in complex matrices (e.g. water, soil, and
biological fluids) 4 .
Natural environment as the sink. The environmental sink, in particular the soil and
sediment milieu, is considered as the site of nanoparticle accumulation encompassing
concentration hotspots, which makes it an urgent area of research 4 . How and to what
degree nanoparticles of anthropogenic origin may enter in the environment has been a
topic of continuing debate. One of the most striking reports was the identification of
silver nanoparticles (AgNPs) in washwater of commercial textile products (socks) fabricated with nanosilver for antibacterial purposes 5 . In addition to the nanoparticulate
form of silver, another study showed that nanosilver incorporated in textile products
dissolves during washing, especially when bleaching agent was used 6 . In 2010, pinning
down the potential of nanosilver (and/or its derivatives) to reach the environmental
sink, silver sulphide nanocrystals were discovered in sewage sludge materials 7 , which
was experimentally confirmed in 2011 8 . Of another concern is direct release (erosion)
of the incorporated nanoparticles from the original products, as demonstrated by paints
used for outdoor facades 9 .

1.1.2

Nanosilver products and environmental fate

Nanosilver products. Nanosilver represents the most widely commercialised nanomaterial recording over 300 new entries in the consumer nanoproducts inventory within
the years 2006-2013 10 . This has led OECD’s Working Party on Manufactured Nanomaterials (WPMN), on the basis of commercial use and its production volume, to list
nanosilver as one of the priority nanomaterials for testing 11 . Biomedical sectors have
also recognised nanosilver as a promising tool for wound dressing, biosensing and drug
delivery, underpinning the expected increase of environmental exposure to nanosilver
materials. In 2009, the environmental concentration of nanosilver was predicted by
model simulations to increase annually reaching 2 µg/kg sediment and 8 µg/kg sludgetreated soil in 2012 (U.S.) 12 . The central question is, however, which transformations
nanosilver undergoes throughout the environmental matrices and how that determines
the behaviour, fate and toxicity of nanosilver.
Environmental fate. One of the transformation scenarios is already given; AgNPs may
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be released to wastewater as nanoparticulate and/or ionic form(s), which subsequently
complex with dissolved sulphide species existing in the environment transforming into
less bioavailable silver sulphide (nano)crystals 13 , as found in fields 7 . This is a very
likely scenario, as silver waste from photo-processing normally forms complexes with
sulphide in the influent or under anaerobic conditions through the sludge digestion
processes of wastewater treatment plants 13 . In this example, two chemical processes
have been proposed responsible for determining the environmental fate of AgNPs: oxidative dissolution and oxysulphidation 14–17 .
Silver sulphide, the product of oxysulphidation, is not the only silver species implicated in environmental transformation; chloride is also a key to understanding the behaviour and fate of AgNPs as the formation of silver chloride is favoured in aquatic
environments 13 . This is of considerable interest for appreciating how bioavailable AgNPs can be to ecological communities in a short-term from first principles of chemical
considerations. Yet, we are only beginning to recognise the complexity of characterising
nanosilver in the environment, in particular in the long-term scenario.

1.2
1.2.1

Mechanisms of Nanosilver Toxicity
Intrinsic and extrinsic physicochemical properties

An array of physicochemical descriptors of a nanoparticle has shown its relevance to
observed toxicity at all levels of biological systems from the molecular- to the organismal level 18 . Amongst those, chemical composition, size/shape and surface chemistry are most studied in an effort to correlate these specific parameters to biological
responses 19–22 . These intrinsic traits of a nanoparticle govern the second set of parameters such as surface charge, solubility/reactivity and aggregation/agglomeration state
depending on the surrounding chemical milieu (e.g. pH and ionic strength). For example, environmental transformations of nanosilver (oxidative dissolution and oxysulphidation) simultaneously indicate surface alteration and associated changes in aggregation chemistry and bioavailability 23 . The surface characteristics may further become
modified by ligand molecules available in proximity influencing the colloidal stability (e.g. by adsorption of natural organic matters) and, in some cases, assembling a
‘nanocarrier’ with toxic payload of existing environmental pollutants 23 .

1.2.2

Biomolecular coronas as the interfacial properties

Biomolecular coronas as a clue to understanding the biological responses. When a
nanoparticle enters biological compartments of an organism, the physicochemical nature of the infiltrating nanoparticle is translated into a dynamic biological identity that
dictates the particle’s behaviour and fate within the organism. The biological identity
is expressed as a biomolecule-nanoparticle complex, presumably in a loose core-shell
structure with biomolecules forming a “corona” around the nanoparticle (Figure 1.1).
In the past few years research focus was placed on characterisation and mapping of
the biomolecular coronas, mainly of proteins 25;26 and, to a minor extent, lipids 27 . The
model nanoparticles were those that are rather simple, monodispersed, chemically inert
and with easily-modifiable surface chemistry (e.g. polystyrene particles, nanosilica and
gold nanoparticles). Those efforts have proved fruitful and, with classical knowledge of

4

Chapter 1 - Introduction

Figure 1.1. The nanoparticle-corona complex in a biological environment. (A) It is the
nanoparticle-corona complex, rather than the bare nanoparticle, that interacts with biological machinery, here with a cell membrane receptor. (B) Relevant processes (arrows), in both
directions (on/off), for a nanoparticle interacting with a receptor. k1 , Biomolecules in the environment adsorb strongly to the bare nanoparticle surface. k2 , The biomolecules are in rapid
exchange with the environment. k3 , If sufficiently long-lived in the corona, a biomolecule may
lead to recognition of the nanoparticle-corona complex as a whole by a cell-membrane receptor.
k4 , The same biomolecule alone can also be recognised by the receptor. k5 , If present, the bare
surface of the nanoparticle may also interact with cell surface receptors or other constituents of
the cell membrane. Reprinted with permission from ref 24. Copyright 2012 Nature Publishing
Group.

protein adsorption in the biomaterials fields (e.g. Langmuir adsorption and the Vroman
effect), provided a firm basis of what a biomolecular corona is. A critical premise is that
the corona composition does not simply reflect the relative abundance of each protein,
which was supported by the comprehensive work of Tenzer and colleagues 28 . Using
silica nanoparticles of different sizes, they have therein revealed preferential enrichment of specific lipoproteins, coagulation and complement proteins from blood plasma
while less abundant were immunoglobulins and acute phase proteins.
Hard and soft coronas. In general, a biomolecular corona is believed to consist of two
components – a strongly bound layer of “hard” shell and a weakly associating layer of
“soft” corona 29 (The k1 and k2 components in Figure 1.1). Because it is binding kinetics that underlies the on-off exchange rate of proteins to and from the surface, time
and concentration are the crucial factors on top of specific individual binding affinities (e.g. hydropathicity) 26;30 . The two components, therefore, can also be referred
to as a slowly exchanging (or under given conditions irreversible) hard corona and a
rapidly exchanging, reversible soft corona. Characterisation and mapping of the former have been relatively well studied by means of centrifugal techniques to isolate
the nanoparticle-protein hard corona complexes from unbound and weakly interacting
proteins 24 . It is also the former, that has a residence time-scale long enough for direct
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ligand-receptor interactions at the cell membrane, and thus is believed to be most relevant in nanoparticle recognition by cellular machineries 31 . On the other hand, by its
nature the soft corona has received less attention largely due to technical limitations to
snapshot the transient constituents. Reductionist approaches have shown that proteins
interacting at nanoparticles in a soft, reversible manner may undergo subtle conformational change resulting in altered functionalities 32 . The biological implication of these
observed phenomena is that the soft component may disturb the protein life-cycles both
intracellularly and extracellularly, as a result of which dysregulation of cell physiology
is plausible.
Factors that affect the corona profile. The biomolecular corona or the biological identity of a nanoparticle has a dynamic profile, including spatio-temporal aspects, and
is known to be influenced by the particle size (curvature) 26;28;33–35 , shape 36;37 , surface
chemistry 25;26;34;35;38 , as well as the components of the surrounding biological environment. Remarkably, high-throughput protein corona fingerprinting indicates a stronger
influence of the surface chemistry (cationic, anionic and neutral) over the particle size
in a given range (15-60 nm) 39 . In principle, the same nanoparticles (i.e. having the
same primary physicochemical properties, but not necessarily the secondary parameters as these depend on the solvent) can acquire differential corona profiles according to the proteome of different biological fluids 40 , protein concentrations 41;42 , heatinactivation 43 , composition of cell culture medium rather than proteins 44 , and even
temperature 45 . Given that the biokinetics of a nanoparticle is under the influence of
its biomolecular corona, the molecular and cellular mechanisms underlying biological
responses to nanoparticles should be closely supported by the corona profiles. Recent
efforts have provided a promising toolkit that enables predictions in the degree of cellular association based on the protein corona fingerprints instead of classical descriptors
of nanoparticle properties such as size and zeta potentials 39 .
Membrane adhesion. As the first and general consequence of corona formation in
blood serum, the nanoparticle’s surface energy is minimised as a result of protein adsorption 41;46;47 . This masks or compensates the intrinsic surface charges of the nanoparticle – be they positive or negative – with mass of serum proteins that are on average
negative 30;48 . The lowered surface energy is also explained by proteins adsorbing to
nanoparticles via hydrophobic interactions, thereby making the nanoparticle more hydrophilic by reorganisation of polar amino acid residues to the outer layer. This supposedly prevents physical disruption of cell membrane’s lipid bilayer, or rather that the
protein coronas with an overall negative charge are largely repelled by the negativelycharged plasma membranes 49 . Supporting this hypothesis, pristine nanoparticles rapidly
and irreversibly adsorbed to membrane mimics (lipid bilayers) in a protein-free physiological environment, which was not observed with the same nanoparticles with a
pre-formed protein corona 46 . Membrane adhesion of nanoparticles leads to energydependent internalisation, in other words, nanoparticles with a protein corona do not
non-specifically adhere to the cell membrane and thus are much less taken up by the
cells 46 . Provided that non-specific adsorption is lessened in a protein-rich environment, specific ligand-receptor interactions are likely to accompany in the cellular uptake of nanoparticles 47 .
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Energy-dependent uptake via specific endocytic receptors. Studies exploiting a various set of pharmacological inhibitors to block specific endocytic receptors have identified several active transport mechanisms that are likely involved in the nanoparticle uptake. Most of those applied inhibitors to block actin polymerisation (cytochalasin 50;51 ), microtubule arrangement (nocodazole 50–52 , colchicine 47 ), lipid-raft (genistein 50 ), clathrin-mediated endocytosis (monodansylcadaverine 47 , chlorpromazine 50–52 ,
wortmannin 51;53 , ikarugamycin 53 ), caveolae-mediated endocytosis (nystatin 47 , filipin 52 ,
methyl-β-cyclodextrin 51 ) or dynamin-dependent endocytosis (dynasore 47;51 ). A range
of cell types was tested, but no single endocytosis pathway was particularly favoured
across the cell types or the nanoparticle types, albeit clathrin-mediated uptake seems
most common amongst those. The fact that these inhibitors or metabolic depletion 46 affect the nanoparticle uptake in one way or another underscores it is an energy-dependent
active process, rather than mere passive diffusion of nanoparticles into the cytoplasmic
compartment. As such, the presence of serum proteins is crucial or otherwise a completely different picture will result 47 . The difficulty of identifying common receptors
involved in the uptake mechanisms also reflects to some extent the variety of epitopes
that the biomolecular corona could offer. The active uptake mechanisms were further
anchored by a recent finding on the fate of cationic nanoparticles in cells, whereby the
formation of the protein corona assists trafficking of the nanoparticles to lysosomes
whilst preventing them from damaging the vesicle until the corona is enzymatically
degraded 48 .
Nanosilver and the biomolecular corona. Biomolecular corona formation on AgNPs is
largely unexplored with only a few studies that attempted to link the corona composition and biological responses 34;36;39 . This is probably because the adverse biological
impact of AgNPs is predominantly governed by its chemical composition 54 rather than
the biomolecular corona that may explain biokinetics. Yet, striking evidence for direct
impacts of nanosilver on the biological systems is emerging 55 , and thus the biomolecular corona studies would give a holistic insight into the mode of action.

1.2.3

Oxidative stress and nanosilver chemistry

Oxidative stress as a common mechanism of toxicity. Previous studies have reported
biological impacts of AgNPs in micro-organisms (bacteria and yeast), plant (algae),
aquatic invertebrates (crustacean) and fish (e.g. Japanese medaka and zebrafish) as
sentinel species representing aquatic environments 20 . Much less is known, however,
about the potential threats to the soil ecosystem health, with a limited number of publications using earthworms as indicator soil organisms for bioavailability, effects on the
life-history traits, and avoidance behaviour (reviewed in Paper V). On the contrary,
the underlying toxicity mechanisms in eukaryotic organisms have been progressively
uncovered using the soil nematode Caenorhabditis elegans 56–58 and established in vitro
models of rodents and humans 59 . Common to these observations are a cascade of cellular stress responses initiated by interruption of normal redox balance leading to inflammation, genotoxicity and cytotoxicity. A diverse repertoire of human in vitro models is suggestive of the fate of the cells exposed to AgNPs at cytotoxic concentrations;
that is, oxidative stress-mediated apoptosis. These studies include human monocytic
leukemia cells 60 , immortalised human T lymphocyte cells 61 , human lung carcinoma
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epithelial-like cells 62 , human Chang-liver (HeLa contaminant) cells 63 , normal human
lung fibroblasts 64 and human glioblastoma cells 64 , highlighting the cell-type independent nature of the consequence of nanosilver toxicity.
Oxidative dissolution of nanosilver. Oxidative dissolution is a chemical process that
has now been widely acknowledged as an important factor involved in oxidative stress
mechanisms of nanosilver. In the presence of oxygen, the surface of nanosilver forms
a layer of silver oxide (Ag2 O), which is thermodynamically favoured at room temperature 13 . This allows surface dissolution and releases silver ions (Ag+ ) from nanosilver.
Growing evidence suggests contribution of the dissolved silver to the overall toxicity 54 ,
particularly of nanosilver in the size range of <50 nm 65 . This is expected from the high
surface-to-volume ratio, and where dissolved oxygen level is the only limiting factor as;
H+

H+

O2 + AgN P −−−→ Ag + + ROS + AgN P −−−→ Ag + + H2 O

(1.1)

here ROS is reactive oxygen intermediates accelerating Ag + liberation 16;66 . This process can be inhibited by antioxidant enzymes 17 or in the biological context can decrease the available antioxidant molecules (cellular thiol pools). The product free Ag+
is highly biologically active and reacts with biomolecules (e.g. proteins and DNA) of
the cellular components in a similar manner as reactive oxygen species (ROS). In a typical in vitro exposure setting, AgNPs and liberated Ag+ co-exist extracellularly and/or
intracellularly, indicating a multitude of stress pathways not limited to those for the
nanoparticulate form but including contribution of liquid-phase silver 67;68 . It should
be noted, however, that under physiological conditions various dissolved complexes of
silver species exist, for example, silver chloride was predicted to be aqueous up to 0.18
µg Ag/ml in a simulated cell culture medium 69 .
What seems rather important is local concentration of Ag+ , including those attached
to the nanosilver surface 16 , in a given biological compartment 70 . Equation (1.1) signifies contribution of protons as a critical factor driving surface oxidation of AgNPs.
For example, the cytosolic environment maintains neutral to slightly alkaline pH while
lysosomes are kept acidic (pH of ~5) to retain activities of digestive enzymes. For endocytic uptake of AgNPs is likely to involve subsequent fusion with lysosomes, the
oxidative dissolution potential should be carefully considered to better understand the
toxicity outcomes. It should also be noted that macrophages were reported as capable of
creating a biochemical milieu at the interface between the plasma membrane and silver
surface that accelerates the oxidative dissolution process, termed ‘dissolucytosis’ 71;72 .
Adding a further complication to the story, surface functionality of AgNPs appears also
to modify the oxidative dissolution kinetics, for instance, by excluding oxygen access
via surface passivation (e.g. thiol-containing molecular layers, polymer grafting and
surface sulphidation) and by buffering dissolution through reversible binding of Ag+
to e.g. citrate capping and O, N-rich macromolecules coating 17 . Cloud point extraction techniques to isolate the solid and liquid phases of silver in the cell lysates have
shown 10% (31 nm AgNPs on HepG2 cells 73 ) and 18% (25 nm AgNPs on mouse erythroleukemia cells 55 ) of total Ag mass being in the liquid phase. Yet, it remains unclear whether the dissolved fraction signifies intracellular liberation of Ag+ from AgNPs
and/or simply faster uptake kinetics of Ag+ released extracellularly. Figure 1.2 depicts
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the oxidative dissolution scenarios in the cellular compartments, and how oxidative
stress determines the cell fate depending on the magnitude of oxidative insult.
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Figure 1.2. Oxidative dissolution and its consequence as oxidative stress. (A) Oxidative dissolution occurs where oxygen is accessible to the surface of AgNPs. The major parameters controlling this process are the dissolved oxygen level, pH, temperature, the type and concentration of
salts, and ligands that may or may not affect the local chemical kinetics at the surface. Upon
interactions with cells, further complication is added according to the localisation of AgNPs.
(B) Oxidative stress can be considered in terms of the cellular thiol titre. If intracellular Ag+
burdens and production of ROS exceed cell’s redox capacity, oxidative stress results in stress
responses (protective responses to quench reactive species) and immune responses mediated by
stress signal transduction (as discussed below). If the oxidative injuries are severe, genotoxicity
and cytotoxicity will result. Cells may undergo apoptosis to prevent potential carcinogenesis
if their DNA repair machinery fails to recover the DNA damage. Metallothioneins that have
high specificity to bind metal ions can be induced through metal-responsive element of the zinc
finger transcription factor MTF-1 74 .
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Other mechanisms

Organelle damages. Oxidative stress is generally a state of under-regulated ROS physiology. Depletion of cellular thiol pools may occur not only from the direct consequence
of oxidative dissolution of AgNPs, but also from disruption of mitochondria. Mitochondria process oxidative phosphorylation through the electron-transport chain to produce
ATPs, and are reported to be one of the major target organelles attacked by AgNPs 64 .
Disruption of the respiratory chain allows excess leakage of ROS e.g. superoxide anion
(O2 - ) and its dismutation product hydrogen peroxide (H2 O2 ) from the mitochondrion
into the cytoplasm.
Inhibition of ion channels. Silver in its nanoparticulate and/or ionic form is also
known to disturb sodium ion homeostasis, on the basis of studies in fish 75;76 and more
recently in a mammalian cell line 77 . As for free Ag+ and other metal cations, trafficking
via Na+ transporters (e.g. Na+ /K+ ATPase) has been well documented in fish, known
as ionoregulatory imbalance 76 . Inhibition of the ion channels is potentially associated
with thiol binding capacity of silver, as reported for copper 78 . Supporting these observations, several related genes were differentially expressed in the gill of zebrafish with
concomitant morphological changes 79 , and in mammalian cells 77;80 . The downstream
effects are not yet very well characterised for AgNPs, and thus present a new avenue to
address in particular in an effort to disentangle the toxicity mechanisms of AgNPs and
their soluble derivatives.
Functional disturbance to proteins. Binding of AgNPs, rather than free Ag+ , to functional key proteins with resultant impairment of the cell physiology is also plausible.
Cytokine activities were partially inhibited apparently upon interactions with carbon
black nanoparticles 81 . Conformational changes of model proteins (serum albumin,
ubiquitin and apolipoprotein) were observed following corona formation around AgNPs 82–84 , and likewise activity of a low-abundance bacterial enzyme could be inhibited
presumably due to blocking of the active site 85 . Rather striking is a recent report by
Wang and colleagues 55 who suggested, using AgNPs and model erythroid progenitor
cells, suppression of RNA synthesis (transcripts) at non-cytotoxic concentrations, silver burdens in the nucleus extract (to the same extent as in the cytosolic fraction), and
direct inhibition of RNA polymerase activity corroborated by high binding affinity of
the polymerase for AgNPs. In the same study, the authors further conducted in vivo
experiments to confirm reduction of haemoglobin levels in the fetal liver of a mouse
embryo, as a result of which lower numbers of viable offspring were born.

1.2.5

Immune responses as a consequence of cellular stress

Cross-talk between oxidative stress and inflammation. When the cell’s reducing capacity is overwhelmed by prolonged oxidative injuries, stress signal transduction will
result 86 (also in Figure 1.2). The mitogen-activated protein kinase (MAPK) pathway
is known to coordinate this process linking stressor signals to inflammation. The general consequence is secretion of pro-inflammatory cytokines including a catalogue of
interleukins and TNF-α 87 to effect tissue-level inflammatory responses via cell-to-cell
communication (e.g. recruitment of inflammatory cells). Coupled to oxidative insult,
AgNPs have also been reported as a modulator of the cytokine secretion profiles 88 .
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Evolutionary conservation of MAPK pathways. Body of evidence suggests the deep
conservation of MAPK signalling pathways across eukaryotic taxa 89 . In invertebrates,
p38 and JNK members of the MAPK cascades have been of profound interest, as their
fast activation (phosphorylation) was observed in haemocytes of the marine bivalve
mollusc Mytilus sp. following in vitro as well as in vivo exposure to various types of
nanoparticles 90–93 . The MAPK activation was accompanied by an array of immune responses such as lysozyme production. In the study using freshwater mussels (Dreissena
sp.), ERK1/2, another MAPK family member, was activated by nanoparticle exposure
of the mussels while the haemocytes’ phagocytic activity was lowered with an indication of nanoparticle internalisation 94 . Heavy metals are one of the most common types
of environmental contaminants, and to date their sub-lethal effects on invertebrate organisms are fairly well-characterised – that is, up-regulation of the humoral immune
factors (e.g. lysozyme) and reduced cellular functions of innate immunity (e.g. phagocytosis). Oxidative dissolution of AgNPs is likely to involve such immunological impacts. Recently, earthworm coelomocytes were found to recruit calcium for activation
(see ref 95 for immune activation of coelomocytes) and as that they may possess a similar biochemistry of calcium signalling as in higher organisms linking stress responses to
activation of immune systems 96 . The evolutionary conservation of calcium signalling
would further illuminate the cross-talk between stress and immune responses as known
for another highly-conserved signal transduction cascade, MAPK pathway.

1.3
1.3.1

Immunogenicity of Nanoparticles
Biomolecular coronas and innate immunity

Protein coronas as immunogens Of the most relevant physicochemical properties of a
nanoparticle, size/shape and surface chemistry appear critical in understanding the interaction with immune systems, for example, via biological ligand-receptor signalling 97 .
The field of targeted drug delivery has exploited this concept by polymer grafting for
stealth coating (e.g. PEGylation), often together with chemical linking of a targeting
moiety (e.g. antibodies) 98 . Here, the chemical linking immobilises and orients the conjugated protein assisting the correct conformation at the nanoparticle surface for proper
functioning. This potential can also be applied to engineer adjuvant nanoparticles as an
alternative to traditional vaccine treatments 99 . In the case of unintended introduction
of nanoparticles, however, the proteins strongly interacting at nanoparticles are prone
to denaturation. When a protein encounters and binds to a nanoparticle, it can rearrange its native conformation and may expose its buried core (cryptic epitopes) of the
protein 100 . As a part of the protein hard corona, proteins may also be locally concentrated at nanoparticles leading to avidity effect, or aggregate in a surface-assisted manner as a result of the loss of native conformation at nanoparticles 100;101 . The upshot may
be that the protein corona enables nanoparticle recognition by cells possibly mimicking organic irritant particles (e.g. amyloids) or damage-associated molecular patterns
(DAMPs) that are known to trigger sterile inflammation. For example, hydrophobicity
itself constitutes an element of DAMPs, and recently, nanoparticle’s hydrophobicity is
suggested as an indicator of nanoparticle immunogenicity 102 .
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Sterile inflammation. Inflammation elicited in the absence of microbial infections is
called sterile inflammation. It involves collateral tissue damages and can overall have a
negative, undesirable impact on the host leading to pathogenesis of acute and chronic
diseases 103 . Most of the sterile inflammatory responses reported today have a direct
link to endogenously-derived immunogens (e.g. cell necrosis and related DAMPs).
Upon phagocytosis and subsequent vesicular rupture, these immunogens indirectly activate a protein complex called an inflammasome which, along with ROS, triggers interleukin secretion 103 . In mammals, only little is known about the mechanistic correlation between (denatured) proteins at nanoparticles and inflammation (e.g. triggered by
nanoparticle-induced unfolding of fibrinogen) 104 . Others have reported nanoparticleinduced activation of inflammasomes using monocultures of mammalian cells, but
these studies lack characterisation of the protein corona 105–109 . This highlights the
knowledge gap and thus the immunogenicity should be studied in combination with
protein corona characterisation.

1.3.2

Recognition, uptake and inflammation

Innate immunity. In vertebrates, macrophages are central to the mononuclear phagocyte system and found in various tissues throughout the body. Of particular interest as
the prime scavengers of foreign bodies are those residing in the lung (via exposure to airborne nanoparticles 1 ) and the liver (the typical organ of nanoparticle accumulation 59 ).
Macrophages deploy a variety of surface receptors that may be relevant for nanoparticle recognition, uptake and inflammation (Figure 1.3). Indeed, they are frequently
reported to be more susceptible to nanoparticles, often with evidence of nanoparticle
internalisation, than other cell types such as epithelial cells 47;110–114 . Notably, their superior capability of particle uptake seems not only due to the larger window of object
sizes that they can engulf, but also their higher internalisation efficiency for smaller
sized nanoparticles 50 . Scarcely studied, though, disruption of normal cell physiology
or direct interactions of nanoparticles with cell surface receptors could exhaust availability of those receptors responsible for pathogen detection in macrophages 115 .
Complement receptors. Innate cellular immunity relies mainly on non-self pattern
recognition and macromolecule-marking (opsonisation) of particles for phagocytic clearance linking to adaptive immunity. On the contrary to immune responses resulting
from stress signal transduction, relatively less explored is the inflammatory potential of
nanoparticle-protein coronas as a result of direct receptor activation. The nanoparticleinduced unfolding of fibrinogen, as previously mentioned, is a good case for explaining such scenarios. Deng and colleagues 104 showed that poly(acrylic acid)-coated gold
nanoparticles (PAA-AuNPs) induce the release of pro-inflammatory cytokines (interleukins and TNF-α) in THP-1 cells (a human acute monocytic leukemia cell line) through
activation of complement receptor (integrin) signalling. The authors first observed
PAA-AuNPs selectively bind to three chains of fibrinogens upon incubation in human
blood plasma, possibly via a site-specific electrostatic interaction. This unfolds the protein, and appears to expose the C-terminal tail of γchain (binding site of the integrin
receptor) located in the adjacent of the putative PAA-AuNP interaction site. Interestingly, comparisons with oxide nanoparticles (e.g. SiO2 NPs) suggested that interaction
of fibrinogen with nanoparticles alone does not predict the receptor activation. What
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Figure 1.3. Surface receptors that may be involved in nanoparticle immunogenicity. Nanoparticles with a protein corona formed of blood proteins have been reported to interact with pattern
recognition receptors (TLRs and scavenger receptors) as well as complement and Fc receptors
that are responsible for phagocytic clearance of opsonised materials. Descriptions of each case
are discussed in the text, except for Fc receptors.

seemed critical is the exposure of the buried hydrophobic core (epitope) of fibrinogen.
It is notable that fibrinogen tends to bind various types of nanoparticles outcompeting
other abundant proteins such as serum albumin and immunoglobulin 116 .
Toll-like receptors. Unlike surface receptors involved in adaptive immunity (e.g. Fc
receptors), Toll-like receptors (TLRs) are pattern recognition receptors that directly (or
with help of co-receptors) detect pathogen-associated molecular patterns (PAMPs), for
instance, of microbial origins in the case of the well-characterised transmembrane proteins TLR2 and TLR4 117 . Of the two, TLR4 was shown to play a central role in proinflammatory responses to AuNPs conjugated with non-immunogenic peptides 118 . Surprisingly, it was not the length or polarity of the conjugated peptides, but the pattern
of the peptides that was the key to macrophage activation, probably due to the highlyordered, repetitive motifs of the peptides 119 . Although the contribution of biomolecular coronas is much less clear, TLR4 has frequently been reported for its critical involvement in nanoparticle accumulation (be it intracellular or simply membrane adhesion)
and subsequent pro-inflammatory responses in vitro and in vivo 120–122 . High-mobility
group box-1 (HMGB-1) protein has recently been suggested as a key component in inflammation through translocations from the nucleus to the cytoplasm, and then to the
extracellular matrix in order to signal the danger message 123 . AuNPs were found to
bind this protein, in a size-dependent manner, with concomitant interruption of the
TLR9 signalling programme 124 .
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Scavenger receptors. Scavenger receptors are conserved pattern recognition receptors
known to bind a striking variety of DAMPs (damaged self materials; e.g. modified lowdensity lipoproteins) as well as PAMPs (non-self materials; e.g. LPS and lipoteichoic
acid) and presumably connected to the key immunological processes such as phagocytic clearance and antigen presentation 125 . Pinning down its versatility for detecting
various ligands, scavenger receptors display several classes each having a different set
of molecular architectures that cooperate with other co-receptors. An intriguing finding is that TLRs and scavenger receptors act in concert throughout the TLR-mediated
signalling processes leading to phagocytic clearance of PAMPs 126–129 . On this basis it is
likely that the nanoparticle uptake observed together with alteration of TLR pathways
involves scavenger receptor-related mechanisms of phagocytosis in macrophages. Alternatively, scavenger receptors recognise nanoparticles independently of TLRs. For example, amongst the class A scavenger receptors (SR-A), a macrophage receptor with collagenous structure (MARCO) is known to recognise and associate with anionic nanoparticles for phagocytic clearance 130 and carbon nanotubes possibly by macropinocytosis 131 . A vital contribution of protein coronas in the recognition process via SR-A is
underscored by discovery of fetuin, a major negative acute phase protein in fetal sera,
that could be enriched at anionic nanoparticles and lead to SR-A dependent cellular uptake 132 . Serum albumin, another major negative acute phase protein, was reported for
its pivotal role in SR-A-mediated internalisation of carbon nanotubes with subsequent
anti-inflammatory responses 133 . Cellular binding of cationic (but not anionic) nanoparticles was dependent on scavenger receptors (as determined by the specific inhibitor
polyinosinic acid) in the presence of serum proteins, amongst which denaturation of
serum albumins on the nanoparticles was assumed to be the trigger 134 . More recently,
the critical involvement of denatured serum albumin in SR-A dependent nanoparticle
uptake was also observed in differentiated THP-1 cells (a macrophage-like phenotype
positive for SR-A expression) but not in monocytic THP-1 cells (negative for SR-A 47 ) or
other cells that do not belong to the mononuclear phagocyte system 135 . The presentation of a cryptic epitope (that could also be exposed upon heat-denaturation) of serum
albumin in the hard corona thus guided the interaction of the nanoparticles with SRA 135 .

1.4
1.4.1

Earthworms as an Invertebrate Model of Immune-Competence
Earthworm immunity as a model system

Immunobiology of invertebrate species. With the acquisition of adaptive immunity
in the course of evolution, vertebrate immune systems have established a sophisticated
network to solve immunological challenges. On the contrary, invertebrate immunity is
predominantly represented by the primitive form of innate immunity 136 . In fact, invertebrate species represent by far the majority of Earth’s animal biodiversity, as compared
to the minor fraction of mammalian species (<1%), yet much less is known about how
they survive in the pathogen-rich environment of the nature. The first line of active defence against environmental pathogens is immunity to maintain the well-being, whilst
it is this vital function that may be affected even at environmentally realistic concentrations of pollutants. The current nanomaterials ecotoxicology framework, however, still
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lacks a tailored solution for the emerging issue of immunological impacts of nanoparticles. On the other hand, the evolutionarily conserved aspects of invertebrate immunity take relatively simpler forms of the vertebrate counterparts, in essence allowing
the studies to focus on the fundamental biological processes. The use of invertebrate
models as an exploratory approach to nanoparticle-cell interactions could thus aid our
understanding of not only the invertebrate immunity in general, but also the innate
component of the vertebrate immunity.
Earthworm immunity. Non-self materials infiltrating the interior of an earthworm’s
body face the well-developed immune system which consists of cellular (coelomocytes)
and humoral components (antimicrobial, cytolytic and pattern recognition molecules)
in a natural non-specific manner 137 . Coelomocytes are normally accommodated in the
body cavity (coelomic cavity) of earthworms. They circulate freely in the coelomic fluid
and combat against invading pathogens at the front line. In Eisenia worms, three major subpopulations of the coelomocytes have been identified and characterised by cytochemical, immunological and functional approaches. Amongst those, hyaline and granular amoebocytes participate in the cellular effector mechanisms (e.g. phagocytosis and
encapsulation) while solitary chloragocytes (eleocytes) contribute more to homeostasis
and humoral immunity 138 . Morphological observations by light and electron micrographs are shown in Figure 1.4.
Identifying coelomocyte clusters in flow cytometry. Flow cytometry is a high-throughput
device enabling simultaneous multiparametric quantification of optical properties of
cells. This versatility allows separation of cellular characteristics by physical parameters and fluorescence immunostaining, and has been applied e.g. in the study of the
ontogeny of haematopoietic cell lineages 139 . Although a cluster of differentiation (CD)
library exists for phenotyping mammalian immunocytes, earthworm-specific markers
were not available until Engelmann and co-workers 140 first developed monoclonal antibodies against specific Eisenia coelomocyte clusters (anti-EFCC series). Anti-EFCC
antibodies can now be used to map clusters of the coelomocytes separated in a twodimensional space by physical parameters (size and complexity). Figure 1.5 shows
that by the light scatter of cells two major populations of coelomocytes are isolated;
chloragocytes and amoebocytes, which can be further separated by anti-EFCC antibody
staining. It is also notable from the immunostaining of earthworm cross-sections that
these two populations (or their sessile precursors) reside in different parts of the host
body: chloragocytes in the layer below the amoebocyte layers at the gut surface (Figure 1.6). This is probably because amoebocytes are more active for cellular immunity
and thus need to be in contact with invading pathogens, whereas chloragocytes have
a liver-like function (i.e. homeostasis) while secreting humoral factors for bacterial
killing.
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Figure 1.4. Light (A) and scanning electron (B, C and D) micrographs of Eisenia fetida coelomocytes. The light micrograph was imaged at x200 magnification with a phase-contrast
microscopy. The scanning electron micrographs were imaged on the coelomocytes after
paraformaldehyde fixation and gold-sputtering (nominal 30 nm in thickness). From morphological observations, panels B and C appear to be amoebocyte populations while panel D is most
likely a chloragocyte (characterised by the granule-rich feature of chloragosomes). Reprinted
from ref 141.
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Figure 1.5. Phenotyping of Eisenia coelomocytes. (A) Anti-EFCC1 antibody (conjugated with
FITC) stains all populations of coelomocytes (counterstained with DAPI). Anti-EFCC3 (conjugated with FITC) and -EFCC4 (conjugated with biotin, streptavidin-phycoerithrin as secondary)
antibodies stain distinct sub-groups of amoebocytes. (B) In flow cytometry, chloragocytes can
be isolated from their physical characteristics (high granularity and autofluorescence). The remaining cells, presumably amoebocytes, showed 78% positivity to anti-EFCC3 and 67% positivity to anti-EFCC4 antibodies (conjugated with FITC).
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Figure 1.6. Immunohistochemical and immunofluorescent staining of earthworm cross-sections
by monoclonal anti-EFCC antibodies. Anti-EFCC1 antibody labels all tissues including muscle
layers and the metanephridium (arrows, 3A and 3B), while anti-EFCC2 stains the cell layer of
the gut surface (chloragocytes), also present in the typhlosole (arrows, 3C and 3D). Anti-EFCC3
stains the gut surface and the epithelium of the coelom (somatopleure) (arrows, 3E and 3F).
Anti-EFCC4 marks the inner cell layer of the gut (arrows, 3G and 3H). The nerve cord and the
metanephridia are negative. G, gut; C, coelom; M, metanephridium; Mu, muscle layers; N,
ventral nerve cord; T, typhlosole. Scale bars: 200 mm. Reprinted with permission from ref 140.
Copyright 2005 Elsevier.
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Coelomocytes as evolutionary precursors of mammalian leukocytes

Cellular immunity. Invertebrate models, in comparison to vertebrate counterparts,
have been used to study the evolutionary aspects of fundamental biological processes,
in which earthworms provide a model of precursory innate immunity expressing e.g.
opsonisation and phagocytosis. Those functional characteristics are the premises for
comparing earthworm coelomocytes with vertebrate counterparts that share similar
immunobiology (e.g. clearance of particles/pathogens). Of interest amongst the known
uptake machineries are macropinocytosis and scavenger receptor-assisted phagocytosis. Macropinocytosis initiates with cell membrane ruffling via actin rearrangement
trapping a large quantity of solute and soluble substances to form a macropinosome (although the average varies considerably, the vesicle size is usually >200 nm, much larger
than clathrin-coated vesicles) 142 . If membrane adhesion is a common phenomenon of
nanoparticles, an interesting possibility exists for passive uptake of nanoparticles that
are membrane-associated. Indeed, differentiated THP-1 cells (macrophage-like phenotype) appear to carry out macropinocytosis for the uptake of anionic nanoparticles,
in comparison to human macrophages that rather recruited phagocytic receptors for
the uptake 47 . The occurrence of macropinocytosis has not been identified in earthworms, but amongst invertebrates, ascidian haemocytes are known for being capable
of engulfing particles via a RGD motif-dependent macropinocytosis 143 . As for scavenger receptor-mediated phagocytosis, haemocytes from insects 144 and molluscs 145 are
known to deploy such machineries in a similar fashion as in vertebrates. Scavenger receptors are evolutionarily conserved pattern recognition receptors ubiquitously found
across species, and the recent discovery of Eisenia andrei mRNA coding for a scavenger
receptor (GenBank Accession number: JX898683) strongly supports its putative existence and its function that may be involved in nanoparticle uptake as in vertebrate
counterparts.
Inter-cellular communication. Inter-cellular communication is a key biological process that allows initiation of e.g. inflammation but also other immunological functions,
such as acute phase responses by liver cells 146 . During inflammation, a striking variety
of cytokines are secreted to signal the infection and also to resolve the inflammatory
responses. As described earlier, nanoparticles may alter protein secretion profiles temporally and/or spatially, yet only little is known for the secondary impacts related to the
altered cytokine profiles. Cytokines are conserved across species to some extent, for example, insects and some other invertebrates have proved capable of cytokine-mediated
immune functions (e.g. haematopoiesis) 147–149 . In earthworms, the existence of proinflammatory cytokines is yet to be discovered; albeit early works have shown some
indications of conserved cytokines (interleukins and TNF-α) and their receptors 150;151 .
The coelomic fluid of earthworms is frequently assumed in the immunological context equivalent to blood plasma in mammals, both representing a protein-rich circulatory system in which cellular and humoral immunity holds the pathogenic invaders
in check. Distinct from the mammalian counterpart is the existence of (migratory and
sessile) chloragocytes that differentiate themselves from other immune effector cells by
their homeostatic ability 152 . In mammals, the production of serum proteins is under
the control of the hepatic system, by which the blood concentration of immunologically
active (acute phase) proteins are elevated during inflammation 146 . Despite the lack of
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anatomically homologous hepatic organs, this mechanism is believed to be evolutionarily conserved in invertebrates, too 153 . In earthworms, the chloragogenous tissues (and
migratory chloragocytes in Eisenia worms) function in analogy with the hepatic/renal
systems partly, if not all, maintaining the protein balance in the coelomic fluid. For
example, the expression and secretion of the cytolytic/antimicrobial molecule lysenin
was increased in migratory chloragocytes upon Gram-positive bacterial challenge of
total coelomocytes 154 .
The current in vitro studies are conducted primarily on monocultures of established
(transformed) cell lines, and thus the inter-cellular communication is very limited. In
contrast, primary cells are prone to display larger natural variations and require a
higher burden of resources to gain statistically robust outcomes. Due to the ease of
handling (ethically as well as cost-wise), the mixed-population models of invertebrates
offer in principle a more accessible means to explore cell-to-cell signalling events (of
immune effector cells to hepatic-like cells, in the case of Eisenia worms) that form a
part of the complex signal networks during e.g. inflammation.

2
Aims and Approaches
he nanotechnology era has just begun with a dazzling spectrum of potential future
applications towards a better quality of life. Behind its scene, however, numerous
efforts have been made to ascertain safety of those novel technologies from all perspectives to protect the public and environmental health. In facing the ever increasing variety of nano-sized formulations, a major challenge is to develop an intelligent testing
strategy that in the long-term will enable paradigm shifts from in vivo-oriented safety
evaluations to the effective utilisation of in vitro and in silico screening approach 4 to
replace, reduce and refine the necessity of conducting in vivo tests (3Rs of animal research). Indeed, species extrapolation has long been considered in particular to assess
the ecological risk of the environmental pollutants to which diverse taxa of inhabitants
are exposed 155 . However, whether ecological risks of nanoparticles can be extrapolated
between species is a question that calls for an urgent answer.

T

2.1

Objectives

The overall objective of this PhD study is to assess the extent to which evolutionary
differences take shape, within a binary model, in the safety evaluation of emerging
nanomaterials. The anticipated outcomes will aid the mechanistic understanding of
nanoparticle-cell interactions and to what degree one can apply the knowledge from
extrapolation between an evolutionary distant pair of taxonomic classes, namely clitellata (earthworms) and mammalia. The goal is not to enable species extrapolation, but
rather to show a proof of the concept and how evolutionary differences may be defined
in nanomaterials ecotoxicology. A schematic is given in Figure 2.1 to guide four focus
areas of the PhD study mapped to the overall biological question of nanoparticle-cell
interaction.
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Figure 2.1. Graphical overview of the PhD study.

2.2

Approaches

The four focus areas identified in Figure 2.1 are addressed by different approaches, but
each anchored with the central theme of evolutionary differences. Initially to draw an
overall picture of the mode of action of nanosilver, a comparative approach is used for
innate immunity model systems of earthworms and humans (Focus I), the molecular
findings of which are evaluated in vivo in earthworms exposed to the same nanoparticles in soil (Focus II). This will shed light on whether there are evolutionarily conserved mechanisms in the molecular stress responses to AgNPs. In the first approach,
the comparison is made at the molecular/cellular level (through in vitro experimentations); thereby it is of profound interest to determine whether the mode of nanoparticle
uptake differs depending on the origin of protein repertoires constituting the biomolecular corona (Focus III). As protein secretion is likely to be a critical factor in the in situ
formation of protein coronas, kinetics of protein secretion profile is studied primarily
at the transcriptional level (Focus IV). The four focus areas correspond to the Papers (I
- IV) appended to this PhD thesis.

2.3

Outline of the Thesis

Chapter 3 (Characterisation Techniques) provides a general description of nanoparticle
characterisation techniques used in this study. Chapter 4 (Summary of Papers) accounts
for a summary of key results obtained through the PhD study. Chapter 5 (Discussion)
is devoted to an overall assessment of the obtained results and the conclusion and perspectives drawn in the context of evolutionary differences.

3
Characterisation Techniques
his chapter describes the types of nanosilver and characterisation techniques used
in the present study. Of the experimental methods, dynamic light scattering (DLS)
and zeta potential measurements are given an account for the theoretical background
necessary to understand to what extent these techniques can be applied for studying
the biomolecular coronas.

T

3.1

Nanoparticles

During the course of the PhD work, several types of nanosilver were chosen as the
model nanoparticles. In Papers I-II, a commercial product (NanoAmor silver nanoparticles 30-50 nm) was used as a part of collaboration (SUNANO project) with other laboratories located at Aarhus University. Subsequently, for SIDANA project led by Herman
Autrup and Duncan S. Sutherland as well as Chinese collaborators, I have developed a
wet chemistry-based synthesis method for protein-stabilised AgNPs (ca. 20 nm). In Paper III commercial AgNPs designed for toxicology studies were used as model AgNPs
that meet the OECD standards (nanoComposix BioPure reference nanomaterial silver
75 nm). NM-300K, a representative manufactured nanosilver designated by the OECD
WPMN international testing programme, was used partly for a comparison in Paper III
and exclusively in Paper IV. A summary is shown in Figure 3.1, along with in-house
characterisation data.
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Figure 3.1. Summary of the silver nanoparticles used in the PhD study.

3.1.1

NanoAmor silver nanoparticles

Powder of spherical AgNPs in a nominal size range of 30-50 nm (capped with 0.2%
w/w polyvinyl pyrrolidone) was purchased from NanoAmor (TX, USA). According to
the manufacturer’s data sheet, the powder has 99.9% purity and metal contaminants
are reported below 0.1% (Al = 10 ppm; As <0.5 ppm; Bi = 20 ppm; Cu = 17 ppm;
Fe = 56 ppm; Ni = 3 ppm; Pb = 9 ppm; Sb <0.5 ppm; Si = 41 ppm) as measured by
inductively-coupled plasma mass spectrometry. A colloidal suspension of AgNPs was
prepared in Milli-Q water (18.2 MΩ) and ultra-sonicated at 100 W. The colloidal suspension was immediately mixed with a freshly prepared bovine serum albumin (BSA)
solution at 1:1 mass ratio and mildly sonicated using an ultrasonic bath. The calculated
theoretical coverage ratio of BSA to AgNP was >400% (in general protein mass enough
to make five surface layers around a nanoparticle has been recommended to ensure a
full coverage 156 ). AgNPs larger than 200 nm were removed by filtering the colloidal
suspension through 0.2 µm cellulose acetate membrane filters. The filtrate was stored
at 4℃ in darkness until use. The dissolved silver fraction (determined by an ultracentrifugation method 67 ) was <1% up to one month under the storage condition, but may
increase up to 8% under experimental conditions (Paper I). The endotoxin level was
measured to be 0.8 EU/ml by the Limulus amoebocyte lysate test.
In Paper II, the AgNP powder (as-purchased) was directly mixed in dry soil prior to
the addition of deionised water, following a previously published method 157 .
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Laboratory-synthesised silver nanoparticles

The commercially-available AgNP powder used in Papers I-II was inhomogeneous in
size and shape with ineffective surface coatings, which necessitated the development of
a dispersion methodology for the in vitro assays. Another problematic issue was that
there was a limit to the maximum stock concentration that could be yielded following
the developed method. This limit related to a need for a filtering process to remove
the large fraction of irreversibly aggregated particles (presumably an artefact of the
drying process during manufacture). To overcome these issues, a standard chemical
reduction method for the synthesis of AgNPs has been implemented with modifications
(details available in refs 67;80). This has enabled preparation of smaller-sized colloidal
AgNPs (ca. 20 nm) with a biocompatible capping molecule, citrate, replacing the use
of synthetic polymers. The laboratory-synthesised AgNPs were characterised and used
for experiments performed by collaborators 67;80;158 .
The dissolved silver fraction (determined by the ultracentrifugation method) was measured over a long period to study the ion release kinetics under the storage condition
(results unpublished). The dissolved fraction increased immediately after the diafiltration and resuspension process of the synthesis protocol (Figure 3.2). This can be
attributed to initial kinetics in which a fast rate of AgNP surface oxidation is dominant
to establish equilibrium within the first 14 days. When the fraction reached around
6% of total silver, the kinetics shifted to a much slower process and apparently the release of silver ions was “stabilised”, perhaps around the oxidation equilibrium in the
presence of BSA.

Figure 3.2. Dissolved silver fraction profile over a five-month period under the storage condition (in Milli-Q water, at 4℃ in darkness). The nanoparticulates were removed by the ultracentrifugation method and the concentration of total Ag in the supernatant was quantified by
atomic absorption spectrophotometry. Values are mean ± SD (n = 2).
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nanoComposix OECD reference silver nanoparticles

BioPure 75 nm spherical silver nanoparticles (citrate-capped) were purchased from
nanoComposix (CA, USA). nanoComposix is an OECD-selected supplier for provision
of reference AgNPs following the OECD standard methods. The AgNPs are monodisperse and endotoxin-free (<2.5 EU/ml, according to the manufacturer’s statement).
Under the storage and experimental conditions, the dissolved silver fraction was almost non-detectable (at the limit of quantification of 0.35 µg/ml, corresponding to 12% of total Ag after calculation), even at lower pH ranges (4.5-7.0) in the cell culture
environment (Paper III). This low dissolution potential and the ease of handling during
washing of the nanoparticle-protein complexes made it possible to study the formation
of biomolecular coronas and the impact on cells with presumably negligible contribution of the ionic fraction.

3.1.4

NM-300K OECD representative reference silver nanoparticles

Standardisation of nanotoxicological studies between laboratories has been a key topic.
To address this issue, the OECD WPMN sponsorship programme has agreed on a priority list of nanomaterials (NM-series) 11 . NM-300K is a newly processed batch of the original NM-300 (silver). NM-300K has a mean particle size of ca. 15 nm with >99% number of particles being <20 nm in size 3 . The stabilising agents consist of polyoxyethylene
glycerol trioleate (4% w/w) and Tween 20 (4% w/w) according to the manufacturer’s
information.
To obtain reliable characterisation results, EC JRC has performed particle sizing and
quantification of the silver contents of NM-300 using an inter-laboratory comparative
approach 3 . The release of silver ions was quantified as the Ag mass eluted from NM300 embedded in a poly-acrylic matrix, which indicated <0.01% w/w of total Ag being
eluted after 5 days (when equilibrium was reached) under the storage condition. In the
experimental setting of Paper IV, the dissolved fraction could increase up to ca. 6.5%
of the total Ag within 24 h (measurements based on the ultracentrifugation method).

3.2
3.2.1

General Experimental Techniques
Nanoparticle morphology

The primary particle size and shape of AgNP(-protein complexes) were assessed using
transmission electron microscopy (TEM) operating at 200 keV. For TEM imaging, a drop
of the colloids was directly deposited onto a formvar/carbon-supported copper grid and
left to evaporate. More than 15 images across the grid were analysed to establish size
distributions (n of particles = 500-1000) and calculate specific surface area using the
scanning probe image software SPIP (Image Metrology, Denmark).
The homogeneity of particle sizes and shapes was optically studied by UV-visible spectrophotometry based on the width and position of the characteristic surface plasmon
resonance peak of colloidal AgNP(-protein complexes).

3.2. General Experimental Techniques
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Colloidal stability

Hydrodynamic radius of AgNP(-protein complexes) was determined from the velocity
of Brownian motion following the Stokes-Einstein equation. One approach is light scattering analysis (DLS) of AgNP(-protein complexes), which was performed on a Malvern
ZetasizerNano (Malvern Instruments, UK) with the laser wavelength of 633 nm. For
DLS, a detection angle at 173° was used and the correlation function obtained was fitted to single exponential model (Cumulants analysis) or a multiple exponential model
(CONTIN algorithm).
Where DLS seems inappropriate due to its technical limitation (e.g. polydispersed
samples or samples having relatively weak scattering intensity compared to light absorption), another approach to determine the velocity of Brownian motion was applied. It is nanoparticle tracking analysis that uses optical microscopy to visualise and
record the particles’ random movement. The nanoparticles were illuminated with a
laser wavelength of 405 nm allowing tracking of the scattered light using a NanoSight
LM10-HS (NanoSight Ltd., UK). This approach offers a simpler means of determining
a number-based size distribution of nanoparticles, whereas DLS requires mathematical
conversion from an intensity-based size distribution.
For zeta potential measurements, the electrophoretic mobility of AgNP(-protein complexes) were analysed in various aqueous media. Accordingly, for the calculation of
zeta potentials the Henry equation was applied using the Smoluchowski approximation (f (κa) = 1.5).

3.2.3

Dissolved silver fraction

A (ultra)centrifugation-based approach was used to determine the dissolved silver fraction of AgNP(-protein complexes) under various conditions. Ultracentrifugation was
performed with the following parameters: 50 kRPM (corresponding to 70-135 kRCF)
for 30 min at 4℃. The nanoparticle-free supernatant was digested in tracemetal grade
69% HNO3 and the total Ag content determined by flame or graphite furnace atomic
absorption spectrophotometry. Quality control measures were conducted on a projectbasis normally showing recovery of 85-111% (dissolved AgNO3 , Sigma-Aldrich) and
80-95% (BioPure OECD reference AgNPs 75 nm, nanoComposix). Analytical spike recovery (spiked/unspiked pair) was tested where necessary and no matrix interference
was observed.

3.2.4

Protein corona profiling

The centrifugal isolation technique as described in detail by Monopoli and colleagues 156
was used to recover nanoparticle-protein complexes. Here, unbound and loosely bound
proteins (equivalent to the soft corona) were removed initially by centrifugation; the
supernatant was stored frozen at -20℃ for subsequent analyses and the nanoparticle
pellet re-dispersed in physiological buffer without proteins. The washing process was
repeated three times (the vial was changed to a new Eppendorf Protein Lobind tube after the first wash), before concentrated sodium dodecyl sulphate (SDS)-loading buffer
(with 100 mM dithothreitol as a reducing agent) was added to the nanoparticle pellet. The centrifugal speed was optimised not to spin free proteins. The samples were
boiled for 5 min to denature the proteins and strip off the hard protein corona from the
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nanoparticles, after which the nanoparticles were spun down at 16 kRCF for 30 min at
4℃. The nanoparticle-free supernatant was loaded on a polyacrylamide gel to separate
the stripped corona proteins by SDS-PAGE.
The bands of interest were excised for tandem mass spectrometry to identify the proteins by Mascot or homology search. Based on the protein identification, Western blotting was performed, where necessary, to verify the band position and relative abundance of the identified protein in the gel.

3.3
3.3.1

Theoretical Background
Dynamic light scattering

Particle sizing theory. DLS is a widely used technique for measuring the hydrodynamic
size of emulsions, large molecules like proteins, and colloidal particles. The principle
behind DLS is that scattered light intensity fluctuates as particles undergo Brownian
motion and thus the rate of this intensity fluctuation can be correlated with the velocity
of Brownian motion (= translational diffusion coefficient, D). In a typical DLS experiment, Rayleigh scattering of particles is detected at a backscatter angle of 173° using a
laser wavelength of 633 nm. Since the movement of individual particles during Brownian motion is constantly at random, this causes mutually constructive or destructive
interference of light scattering from each particle. Therefore, given the random distribution of directionality, the scattering intensity detected as the sum of each phase
fluctuates as a function of time. A signal comparator device can be used to construct
the correlation function G(τ) of the fluctuating signal intensity by;
G(τ) = hI(t), I(t + τ)i

(3.1)

where I is the scattering intensity, t is time and τ is the time difference of the sampling
interval. If the intensity I at the time t is compared with the intensity I at a very small
time later (t + δt), there will be a strong correlation. The correlation decays quickly if
the rate of fluctuation is quick (i.e. particles are moving fast) while the correlation lasts
longer if particles are moving slowly. Fitting of one (monodisperse) or more (polydisperse) exponential decaying function(s) to the correlation is translated into the diffusion
coefficient D with the scattering vector q. We can now use the Stokes-Einstein equation
to calculate the hydrodynamic radius of the particle (r(H));

r(H) =

kB T
6πηD

(3.2)

where kB is Boltzmann’s constant, T is absolute temperature and η is viscosity. This
equation tells us that the velocity of Brownian motion (D) increases as the hydrodynamic radius (r(H)) becomes smaller. This is plausible because larger particles experience more drag and vice versa. For this to be correct, again, random movements of
particles are necessary, signifying contribution of the viscosity parameter η and temperature which relates to viscosity. It should be noted that the calculated r(H) is of an
entity diffusing through a fluid and thus, for non-spherical particles, r(H) of an imaginary sphere having the same velocity D is obtained rather than the real dimensions.

3.3. Theoretical Background
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Other parameters influencing the diffusion coefficient (D) of the particles will be discussed in a separate sub-section below.
Briefly, two approaches exist to represent the distribution of r(H). A mean value,
called z-average size, with the width of the distribution (polydispersity index, P dI) is
obtained in Cumulants analysis by fitting a single exponential to G(τ). CONTIN algorithm is another approach which allows fitting of a multiple exponential yielding the
size distribution graph (by intensity). As mentioned earlier, the signal intensity is based
on Rayleigh scattering of particles which takes an approximation of thereby the intensity varying with the sixth power of the diameter. This is reflected in an intensity size
graph displaying a skewed distribution or more than one size peaks. Mie theory, used to
predict particle sizes around the wavelength of light from the scattering behaviour, can
be applied for conversion of the intensity distribution to a volume distribution. This,
or further conversion to a distribution by number, would better represent the relative
distributions of a bimodal mixture of particle sizes.
Sizing of nanoparticles under the exposure conditions. The hydrodynamic radius
r(H) is interpreted differently depending on the environment which particles experience during a DLS measurement. It is of particular interest in nanotoxicology to study
the colloidal behaviour of nanoparticles under the conditions configured to mimic the
exposure routes and/or toxicity tests. As described above, the particle sizing theory of
DLS technique assumes the diffusion coefficient D be translated into r(H) of an imaginary sphere moving through a fluid. Any surface structure and associated electric
double layer (EDL) of the particle that may alter the diffusion speed, thus, appear as
an increase or decrease of hydrodynamic size, even though the core is unchanged. In a
cell culture medium, r(H) tends to become smaller than when measured in pure water,
provided that the nanoparticles are protected from aggregation e.g. by steric mechanisms. This is because at the ionic strength relevant for physiological saline the EDL is
suppressed (= thinner) by counter ions that effectively screen the surface potential of
nanoparticles. The addition of serum supplement to the culture media further brings a
profound alteration of the milieu relating to r(H).
Protein corona formation is a consequence of weak and strong association of nanoparticles with proteins in the proximity. The co-existing nanoparticle-protein complexes
extend as far as they share the same movement under Brownian motion. This results in
extension of r(H) (Figure 3.3). Furthermore, conformational change of adsorbed proteins may occur under varying temperature, ionic strength and pH, influencing r(H).

30

Chapter 3 - Characterisation Techniques

Figure 3.3. The estimated diameter coincides with the calculated diameter: (calculated diameter = nanoparticle diameter + (corona thickness based on the molecule size) × 2). (* ) mercaptoundecanoic acid size, (** ) albumin short size, (*** ) soft protein corona size. Reprinted with
permission from ref 30. Copyright 2010 American Chemical Society.

3.3.2

Zeta potential measurements

Zeta potential theory. When describing the stability of a colloidal system, two major
theories are typically used to explain the inter-particle interaction (more precisely, the
inter-surface interaction). DLVO theory determines the total potential energy function
as a summation of repulsive (cf. EDL) and attractive (van der Waals force) contributions
and, to a minor extent, potential energy relating to adsorption of water or other liquid
molecules (i.e. solvent dependent). Zeta potential, in combination with the ionic composition of the solvent, contributes to the repulsive term. For example, a particle with a
net surface charge creates an EDL having a different ion distribution profile from that
of solvent. This interfacial concentration of ions of opposite charge acts as an energy
barrier for particles coming in close contact, and is called zeta potential. Zeta potential
is measured at a boundary called slipping plane (the surface of hydrodynamic shear)
within the diffusive layer of an EDL. Since the magnitude of zeta potential changes with
respect to the ion composition of solvent, colloidal stability can be controlled by altering
pH and ionic strength when the system is purely stabilised by electrostatic repulsion.
Steric effects for stabilising a colloidal system are often taken into consideration when
the particles are assembled with macromolecules such as polymers and proteins. The
repulsive force deriving from steric effects consists of two components; excluded volume (reduced configurational entropy) and osmotic repulsion (due to energetically unfavourable mixing). Formation of a nanoparticle-protein corona gives rise to a combinatorial repulsive force of electrostatic and steric nature, but the contribution of steric
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effects becomes dominant in an electrolyte solvent such as cell culture media. This signifies that zeta potential measurements performed on nanoparticle-protein complexes
in culture media become less relevant for clarifying the colloidal stability, because the
steric contribution cannot be resolved in such a manner. However, the fact that zeta
potential is measured at slipping plane provides an opportunity to study the overall surface charge of proteins associated with the nanoparticles. In the present work,
therefore, the focus of zeta potential measurements is on its use as a means to observe
changes in the nanoparticle-protein corona profile before and after addition of serum.
Laser doppler velocimetry and phase analysis light scattering. Zeta potential (ζ) of a
particle can be calculated from its electrophoretic mobility (UE ) as;

UE =

2ζf (κa)
3η

(3.3)

where  is dielectric constant and f (κa) is Henry’s function. The f (κa) value reflects
the ratio of the particle radius (a) to EDL thickness (from the Debye length κ−1 ) and
is 1.5 in aqueous media with moderate electrolyte concentration (Smoluchowski approximation). Laser doppler velocimetry, combined with phase analysis light scattering, is used to measure the electrophoretic mobility by comparing the phase shifts between a reference beam and light scattered by the particles undergoing electrophoresis.
Malvern’s instrument further utilises differential speed of reversal of the applied field
(M3 feature) to allow flexible alignment of incident beam and to minimise the electroosmosis effects that may be confounded with the electrophoretic mobility of suspended
particles. Phase shifts, determined as fluctuating signal under applied fields, are converted into mean electrophoretic mobility.
Assessing nanoparticle-protein coronas by zeta potential shift. Profiling the nanoparticleprotein corona composition is an emerging discipline in the field of bionanoscience.
Zeta potential measurements can be applied as a simple tool to observe the change in
the corona composition (Figure 3.4). Here, the zeta potential is an indicator of sum
of the surface charges derived from differential components of interacting proteins at
nanoparticles.
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Figure 3.4. Surface charge evolution following incubation of gold nanoparticles (AuNPs) in a
cell culture medium supplemented with 10% serum (referred to as ‘CCM’). (A) Separation of
AuNPs and serum proteins. After incubation, free and weakly bound proteins are removed
using an ultracentrifugation method. AuNPs and strongly associated proteins (hard corona) are
recovered in the original solvent and denoted as “AuNPs purified”. (B) Zeta potential shifts over
time suggest changes in the corona composition towards the value of free proteins in CCM. (C)
and (D) Surface plasmon resonance of AuNPs red-shifts with incubation time. Red-shift is a
sign of interference in the electron oscillation, for instance, by formation of a dense dielectric
layer onto the NP surface. Reprinted with permission from ref 30. Copyright 2010 American
Chemical Society.

4
Summary of Papers
his chapter gives a brief summary of the main results obtained in this PhD study.
Papers I-II discuss the evolutionarily conserved aspects in the molecular and cellular responses to nanoparticles, while Papers III-IV examine the evolutionary differences
in the context of nanoparticle recognition and pathophysiology.

T

4.1
4.1.1

Oxidative Stress and Immune Responses
Paper I

Earthworms and Humans in Vitro: Characterizing Evolutionarily Conserved
Stress and Immune Responses to Silver Nanoparticles
Hayashi Y, Engelmann P, Foldbjerg R, Szabó M, Somogyi I, Pollák E, Molnár L, Autrup H,
Sutherland DS, Scott-Fordsmand JJ and Heckmann LH.

Environ. Sci. Technol. 2012, 46, 4166-4173.
In this paper the toxicity mechanisms of AgNPs in primary immune cells of the earthworm Eisenia fetida was assessed using a comparative approach exploiting functionally
similar human cell culture counterparts.
Phagocytes as scavengers of nanoparticles. Cytotoxicity assays (based on the watersoluble tetrazolium salt WST-8, which measures cytosolic dehydrogenase activities)
were conducted using AgNPs and dissolved silver salt (AgNO3 ) to establish a concentrationresponse correlation for the different cell types – earthworm coelomocytes (a collection of several populations of immunocytes), THP-1 cells (a human acute monocytic
leukemia cell line), differentiated THP-1 cells (a macrophage-like phenotype) and human peripheral blood mononuclear cells (for dissolved silver salt only). A clear difference was observed in response to dissolved silver salt underscoring the inherent sensitivity difference between the different cell types originating from the two species. This
was not the same for AgNPs, where the coelomocytes and differentiated THP-1 cells
33
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showed a strinkingly similar response to AgNPs (Figure 4.1). This is interesting because the observed similarity may be ascribed to the functional characteristics of those
cell types as scavengers of particles, possibly by means of phagocytosis, leading to differences in the internal (intracellular) silver concentrations. In support of this, transmission electron microscopic investigation, along with other techniques, depicted intracellular accumulation of AgNPs in a phagocytic population of the coelomocytes. The
results signify considerable involvement of phagocytic cells, despite the evolutionary
difference, in the innate immune functions against AgNPs.

Figure 4.1. Cytotoxicity comparison
between the cell types following
24 h exposure to a concentration
series of (A) AgNO3 and (B) AgNP.
Cell viabilities are plotted as mean
± SE of three to five independent
assays relative to the unexposed
controls. diff. THP-1 cells, differentiated THP-1 cells; PBMC, peripheral blood mononuclear cells.

Cross-talk between oxidative stress and immune responses. To advance the mechanistic understanding of the molecular stress responses to AgNPs in immune cells, the
intracellular ROS level and expression patterns of selected genes representative of specific molecular pathways were studied to explore the early time-course profile (up to 6
h following exposure to AgNPs). Here, earthworm coelomocytes and THP-1 cells were
exposed to a fixed concentration of AgNPs (5.91 µg/ml), at which no adverse effect on
the cell viability was observed at 1, 3 and 6 h. The target genes were 6 orthologue genes
highly conserved (>50% sequence similarity) between E. fetida and humans. In general,
the molecular responses to AgNPs displayed a pattern shift from genes involved in oxidative stress to those in immune signalling (Figure 4.2). This transition was apparent
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both in the coelomocytes and THP-1 cells, but in the latter induction of the metallothionein gene was most prominent (up to 8-fold up-regulation at 3 h). Of particular
interest was the progressive induction of myeloid differentiation factor 88 (MyD88) that
encodes an adaptor protein for TLRs. The late induction of MyD88 was common to both
species, providing an intriguing opportunity to study further the impact of AgNPs on
the conserved pattern recognition receptor TLRs.

Figure 4.2. Correspondence analysis of the
gene expression profile. Gene response patterns of (A) coelomocytes and (B) THP-1 cells
following 1-6 h exposure to AgNPs (5.91
µg/mL) are shown. The first two dimensions
are displayed (Crosses: gene, Dots: time of
exposure). The distance between a dot (sample at the specified time of exposure) and
each cross (gene) represents the relative importance of the changes in gene expression
at the exposure time. This signifies that the
dots in the proximity of a cross suggests correspondence between the exposure time and
the molecular response profile. Early time
points (1 and 3 h) were associated with the
genes MEKK1, Cat, HSP70/HSPA8 and MT2A
(only in THP-1 cells), while the later time
point (6 h) was more correlated with MyD88
and PKC1/PRKCE.

4.1.2

Paper II

Time-course Profiling of Molecular Stress Responses to Silver Nanoparticles in
the Earthworm Eisenia fetida
Hayashi Y, Heckmann LH, Simonsen V and Scott-Fordsmand JJ.

Ecotoxicol. Environ. Saf. 2013, 98, 216-226.
In this paper, the molecular basis of the toxicity of AgNPs in earthworms was studied in
vivo by exposure of the worms in a soil matrix. The molecular stress response pattern
was discussed with references to the in vitro study (Paper I).
From cell to whole-organism: exposure in soil matrices. The experimental design
followed the conventional ecotoxicology approach, where the worms were exposed individually in a soil matrix spiked with AgNO3 or AgNPs (both at 500 mg Ag/kg dry
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soil). The worms were sampled on days 1, 2, 7 and 14 for quantification of silver body
burdens and molecular analysis (gene expression and enzyme activity). The internal
concentration of silver was in both cases within the range of 10-40 mg/kg dry weight
worm, but in the worms exposed to AgNPs the highest body burdens were observed
on day 1 (instead of day 2 as documented for the AgNO3 treatment). Interestingly, the
expression level of cadmium-metallothionein (MT) exhibited a similar induction pattern
over time for both treatments, probably relating to metal detoxification processes as
well as oxidative stress responses. The initial increase in the silver body burdens on day
1 could be a result of AgNP uptake in the intestinal tissues, a likely route of exposure
as evidenced by exposure characterisation studies reported by others (see the appended
paper for more discussion and references).
Provided that the intestinal tissue is a potential site of nanoparticle ingress, the phagocytic population of coelomocytes residing in close proximity of the target sites is of
paramount concern. Supporting the effects on the immune-competent cells, genes involved in immunity (MyD88 in particular) were initially induced to a high level at day
1 and later at day 14, when other genes (mainly related to oxidative stress) were downregulated (Figure 4.3). The results of this study are in support of the interplay between
oxidative stress responses and immune signalling over time, and the difference in the
response time-scale between in vitro (within hours, Paper I) and in vivo (over 14 days,
this study) may be explained by the pathophysiological transition from acute responses
to altered host immune status as the exposure persists.

Figure 4.3. Correspondence analysis of (A)
gene expression and (B) enzyme activity in
E. fetida earthworms following 1-14 days
in vivo exposure to AgNPs (500 mg/kg dry
soil). In (A), the day-1 and day-14 profiles
were mostly related to MT as well as the the
immune genes MyD88, CCF1 and Lyz (all
on the positive scale of the first dimension,
which explains 47% of the variation in the
dataset). In contrast, the day-2 and day-7
profiles are plotted on the negative scale of
the first dimension, indicating an opposite
pattern of regulation of other genes including
those involved in oxidative stress responses
(MEKK1,PKC1, HSP70, SOD and Cat). In (B),
no clear correspondence was observed for
the early exposure times (days 1 and 2) but
the day-7 profiles appeared mostly associated with up-regulation of enzyme activities
plotted on the negative scale of the first dimension.
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Species Differences Take Shape at Nanoparticles: Protein Corona Made of the
Native Repertoire Assists Cellular Interaction
Hayashi Y, Miclaus T, Scavenius C, Kwiatkowska K, Sobota A, Engelmann P, Scott-Fordsmand
JJ, Enghild JJ and Sutherland DS.

Environ. Sci. Technol. 2013, 47, 14367-14375.
Species-specific protein coronas were formed and characterised in this paper as a proof
of the concept for the species differences that can manifest at nanoparticles. To test
whether species differences influence the degree of cellular interaction of the nanoparticles, in vitro assays were performed with coronas made of the protein repertoire native
or non-native to earthworm coelomocytes.
Species-specific biological identity of nanoparticles. Natural proteins from E. fetida
earthworms were harvested through primary cultures of their coelomocytes. The obtained proteins (E. fetida coelomic proteins; EfCP) were consistent in both the quantity
and quality between different batches, and consisted mainly of the two most abundant proteins found in the coelomic fluid (the immune-competent body fluid of earthworms). EfCP (or FBS as a non-native reference) was incubated with AgNPs to allow
spontaneous formation of coronas around the nanoparticles.
Separation of the hard corona proteins by SDS-PAGE and subsequent mass spectrometric analysis of the excised bands identified an E. fetida specific protein, lysenin,
which was particularly enriched in the corona made of EfCP. The binding of EfCP (lysenin in particular) was of irreversible nature illustrating a high affinity for nanosilver
surfaces, while much less proteins were detected in the corona formed of FBS. This verifies the interaction specificity of lysenin to AgNPs independent of the relative abundance of the available proteins.
To test the hypothesis that protein coronas made of the native repertoire assist cellular interactions, earthworm coelomocytes were exposed to the AgNP-protein coronas
pre-formed of EfCP or FBS. The AgNP-protein complexes thus formed were colloidally
stable (studied by DLS, nanoparticle tracking analysis and localised surface plasmon
resonance peaks) and the nanosilver core did not dissolve (determined using atomic
absorption spectrophotometry and TEM imaging) under experimental conditions, even
at lower pH ranges (4.5-7.0) or in the presence of cells. On this basis it was concluded
that the primary difference between the EfCP- and FBS-AgNP complexes is their biological identities (protein coronas made of a native or non-native protein repertoire) rather
than their physicochemical parameters (such as particle aggregation and dissolved silver fractions).
Supporting the hypothesis, the same AgNPs but with pre-formation of EfCP coronas or their mimicry (constructed with recombinant lysenin; rLysenin) were significantly more accumulated in E. fetida coelomocytes compared to those with FBS coronas
(Figure 4.4). The indication is that the protein-corona made of the native repertoire
switches “recognisability” of the nanoparticles’ biological identity and this assists the
cells to interact with them.
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Figure 4.4. Multiparametric flow cytometry (FCM). (A) Strong autofluorescence leaking into the
red regime (700 nm in wavelength) was exploited to isolate the chloragocyte population from
the amoebocyte population. (B) FS/SS distribution of non-viable cells stained with YO-PRO-1
following exposure to EfCP-AgNPs (8 µg/ml) or FBS-AgNPs (8 µg/ml). (C, D) Concentrationdependent increases of side scatter for amoebocytes and chloragocytes, respectively. Values are
mean ± SE of three independent assays. Asterisks (* ) denote a significant difference (Student’s ttest, p < 0.05) between the FBS treatment and the marked treatment at the corresponding AgNP
concentration. The concentration of AgNO3 is 1 µg of Ag/ml. The total protein mass added in
the “Protein only” treatments is 10 µg/ml. Definitions: rLysenin L, 25 µg/ml of rLysenin spiked
in 250 µg/ml of BSA; rLysenin H, 50 µg/ml of rLysenin spiked in 250 µg/ml of BSA.

In situ conditioning of the protein corona. Another finding in this paper was in situ
“conditioning” of pristine AgNPs (i.e. without pre-formation of EfCP) during exposure
of the coelomocytes. The cell culture medium used contains 1% v/v FBS, and thereby
the titre of serum proteins should be considerably larger than that of the native proteins
secreted by the coelomocytes. Yet, AgNPs incubated in a conditioned medium validated
the selective enrichment of lysenin even at relatively low abundance of the protein in
the medium. In the presence of cells, AgNPs were able to acquire a new biological identity by overwriting the corona history as the coelomocyte secreted their own proteins
(Figure 4.5). This underscores that even without pre-formation of coronas made of the
native repertoire they can be conditioned in situ by secretory proteins (given that they
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have a high affinity for the nanoparticles).

Figure 4.5. Lysenin at low abundance outcompetes ubiquitously available FBS proteins for binding to AgNPs. (A) Time-elapsed
binding profile of lysenin to AgNPs incubated in the conditioned medium (containing 1%FBS with secreted EfCP in situ, see
‘24 h Total’ for the total proteins in the conditioned medium). Western blotting with
anti-lysenin monoclonal antibody confirmed
the mass spectrometry-based identification
of lysenin at 37 kDa for EfCP-AgNPs, and its
low abundance in the conditioned medium
(see ‘24 h Total’) as well as gradual accumulation in the hard corona (2-24 h). The
band intensity at 37 kDa (lysenin) in the
Coomassie-stained gel is shown relative to
the final intensity obtained following 24 h
incubation. Values are a mean ± SD of three
independent experiments. (B) Secreted EfCP
contributes to in situ formation and dynamics of the hard protein corona in the presence
of cells. AgNP-protein complexes and corresponding nanoparticle-free supernatant were
recovered at the specified time points following the onset of exposure of cells to 10 µg/ml
AgNPs. Arrows with a number indicate the
band positions of (1) lysenin at 37 kDa, (2)
actin at 46 kDa and (3) complement factor H
at 150 kDa.

4.2.2

Paper IV

Nanosilver Pathophysiology in Earthworms: Transcriptional Profiling of Secretory Proteins and the Implication for the Protein Corona
Hayashi Y, Miclaus T, Engelmann P, Autrup H, Sutherland DS and Scott-Fordsmand JJ.

Manuscript
Given that in situ conditioning of the protein corona is a critical factor in priming the
interaction of AgNPs with earthworm coelomocytes, how such interruption of the cellular machineries may result in the protein secretion profile would give a new insight
into the evolving protein coronas. In this paper, transcriptional responses of E. fetida
coelomocytes to NM-300K were probed in a time-resolved manner to examine the implication for the protein corona.
Nanoparticles alter the protein secretion profiles. Earthworm coelomocytes were exposed to a working concentration of AgNO3 (0.13 µg/ml) or NM-300K (2.00 µg/ml)

40

Chapter 4 - Summary of Papers

for 2, 4, 8 and 24 h. The working concentration was determined as a low-cytotoxic
concentration based on the EC10 concentrations for 24 h estimated by the two types
of assays (MTT and neutral red). The dissolved silver fraction of NM-300K under the
exposure condition was close to the low-cytotoxic concentrations for AgNO3 , suggesting a major contribution of the extracellular dissolution of NM-300K, rather than the
nanoparticles per se, to the reduced cell viability. However, cellular accumulation of
silver was significantly higher in the cells exposed to NM-300K, indicating nanoparticle uptake (internalisation and/or membrane adherence) without immediate damages
to the functioning of the cells.
The nanoparticle-specific effects of NM-300K were further supported by the transcriptional responses over time. The most prominent effect of NM-300K was concerted up-regulation of genes involved in TLR4 signalling pathways (TLR, LBP/BPI and
MEKK1), while both AgNO3 and NM-300K provoked progressive induction of MT and
contrasting regulation of lysenin and Lyz as a common characteristic (Figure 4.6). In
both cases, oxidative stress was not pronounced to the extent that it may trigger immune activation.
The observed changes in the transcripts of secretory proteins signify that the secretome is altered to that under a pathophysiological state. The coelomocytes induced Lyz
(lysozyme) and LBP/BPI in a contrasting manner to lysenin and CCF1, both of which
are among the main constituents of the coelomic fluid in E. fetida. As lysenin was
a key repertoire of the EfCP guiding the cellular interaction, the temporal transcriptional/protein secretion pattern was of profound interest. Expression of lysenin was in
fact affected by AgNO3 , but nonetheless its transient up-regulation and gradual suppression over time hint the presence of a negative feedback mechanism by limiting the
rate of lysenin secretion for the uptake of NM-300K.
As noted earlier, the late induction of genes involved in TLR4 signalling cascades was
specific to NM-300K. The underlying molecular mechanisms remain unclear, but the
weight of evidence favours relation to the cross-talk between oxdative stress and the
immune responses via MAPK pathways (Figure 4.7) as suggested in Papers I-II.
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Figure 4.6. Principal component analysis (PCA) of temporal transcriptional profiles. The first
two axes (bottom and left axes) with an overlaid variable coefficient vectors (top and right axes
in purple) are shown as a biplot. Each profile (shown as a circle) holds 8 variables (gene expression) and is plotted according to the PC score, while the gene symbols correspond to each
variable coefficient. Profiles having a missing value in any of the variables are excluded from the
analysis. The treatment names within the plot (e.g. NM-300K 24 h) are manually placed to help
approximate the position of the corresponding profiles. The first two axes were unable to clearly
separate the treatments between AgNO3 and NM-300K for 2, 4 and 8 h but did cluster the 24
h profiles in isolation from the rest. This is, as underscored by the variable coefficient vectors,
an influence of induction of the genes MT and Lyz at 24 h (observed for both treatments) but
also a result of prominent induction of TLR along with MEKK1 and LBP/BPI in the NM-300K
treatment. Another striking observation in PCA is that the datasets could be clustered along the
first axis (explains 33%) by the early response group (mainly 2 and 4 h, positive PC1 scores) and
the late phase group (mainly 8 and 24 h, negative PC1 scores)
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Figure 4.7. Overview of the differential expression profiles. Arrows next to the gene symbols denote the directionality of regulation (up- or down-) in the E. fetida coelomocytes exposed to NM-300K (those of the AgNO3 treatment are shown below in the parentheses). Target
pathogens or specific ligands are noted within the same box. “Early Phase” summarises transcriptional responses observed at 2, 4 and partly 8 h, while “Late Phase” recapitulates processes
likely occurring toward/at 24 h.

5
Discussion
he main objective of this PhD study was to assess how the evolutionary differences
manifest in the context of nanoparticle-cell interactions, using earthworm coelomocytes as an invertebrate model of immunity. Nanosilver was selected as the model
nanoparticle of emerging environmental contaminants on the basis of its wide, expanding applications in consumer products as well as in the biomedical sector. Papers I & II
collectively suggested the importance of immune responses as an endpoint for both invertebrate and vertebrate species where oxidative stress was a common mode of action.
The results of Papers III & IV, in return, support the striking contribution of the biological identity of nanoparticles that the native protein repertoire is likely more “recognisable” by the cellular machinery. Here, protein secretion was rapidly involved in the
“conditioning” of the biological identity linking the protein corona formation to biological interactions. In analogy with vertebrate acute phase responses, transcriptional
re-programming of secretory protein profile upon nanoparticle-cell interactions was
evident with concomitant induction of the conserved pattern recognition receptor TLR.
These findings overall indicate an evolutionarily conserved trait in which antioxidant
mechanisms underlie the immune responses to nanosilver, whilst the pathophysiology
feeds back to the particle recognition process in a species-specific manner.

T

5.1
5.1.1

Exploring Evolutionary Differences
Exposure scenarios

The difference in the exposure routes and scenarios in the environment is a reflection of
the profound diversity of ecological niches in a given ecosystem. The ecological niches
here are characterised by the ecological and physiological traits of the inhabitants, and
they are amongst the intrinsic factors that determine the species’ sensitivity to stressors. Our premise of laboratory testing is that the selected model organism represents
the health of the ecosystem it belongs to, with a possibility of cross-species extrapolation 155 . But as mentioned, exposure routes and scenarios can differ greatly between
species that inhabit different environmental compartments, the major categories being
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air, aquatic (water and sediment) and terrestrial 4 . In nanomaterials ecotoxicology, exposure characterisation would play a critical role primarily because nanoparticles do
not diffuse as classical liquid-phase pollutants but do distribute heterogenously and
transform within the complex matrices that nature creates 159 . Further complication is
made with the in situ generation of their derivatives (e.g. dissolved metal) along the
environmental transformation pathway. Although this PhD study did not focus on the
evolutionary differences in exposure scenarios, it is of paramount interest to explore
such concepts in the light of state-of-the-art environmental nanosciences. It should be
noted that significant efforts are underway to characterise the fate and behaviour of
nanoparticles in environmental matrices 160 .

5.1.2

Mode of action

The basis of key biological processes governing the vital functions and survival of the
cells is evolutionarily conserved, to different degrees, across the animal kingdom. The
premise is that the evolutionary milestones overall reflect the simplicity (or complexity)
of such fundamental processes unless specialised under natural selection. Given this,
comparative studies would provide cross-references concerning how the biological systems of interest respond to the same stress stimuli triggered by nanoparticles. Provided
that the exposure conditions are comparable, the biological responses to nanoparticles
should have at least some degrees of conserved molecular and cellular components.
In the case of exposure of non-target organisms to pharmaceuticals, the molecular
targets are well-defined unlike nanoparticles – and thus the focus of evolutionary differences will be on the ligand docking efficiency of the target molecules (e.g. among fish
species 155 ) and the downstream metabolic cascades leading to adverse phenotypic outcomes (e.g. reproductive inhibition in crustacean by anti-inflammatory drugs 161;162 ).
When the molecular targets are less defined, the molecular stress responses will be more
general, and similarity of toxicity mechanisms appears across species (for example,
cadmium exposure induces oxidative stress and associated alterations of cell physiology 163 ). It is not clear (or not possible to generalise) how, where and when nanoparticles
and/or their derivatives interact with biological systems, however, the generality of toxicity mechanisms would lie somewhere between the two since there is a certain extent
of target selectivity (e.g. specific molecules/organelles). Paper I has demonstrated the
selectivity in terms of cell types or functional cellular processes (preferential nanoparticle uptake by phagocytes) which was the shared characteristics between earthworm
coelomocytes and a human cell line after differentiation into a macrophage-phenotype.
It is likely that this observation of phagocyte-specificity is common across other invertebrate species, for example, evidence of nanoparticle internalisation by haemocytes was
reported for freshwater bivalve molluscs after exposure in vivo 94 .
Nanosilver and liberated silver ions can interrupt or damage cellular components,
the primary consequence of which is known to be oxidative stress. As in the case of
cadmium, the generation of ROS (or depletion of the cellular thiol pools) lead to a
multitude of molecular stress responses (e.g. those involved in inflammation, cell proliferation/survival and genetic repair). As these are the vital functions of eukaryotic
cells irrespectively of the tissue-origin (even in embryos), the critical molecular pathways are probably well-conserved across species. In Paper I, the genes coding for heat
shock proteins, catalase and metallothioneins were probed in a time-resolved manner
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and signified the occurrence of oxidative stress responses upon nanosilver exposure.
The expression of those genes was time-dependent, entailing subsequent regulation of
genes relevant for MAPK pathways and TLRs. Notably, the selection of target genes was
based on the evolutionary conservation (amino acid sequence similarity of >50% between Eisenia fetida and Homo sapiens) in earthworm coelomocytes and a human monocyte cell line. Despite the evolutionary distance and the magnitude of cellular injuries,
this study revealed the strong time-dependence of the expression pattern indicating the
cross-talk of oxidative stress and immune responses, a conserved biological process 164 .
Again, the implications from studies on haemocytes of bivalve molluscs 90–92 support
the ubiquitous existence of such molecular mechanisms. The regulatory cross-talk was
also apparent when earthworms were exposed to nanosilver in vivo in soil over a period
of two weeks, underscoring the involvement of immune-competent cells (Paper II).

5.1.3

Nanoparticle recognition

Nature offers a dazzling variety of protein repertoires that give rise to a unique proteome in a given biological entity. When nanoparticles enter a biological system e.g.
blood circulation, they encounter a proteome with its repertoire varying from species
to species. Despite the broad biodiversity of animals inhabiting the ecosystems, this
concept has acquired surprisingly little awareness. Based on the recent studies, we have
begun to understand that cells “see” the corona of biomolecules around a nanoparticle,
rather than the nanoparticle’s bare surface. In analogy with mammalian studies, the
techniques to characterise protein coronas are readily applicable to invertebrate models. The major challenge, however, is the difficulty to obtain natural proteins from the
organism of interest, let alone the relatively small harvesting volume of its biological
fluids. In Paper III, a novel method inspired by the use of a human hepatocarcinoma
cell line for proteome collections was developed to harvest native secretory proteins
from primary cell cultures of E. fetida coelomocytes. Using EfCP (E. fetida coelomic
proteins) as a native repertoire and FBS (fetal bovine serum) as a non-native reference,
nanoparticle-protein corona made of proteins of invertebrate origins was formed, profiled and characterised for the first time. Selective enrichment of 37 kDa proteins was
evident in the EfCP-nanosilver corona and identified as the cytolytic/antibacterial protein lysenin that is known to be rather specific to Eisenia spp.. This is probably in connection with the high abundance of migratory chloragocytes in this genus 165;166 which
has found its niche in compost, rather than soil. Currently, E. fetida and E. andrei are
the recommended model species for the earthworm tests (avoidance, acute toxicity and
reproduction) described by the OECD guidelines for the testing of chemicals (except for
the avoidance test) as well as by ISO/TC 190 for soil quality. The discovery of Eiseniaspecific formation of the protein corona implies that the way earthworm coelomocytes
recognise nanoparticles may be the same within the Eisenia genus but probably differs
in other genera due to the lack of lysenin. For example, other earthworm genera inhabiting different niches of the soil matrices (epigeic and anecic) have also been studied
for the impacts of nanoparticles (e.g. Lumbricus spp. 167–171 ). Another soil-dwelling annelid worm species, Enchytraeus albidus, is an OECD/ISO model as the Eisenia worms
and has also been extensively assessed of the adverse effects of nanoparticles 172–174 . In
those reports, nanoparticle recognition was not within the scope of the study (except
for ref 168), but the results of Paper III highlight a new paradigm that needs consider-
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ation upon cross-referencing of the mechanisms of nanoparticle toxicity even between
those invertebrates. Cross-species extrapolation can, by this new axis of complication,
be more challenging than it has been, because a different biological identity of nanoparticles would manifest as another entity potentially having different toxicokinetics even
among species that share similar ecological niches.

5.2
5.2.1

Pathophysiology Feeds Back to Nanoparticles
Dynamic evolution of the protein corona

Paper III has also given a new insight into the interfacial properties of nanoparticles.
A striking observation was dynamic evolution of the nanosilver-protein corona in the
local extracellular microenvironment, where protein secretion and corona re-formation
simultaneously occurred. The upshot is a three-step cycle of nanoparticle recognition,
whereby corona formation, cellular interaction and protein secretion are the key components to understand its toxicokinetics within biological systems. Of particular note
is the rapidity of the first two steps. Even in a cell culture milieu supplemented with
1% v/v FBS the nanoparticles competitively enriched secreted proteins in their corona
within 15 min (Paper III) and the coelomocytes were capable of interacting with the
nanoparticles as early as 1 h when exposed in vitro (Paper I). At this time-scale, AgNPs
elicited differential expression of genes involved in oxidative stress and signal transduction, while at later time points immune functions were affected at the transcriptional level (Paper I). It should also be noted that the pathways to protein secretion
may involve inter-cellular communication (e.g. cytokine network) as the coelomocytes
consist of various cell populations (Paper V). The three steps thus require more attentions in the ecotoxicology community to gain new insights into the mode-of-action
approach, bearing in mind that evolutionary differences are realised even before the
cells encounter the nanoparticles.

5.2.2

Pattern recognition, uptake and inflammation

Interactions occurring at the boundary between the biomolecular corona of nanoparticles and the cell surface are presumably governed by the cell membrane receptors, as
evidenced by receptor-blocking experiments. In the introductory chapter of this thesis,
several examples of transmembrane receptors typically deployed by macrophages were
described with references to nanoparticles. In those cases the nanoparticles associating with the receptors were internalised or membrane-adhered, if any, with the resulting release of pro-inflammatory cytokines. In Paper IV, the involvement of TLRs was
strongly supported, also on the basis of earlier observations (Papers I-II), and appeared
rather specific to the nanoparticulate form of silver. However, this does not explain the
molecular mechanisms underlying phagocytic uptake of nanoparticles in earthworm
coelomocytes. The clues could possibly be the enhanced cellular interactions of AgNPs
with enriched lysenin in the hard corona (Paper III). No surface receptors that recognise
the native epitope of lysenin are known in earthworms, yet, the close spatial repetition
of this protein at the nanoparticle surface could give rise to avidity effects that may
result in non-specific receptor interactions 100 .
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Another possibility is involvement of scavenger receptors that display a striking variety of conserved pattern recognition receptors, and that are presumably connected to
the key immunological processes such as phagocytic clearance and antigen presentation. As scavenger receptors and TLRs cooperate for the uptake of recognised particles 126–129 , the differential expression profile of TLR gene programmes may possibly
be related to scavenger receptor-mediated phagocytosis of nanoparticles linking pattern recognition, uptake and inflammation. Although TLRs and scavenger receptors
are much less characterised in invertebrates than in vertebrates, these pattern recognition receptors are likely the forefront players of innate immunity towards not only
environmental pathogens but also nanoparticles. This offers an exciting research incentive to explore the mode of nanoparticle uptake in invertebrates and opens up a new
avenue in comparative immunology.

5.3

Conclusion and Perspectives

The fate and behaviour of nanoparticles that enter the natural environment remain
unclear and have posed several lines of new challenges. Of these, exposure characterisation and the hazard identification are the areas on which much effort has been
placed. This thesis has focused on the nanoparticle-specific aspect of evolutionary differences studied using earthworm coelomocytes as an invertebrate model of immunecompetence. A graphical summary of the discussion is shown in Figure 5.1.
Overall, this study revealed a ground-breaking facet of nanoparticle-cell interactions
in invertebrates, and this finding provides a novel and highly important factor that
likely dictates the behaviour and fate of nanoparticles once they enter the biological
system. What appears intriguing is that such toxicokinetics of nanoparticles may not be
the same even among related species of invertebrates sharing similar ecological niches,
for example, between various earthworm species. This is because the protein repertoires and resulting formation of protein coronas can be species-specific. However,
unless specifically designed so, the target selectivity of nanoparticles is rather general
unlike organic pollutants (e.g. endocrine disrupters); thereby the stress response mechanisms are probably not very different at the cellular level. In the case of nanosilver,
the molecular findings in this thesis support the oxidative stress-associated molecular
responses previously reported for a range of cell types/organisms. As known for both
invertebrates and vertebrates, oxidative stress may entail inflammation. The molecular signatures of such intracellular signals upon in vitro exposure to nanosilver suggest
evolutionary conservation of this cross-regulatory mechanism between earthworms and
humans. The plausible consequence is secretion of pro-inflammatory proteins for intercellular communications as well as associated transcriptional regulation of other secretory proteins. The alteration of the protein secretome can then feed back to the dynamic
corona evolution, potentially influencing the nanoparticle uptake kinetics. Central in
this feedback cycle is the biomolecular corona which is likely to exhibit evolutionary
differences, in particular, across the invertebrate taxa. At the interface between bionanoscience and ecotoxicology, the concept of evolutionary differences therefore takes
a shape of its own kind, and cross-species extrapolation would require an additional
dimension that accounts for species differences at nanoparticles.
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Figure 5.1. Graphical summary of the elements discussed in the PhD thesis. Explanations are
given in the text.

Acknowledgements
ooking back to the year of 2009, when I first put myself into the exciting world
of nanoscience, everything seemed very new and full of opportunities. It was not
simply my scientific curiosity that defined the course of my PhD work, but rather, the
interactions with insightful supervisors and colleagues who influenced the work in a
good way. It has been five years since I started my PhD study, and remembering all the
people with whom I had the chance to interact in academia and/or in private is not an
easy task. But that is what I try to do here. (and it turned out to be fairly long.)

L

First of all, I gratefully acknowledge my main supervisor Duncan Sutherland (iNANO)
for all sorts of things to get me started with my PhD study and, in particular, for priming my physics knowledge from scratch. Mathematics was indeed a problem for me to
start learning about physics; but, you generously spared one hour per week for tutoring
me until finally I obtained the top grade in a physical chemistry course. Lars-Henrik
Heckmann was a co-supervisor at Dept. of Bioscience during 2009-2010. Thank you
very much for giving me this exciting opportunity of doing a PhD in nanoscience. I
never imagined that I would carry on your work when, back in the U.K., I first heard
about your plan for exploring the world of nanotoxicology. It is regrettable that I am
not allowed to devote a full chapter to express my appreciation for you. It was also you,
who pioneered the fruitful collaboration with the immunobiologist Péter Engelmann
from University of Pécs (now an informal co-supervisor), Hungary, and the toxicologist
Herman Autrup at Dept. of Public Health, Aarhus University. This collaboration has so
far become the basis of my PhD study with the great help of Janeck Scott-Fordsmand,
another co-supervisor at Dept. of Bioscience in Silkeborg. It has always been a great
pleasure to step in each of your specialised field and, if I’m allowed to borrow LarsHenrik’s word, to “parasitise” on your experience and knowledge until I mature as an
independent researcher.
I am also grateful for Péter, for hosting my short-term research visit to University of
Pécs. Whenever I had a question about immunology, what I did in the next second was
to write an e-mail to you. I could also devote a chapter for you, probably after the
chapter for Lars-Henrik, to express my appreciation for your inputs and being a “good
friend” in science. Also many thanks to my collaborators in Hungary; Mariann, Levente, Ildikó, Edit and László for your help with cytotoxicity assays and sample preparations for TEM imaging of coelomocytes. Also colleagues at Herman’s group are warmly
acknowledged; Herman, Rasmus, Christiane, Duy, Julie, Lars, Eveline and Xiumei for
your help with my in vitro studies and allowing me to interrupt you and have a chat
49

50

Acknowledgements

during my coffee break time. Although not a co-supervisor, Jing Wang was a “handson” teacher for characterisation of nanoparticles. Thanks Jing, for your help and having
a “fun time” together sitting in front of the zetasizer machine. Arcot and myself were
the youngest back then, and according to his word, “we are in the same batch”. I will
not forget the funny scientific discussions that we had (often with Mr. laid-back Uffe).
Now that it reminds me of the time exchanging ideas with other SUNANO partners at
Dept. of Bioscience in Aarhus; the fish girl Katrine, the mouse girl Nina, the AAS guy
Per and the boss Erik. I thank Per and Mark for allowing me to have my pet worms
in their temperature-controlled room in the basement. And I would like to express my
gratitude to Adam from ECT Oekotoxikologie GmbH whom I contacted uncountable
number of times for ordering “high quality worms” from Germany. I am very sorry for
the fronzen worm incident. Also my deep apologies for all the worms that experienced
heavy (sometimes fatal) hangover after repeated dosing of 2% alcohol in the name of
science. I can only hope that you were happily drunk and dancing and losing memories
of what happened to you. But I believe I now have a better understanding of you.
To Steffi and Teodora, the young nanotox girls in Duncan’s group, thank you not only
for scientific discussions but also having a fun time together complaining about what
worked and what not, how many gels we’ve sacrificed and so on. Teodora, you’ve been
a good junior colleague to me; you never said “Why ask me? Stop giving me details and
just do it yourself!” – I was able to focus on biological studies because you kindly took
over the characterisation work and used the opportunity to benefit yourself. Thank you.
When the iNANO house was ready to be occupied, I worked very hard to have the
Biointerfaces cell lab up and running. It was Duy and Claus who helped me lots for the
start-up in addition to their “donations” of used pipettes etc.. Now the task has been
passed to Kasper, and I hope the cell lab will be taken care of even better. I warmly
acknowledge the people at Jan Enghild’s proteomics lab – Line, Camilla and Lone for
giving me inspirations about coelomic protein harvesting, as well as Carsten and Jan
who enabled the collaboration and success in the protein corona study that I’m now
most proud of. The overseas collaborators at Nencki Institute of Experimental Biology,
Poland, are gratefully acknowledged for the production of recombinant lysenin. Thank
you Andrzej and Katarzyna, for showing your interest in my work and spending money
and efforts for developing a new method to produce lysenin without a tag. It did boost
the impact of the paper.
People at AU Kommunikation were acknowledged for their brilliant work on making the short video about my work. Particularly Hans, for directing the video with his
excellent skills in video shooting, and Frederik, for his talented work on making the
animations, editing the movie according to tonnes of requests from Hans and me and
finalising it under such a tight schedule. I really appreciate your work, which also led
to dissemination of my PhD study to broader public via DR. People at EntomoPharm
ApS, Peter, Gunnar and Ana, are acknowledged for the opportunities to work together
on the grasshopper model.
I thank Tatarazako-sensei at National Institute for Environmental Studies, Japan. He
is a Daphnia-geek, and together we shared enjoyable times at SETAC each year dis-

51

cussing the cuteness of Daphnia and all sorts of other stuff. Thank you for introducing
me to many other Japanese researchers in the environmental science field and inviting
me for a special seminar session plus a lab-tour together with Hirano-sensei.
I have a word for each colleague from the good old “4th-floor lab”, but unfortunately
there is not much space left here to express it one by one. To be fair, I decided not to
do it. But please be aware that I am very much grateful for the work environments that
you all have created. On top of this, I want to thank some of the colleagues on behalf of
my cat: Joana and Maj for giving me advice on getting a cat (named Nano), Uffe for acting as the dedicated driver for Nano, Martin & Fleur as well as Ryo & Bo for pet-sitting
Nano – I as Nano’s primary slave thank you guys for making it possible to participate
in conferences abroad and taking holidays off to Japan.
Warm thanks go to the colleagues at Dept. of Bioscience, Silkeborg, John, Martin, Jesper, Stine, Dorthe, Karina, Vibeke, Anna-Marie, Mette, Jennifer and many others. Also
Flavia (a.k.a. riboFlavia) for giving me opportunities to collaborate on your earthworm
symbiont project. I also gratefully acknowledge Merel, Amaia and other international
colleagues for stimulating discussions on nanomaterials ecotoxicology and earthworms.
Special thanks to Maj for helping me with LATEX, Andreas for Danish translation of the
abstract, Teodora and Péter for proofreading of this thesis in the last minute!
And again, Maj, thank you for inviting me to “hyggelig” julefrokost hos din familie
hvert år. Sorry for not being able to speak Danish fluently until now.
Last but not least, I would like to thank my family for giving me the great opportunity
to study abroad in the U.K., which eventually led me to do a 5-year PhD study here in
Denmark. I thank Mayuko and Nano for brightening up my off-work time and cheer
me up whenever I was being stressed by the work. I also appreciate Mayuko’s family
and the dog and two cats for a cosy holiday/working environment during my stay in
Japan.
It is regretful for not being able to mention all the people that I interacted in my PhD
study, but after having written this much I have realised that my 5 years were full of
interactions with people in the office, outside the office, extending to other departments
and overseas. Thank you for your help and the joy we shared.
Yuya Hayashi
Aarhus, March 2014

52

Acknowledgements

Bibliography
[1] Oberdörster, G.; Oberdörster, E.; Oberdörster, J. Nanotoxicology: An emerging
discipline evolving from studies of ultrafine particles. Environmental Health
Perspectives 2005, 113, 823–839.
[2] European Commission. Commission Recommendation of 18 October 2011 on
the definition of nanomaterial. 2011.
[3] Comero, S. et al. NM-300 Silver Characterisation, Stability, Homogeneity.
Publications Office of the European Union. 2011.
[4] Stone, V. et al. Research prioritisation to deliver an intelligent testing strategy
for the human and environmental safety of nanomaterials. ITS-NANO
Consortium. 2013.
[5] Benn, T. M.; Westerhoff, P. Nanoparticle silver released into water from
commercially available sock fabrics. Environmental Science & Technology 2008,
42, 4133–4139.
[6] Geranio, L.; Heuberger, M.; Nowack, B. The Behavior of Silver Nanotextiles
during Washing. Environmental Science & Technology 2009, 43, 8113–8118.
[7] Kim, B.; Park, C.-S.; Murayama, M.; Hochella, M. F. Discovery and
Characterization of Silver Sulfide Nanoparticles in Final Sewage Sludge
Products. Environmental Science & Technology 2010, 44, 7509–7514.
[8] Kaegi, R.; Voegelin, A.; Sinnet, B.; Zuleeg, S.; Hagendorfer, H.; Burkhardt, M.;
Siegrist, H. Behavior of Metallic Silver Nanoparticles in a Pilot Wastewater
Treatment Plant. Environmental Science & Technology 2011, 45, 3902–3908.
[9] Kaegi, R.; Sinnet, B.; Zuleeg, S.; Hagendorfer, H.; Mueller, E.; Vonbank, R.;
Boller, M.; Burkhardt, M. Release of silver nanoparticles from outdoor facades.
Environmental Pollution 2010, 158, 2900–2905.
[10] The Project on Emerging Nanotechnologies. Nanotechnology Consumer Product
Inventory. Woodrow Wilson International Center for Scholars. 2014.
[11] OECD. List of representative manufactured nanomaterials for testing. 2012.
[12] Gottschalk, F.; Sonderer, T.; Scholz, R. W.; Nowack, B. Modeled Environmental
Concentrations of Engineered Nanomaterials (TiO2 , ZnO, Ag, CNT, Fullerenes)
for Different Regions. Environmental Science & Technology 2009, 43, 9216–9222.
53

54

BIBLIOGRAPHY

[13] Levard, C.; Hotze, E. M.; Lowry, G. V.; Brown, G. E. Environmental
Transformations of Silver Nanoparticles: Impact on Stability and Toxicity.
Environmental Science & Technology 2012, 46, 6900–6914.
[14] Levard, C.; Reinsch, B. C.; Michel, F. M.; Oumahi, C.; Lowry, G. V.; Brown, G. E.
Sulfidation Processes of PVP-Coated Silver Nanoparticles in Aqueous Solution:
Impact on Dissolution Rate. Environmental Science & Technology 2011, 45,
5260–5266.
[15] Liu, J.; Pennell, K. G.; Hurt, R. H. Kinetics and Mechanisms of Nanosilver
Oxysulfidation. Environmental Science & Technology 2011, 45, 7345–7353.
[16] Liu, J.; Hurt, R. H. Ion Release Kinetics and Particle Persistence in Aqueous
Nano-Silver Colloids. Environmental Science & Technology 2010, 44, 2169–2175.
[17] Liu, J.; Sonshine, D. A.; Shervani, S.; Hurt, R. H. Controlled Release of
Biologically Active Silver from Nanosilver Surfaces. ACS Nano 2010, 4,
6903–6913.
[18] Arora, S.; Rajwade, J. M.; Paknikar, K. M. Nanotoxicology and in vitro studies:
The need of the hour. Toxicology and Applied Pharmacology 2012, 258, 151–165.
[19] Auffan, M.; Rose, J.; Bottero, J.-Y.; Lowry, G. V.; Jolivet, J.-P.; Wiesner, M. R.
Towards a definition of inorganic nanoparticles from an environmental, health
and safety perspective. Nature Nanotechnology 2009, 4, 634–641.
[20] Kahru, A.; Dubourguier, H.-C. From ecotoxicology to nanoecotoxicology.
Toxicology 2010, 269, 105–119.
[21] Maynard, A. D.; Warheit, D. B.; Philbert, M. A. The New Toxicology of
Sophisticated Materials: Nanotoxicology and Beyond. Toxicological Sciences
2011, 120, S109–S129.
[22] Mitragotri, S.; Lahann, J. Physical approaches to biomaterial design. Nature
Materials 2009, 8, 15–23.
[23] Handy, R. D.; von der Kammer, F.; Lead, J. R.; Hassellov, M.; Owen, R.; Crane, M.
The ecotoxicology and chemistry of manufactured nanoparticles. Ecotoxicology
2008, 17, 287–314.
[24] Monopoli, M. P.; Aberg, C.; Salvati, A.; Dawson, K. A. Biomolecular coronas
provide the biological identity of nanosized materials. Nature Nanotechnology
2012, 7, 779–786.
[25] Lundqvist, M.; Stigler, J.; Elia, G.; Lynch, I.; Cedervall, T.; Dawson, K. A.
Nanoparticle size and surface properties determine the protein corona with
possible implications for biological impacts. Proceedings of the National Academy
of Sciences of the United States of America 2008, 105, 14265–14270.
[26] Tenzer, S.; Docter, D.; Kuharev, J.; Musyanovych, A.; Fetz, V.; Hecht, R.;
Schlenk, F.; Fischer, D.; Kiouptsi, K.; Reinhardt, C.; Landfester, K.; Schild, H.;
Maskos, M.; Knauer, S. K.; Stauber, R. H. Rapid formation of plasma protein

BIBLIOGRAPHY

55

corona critically affects nanoparticle pathophysiology. Nature Nanotechnology
2013, 8, 772–781.
[27] Hellstrand, E.; Lynch, I.; Andersson, A.; Drakenberg, T.; Dahlbäck, B.;
Dawson, K. A.; Linse, S.; Cedervall, T. Complete high-density lipoproteins in
nanoparticle corona. FEBS Journal 2009, 276, 3372–3381.
[28] Tenzer, S. et al. Nanoparticle Size Is a Critical Physicochemical Determinant of
the Human Blood Plasma Corona: A Comprehensive Quantitative Proteomic
Analysis. ACS Nano 2011, 5, 7155–7167.
[29] Milani, S.; Baldelli Bombelli, F.; Pitek, A. S.; Dawson, K. A.; Rädler, J. Reversible
versus Irreversible Binding of Transferrin to Polystyrene Nanoparticles: Soft and
Hard Corona. ACS Nano 2012, 6, 2532–2541.
[30] Casals, E.; Pfaller, T.; Duschl, A.; Oostingh, G. J.; Puntes, V. Time Evolution of
the Nanoparticle Protein Corona. ACS Nano 2010, 4, 3623–3632.
[31] Walczyk, D.; Bombelli, F. B.; Monopoli, M. P.; Lynch, I.; Dawson, K. A. What the
Cell “Sees” in Bionanoscience. Journal of the American Chemical Society 2010,
132, 5761–5768.
[32] Wang, J.; Jensen, U. B.; Jensen, G. V.; Shipovskov, S.; Balakrishnan, V. S.;
Otzen, D.; Pedersen, J. S.; Besenbacher, F.; Sutherland, D. S. Soft Interactions at
Nanoparticles Alter Protein Function and Conformation in a Size Dependent
Manner. Nano Letters 2011, 11, 4985–4991.
[33] Dobrovolskaia, M. A.; Patri, A. K.; Zheng, J.; Clogston, J. D.; Ayub, N.;
Aggarwal, P.; Neun, B. W.; Hall, J. B.; McNeil, S. E. Interaction of colloidal gold
nanoparticles with human blood: effects on particle size and analysis of plasma
protein binding profiles. Nanomedicine: Nanotechnology, Biology and Medicine
2009, 5, 106–117.
[34] Shannahan, J. H.; Lai, X.; Ke, P. C.; Podila, R.; Brown, J. M.; Witzmann, F. A.
Silver Nanoparticle Protein Corona Composition in Cell Culture Media. PLoS
One 2013, 8, e74001.
[35] Walkey, C. D.; Olsen, J. B.; Guo, H.; Emili, A.; Chan, W. C. W. Nanoparticle Size
and Surface Chemistry Determine Serum Protein Adsorption and Macrophage
Uptake. Journal of the American Chemical Society 2012, 134, 2139–2147.
[36] Ashkarran, A. A.; Ghavami, M.; Aghaverdi, H.; Stroeve, P.; Mahmoudi, M.
Bacterial Effects and Protein Corona Evaluations: Crucial Ignored Factors in the
Prediction of Bio-Efficacy of Various Forms of Silver Nanoparticles. Chemical
Research in Toxicology 2012, 25, 1231–1242.
[37] Zhou, J. D.; Gysell, M.; Tara, S.; Anthony, M.; Darren, M.; Rodney, F. M.
Differential plasma protein binding to metal oxide nanoparticles.
Nanotechnology 2009, 20, 455101.

56

BIBLIOGRAPHY

[38] Ehrenberg, M. S.; Friedman, A. E.; Finkelstein, J. N.; Oberdörster, G.;
McGrath, J. L. The influence of protein adsorption on nanoparticle association
with cultured endothelial cells. Biomaterials 2009, 30, 603–610.
[39] Walkey, C. D.; Olsen, J. B.; Song, F.; Liu, R.; Guo, H.; Olsen, D. W. H.; Cohen, Y.;
Emili, A.; Chan, W. C. W. Protein Corona Fingerprinting Predicts the Cellular
Interaction of Gold and Silver Nanoparticles. ACS Nano 2014,
[40] Lundqvist, M.; Stigler, J.; Cedervall, T.; Berggård, T.; Flanagan, M. B.; Lynch, I.;
Elia, G.; Dawson, K. The Evolution of the Protein Corona around Nanoparticles:
A Test Study. ACS Nano 2011, 5, 7503–7509.
[41] Lesniak, A.; Fenaroli, F.; Monopoli, M. P.; Åberg, C.; Dawson, K. A.; Salvati, A.
Effects of the Presence or Absence of a Protein Corona on Silica Nanoparticle
Uptake and Impact on Cells. ACS Nano 2012, 6, 5845–5857.
[42] Monopoli, M. P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.;
Baldelli Bombelli, F.; Dawson, K. A. Physical-Chemical Aspects of Protein
Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles.
Journal of the American Chemical Society 2011, 133, 2525–2534.
[43] Lesniak, A.; Campbell, A.; Monopoli, M. P.; Lynch, I.; Salvati, A.; Dawson, K. A.
Serum heat inactivation affects protein corona composition and nanoparticle
uptake. Biomaterials 2010, 31, 9511–9518.
[44] Maiorano, G.; Sabella, S.; Sorce, B.; Brunetti, V.; Malvindi, M. A.; Cingolani, R.;
Pompa, P. P. Effects of Cell Culture Media on the Dynamic Formation of
Protein-Nanoparticle Complexes and Influence on the Cellular Response. ACS
Nano 2010, 4, 7481–7491.
[45] Mahmoudi, M. et al. Temperature: The “Ignored” Factor at the NanoBio
Interface. ACS Nano 2013, 7, 6555–6562.
[46] Lesniak, A.; Salvati, A.; Santos-Martinez, M. J.; Radomski, M. W.; Dawson, K. A.;
Åberg, C. Nanoparticle Adhesion to the Cell Membrane and Its Effect on
Nanoparticle Uptake Efficiency. Journal of the American Chemical Society 2013,
135, 1438–1444.
[47] Lunov, O.; Syrovets, T.; Loos, C.; Beil, J.; Delacher, M.; Tron, K.; Nienhaus, G. U.;
Musyanovych, A.; Mailänder, V.; Landfester, K.; Simmet, T. Differential Uptake
of Functionalized Polystyrene Nanoparticles by Human Macrophages and a
Monocytic Cell Line. ACS Nano 2011, 5, 1657–1669.
[48] Wang, F.; Yu, L.; Monopoli, M. P.; Sandin, P.; Mahon, E.; Salvati, A.;
Dawson, K. A. The biomolecular corona is retained during nanoparticle uptake
and protects the cells from the damage induced by cationic nanoparticles until
degraded in the lysosomes. Nanomedicine: Nanotechnology, Biology and Medicine
2013, 9, 1159–1168.
[49] Yeung, T.; Gilbert, G. E.; Shi, J.; Silvius, J.; Kapus, A.; Grinstein, S. Membrane
Phosphatidylserine Regulates Surface Charge and Protein Localization. Science
2008, 319, 210–213.

BIBLIOGRAPHY

57

[50] dos Santos, T.; Varela, J.; Lynch, I.; Salvati, A.; Dawson, K. A. Quantitative
Assessment of the Comparative Nanoparticle-Uptake Efficiency of a Range of
Cell Lines. Small 2011, 7, 3341–3349.
[51] Saha, K.; Kim, S. T.; Yan, B.; Miranda, O. R.; Alfonso, F. S.; Shlosman, D.;
Rotello, V. M. Surface Functionality of Nanoparticles Determines Cellular
Uptake Mechanisms in Mammalian Cells. Small 2013, 9, 300–305.
[52] Agarwal, R.; Singh, V.; Jurney, P.; Shi, L.; Sreenivasan, S. V.; Roy, K. Mammalian
cells preferentially internalize hydrogel nanodiscs over nanorods and use
shape-specific uptake mechanisms. Proceedings of the National Academy of
Sciences 2013,
[53] Bandmann, V.; Müller, J. D.; Köhler, T.; Homann, U. Uptake of fluorescent nano
beads into BY2-cells involves clathrin-dependent and clathrin-independent
endocytosis. FEBS Letters 2012, 586, 3626–3632.
[54] Reidy, B.; Haase, A.; Luch, A.; Dawson, K.; Lynch, I. Mechanisms of Silver
Nanoparticle Release, Transformation and Toxicity: A Critical Review of
Current Knowledge and Recommendations for Future Studies and Applications.
Materials 2013, 6, 2295–2350.
[55] Wang, Z.; Liu, S.; Ma, J.; Qu, G.; Wang, X.; Yu, S.; He, J.; Liu, J.; Xia, T.;
Jiang, G.-B. Silver Nanoparticles Induced RNA Polymerase-Silver Binding and
RNA Transcription Inhibition in Erythroid Progenitor Cells. ACS Nano 2013, 7,
4171–4186.
[56] Lim, D.; Roh, J.-y.; Eom, H.-j.; Choi, J.-Y.; Hyun, J.; Choi, J. Oxidative
stress-related PMK-1 P38 MAPK activation as a mechanism for toxicity of silver
nanoparticles to reproduction in the nematode Caenorhabditis elegans.
Environmental Toxicology and Chemistry 2012, 31, 585–592.
[57] Roh, J.-y.; Sim, S. J.; Yi, J.; Park, K.; Chung, K. H.; Ryu, D.-y.; Choi, J. Ecotoxicity
of Silver Nanoparticles on the Soil Nematode Caenorhabditis elegans Using
Functional Ecotoxicogenomics. Environmental Science & Technology 2009, 43,
3933–3940.
[58] Yang, X.; Gondikas, A. P.; Marinakos, S. M.; Auffan, M.; Liu, J.; Hsu-Kim, H.;
Meyer, J. N. Mechanism of Silver Nanoparticle Toxicity Is Dependent on
Dissolved Silver and Surface Coating in Caenorhabditis elegans. Environmental
Science & Technology 2011, 46, 1119–1127.
[59] Johnston, H. J.; Hutchison, G.; Christensen, F. M.; Peters, S.; Hankin, S.; Stone, V.
A review of the in vivo and in vitro toxicity of silver and gold particulates:
Particle attributes and biological mechanisms responsible for the observed
toxicity. Critical Reviews in Toxicology 2010, 40, 328–346.
[60] Foldbjerg, R.; Olesen, P.; Hougaard, M.; Dang, D. A.; Hoffmann, H. J.; Autrup, H.
PVP-coated silver nanoparticles and silver ions induce reactive oxygen species,
apoptosis and necrosis in THP-1 monocytes. Toxicology Letters 2009, 190,
156–162.

58

BIBLIOGRAPHY

[61] Eom, H.-J.; Choi, J. p38 MAPK Activation, DNA Damage, Cell Cycle Arrest and
Apoptosis As Mechanisms of Toxicity of Silver Nanoparticles in Jurkat T Cells.
Environmental Science & Technology 2010, 44, 8337–8342.
[62] Foldbjerg, R.; Dang, D.; Autrup, H. Cytotoxicity and genotoxicity of silver
nanoparticles in the human lung cancer cell line, A549. Archives of Toxicology
2011, 85, 743–750.
[63] Piao, M. J.; Kang, K. A.; Lee, I. K.; Kim, H. S.; Kim, S.; Choi, J. Y.; Choi, J.;
Hyun, J. W. Silver nanoparticles induce oxidative cell damage in human liver
cells through inhibition of reduced glutathione and induction of
mitochondria-involved apoptosis. Toxicology Letters 2011, 201, 92–100.
[64] AshaRani, P. V.; Mun, G. L. K.; Hande, M. P.; Valiyaveettil, S. Cytotoxicity and
Genotoxicity of Silver Nanoparticles in Human Cells. Acs Nano 2009, 3,
279–290.
[65] Dobias, J.; Bernier-Latmani, R. Silver Release from Silver Nanoparticles in
Natural Waters. Environmental Science & Technology 2013, 47, 4140–4146.
[66] He, D.; Jones, A. M.; Garg, S.; Pham, A. N.; Waite, T. D. Silver
Nanoparticle-Reactive Oxygen Species Interactions: Application of a
Charging-Discharging Model. The Journal of Physical Chemistry C 2011, 115,
5461–5468.
[67] Beer, C.; Foldbjerg, R.; Hayashi, Y.; Sutherland, D. S.; Autrup, H. Toxicity of
silver nanoparticles - Nanoparticle or silver ion? Toxicology Letters 2012, 208,
286–292.
[68] Navarro, E.; Piccapietra, F.; Wagner, B.; Marconi, F.; Kaegi, R.; Odzak, N.;
Sigg, L.; Behra, R. Toxicity of Silver Nanoparticles to Chlamydomonas reinhardtii.
Environmental Science & Technology 2008, 42, 8959–8964.
[69] Zook, J.; Long, S.; Cleveland, D.; Geronimo, C.; MacCuspie, R. Measuring silver
nanoparticle dissolution in complex biological and environmental matrices
using UV-visible absorbance. Analytical and Bioanalytical Chemistry 2011, 401,
1993–2002.
[70] Leclerc, S.; Wilkinson, K. J. Bioaccumulation of Nanosilver by Chlamydomonas
reinhardtii – Nanoparticle or the Free Ion? Environmental Science & Technology
2013, 48, 358–364.
[71] Danscher, G.; Locht, L. In vivo liberation of silver ions from metallic silver
surfaces. Histochemistry and Cell Biology 2010, 133, 359–366.
[72] Locht, L.; Larsen, A.; Stoltenberg, M.; Danscher, G. Cultured macrophages cause
dissolucytosis of metallic silver. Histology and Histopathology 2009, 24, 167–173.
[73] Yu, S.-j.; Chao, J.-b.; Sun, J.; Yin, Y.-g.; Liu, J.-f.; Jiang, G.-b. Quantification of the
Uptake of Silver Nanoparticles and Ions to HepG2 Cells. Environmental Science
& Technology 2013, 47, 3268–3274.

BIBLIOGRAPHY

59

[74] Saydam, N.; Adams, T. K.; Steiner, F.; Schaffner, W.; Freedman, J. H. Regulation
of Metallothionein Transcription by the Metal-responsive Transcription Factor
MTF-1: IDENTIFICATION OF SIGNAL TRANSDUCTION CASCADES THAT
CONTROL METAL-INDUCIBLE TRANSCRIPTION. Journal of Biological
Chemistry 2002, 277, 20438–20445.
[75] Schultz, A. G.; Ong, K. J.; MacCormack, T.; Ma, G.; Veinot, J. G. C.; Goss, G. G.
Silver Nanoparticles Inhibit Sodium Uptake in Juvenile Rainbow Trout
(Oncorhynchus mykiss). Environmental Science & Technology 2012, 46,
10295–10301.
[76] Shaw, B. J.; Handy, R. D. Physiological effects of nanoparticles on fish: A
comparison of nanometals versus metal ions. Environment International 2011,
37, 1083–1097.
[77] Jiang, X.; Miclaus, T.; Foldbjerg, R.; Sutherland, D. S.; Autrup, H.; Chunying, C.;
Beer, C. Silver nanoparticle toxicity is affected by the sodium content of cell
culture media. Toxicology Letters Submitted,
[78] Letelier, M. E.; Lepe, A. M.; Faóndez, M.; Salazar, J.; Marín, R.; Aracena, P.;
Speisky, H. Possible mechanisms underlying copper-induced damage in
biological membranes leading to cellular toxicity. Chemico-Biological Interactions
2005, 151, 71–82.
[79] Griffitt, R. J.; Hyndman, K.; Denslow, N. D.; Barber, D. S. Comparison of
Molecular and Histological Changes in Zebrafish Gills Exposed to Metallic
Nanoparticles. Toxicological Sciences 2009, 107, 404–415.
[80] Foldbjerg, R.; Irving, E. S.; Hayashi, Y.; Sutherland, D. S.; Thorsen, K.;
Autrup, H.; Beer, C. Global Gene Expression Profiling of Human Lung Epithelial
Cells After Exposure to Nanosilver. Toxicological Sciences 2012, 130, 145–157.
[81] Brown, D. M.; Dickson, C.; Duncan, P.; Al-Attili, F.; Stone, V. Interaction
between nanoparticles and cytokine proteins: impact on protein and particle
functionality. Nanotechnology 2010, 21, 215104.
[82] Ding, F.; Radic, S.; Chen, R.; Chen, P.; Geitner, N. K.; Brown, J. M.; Ke, P. C.
Direct observation of a single nanoparticle-ubiquitin corona formation.
Nanoscale 2013, 5, 9162–9169.
[83] Gebauer, J. S.; Malissek, M.; Simon, S.; Knauer, S. K.; Maskos, M.; Stauber, R. H.;
Peukert, W.; Treuel, L. Impact of the Nanoparticle-Protein Corona on Colloidal
Stability and Protein Structure. Langmuir 2012, 28, 9673–9679.
[84] Li, R.; Chen, R.; Chen, P.; Wen, Y.; Ke, P. C.; Cho, S. S. Computational and
Experimental Characterizations of Silver Nanoparticle-Apolipoprotein
Biocorona. The Journal of Physical Chemistry B 2013, 117, 13451–13456.
[85] Wigginton, N. S.; Titta, A. d.; Piccapietra, F.; Dobias, J.; Nesatyy, V. J.; Suter, M.
J. F.; Bernier-Latmani, R. Binding of Silver Nanoparticles to Bacterial Proteins
Depends on Surface Modifications and Inhibits Enzymatic Activity.
Environmental Science & Technology 2010, 44, 2163–2168.

60

BIBLIOGRAPHY

[86] Runchel, C.; Matsuzawa, A.; Ichijo, H. Mitogen-Activated Protein Kinases in
Mammalian Oxidative Stress Responses. Antioxidants & Redox Signaling 2011,
15, 205–218.
[87] Dong, C.; Davis, R. J.; Flavell, R. A. MAP Kinases in the immune response.
Annual Review of Immunology 2002, 20, 55–72.
[88] Klippstein, R.; Fernandez-Montesinos, R.; Castillo, P.; Zaderenko, A.; Pozo, D.
Silver nanoparticles interaction with the immune system: implications for
health and disease. In Silver Nanoparticles; D, P. P., Ed.; Intech Open Access
Publishers, 2010; pp 309–324.
[89] Toone, W. M.; Jones, N. Stress-activated signalling pathways in yeast. Genes to
Cells 1998, 3, 485–498.
[90] Canesi, L.; Ciacci, C.; Fabbri, R.; Marcomini, A.; Pojana, G.; Gallo, G. Bivalve
molluscs as a unique target group for nanoparticle toxicity. Marine
Environmental Research 2012, 76, 16–21.
[91] Canesi, L.; Ciacci, C.; Vallotto, D.; Gallo, G.; Marcomini, A.; Pojana, G. In vitro
effects of suspensions of selected nanoparticles (C60 fullerene, TiO2 , SiO2 ) on
Mytilus hemocytes. Aquatic Toxicology 2010, 96, 151–158.
[92] Canesi, L.; Fabbri, R.; Gallo, G.; Vallotto, D.; Marcomini, A.; Pojana, G.
Biomarkers in Mytilus galloprovincialis exposed to suspensions of selected
nanoparticles (Nano carbon black, C60 fullerene, Nano-TiO2 , Nano-SiO2 ).
Aquatic Toxicology 2010, 100, 168–177.
[93] Canesi, L.; Ciacci, C.; Betti, M.; Fabbri, R.; Canonico, B.; Fantinati, A.;
Marcomini, A.; Pojana, G. Immunotoxicity of carbon black nanoparticles to blue
mussel hemocytes. Environment International 2008, 34, 1114–1119.
[94] Couleau, N.; Techer, D.; Pagnout, C.; Jomini, S.; Foucaud, L.; Laval-Gilly, P.;
Falla, J.; Bennasroune, A. Hemocyte responses of Dreissena polymorpha
following a short-term in vivo exposure to titanium dioxide nanoparticles:
Preliminary investigations. Science of the Total Environment 2012, 438, 490–497.
[95] Homa, J.; Zorska, A.; Wesolowski, D.; Chadzinska, M. Dermal exposure to
immunostimulants induces changes in activity and proliferation of coelomocytes
of Eisenia andrei. Journal of Comparative Physiology B 2013, 183, 313–322.
[96] Opper, B.; Németh, P.; Engelmann, P. Calcium is required for coelomocyte
activation in earthworms. Molecular Immunology 2010, 47, 2047–2056.
[97] Dobrovolskaia, M. A.; McNeil, S. E. Immunological properties of engineered
nanomaterials. Nature Nanotechnology 2007, 2, 469–478.
[98] Cavadas, M.; González-Fernández, A.; Franco, R. Pathogen-mimetic stealth
nanocarriers for drug delivery: a future possibility. Nanomedicine:
Nanotechnology, Biology and Medicine 2011, 7, 730–743.

BIBLIOGRAPHY

61

[99] Reddy, S. T.; van der Vlies, A. J.; Simeoni, E.; Angeli, V.; Randolph, G. J.;
O’Neil, C. P.; Lee, L. K.; Swartz, M. A.; Hubbell, J. A. Exploiting lymphatic
transport and complement activation in nanoparticle vaccines. Nature
Biotechnology 2007, 25, 1159–1164.
[100] Shemetov, A. A.; Nabiev, I.; Sukhanova, A. Molecular Interaction of Proteins and
Peptides with Nanoparticles. ACS Nano 2012, 6, 4585–4602.
[101] Linse, S.; Cabaleiro-Lago, C.; Xue, W.-F.; Lynch, I.; Lindman, S.; Thulin, E.;
Radford, S. E.; Dawson, K. A. Nucleation of protein fibrillation by nanoparticles.
Proceedings of the National Academy of Sciences 2007, 104, 8691–8696.
[102] Moyano, D. F.; Goldsmith, M.; Solfiell, D. J.; Landesman-Milo, D.;
Miranda, O. R.; Peer, D.; Rotello, V. M. Nanoparticle Hydrophobicity Dictates
Immune Response. Journal of the American Chemical Society 2012, 134,
3965–3967.
[103] Rock, K. L.; Latz, E.; Ontiveros, F.; Kono, H. The Sterile Inflammatory Response.
Annual Review of Immunology 2010, 28, 321–342.
[104] Deng, Z. J.; Liang, M.; Monteiro, M.; Toth, I.; Minchin, R. F.
Nanoparticle-induced unfolding of fibrinogen promotes Mac-1 receptor
activation and inflammation. Nature Nanotechnology 2011, 6, 39–44.
[105] Lunov, O.; Syrovets, T.; Loos, C.; Nienhaus, G. U.; Mailänder, V.; Landfester, K.;
Rouis, M.; Simmet, T. Amino-Functionalized Polystyrene Nanoparticles Activate
the NLRP3 Inflammasome in Human Macrophages. ACS Nano 2011, 5,
9648–9657.
[106] Morishige, T.; Yoshioka, Y.; Inakura, H.; Tanabe, A.; Yao, X.; Narimatsu, S.;
Monobe, Y.; Imazawa, T.; Tsunoda, S.-i.; Tsutsumi, Y.; Mukai, Y.; Okada, N.;
Nakagawa, S. The effect of surface modification of amorphous silica particles on
NLRP3 inflammasome mediated IL-1βproduction, ROS production and
endosomal rupture. Biomaterials 2010, 31, 6833–6842.
[107] Schanen, B. C.; Karakoti, A. S.; Seal, S.; Drake Iii, D. R.; Warren, W. L.; Self, W. T.
Exposure to Titanium Dioxide Nanomaterials Provokes Inflammation of an in
Vitro Human Immune Construct. ACS Nano 2009, 3, 2523–2532.
[108] Winter, M.; Beer, H.; Hornung, V.; Krämer, U.; Schins, R.; Förster, I. Activation of
the inflammasome by amorphous silica and TiO2 nanoparticles in murine
dendritic cells. Nanotoxicology 2011, 5, 326–340.
[109] Yazdi, A. S.; Guarda, G.; Riteau, N.; Drexler, S. K.; Tardivel, A.; Couillin, I.;
Tschopp, J. Nanoparticles activate the NLR pyrin domain containing 3 (Nlrp3)
inflammasome and cause pulmonary inflammation through release of IL-1α and
IL-1β. Proceedings of the National Academy of Sciences 2010, 107, 19449–19454.
[110] dos Santos, T.; Varela, J.; Lynch, I.; Salvati, A.; Dawson, K. A. Effects of Transport
Inhibitors on the Cellular Uptake of Carboxylated Polystyrene Nanoparticles in
Different Cell Lines. PLoS One 2011, 6, e24438.

62

BIBLIOGRAPHY

[111] Foldbjerg, R.; Wang, J.; Beer, C.; Thorsen, K.; Sutherland, D. S.; Autrup, H.
Biological effects induced by BSA-stabilized silica nanoparticles in mammalian
cell lines. Chemico-Biological Interactions 2013, 204, 28–38.
[112] Kroll, A.; Dierker, C.; Rommel, C.; Hahn, D.; Wohlleben, W.; Schulze-Isfort, C.;
Gobbert, C.; Voetz, M.; Hardinghaus, F.; Schnekenburger, J. Cytotoxicity
screening of 23 engineered nanomaterials using a test matrix of ten cell lines
and three different assays. Particle and Fibre Toxicology 2011, 8, 9.
[113] Lanone, S.; Rogerieux, F.; Geys, J.; Dupont, A.; Maillot-Marechal, E.;
Boczkowski, J.; Lacroix, G.; Hoet, P. Comparative toxicity of 24 manufactured
nanoparticles in human alveolar epithelial and macrophage cell lines. Particle
and Fibre Toxicology 2009, 6, 14.
[114] Mohamed, B.; Verma, N.; Prina-Mello, A.; Williams, Y.; Davies, A.; Bakos, G.;
Tormey, L.; Edwards, C.; Hanrahan, J.; Salvati, A.; Lynch, I.; Dawson, K.;
Kelleher, D.; Volkov, Y. Activation of stress-related signalling pathway in human
cells upon SiO2 nanoparticles exposure as an early indicator of cytotoxicity.
Journal of Nanobiotechnology 2011, 9, 29.
[115] Kodali, V.; Littke, M. H.; Tilton, S. C.; Teeguarden, J. G.; Shi, L.; Frevert, C. W.;
Wang, W.; Pounds, J. G.; Thrall, B. D. Dysregulation of Macrophage Activation
Profiles by Engineered Nanoparticles. ACS Nano 2013,
[116] Ruh, H.; Kühl, B.; Brenner-Weiss, G.; Hopf, C.; Diabaté, S.; Weiss, C.
Identification of serum proteins bound to industrial nanomaterials. Toxicology
Letters 2012, 208, 41–50.
[117] Lu, Y.-C.; Yeh, W.-C.; Ohashi, P. S. LPS/TLR4 signal transduction pathway.
Cytokine 2008, 42, 145–151.
[118] Bastós, N. G.; Sánchez-Tilló, E.; Pujals, S.; Farrera, C.; Kogan, M. J.; Giralt, E.;
Celada, A.; Lloberas, J.; Puntes, V. Peptides conjugated to gold nanoparticles
induce macrophage activation. Molecular Immunology 2009, 46, 743–748.
[119] Bastós, N. G.; Sánchez-Tilló, E.; Pujals, S.; Farrera, C.; Loópez, C.; Giralt, E.;
Celada, A.; Lloberas, J.; Puntes, V. Homogeneous Conjugation of Peptides onto
Gold Nanoparticles Enhances Macrophage Response. ACS Nano 2009, 3,
1335–1344.
[120] Cui, Y.; Liu, H.; Zhou, M.; Duan, Y.; Li, N.; Gong, X.; Hu, R.; Hong, M.; Hong, F.
Signaling pathway of inflammatory responses in the mouse liver caused by TiO2
nanoparticles. Journal of Biomedical Materials Research Part A 2011, 96A,
221–229.
[121] Mano, S.; Kanehira, K.; Taniguchi, A. Comparison of Cellular Uptake and
Inflammatory Response via Toll-Like Receptor 4 to Lipopolysaccharide and
Titanium Dioxide Nanoparticles. International Journal of Molecular Sciences 2013,
14, 13154–13170.

BIBLIOGRAPHY

63

[122] Peng, C.; Koki, K.; Akiyoshi, T. Role of toll-like receptors 3, 4 and 7 in cellular
uptake and response to titanium dioxide nanoparticles. Science and Technology of
Advanced Materials 2013, 14, 015008.
[123] Bianchi, M. E.; Manfredi, A. A. How macrophages ring the inflammation alarm.
Proceedings of the National Academy of Sciences 2014, 111, 2866–2867.
[124] Tsai, C.-Y.; Lu, S.-L.; Hu, C.-W.; Yeh, C.-S.; Lee, G.-B.; Lei, H.-Y. Size-Dependent
Attenuation of TLR9 Signaling by Gold Nanoparticles in Macrophages. The
Journal of Immunology 2012, 188, 68–76.
[125] Canton, J.; Neculai, D.; Grinstein, S. Scavenger receptors in homeostasis and
immunity. Nature Reviews Immunology 2013, 13, 621–634.
[126] Amiel, E.; Alonso, A.; Uematsu, S.; Akira, S.; Poynter, M. E.; Berwin, B. Pivotal
Advance: Toll-like receptor regulation of scavenger receptor-A-mediated
phagocytosis. Journal of Leukocyte Biology 2009, 85, 595–605.
[127] Seimon, T. A.; Obstfeld, A.; Moore, K. J.; Golenbock, D. T.; Tabas, I.
Combinatorial pattern recognition receptor signaling alters the balance of life
and death in macrophages. Proceedings of the National Academy of Sciences 2006,
103, 19794–19799.
[128] Yu, H.; Ha, T.; Liu, L.; Wang, X.; Gao, M.; Kelley, J.; Kao, R.; Williams, D.; Li, C.
Scavenger receptor A (SR-A) is required for LPS-induced TLR4 mediated NF-κB
activation in macrophages. Biochimica et Biophysica Acta (BBA) - Molecular Cell
Research 2012, 1823, 1192–1198.
[129] Doyle, S. E.; O’Connell, R. M.; Miranda, G. A.; Vaidya, S. A.; Chow, E. K.;
Liu, P. T.; Suzuki, S.; Suzuki, N.; Modlin, R. L.; Yeh, W.-C.; Lane, T. F.; Cheng, G.
Toll-like Receptors Induce a Phagocytic Gene Program through p38. The Journal
of Experimental Medicine 2004, 199, 81–90.
[130] Kanno, S.; Furuyama, A.; Hirano, S. A Murine Scavenger Receptor MARCO
Recognizes Polystyrene Nanoparticles. Toxicological Sciences 2007, 97, 398–406.
[131] Hirano, S.; Fujitani, Y.; Furuyama, A.; Kanno, S. Macrophage receptor with
collagenous structure (MARCO) is a dynamic adhesive molecule that enhances
uptake of carbon nanotubes by CHO-K1 Cells. Toxicology and Applied
Pharmacology 2012, 259, 96–103.
[132] Nagayama, S.; Ogawara, K.-i.; Minato, K.; Fukuoka, Y.; Takakura, Y.;
Hashida, M.; Higaki, K.; Kimura, T. Fetuin mediates hepatic uptake of
negatively charged nanoparticles via scavenger receptor. International Journal of
Pharmaceutics 2007, 329, 192–198.
[133] Dutta, D.; Sundaram, S. K.; Teeguarden, J. G.; Riley, B. J.; Fifield, L. S.;
Jacobs, J. M.; Addleman, S. R.; Kaysen, G. A.; Moudgil, B. M.; Weber, T. J.
Adsorbed Proteins Influence the Biological Activity and Molecular Targeting of
Nanomaterials. Toxicological Sciences 2007, 100, 303–315.

64

BIBLIOGRAPHY

[134] Fleischer, C. C.; Payne, C. K. Nanoparticle Surface Charge Mediates the Cellular
Receptors Used by Protein-Nanoparticle Complexes. The Journal of Physical
Chemistry B 2012, 116, 8901–8907.
[135] Mortimer, G. M.; Butcher, N. J.; Musumeci, A. W.; Deng, Z. J.; Martin, D. J.;
Minchin, R. F. Cryptic Epitopes of Albumin Determine Mononuclear Phagocyte
System Clearance of Nanomaterials. ACS Nano 2014, doi:10.1021/nn405830g.
[136] Cooper, M. D.; Alder, M. N. The Evolution of Adaptive Immune Systems. Cell
2006, 124, 815–822.
[137] Cooper, E. L.; Kauschke, E.; Cossarizza, A. Digging for innate immunity since
Darwin and Metchnikoff. BioEssays 2002, 24, 319–333.
[138] Engelmann, P.; Cooper, E. L.; Németh, P. Anticipating innate immunity without
a Toll. Molecular Immunology 2005, 42, 931–942.
[139] Wittamer, V.; Bertrand, J. Y.; Gutschow, P. W.; Traver, D. Characterization of the
mononuclear phagocyte system in zebrafish. Blood 2011, 117, 7126–7135.
[140] Engelmann, P.; Pálinkás, L.; Cooper, E. L.; Németh, P. Monoclonal antibodies
identify four distinct annelid leukocyte markers. Developmental & Comparative
Immunology 2005, 29, 599–614.
[141] Hayashi, Y.; Engelmann, P. Earthworm’s immunity in the nanomaterial world:
new room, future challenges. Invertebrate Survival Journal 2013, 10, 69–76.
[142] Lim, J. P.; Gleeson, P. A. Macropinocytosis: an endocytic pathway for
internalising large gulps. Immunology and Cell Biology 2011, 89, 836–843.
[143] Ballarin, L.; Burighel, P. RGD-containing molecules induce macropinocytosis in
ascidian hyaline amoebocytes. Journal of Invertebrate Pathology 2006, 91,
124–130.
[144] Franc, N. C.; Dimarcq, J.-L.; Lagueux, M.; Hoffmann, J.; Ezekowitz, R. A. B.
Croquemort, A Novel Drosophila Hemocyte/Macrophage Receptor that
Recognizes Apoptotic Cells. Immunity 1996, 4, 431–443.
[145] Liu, L.; Yang, J.; Qiu, L.; Wang, L.; Zhang, H.; Wang, M.; Vinu, S. S.; Song, L. A
novel scavenger receptor-cysteine-rich (SRCR) domain containing scavenger
receptor identified from mollusk mediated PAMP recognition and binding.
Developmental & Comparative Immunology 2011, 35, 227–239.
[146] Sander, L. E.; Sackett, S. D.; Dierssen, U.; Beraza, N.; Linke, R. P.; MÃ¼ller, M.;
Blander, J. M.; Tacke, F.; Trautwein, C. Hepatic acute-phase proteins control
innate immune responses during infection by promoting myeloid-derived
suppressor cell function. The Journal of Experimental Medicine 2010, 207,
1453–1464.
[147] Malagoli, D.; Accorsi, A.; Sacchi, S.; Basile, V.; Mandrioli, M.; Pinti, M.;
Conklin, D.; Ottaviani, E. Drosophila Helical factor is an inducible protein acting
as an immune-regulated cytokine in S2 cells. Cytokine 2012, 58, 280–286.

BIBLIOGRAPHY

65

[148] Malagoli, D. Cytokine network in invertebrates: the very next phase of
comparative immunology. Invertebrate Survival Journal 2010, 7, 146–148.
[149] Söderhäll, I.; Kim, Y.-A.; Jiravanichpaisal, P.; Lee, S.-Y.; Söderhäll, K. An Ancient
Role for a Prokineticin Domain in Invertebrate Hematopoiesis. The Journal of
Immunology 2005, 174, 6153–6160.
[150] Engelmann, P.; Pál, J.; Berki, T.; Cooper, E. L.; Németh, P. Earthworm leukocytes
react with different mammalian antigen-specific monoclonal antibodies. Zoology
2002, 105, 257–265.
[151] Fuller-Espie, S.; Goodfield, L.; Hill, K.; Grant, K.; DeRogatis, N. Conservation of
cytokine-mediated responses in innate immunity: a flow cytometric study
investigating the effects of human proinflammatory cytokines on phagocytosis in
the earthworm Eisenia hortensis. Invertebrate Survival Journal 2008, 5, 124–134.
[152] Molnár, L.; Engelmann, P.; Somogyi, I.; Mácsik, L. L.; Pollák, E. Cold-stress
induced formation of calcium and phosphorous rich chloragocyte granules
(chloragosomes) in the earthworm Eisenia fetida. Comparative Biochemistry and
Physiology Part A Molecular & Integrative Physiology 2012, 163, 199–209.
[153] Beck, G.; Ellis, T. W.; Habicht, G. S.; Schluter, S. F.; Marchalonis, J. J. Evolution of
the acute phase response: iron release by echinoderm (Asterias forbesi)
coelomocytes, and cloning of an echinoderm ferritin molecule. Developmental &
Comparative Immunology 2002, 26, 11–26.
[154] Opper, B.; Bognár, A.; Heidt, D.; Németh, P.; Engelmann, P. Revising lysenin
expression of earthworm coelomocytes. Developmental & Comparative
Immunology 2013, 39, 214–218.
[155] Celander, M. C.; Goldstone, J. V.; Denslow, N. D.; Iguchi, T.; Kille, P.;
Meyerhoff, R. D.; Smith, B. A.; Hutchinson, T. H.; Wheeler, J. R. Species
extrapolation for the 21st century. Environmental Toxicology and Chemistry 2011,
30, 52–63.
[156] Monopoli, M. P.; Pitek, A. S.; Lynch, I.; Dawson, K. A. Formation and
Characterization of the Nanoparticle-Protein Corona. In Nanomaterial Interfaces
in Biology; Bergese, P., Hamad-Schifferli, K., Eds.; Methods in Molecular Biology;
Humana Press, 2013; Vol. 1025; Chapter 11, pp 137–155.
[157] Hooper, H. L.; Jurkschat, K.; Morgan, A. J.; Bailey, J.; Lawlor, A. J.;
Spurgeon, D. J.; Svendsen, C. Comparative chronic toxicity of nanoparticulate
and ionic zinc to the earthworm Eisenia veneta in a soil matrix. Environment
International 2011, 37, 1111–1117.
[158] Jiang, X.; Foldbjerg, R.; Miclaus, T.; Wang, L.; Singh, R.; Hayashi, Y.;
Sutherland, D.; Chen, C.; Autrup, H.; Beer, C. Multi-platform genotoxicity
analysis of silver nanoparticles in the model cell line CHO-K1. Toxicology Letters
2013, 222, 55–63.

66

BIBLIOGRAPHY

[159] Lowry, G. V.; Gregory, K. B.; Apte, S. C.; Lead, J. R. Transformations of
Nanomaterials in the Environment. Environmental Science & Technology 2012,
46, 6893–6899.
[160] Laborda, F.; Bolea, E.; Jiménez-Lamana, J. Single Particle Inductively Coupled
Plasma Mass Spectrometry: A Powerful Tool for Nanoanalysis. Analytical
Chemistry 2013, 86, 2270–2278.
[161] Hayashi, Y.; Heckmann, L. H.; Callaghan, A.; Sibly, R. M. Reproduction recovery
of the crustacean Daphnia magna after chronic exposure to ibuprofen.
Ecotoxicology 2008, 17, 246–251.
[162] Heckmann, L.-H.; Sibly, R. M.; Connon, R.; Hooper, H. L.; Hutchinson, T. H.;
Maund, S. J.; Hill, C. J.; Bouetard, A.; Callaghan, A. Systems biology meets stress
ecology: Linking molecular and organismal stress responses in Daphnia magna.
Genome Biology 2008, 9, R40.
[163] Connon, R.; Hooper, H. L.; Sibly, R. M.; Lim, F.-L.; Heckmann, L.-H.;
Moore, D. J.; Watanabe, H.; Soetaert, A.; Cook, K.; Maund, S. J.;
Hutchinson, T. H.; Moggs, J.; Coen, W. D.; Iguchi, T.; Callaghan, A. Linking
Molecular and Population Stress Responses in Daphnia magna exposed to
cadmium. Environmental Science & Technology 2008, 42, 2181–2188.
[164] Muralidharan, S.; Mandrekar, P. Cellular stress response and innate immune
signaling: integrating pathways in host defense and inflammation. Journal of
Leukocyte Biology 2013,
[165] Pł ytycz, B.; Homa, J.; Kozioł, B.; Rózanowska, M.; Morgan, A. J. Riboflavin
content in autofluorescent earthworm coelomocytes is species-specific. Folia
Histochemica et Cytobiologica 2006, 44, 275–80.
[166] Cholewa, J.; Feeney, G. P.; O’Reilly, M.; Stürzenbaum, S. R.; Morgan, A. J.;
Pł ytycz, B. Autofluorescence in eleocytes of some earthworm species. Folia
Histochemica et Cytobiologica 2006, 44, 65–71.
[167] van der Ploeg, M. J. C.; Baveco, J. M.; van der Hout, A.; Bakker, R.; Rietjens, I. M.
C. M.; van den Brink, N. W. Effects of C60 nanoparticle exposure on earthworms
(Lumbricus rubellus) and implications for population dynamics. Environmental
Pollution 2011, 159, 198–203.
[168] van der Ploeg, M. J. C.; van den Berg, J. H. J.; Bhattacharjee, S.; de Haan, L. H. J.;
Ershov, D. S.; Fokkink, R. G.; Zuilhof, H.; Rietjens, I. M. C. M.; van den
Brink, N. W. In vitro nanoparticle toxicity to rat alveolar cells and coelomocytes
from the earthworm Lumbricus rubellus. Nanotoxicology 2012, 8, 28–37.
[169] van der Ploeg, M. J.; Handy, R. D.; Heckmann, L.-H.; van der Hout, A.; van den
Brink, N. W. C60 exposure induced tissue damage and gene expression
alterations in the earthworm Lumbricus rubellus. Nanotoxicology 2013, 7,
432–440.

BIBLIOGRAPHY

67

[170] van der Ploeg, M. J. C.; Handy, R. D.; Waalewijn-Kool, P. L.; van den Berg, J.
H. J.; Rivera, Z. E. H.; Bovenschen, J.; Molleman, B.; Baveco, J. M.; Tromp, P.;
Peters, R. J. B.; Koopmans, G. F.; Rietjens, I. M. C. M.; van den Brink, N. W.
Effects of silver nanoparticles (NM-300K) on Lumbricus rubellus earthworms and
particle characterisation in relevant test matrices, including soil. Environmental
Toxicology and Chemistry in press, doi:10.1002/etc.2487.
[171] Lapied, E.; Moudilou, E.; Exbrayat, J.-M.; Oughton, D. H.; Joner, E. J. Silver
nanoparticle exposure causes apoptotic response in the earthworm Lumbricus
terrestris (Oligochaeta). Nanomedicine 2010, 5, 975–984.
[172] Gomes, S. I. L.; Novais, S. C.; Gravato, C.; Guilhermino, L.;
Scott-Fordsmand, J. J.; Soares, A. M. V. M.; Amorim, M. J. B. Effect of
Cu-nanoparticles versus one Cu-salt: Analysis of stress biomarkers response in
Enchytraeus albidus (Oligochaeta). Nanotoxicology 2012, 6, 134–143.
[173] Gomes, S. I. L.; Novais, S. C.; Scott-Fordsmand, J. J.; De Coen, W.; Soares, A. M.
V. M.; Amorim, M. J. B. Effect of Cu-nanoparticles versus Cu-salt in Enchytraeus
albidus (Oligochaeta): Differential gene expression through microarray analysis.
Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 2012,
155, 219–227.
[174] Gomes, S. I. L.; Soares, A. M. V. M.; Scott-Fordsmand, J. J.; Amorim, M. J. B.
Mechanisms of response to silver nanoparticles on Enchytraeus albidus
(Oligochaeta): Survival, reproduction and gene expression profile. Journal of
Hazardous Materials 2013, 254-255, 336–344.

68

BIBLIOGRAPHY

Paper I

Article
pubs.acs.org/est

Earthworms and Humans in Vitro: Characterizing Evolutionarily
Conserved Stress and Immune Responses to Silver Nanoparticles
Yuya Hayashi,†,‡,* Péter Engelmann,§ Rasmus Foldbjerg,⊥ Mariann Szabó,§ Ildikó Somogyi,∥ Edit Pollák,∥
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ABSTRACT: Little is known about the potential threats of silver
nanoparticles (AgNPs) to ecosystem health, with no detailed report existing
on the stress and immune responses of soil invertebrates. Here we use
earthworm primary cells, cross-referencing to human cell cultures with a
particular emphasis on the conserved biological processes, and provide the
first in vitro analysis of molecular and cellular toxicity mechanisms in the
earthworm Eisenia fetida exposed to AgNPs (83 ± 22 nm). While we
observed a clear difference in cytotoxicity of dissolved silver salt on
earthworm coelomocytes and human cells (THP-1 cells, differentiated
THP-1 cells and peripheral blood mononuclear cells), the coelomocytes and
differentiated (macrophage-like) THP-1 cells showed a similar response to
AgNPs. Intracellular accumulation of AgNPs in the coelomocytes,
predominantly in a phagocytic population, was evident by several methods
including transmission electron microscopy. Molecular signatures of oxidative stress and selected biomarker genes probed in a
time-resolved manner suggest early regulation of oxidative stress genes and subsequent alteration of immune signaling processes
following the onset of AgNP exposure in the coelomocytes and THP-1 cells. Our findings provide mechanistic clues on cellular
innate immunity toward AgNPs that is likely to be evolutionarily conserved across the animal kingdom.

■

INTRODUCTION
Silver nanoparticles (AgNPs) are among the most widely
commercialized nanomaterials. Environmental implication of
daily use of nanosilver products is emerging; for example, the
release of AgNPs and/or their derivative form (Ag+) in
washwater of commercial textile nanoproducts.1 The recent
discovery of silver sulfide nanocrystals in the sewage sludge
materials2 indicates that soil amendment process may in fact
deliver AgNPs (as discharged or crystallized from complexation
of Ag+ and/or direct oxysulfidation)3 to the terrestrial
environment. Much less is known, however, about the potential
impacts of nanosilver materials on the soil ecosystem health,
with limited publications using earthworms as indicator soil
organisms (e.g., bioavailability,4 effects on the life-history
traits,5,6 apoptotic response,7 and avoidance behavior8).
Exposure of organisms in the soil matrices, which are often
complex and heterogeneous, renders physicochemical in situ
characterization of NPs challenging, and the mechanistic
understanding of how AgNPs may disrupt the organism’s
physiology remains unclear. This is in contrast to in vitro
models which benefit from the ease of controlling exposure
© 2012 American Chemical Society

conditions. In vitro models create a platform for a targeted
approach to study the molecular and cellular basis of toxicity
mechanisms, although the nanomaterials may undergo
considerable transformation throughout the environmental/
biological matrices3 before reaching the target organ(s) of the
test organism.
Invertebrate models, in comparison to vertebrate counterparts, have been used to study the evolutionary aspects of
fundamental biological processes,9 in which earthworms
provide a model of precursory innate immunity expressing,
for example, opsonization and phagocytosis.10 Central in the
earthworm’s immunity against environmental pathogens and
toxicants are the free-circulating immune cells, collectively
called coelomocytes, in the coelomic fluid. Functioning as the
first line of active defense, coelomocytes are presumably
endowed with the ability not only to maintain the bacterial
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Soluble Silver Fraction. Soluble silver fraction of AgNPs
under exposure conditions was investigated using an ultracentrifugation method14 followed by graphite furnace AAS
(GFAAS) analysis of total Ag. A concentration series of AgNPs
(0.75−6.00 μg Ag/mL) was incubated for 24 h at RT or 37 °C
in Milli-Q water or in cell culture media containing 1% FBS.
Subsequently, AgNPs were ultracentrifuged at 100 000−150
000g and the supernatant was used for the analysis of total Ag
concentration (see SI for details).
Cell Cultures. We used earthworm coelomocytes (primary
cells), THP-1 cells (a human acute monocytic leukemia cell
line) and their differentiated, macrophage-like phenotype
(hereafter “diff.THP-1 cells”) in this study. Adult Eisenia fetida
(Oligochaeta, Lumbricidae) were obtained from ECT Oekotoxikologie GmbH (Flörsheim, Germany), and depurated for
1−2 days on filter paper moistened with deionized water.
Coelomocytes were then harvested prior to each assay
following the method previously described15 (see SI for
details). THP-1 cells were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ,
ACC 16). Diff.THP-1 cells were prepared following the
method of Park and others16 by incubating THP-1 cells with
5 ng/mL phorbol 12-myristate 13-acetate (PMA; SigmaAldrich) for 48 h under the culturing condition. Differentiation
of THP-1 cells was visually inspected and verified under an
inverted light microscope. All cell types were cultured in RPMI1640 medium (Invitrogen) supplemented with 2 mM l alanyl-Lglutamine (Invitrogen), 1% penicillin-streptomycin (Invitrogen) and 1−10% heat-inactivated FBS (hereafter referred to as
RPMI/x%FBS). In all cases, the number of viable cells was
determined by trypan-blue dye-exclusion and each assay was
performed at a cell density of 2−3 × 105 cells/mL.
Coelomocytes were maintained at RT while THP-1 cells
were kept in a humidified atmosphere at 37 °C and 5% carbon
dioxide during the course of each assay.
Human Peripheral Blood Mononuclear Cells. As
primary cells are generally considered to be more vulnerable
than cultured cancer cell lines, a supplemental study for Ag+
cytotoxicity was conducted with human peripheral blood
mononuclear cells (PBMCs) obtained from fresh blood of
healthy individuals (n = 10, 5 female and 5 male blood donors)
by Ficoll (Amersham Pharmacia Biotech Europe, Sweden)
gradient centrifugation following the standard protocol. The
PBMC layer was removed and washed in RPMI-1640 medium
supplemented with 1% penicillin-streptomycin (Lonza, Switzerland) and 1% heat-inactivated FBS (Invitrogen). Studies were
approved by the Regional Research Ethics Committee of the
Faculty of Medicine at the University of Pécs (3796/2010) and
written consent forms were obtained from all the blood donors.
Cytotoxicity Assay. Cytotoxicity was assessed using a cell
counting kit-8 (Probior, Germany) that employs a watersoluble tetrazolium salt (WST-8). The assays were conducted
for coelomocytes, THP-1 cells and diff.THP-1 cells in RPMI/
1%FBS following the manufacturer’s protocol. The exposure
concentrations were chosen according to our previous study on
THP-1 cells17 and ranged 0−1.35 μg Ag/mL (Ag+) and 0−5.91
μg Ag/mL (AgNP). Absorbance at 450 nm (reference at 650
nm) was measured on a microplate reader (EL800, Bio-Tek
Instruments, Denmark) after 24 h exposure (including 2 h
incubation with WST-8). No interference of AgNPs was
observed in the measured absorbance at the highest
concentration used in this study. As a supplemental study,

balance of the host but also to detoxify metals (e.g.,
compartmentalization and trafficking of cadmium11). Those
functional characteristics led us to compare earthworm
coelomocytes with human leukocytes that share similar
immunobiology (e.g., clearance of particles/pathogens and
metal homeostasis).
The aim of this study was to explore the mode of cytotoxicity
of AgNPs and the soluble Ag+ (silver nitrate; AgNO3) by
examining differences in the cell types affected, and to compare
the effects of AgNPs on oxidative profile and expression
patterns of selected biomarker genes that are highly conserved
between the earthworm Eisenia fetida and humans. To facilitate
dispersion of AgNPs in serum-supplemented cell culture media,
we employed an albumin pretreatment procedure (see methods
in ref 12) and characterized the AgNPs under exposure
conditions. Cytotoxicity concentration−response correlations
were established for earthworm coelomocytes and for human
monocytes with or without differentiation into a macrophagelike phenotype. Silver accumulation in those cells was studied
to investigate whether there is a correlation to cytotoxicity.
Molecular analysis was made of the coelomocytes and human
monocytes exposed to AgNPs, where oxidative stress profile,
determined as the intracellular reactive oxygen species (ROS)
level, and gene expression patterns were compared at early
exposure time points (up to 6 h). Our results suggest important
involvement of phagocytes, an evolutionarily conserved
immune effector cell-type, in the toxicity mechanisms of
AgNPs.

■

EXPERIMENTAL SECTION

Materials. Spherical AgNP powder (99.9% purity, capped
with 0.2 wt %/wt polyvinyl pyrrolidone) was purchased from
NanoAmor (Houston, TX). A colloidal suspension of the
AgNP powder was prepared (see Supporting Information (SI)
for details) and immediately mixed with a freshly prepared
bovine serum albumin (BSA; Sigma-Aldrich) solution at 1:1
mass ratio. Within the AgNP concentration range used for the
in vitro assays (described below), this amount of BSA
contributes <1% of serum mass supplemented. The total silver
concentration was determined by flame atomic absorption
spectrophotometry (F-AAS). The endotoxin level was 0.801
EU/mL. Detailed methods of F-AAS and endotoxin tests are
described in the SI. Dissolved AgNO3 was purchased from
Sigma-Aldrich and used as provided. The concentration of
AgNO3 was calculated on the molecular weight of silver and
expressed as Ag+.
Particle Characterization. The primary size and morphology of AgNPs were assessed under a transmission electron
microscope (TEM) followed by image analysis to establish
particle size distributions. Dynamic light scattering (DLS) was
used to estimate the hydrodynamic size of AgNPs in Milli-Q
water and in cell culture media (described below) with or
without 1% heat-inactivated fetal bovine serum (FBS;
HyClone). DLS analysis was performed within 1 h after
preparation and after 24 h incubation at room temperature
(RT) or 37 °C to investigate the colloidal stability. Zeta
potential measurements were conducted on AgNPs after 24 h
incubation at RT or 37 °C in cell culture media with or without
1% FBS to observe the shift in the potential upon association of
AgNPs with serum proteins following a method described by
Casals and co-workers.13 Details of the particle characterization
methods are described in the SI.
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Table 1. List of Target Genes Selected Based on the Biological Functions and BLAST Search

a

sequence similarity
representative biological process

Eisenia fetida coelomocytes

Homo sapiens THP-1 cells

identity/positives

stress signal transduction
cellular functions
innate immune systems
general stress responses
metal detoxification
antioxidizing mechanisms

MEK kinase 1 (MEKK1)
protein kinase C1 (PKC1)
myeloid differentiation factor 88 (MyD88)
heat shock 70 kDa protein (HSP70)
cadmium−metallothionein (MT)
catalase (Cat)

MEK kinase 1 (MEKK1)
protein kinase C epsilon (PRKCE)
myeloid differentiation factor 88 (MyD88)
heat shock 70 kDa protein 8 (HSPA8)
metallothionein 2A (MT2A)
catalase (Cat)

37%/55%
82%/91%
50%/63%
90%/98%
38%/58%
74%/84%

E-value
1
1
6
1
9
7

×
×
×
×
×
×

10−25
10−57
10−13
10−64
10−1
10−62

a

Representative biological processes of genes were annotated based on the bioinformatic databases Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG).

fluorescence of cells without membrane leakage of the dye
(DCF+, 7-AAD−) was normalized to the unexposed control of
the corresponding time point.
Gene Expression Pattern. To study the gene response
patterns, coelomocytes and THP-1cells (total 1 × 106 cells
each) exposed to AgNPs (as in the ROS assay) were
subsequently mixed with RNAlater (Ambion) and stored at
−80 °C. Detailed methods of total RNA extraction, cDNA
synthesis and real-time quantitative polymerase chain reaction
(qPCR) are described in the SI. The qPCR analysis was
performed on six biomarker gene categories as molecular
signatures of events relating to stress and immune responses to
AgNPs. The selection of target gene ortholog pairs was based
on their vital function within the representative biological
process and the high degree of conservation (>50% sequence
similarity) between E. fetida and humans as determined by basic
local alignment search tool (BLAST) analyses (Table 1). The
sequences of the analyzed genes were obtained from GenBank.
Accession numbers and primer sequences are listed in SI Table
S1. Each qPCR reaction contained 5 μL of cDNA template
along with 900 nM primers in a final volume of 15 μL. Melting
curves were visually inspected to verify a single amplification
product with no primer-dimers. Each treatment/time point (0,
1, 3, and 6 h) was replicated four times.
Data Analysis. ECx values were estimated using 2parameter logistic regression (Y = Y0/(1 + e4s(X‑X50)); logging
exposure concentration) in TRAP statistics. One-way analysis
of variance (ANOVA) was performed for difference between
the cell types (Cytotoxicity assays) with Levene’s test to test
the equality of variances followed by Tukey’s HSD test for a
multiple comparison (Origin Pro 8, OriginLab, MA). Student’s
t-test was performed in Microsoft Excel. For all parametric
tests, measurement values were log-transformed to satisfy the
assumption of normal distribution and significance was
determined as α = 0.05. The raw qPCR data were analyzed
with data analysis for real-time PCR (DART-PCR).19 Gene
expression was normalized with NORMA-Gene, a novel
normalization approach based on a data-driven algorithm
which does not require the use of reference genes.20
Correspondence analysis (CA; multivariate analysis) was
performed to identify correspondence between the gene
response pattern and the exposure time points, using
standardized data (Proc Corresp, SAS 9.1.3, SAS Institute
Inc., NC).

the same assay was performed for each set of PBMCs from
different individuals (Ag+ treatment only).
Cellular Accumulation of AgNPs. Based on the
concentration−response curves established in the cytotoxicity
assay, coelomocytes, THP-1 cells and diff.THP-1 cells (total 8
× 105 cells each) were exposed to low (Ag+: 0.05 μg/mL,
AgNP: 2 μg/mL) or moderate (Ag+: 0.1 μg/mL, AgNP: 4 μg/
mL) silver concentration for 24 h. Unexposed cells were
included as negative controls. Cell-free background samples
(for each silver treatment) were included to take into account
sedimentation of AgNPs during centrifugal isolation of cells
(300g, 5 min). After exposure, the cells were washed twice in
phosphate buffered saline (PBS). Small aliquots of each cell
suspension were stained with trypan-blue and examined using
an automated cell counter (Countess, Invitrogen). Remaining
cells were pelleted and digested in 69% HNO3. Total Ag was
quantified by GFAAS as described in the SI (see the detailed
method for soluble silver fraction measurements), and data
from each treatment was subtracted with the corresponding
cell-free background value and normalized by the number of
cells. Ultrathin sections of coelomocytes after a 24 h exposure
to AgNPs (2.32 μg/mL) were examined under a TEM to verify
the uptake and intracellular localization of AgNPs (see SI for
details). Side scatter analysis was performed as a part of flow
cytometric ROS assay (see below).
ROS Assay. The intracellular ROS profile of AgNP-treated
coelomocytes and THP-1 cells was studied in a time-resolved
manner. The fluorescent marker 2,́ 7-́ dichlorodihydrofluorescein
diacetate (H2DCF-DA; Sigma-Aldrich) was used following a
recommended procedure18 and in combination with 7aminoactinomycin D (7-AAD; Sigma-Aldrich) staining as a
marker for membrane damages. Briefly, cells were exposed to
AgNPs (5.91 μg/mL) or the ROS inducer t-butyl hydroperoxide (TBHP; Sigma-Aldrich, 0.05 mM) in phenol red-free
RPMI/1%FBS. Following 1, 3, or 6 h exposure, the cells were
loaded with 10 μM H2DCF-DA. After 30 min, the medium was
changed and the cells were stained with 4 μg/mL 7-AAD and
immediately analyzed by flow cytometry (Cell Lab Quanta SC
MPL, Beckman Coulter). The 488 nm laser was used for
excitation and DCF was detected in FL1 (525/30 BP filter),
whereas 7-AAD was detected in FL3 (670 LP filter). Standard
compensation was performed in the Quanta SC MPL Analysis
software (Beckman Coulter) using unstained and singly stained
cells. For each sample, a total of minimum 15 000 cells was
gated for analysis in FlowJo 7.6.4 (Tree Star Inc., OR). In the
coelomocyte samples, two major populations were isolated
based on the physical parameters (amoebocytes and chloragocytes; see SI, Figure S1) and fluorescence from the
amoebocyte population was studied (chloragocytes were
excluded due to their strong autofluorescence). Mean DCF

■

RESULTS
Primary and in Situ Characterization of AgNPs. TEM
imaging of AgNPs showed a normally distributed size
frequency with a mean of 83 ± 22 nm (SD, n = 587) (SI,
Figure S2). At the highest test concentration used in this study
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(5.91 μg/mL) the calculated number of NPs was 2 × 10 /mL
and thus exposure of cells to AgNPs was 7−8 × 103 NPs/cell in
each assay, assuming that the particle is spherical and
monodispersed with a single size of 83 nm. From the particle
size distribution, specific surface area was estimated as 6 m2/g.
DLS analysis revealed an average hydrodynamic size of 110 ±
51 nm (polydispersity index [PdI] = 0.218; z-average ± PdI
width), but displaying a bimodal distribution (SI, Figure S2).
The intensity peak at 20−30 nm corresponds to the size of free
PVP measured separately (SI, Figure S2). Colloidal stability of
AgNPs was tested in cell culture media with or without 1%
FBS. There was no difference in the size distributions of AgNPs
in Milli-Q water and in cell culture media without serum after
24 h incubation at RT or 37 °C, while the addition of serum
(1% FBS) shifted the distribution toward larger sizes (SI,
Figure S2). As anticipated from the DLS analysis, AgNPs after
24 h incubation in the presence of 1% FBS showed a shift of
zeta potential values from ca. −14 mV (AgNPs incubated and
resuspended in 0% FBS) to ca. −10 mV (AgNPs incubated in
1% FBS, resuspended in 0% FBS) (SI, Figure S3) probably a
result of changes in hard-shell composition of the protein
corona on NPs as reported by Casals and colleagues.13 The
soluble silver fraction (as measured by an ultracentrifugation
method14) of AgNPs incubated for 24 h in Milli-Q water or
RPMI/1%FBS (in vitro test medium) at RT or 37 °C was 2−
8% (SI, Figure S4). The factors affecting the oxidative
dissolution kinetics could not be resolved in this study,
although there appears to be a general trend that a higher
temperature and low AgNP concentrations may have a larger
effect on the soluble silver fraction than the difference between
distilled water and RPMI/1%FBS.
Cytotoxicity Comparison between Different Cell
Types. WST-8 assays were performed to establish toxicity
concentration−response curves for coelomocytes, THP-1 cells
and diff.THP-1 cells exposed to Ag+ or AgNPs for 24 h.
Viability of coelomocytes decreased faster with increasing Ag+
concentrations than the other cell types (Figure 1A and SI,
Table S2). The same assay was also performed with human
PBMCs and the concentration−response curve and corresponding ECx values lay in the similar range to those of THP-1
cells and diff.THP-1 cells but not to those of coelomocytes
(Figure 1A and SI, Table S2). Despite the differential sensitivity
to Ag+, coelomocytes and diff.THP-1 cells were affected alike at
lower AgNP concentrations compared to THP-1 cells where
ECx values could not be estimated within the concentration
range tested (Figure 1B and SI, Table S2). The fitted
concentration−response curve functions on coelomocytes and
diff.THP-1 cells varied between replicated assays compared to
those fitted in the Ag+ treatments (SI, Table S2). Furthermore,
the smaller curve steepness, S, in the AgNP treatments shows
the lower cell viability loss with increasing exposure
concentration than in the Ag+ treatments.
Cellular Accumulation of AgNPs. We used GFAAS to
quantify cellular accumulation of silver species in coelomocytes,
THP-1 cells and diff.THP-1 cells following a similar exposure
setting as performed for the cytotoxicity assay. At the low
concentration of AgNPs (2 μg/mL), coelomocytes accumulated silver significantly more than undifferentiated THP-1 cells
(Figure 2A). Roughly estimated from the obtained silver
concentrations, the numbers of AgNPs accumulated were in
ranges of several 100−102 NPs/cell (THP-1 cells; 5 ng Ag/105
cells) and 101−103 NPs/cell (coelomocytes; 42 ng Ag/105 cells,
and diff.THP-1 cells; 101 ng Ag/105 cells) depending on the
9

Figure 1. Cytotoxicity comparison between cell types following 24 h
exposure to a concentration series of (A) Ag+ and (B) AgNP. Circles:
coelomocytes; Squares: THP-1 cells; Diamonds: diff.THP-1 cells;
Triangles: human PBMCs (Ag+ only). Cell viabilities are plotted as
mean ± SE of three to five independent assays relative to the
unexposed controls.

Figure 2. Cellular accumulation of AgNPs. (A) GFAAS analysis of
cells after 24 h exposure to AgNPs. Values are mean ± SE of three
independent assays. Asterisk denotes a significant difference (Student’s
t-test, p < 0.05). (B) TEM image depicting intracellular localization of
AgNPs in coelomocytes after 24 h exposure to AgNPs (2.32 μg/mL).
N = nucleus. Scale bars are 2 μm and 200 nm (close-up). EDS analysis
verified the presence of Ag (SI, Figure S6). Size distribution of AgNPs
found within the cells (“NPs in cells”, n = 227) was comparable to the
distribution of primary particle sizes (“Ref NPs”, n = 587). (C) Timecourse profile of side scatter increase in the two populations of
coelomocytes and THP-1 cells exposed to AgNPs (5.91 μg/mL) for 1,
3, and 6 h. Cells with intact membranes (7-AAD negative) are shown
for amoebocytes and THP-1 cells. The histograms display a
representative of one of three independent assays.
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particle size (40−120 nm) and assuming all silver is in the form
of a NP. At the moderate concentration (4 μg/mL), however,
we observed less silver accumulation in coelomocytes, which
could be due to membrane damages (83% viability, 7-AAD
staining of amoebocytes, unpublished data) while THP-1 and
diff.THP-1 cells remained rather intact (determined from
trypan-blue exclusion). In general although we found a
differential pattern of silver accumulation between Ag+- and
AgNP-treated cells (Figure 2A and SI, Figure S5), the GFAAS
approach does not distinguish the chemical state of Ag and
whether NPs are internalized or only adhered to the cell
membranes. To verify the uptake of AgNPs, we examined
coelomocytes under a TEM mounted with energy-dispersive Xray spectroscopy (EDS) for elemental analysis, and observed
accumulation of AgNPs in several different cellular compartments but not typically in the nucleus (Figure 2B and SI, Figure
S6A). Notably, AgNPs were found mainly in amoebocytes
while less is identified in a chloragocyte-enriched sample (SI,
Figure S6B). Mean particle size of AgNPs found within the cells
was 79 ± 35 nm (SD, n = 227) showing a comparable
distribution to that obtained in the primary particle size analysis
(83 ± 22 nm, SD, n = 587). Finally, flow cytomeric analysis of
light scatter, which has been suggested as a means of detecting
cellular accumulation of NPs,21 supported the preferential
uptake of AgNPs by the amoebocyte population of
coelomocytes during 1−6 h exposure (Figure 2C).
Intracellular ROS Profile. As an indicator of oxidative
stress, we measured the cellular level of ROS in coelomocytes
(amoebocytes) and THP-1 cells following 1−6 h exposure to
AgNPs (5.91 μg/mL). In general, an immediate suppression
was observed in THP-1 cells after 1 h, whereas the ROS level of
amoebocytes gradually increased over time (Figure 3).
Exposure of THP-1 cells to the ROS inducer TBHP (0.05
mM) showed an initial increase followed by a rapid decrease.
This could be explained by instantaneous deployment of
antioxidizing mechanisms. In contrast, AgNPs and TBHP
induced ROS in amoebocytes in a similar manner (Figure 3).
Gene Expression Patterns. In parallel with the ROS
assays, we used the same concentration of AgNPs (5.91 μg/
mL) to gain molecular insights into the observed toxicity and
related ROS levels. At this concentration, cell viability was not
affected at any of time points investigated (1, 3, and 6 h; SI,
Figure S7). The first two dimensions of CA plots explained
92% and 94% of the variation in the data sets for coelomocytes
and THP-1 cells, respectively (Figure 4). The gene responses
clearly corresponded to hours of exposure in coelomocytes and
THP-1 cells, both displaying a primary association with the
stress-related genes, MEKK1, HSP70, and Cat (Figure 4 and SI,
Figure S8). Remarkably, while coelomocytes showed downregulation of those genes at 3 h, THP-1 cells marked significant
induction of MEKK1 and HSPA8 in concert with characteristic
transcription (>7-fold increase) of the metallothioneinencoding gene MT2A (SI, Table S3). PKC1/PRKCE, a gene
encoding a central signal transducer for cellular function, and
immune-related gene (MyD88) were upregulated and seemingly corresponded to a later time point (6 h) in both
coelomocytes and THP-1 cells (Figure 4 and SI, Table S3).

Figure 3. Time-course profiles of intracellular ROS level in (A)
coelomocytes (amoebocytes) and (B) THP-1 cells. Cells were exposed
to a fixed concentration of AgNPs (5.91 μg/mL) for 1, 3, and 6 h.
Shown on the left are the quadrant regions gated for DCF/7AAD
double-staining (representative, AgNP-treated cells at 1 h). DCF
fluorescence of cells without membrane leakage (DCF+, 7AAD-; red
gate) was recorded as the intracellular ROS level (right). Values are
plotted as mean ± SE of three independent assays relative to
unexposed controls of the corresponding time point. Solid line; AgNP
treatment, Dashed line/Diamonds; TBHP treatment. Asterisks denote
a significant difference between the treatment and the corresponding
control population (Student’s t-test, p < 0.05).

molecular responses to AgNPs involved an apparent transition
from stress- to immune-related genes both in coelomocytes and
THP-1 cells, but with a distinct induction of metallothioneinencoding gene in THP-1 cells.
Controlled exposure conditions are the strength of in vitro
models, albeit still challenging with the introduction of NPs
which creates complex solid−liquid interfaces at nanoscales.
Encouraged by the dispersion method of Bihari and coworkers,12 we pretreated AgNPs with BSA, one of the most
abundant proteins in serum that is commonly used as a cell
culture supplement. In fact, several proteomic studies have
revealed that, through nonspecific adsorption, serum albumin is
primarily the main constituent of the protein corona that is
formed immediately after introduction of NPs to serumsupplemented culture media.13,22 Pre-equilibration of AgNPs
with BSA at low ionic strength ensures that the NPs are
sterically protected at the transition from a low- to a high-ionic
strength condition such as cell culture media. We demonstrated
stable dispersion of AgNPs in cell culture media with and
without serum. The same AgNPs without BSA pretreatment
aggregated under the same condition or showed initial
agglomeration even with the presence of serum (cf. SI Figure
S2 compared to Figure 2 in ref 17). Further, because the NPprotein interaction is a dynamic process involving binding
kinetics, when serum is added to the medium, adsorbed BSA
can be exchanged or complexing with other serum proteins.
This is indicated by increased hydrodynamic radius in DLS and
reduced zeta potential of AgNPs after incubation in 1% FBS
(and subsequent resuspension in the same media without

■

DISCUSSION
This study was aimed at characterizing the mode of action of
AgNPs in immune cells using a controlled exposure setting. We
showed here selective cytotoxicity and preferential uptake of
AgNPs in coelomocytes and diff.THP-1 cells. Further, the early
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an indication of differential mode of toxicity specific to NPs.
Preferential uptake of AgNPs by diff.THP-1 cells is not
surprising because, in contrast to the precursor monocytic
phenotype, these cells have an enhanced capability of NP
internalization when serum proteins are present.25 Of the
identified coelomocyte populations, hyaline amoebocytes are
proposed to be the putative evolutionary progenitor of
mammalian monocytes and macrophages10 and known to
play a central role in clearance of particles by phagocytosis.15
Indeed, our TEM investigation suggests intracellular localization of AgNPs predominantly in the amoebocyte population
of coelomocytes. Size statistics of AgNPs found within the cells
indicated that they originated from the AgNPs added and not
products of biosynthesis from Ag+ sources. A possibility exists,
however, that the TEM sample preparation affected intracellular distribution and cell-surface adherence of AgNPs. More
thorough studies would be needed to examine the uptake
pathway (i.e., biologically driven) and how much of the AgNPs
remain adhered to the cell membrane through physicochemical
interactions.
Phagocytic uptake of AgNPs in return may explain the
observed selective toxicity. For instance, intracellular accumulation of AgNPs could act as a source of Ag+ mediating cellular
damage in situ, a putative mechanism known as the “Trojanhorse effect” (sensu Limbach et al.26). Navarro and colleagues
previously described that the calculated toxicity of AgNPs was
higher than dissolved silver salt in algae when compared as a
function of Ag+ released.27 Intracellular release of Ag+ is
plausible in the cellular environment, for example, at the low
lysosomal pH (see ref 28 for the influence of pH on oxidative
dissolution of AgNPs). Furthermore, not only via intracellular
accumulation, but also when they encounter nonphagocytosable silver objects macrophages proved capable of forming a
membrane at the interface within which the silver surface are
oxidized releasing Ag+ that is readily taken up by the cells.29 We
therefore emphasize that phagocytes, a fundamental unit of
immune system, may play a considerable role as scavengers of
AgNPs effecting cytokine release and even death of the cell.
The oxidative stress profile and expression patterns of
evolutionarily conserved biomarker genes further illuminate a
link to immune functions in response to the onset of AgNP
exposure. Of the six gene categories studied, MEKK1 (stress
signal transduction), HSP70/HSPA8 (general stress response)
and Cat (antioxidizing mechanisms) were similarly regulated at
early stages of the exposure (1−3 h), whereas PKC1/PRKCE
(cellular functions) and MyD88 (innate immune signaling)
were more pronounced at a later time point (6 h). MT/MT2A
(metal detoxification) was consistently expressed at high levels
in THP-1 cells but not in coelomocytes. Metallothioneins, the
translated products of MT/MT2A, are cysteine-rich proteins
known to play a dual role as an early defense against toxic metal
ions and oxidative stress.30 As an early response to AgNPs of
the same concentration, THP-1 cells were able to suppress (or
even overwhelm) ROS generation (Figure 3) perhaps by fast
deployment of antioxidizing mechanisms along with metallothioneins. The transcriptional evidence supports this view,
whereby the stress-stimulated signal transduction via mitogenactivated protein kinases (MAPKs) (e.g., MEKK1) coordinates
the protective proteins such as metallothioneins (MT/MT2A)
and molecular chaperones (HSP70/HSPA8). The three genes
were induced by AgNPs in THP-1 cells with a characteristic
peak at 3 h in parallel. In support of this remark, AgNP-induced
oxidative damage and MAPKs activation have been observed in

Figure 4. Correspondence analysis of gene expression data. Gene
response patterns of (A) coelomocytes and (B) THP-1 cells following
1−6 h exposure to AgNPs (5.91 μg/mL). The first two dimensions are
displayed (Crosses: gene, Dots: time of exposure). The distance
between a dot (sample at the specified time of exposure) and each
cross (gene) represents the relative importance of the changes in gene
expression at the exposure time. Hence, dots in the proximity of a
cross suggest an association between the exposure time and the gene.

serum), as these changes observed in this study illustrate the
characteristics of NP-protein corona formation after serum
exposure.13,23 This suggests that, under the in vitro test
conditions, AgNPs are likely to form a coexisting NP-protein
assembly expressing altogether as a biologically relevant entity
to be read by the cells.23
We assessed the cytotoxicity of Ag+ and showed that the
EC50 values lie in the concentration range previously
determined for observable toxic effects to immunocytes.24
Our results also show that there was a clear difference in
sensitivity to Ag+ between earthworm coelomocytes and the
human leukocytes. A supplemental study on human PBMCs
stressed that the coelomocytes are more susceptible even
among primary cells. Despite the observed cell type-specific
sensitivity differences to Ag+, the AgNP cytotoxicity assay
revealed diff.THP-1 cells having a strikingly similar concentration−response curve to that of coelomocytes. This shows an
intriguing correlation with our finding that coelomocytes and
diff.THP-1 cells accumulated more silver than undifferentiated
THP-1 cells. Although the contribution of AgNP-derived Ag+
could not be ruled out, the dissimilarity of the types of cells
affected between the Ag+- and AgNP-treatments is likely to be
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assays (Table S2); Silver accumulation in Ag -treated cells
(Figure S5); supplemental TEM images and associated EDS
profiles of coelomocytes exposed to AgNPs (Figure S6); cell
viability following 1−6 h exposure to AgNPs (Figure S7);
correspondence analysis of mixed qPCR data set (Figure S8);
and temporal gene expression profiles following exposure to
AgNPs (Table S3). This material is available free of charge via
the Internet at http://pubs.acs.org.

human T lymphocytes and murine fibroblasts. Oxidative
stress in Drosophila larvae exposed to AgNPs was concurrent
with upregulation of p38 MAPK and HSP70 protein.33 Hence,
we anticipated that antioxidant molecules such as the
peroxidase enzyme Cat would also be provoked; however,
expression of Cat was consistently downregulated during 1−6 h
exposure. Other antioxidant enzymes metabolizing, for
example, superoxide anion would deserve investigation at
these time points.
In contrast to THP-1 cells, a gradual increase of the ROS
level was recorded in coelomocytes (Figure 3) with concurrent
downregulation of MEKK1, HSP70/HSPA8, and Cat. Further,
perhaps the most remarkable dissimilarity in coelomocytes was
a failure of MT induction compared to THP-1 cells. The
concentration of AgNPs was not high enough to damage the
cell membranes of coelomocytes during 1−6 h exposure, but
still the intracellular accumulation of AgNPs (Figure 2) could
be enough to locally compromise the early defense system
against metal/oxidative stress. Alternatively, the existence of cell
populations lacking metallothionein expression34 could have
obscured the overall MT mRNA levels in coelomocytes.
Of particular interest was the late induction of PKC1/PRKCE
and MyD88, presumably being implicated in innate immune
functions. The protein kinase C family (encoded by PKC1/
PRKCE) plays a pivotal role maintaining fundamental cellular
functions and homeostasis including immune signaling35 and
phagocytosis of opsonized materials.36 MyD88 encodes a
central adaptor protein that links Toll-like receptors (TLRs)
to downstream signaling of the MAPK pathway and the nuclear
transcription factor κB, and integration of those signals leads to
inflammation.37 Stress-activation of MAPKs would interfere
with the cross-regulated immune signaling (e.g., TLR-mediated
gene programs) and thus modulating cytokine secretion as
reported in several studies on AgNPs.38,39 The crosstalk of
stress and immune responses is highly conserved across the
animal kingdom. For instance, different types of NPs
(Fullerene, TiO2 and SiO2) have been reported to affect
MAPK signaling events simultaneously altering the immune
parameters (e.g., lysozyme release and phagocytosis) in mussel
immunocytes.40
In summary, conserved molecular signatures probed in this
study underpin a potential cascade of early gene responses to
AgNPs from oxidative stress to alteration of immune signaling
as a shared consequence between coelomocytes and THP-1
cells. An interesting observation was a contrasting regulation of
MT/MT2A in coelomocytes that accumulated much more
AgNPs than THP-1 cells did. As diff.THP-1 cells were more
vulnerable than its precursor, the phagocytic population of
coelomocytes that are evidently capable of scavenging NPs
would likely contribute to the overall toxicity caused by AgNPs.
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assistance during the cytotoxicity assays and the financial
support of Aarhus University Research Foundation (AUFF; V2009-FLS 6-66), the Danish Strategic Research Council
(NABIIT 2006-06-0015), the Danish Research Council (FUU
1-5971-10000377) and Medical Faculty Research Foundation,
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Supplemental description of methods
Preparation of silver nanoparticle stock solution
A colloidal suspension of silver nanoparticle (AgNP) powder was prepared in MilliQ water (18.2
mΩ) and sonicated at 100 W (Ultrasonic Homogeniser, BioLogics, VA). The colloidal suspension
was immediately mixed with a freshly prepared bovine serum albumin (BSA; Sigma-Aldrich)
solution at 1:1 mass ratio and mildly sonicated using an ultrasonic bath (Bransonic, Branson, CT).
AgNP-BSA complexes larger than 200 nm were removed by filtering the colloidal suspension
through 0.2 µm cellulose acetate membrane filters (Ministart Plus, Sartorius, Germany). The filtrate
was stored at 4°C in darkness until use.
Quantification of total silver concentration and endotoxin tests
The total silver concentration was determined by dissolving the colloids in 69% nitric acid (HNO3)
followed by flame atomic absorption spectrophotometry (F-AAS) on a PerkinElmer Analyst 300
AAS mounted with a silver lumina hollow cathode lamp (PerkinElmer, Denmark). In all cases,
double measurements were performed within the linear detection range of the AAS (Ag detection
limit was 36 ng/mL). Dissolved silver nitrate (AgNO3; Reag. Ph. Eur., Sigma-Aldrich) was used as
reference and recovery of Ag was 85-94%. Analytical spike recovery (spiked/unspiked pair) was
86-96%. Variations between duplicated samples were ± <5% (SD). The endotoxin level was
measured to be 0.801 EU/mL by the Limulus amebocyte lysate (LAL) test (QCL-1000, Lonza,
Switzerland) following the manufacturer’s instructions.
Particle characterization
The primary size and morphology of AgNPs were assessed under a Phillips CM20 transmission
electron microscope (TEM) operating at 200 keV. For TEM imaging, a drop of the stock solution
was directly deposited onto a formvar/carbon-supported copper grid (Ted Pella, CA) and
subsequently left to evaporate. Thirteen images across the grid were selected to manually establish
size distributions and calculate specific surface area using the scanning probe image software
SPIPTM (Image Metrology, Denmark). The correlation function and electrophoretic mobility of
colloidal AgNPs were analyzed on a Malvern ZetasizerNano (Malvern Instruments, UK) and
converted into hydrodynamic diameter and zeta potential, respectively, using the Zetasizer Software
6.20 (Malvern Instruments, UK). For the calculation of zeta potentials the Henry equation was
applied using the Smoluchowski approximation (f(κa) = 1.5). Prior to measurements, the stock
solution was diluted in MilliQ water or in cell culture media (RPMI-1640, no phenol-red,
supplemented with 2 mM l alanyl-l-glutamine and 1% penicillin-streptomycin) with or without 1%
fetal bovine serum (FBS; HyClone). DLS analysis was preformed within 1 h after preparation and
after 24 h incubation at room temperature (RT) or 37°C to investigate the temporal stability. Each
DLS measurement was run at least in triplicate with a detection angle at 173° using automated,
optimal measurement times and laser attenuation settings. In all cases signal interruption by free
serum proteins was negligible in the DLS measurements as verified after removal of free proteins
by centrifugation (10,000g, 15 min) and resuspension of AgNPs in the same media without serum.
Zeta potential measurements were conducted on AgNPs after 24 h incubation at RT or 37°C in cell
culture media with or without 1% FBS to observe the shift in the potential upon association of
AgNPs with serum proteins following a previously published method.1 Measurements were
performed before and after removal of free proteins by centrifugation (10,000g, 15 min) and
resuspension of AgNPs in the same media without serum.
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Soluble silver fraction
Soluble silver fraction of AgNPs under different conditions was investigated using an
ultracentrifugation method followed by graphite furnace AAS (GFAAS) analysis of total Ag. A
concentration series (0.75-6.00 µg Ag/mL) of AgNPs was incubated in MilliQ water or in cell
culture media containing 1% FBS for 24 h at RT or 37°C. Subsequently, AgNPs were
ultracentrifuged for 30 min at 4 °C at 50,000 rpm (TLA 100.4 rotor, Beckman) using an OptimaTM
TLX Personal Benchtop Ultracentrifuge (Beckman Coulter) and the supernatant was digested in
69% HNO3. The analytes were heated (stepwise, 80-100-120-130°C) to dry and redissolved in 0.2%
HNO3. Total Ag was determined on a PerkinElmer Analyst 4100 AAS mounted with a HGA700
graphite oven and a silver lumina hollow cathode lamp (PerkinElmer, Denmark) within the linear
detection range (Ag detection limit was 0.25 ng/mL). GFAAS was performed with recommended
matrix modifiers (palladium and magnesium; Sigma-Aldrich) on a standard protocol for Ag
(pyrolysis at 1000°C, atomization at 1800°C). Each reading was duplicated and quantified Ag
concentration was subtracted with a method blank. Recovery of Ag from the reference AgNO3
solution was 102%. Analytical spike recovery (spiked/unspiked pair) for a representative condition
(6 µg/ml AgNP in RPMI/1%FBS) was 89%.
Coelomocyte harvesting
Briefly, 10-15 depurated earthworms were individually rinsed in deionized water, gently dried on a
paper tissue, and placed into cold extrusion buffer (71.2 mM NaCl, 5% ethanol, 50.4 mM guaicolglyceryl-ether, 5 mM EDTA, pH 7.3). This allowed earthworms to extrude coelomocytes along
with mucus and coelomic fluids through the dorsal pores. The collected cell suspension was then
mixed with the same volume of Lumbricus balanced salt solution (LBSS: 71.5 mM NaCl, 4.8 mM
KCl, 1.1 mM MgSO4 × 7H2O, 0.4 mM KH2PO4, 0.3 mM NaH2PO4, 4.2 mM NaHCO3, pH 7.3). The
cell suspension was centrifuged at 200-300g for 5 min, and the pellet was resuspended in RPMI1640 medium supplemented with l alanyl-l-glutamine (2 mM), penicillin (100 µg/mL),
streptomycin (100 U/mL) and 1% heat-inactivated FBS.
TEM imaging of coelomocyte sections
Adult E.fetida were obtained from the breeding colony of the Department of General Zoology,
University of Pécs. Earthworms were maintained in small, dark plastic boxes containing moist
wood pulp at RT. Two days prior to the experimental procedure, earthworms were placed on wet
cotton wool, allowing defecation, to avoid contamination during the harvesting of coelomocytes.
Coelomocytes were harvested using the same protocol or further separated by centrifugation at 500
rpm resulting in enrichment of chloragocyte fraction in the pellet. Total coelomocytes and
chloragocyte-enriched coelomocytes were exposed to AgNPs (2.32 µg/mL) for 24 h at RT. After
exposure, the cells were washed in LBSS and then fixed in a mixture of 0.3% glutaraldehyde and
4% paraformaldehyde for electron microscopic post-embedding cytochemistry. The fixative was
dissolved in 0.1 M (pH 7.4) phosphate buffer and fixation was carried out at RT. The samples were
post-fixed with 1% osmium tetroxide for 1 h at 4°C. For post-embedding cytochemistry, the cells
were dehydrated and embedded into epoxy resin (Durcupan ACM, Sigma Co., Hungary). Serial
ultrathin (60-70 nm) sections were cut with a Reichert ultramicrotome. Grids were then washed in
drops of distilled water, counterstained in uranyl acetate and lead citrate. Observation and
documentation was carried out with a JEOL-1200 transmission electron microscope operating at 80
kV. Elemental analysis of a selected TEM image was performed by energy-dispersive X-ray
spectroscopy (EDS) using a Genesis X-ray microanalysis system (EDAX) mounted on the Phillips
CM20 TEM. Size statistics of AgNPs found within the cells was conducted as described for the
primary particle size assessment. Since most of AgNPs was found as aggregates held in a cellular
compartment, only particles with identifiable edges were included in the analysis.
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RNA extraction and cDNA synthesis
Total RNA extracts were prepared using the Macherey-Nagel RNA nucleospin II kit with oncolumn DNase treatment (AH Diagnostics, Denmark) according to the manufacturer's instructions.
RNA concentrations of each sample were determined by spectrophotometry using a
NanoPhotometer (Implen) and RNA integrity was verified using a BioAnalyzer 2100 (Agilent
Technologies). cDNA was synthesized from 200 ng total RNA using the Omniscript Reverse
Transcriptase kit (Qiagen, Denmark) following the manufacturer's instructions and Anchored Oligo
(dT) 20 primers (Invitrogen, Denmark). Subsequently, cDNA template was diluted to a
concentration equivalent of 3 ng total RNA/µL and stored at -20°C. Each treatment/time point (0, 1,
3 and 6 h) was replicated four times.
Primers and quantitative real-time PCR
Primers were designed using Primer3 and were synthesized by MWG (Ebersberg, Germany). qPCR
was performed on a Stratagene MX3005P (AH Diagnostics, Denmark) using Stratagene Brilliant®
II SYBR® Green qPCR Mastermix (AH Diagnostics, Denmark). Each reaction was run in duplicate
and contained 5 μL of cDNA template (equivalent to 15 ng total RNA) along with 900 nM primers
in a final volume of 15 μL. The amplification was performed under the following conditions: 95°C
for 10 min to activate the DNA polymerase, then 40 cycles of 95°C for 10 s and 60°C for 60 s.
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Gating of coelomocytes in flow cytometry (Figure S1)

Figure S1. Gating strategy to isolate two major populations of coelomocytes in flow cytometry. Cells are
plotted in a 2-D space by physical parameters (EV/volume and SS/granularity). Monoclonal antibody-based
identification of coelomocyte sub-groups using flow cytometry has been described elsewhere.2
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GenBank Accession numbers and primers used for qPCR analysis (Table S1)
Table S1. GenBank Accession numbers and primers used for qPCR analysis
GenBank
Accession #
E. fetida
[EH672240]
E. fetida
[DQ286716]

Primers (5´-3´)
CAAGGAACGATCCCATTCAT
GTATCATGGTGCAACCAACG
GCCAGAAAGTTTGACGAAGC
TGGCGATGCAGAAACATAAG

Amplicon
size (bp)

Amplification
b
efficiency (E)

94

0.982 ± 0.058

77

0.996 ± 0.029

Myeloid differentiation factor 88
(MyD88)

E. fetida
[EH670202]

CAGGTGCCAAGGAGAAGAAG
CGTGCAGATGTGGTTTAGGA

80

0.942 ± 0.038

Heat shock 70kDa protein
(HSP70)

E. fetida
[DQ286711]

GGTGTGCTGATCCAGGTCTT
CCAGTCAGCTCGAACTTTCC

80

0.997 ± 0.050

E. fetida
[AJ236886]
E. fetida
[DQ286713]
H. sapiens
[NM_005921]

CTTGTTGCTGCACAAACTGC
TTTCCACATTTGCCCTTCTC
AGAATTTGACGGGTGCTGAG
TGGTCCACGAAGGGTAGTTT
GGTGTTTATTGGGCCTCAGA
ACCCGGAGCATCACAAATAG

97

0.964 ± 0.056

108

0.999 ± 0.033

78

1.000 ± 0.030

Protein kinase C epsilon
(PRKCE)

H. sapiens
[NM_005400]

TTCGTCACCGATGTGTGCAA
TTCCCTGAACACACGCTCTT

243c

0.995 ± 0.053

Myeloid differentiation factor 88
(MyD88)

H. sapiens
[NM_002468]

AGCGCTGGCAGACAATGCGA
TCCGGCGGCACCTCTTTTCG

n.a.d

0.980 ± 0.040

Heat shock 70kDa protein 8
(HSPA8)

H. sapiens
[NM_006597]

CCGAGGTGTTCCTCAGATTG
CCGTACTCTTGTCCACAGCA

83

0.951 ± 0.048

H. sapiens
[NM_005953]
H. sapiens
[NM_001752]

GACTCTAGCCGCCTCTTCAG
TGCATTTGCACTCTTTGCAT
CGTGCTGAATGAGGAACAGA
AGTCAGGGTGGACCTCAGTG

105

1.008 ± 0.055

119

0.995 ± 0.038

Gene name (gene symbol)
MEK kinase 1 (MEKK1)
Protein kinase C1 (PKC1)

Cadmium-Metallothionein (MT)
Catalase (Cat)
MEK kinase 1 (MEKK1)

Metallothionein 2A (MT2A)
Catalase (Cat)

a

Upper and lower sequences represent forward and reverse primers respectively. Values are mean ± SD (n
= 28-32). c Primer designs obtained from ref 3. d Primer designs obtained from ref 4. n.a. denotes “not
available”.
a

b
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Particle characterization (Figure S2)
(A) TEM

(B) DLS

Figure S2. Primary and in situ size distributions of AgNPs used in this study. (A) A representative TEM
image of AgNPs (Scale bar = 200 nm) and associated size statistics (inset, n = 587), (B) DLS size
distribution of colloidal AgNPs in MilliQ water at RT (left) and after 24 h incubation of AgNPs in cell
culture media with or without 1% FBS at RT or 37°C (right). DLS measurements were run in triplicate and
the means are shown. AgNP-free PVP solution was included in the measurements using the same
configuration as for AgNPs to investigate the potential signal contribution of free PVP in the AgNP
suspension. For each condition AgNPs were spun down and resuspended in MilliQ or cell culture media
without serum, but there were no remarkable differences in the results before and after (data not shown for
AgNPs in cell culture media).

S7

Zeta potential measurements (Figure S3)

Figure S3. Zeta potentials of AgNPs and proteins in cell culture media with or without serum.
AgNPs were incubated for 24 h under the specified conditions prior to measurements.
Measurements were performed before and after removal of free or weakly interacting proteins by
centrifugation (10,000g, 15 min) and resuspension of AgNPs in cell culture media without serum
(shown as “Resuspended in 0% FBS”). Thus, all zeta potential measurements on AgNPs
“Resuspended in 0% FBS” samples were performed in the same solvent (i.e. cell culture media
without serum). Note that this removal process also changes the binding kinetics of proteins to
establish a new equilibrium between NP-associated proteins and free proteins. The resulting protein
corona is likely to reflect the hard-shell composition that is less affected by centrifugal washing.5
Measured pH values were 8.2 for all the AgNPs samples (in RPMI with and without 1% FBS, under
ambient atmosphere). Measurements on proteins were performed without incubation and at higher
concentrations (pH = 7.9, under ambient atmosphere). Ionic strength of RPMI was approximated as
144 mM calculated from molar concentrations of inorganic salts (the complete formulation is
available at Invitrogen, product #32404). Values are mean ± SD (n = 3).
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Soluble silver fraction of AgNPs (Figure S4)

Figure S4. Soluble silver fraction of AgNPs under different conditions. A concentration series of AgNPs
was incubated for 24 h at RT or 37°C in MilliQ water or in serum-supplemented cell culture media
(RPMI/1%FBS). Values are mean ± SD of two samples prepared separately.
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ECx values estimated from the cytotoxicity assays (Table S2)
Table S2. ECx values estimated from the cytotoxicity assays
Ag+
Cell type

EC10 (µg/mL)

AgNP
EC50 (µg/mL)

EC10 (µg/mL)

a

Earthworm
coelomocytes

THP-1 cells

diff.THP-1 cells

Human PBMCs

a

0.14 ± 0.02

0.06 ± 0.01

S = 1.5 ± 0.1

0.37 ± 0.14b

1.28 ± 0.07
[0.4×109 NPs/mL]

EC50 (µg/mL)

5.02 ± 1.03
[1.6×109 NPs/mL]
S = 0.9 ± 0.2

0.54 ± 0.08b
n.e.

n.e.

S = 2.2 ± 0.5

0.19 ± 0.03c

0.33 ± 0.05c
S = 1.3 ± 0.2

0.19 ± 0.04bc

0.89 ± 0.50
[0.3×109 NPs/mL]

7.34 ± 3.80
[2.3×109 NPs/mL]
S = 0.6 ± 0.2

0.44 ± 0.04bc
-

-

S = 1.6 ± 0.1

ECx values for 24 h exposure. Values are mean ± SE of three to five independent assays. Shown in brackets
is an estimated number of NPs assuming that each particle is spherical and of the same size (83 nm). S refers
to slope steepness of the concentration-response curve, where Y0 = 1. Different letters within a column
denote a significant difference between cell types (One-way ANOVA, p < 0.05). n.e. signifies “not estimated
within the concentration range tested”. PBMC, peripheral blood mononuclear cell.
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Silver accumulation in Ag+-treated cells (Figure S5)

Figure S5. GFAAS analysis of cells after 24 h exposure to Ag+. Values are mean ± SE of three independent
assays.
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TEM imaging of cells exposed to AgNPs (Figure S6)
(A)
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(B)

Figure S6. TEM imaging of (A) amoebocyte and (B) chloragocyte after 24 h exposure to AgNPs (2.32
µg/mL) with an associated EDS profile. The large Ni peaks in the EDS spectra are from the TEM sample
grid, and Os and Pb from fixation and staining, respectively. AgNPs were localized in several cellular
compartments of amoebocytes (Scale bar = 1 µm). The EDS spectrum confirms the presence of silver. In
granule-rich chloragocytes, we were unable to find as many AgNPs as in amoebocytes. The EDS profile
shows near non-detectable signals of silver.
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Cell viability following 1-6 h exposure to AgNPs (Figure S7)
(A) Coelomocytes (Amoebocytes)
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(B) THP-1 cells
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Figure S7. Viability of cells following 1-6 h exposure to a fixed concentration of AgNPs (5.91 µg/mL) or
TBHP (0.05 mM). Flow cytometric analysis of 7-AAD nuclear staining was used as an indicator of cell
membrane damages. Chloragocyte population of coelomocytes was not studied due to high autofluorescence.
Values are mean ± SE of three independent assays.
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Correspondence analysis of mixed qPCR data-set (Figure S8)
(A) All data

(B) Without MT/MT2A

Figure S8. Correspondence analysis of mixed gene expression data-set (analysis results on individual datasets are shown in Figure 4 of the main article). (A) The gene response pattern for THP-1 cells (red-colored
dots) was strongly influenced by MT2A gene, whereas the pattern for coelomocytes (blue-colored dots)
shows no such correspondence to MT gene. (B) Analysis after exclusion of MT/MT2A gene data revealed a
common trend for a temporal shift of gene expression data from oxidative stress-related genes (Cat,
HSP70/HSPA8 and MEKK1; associated with early time points appearing on the right) to immune-related
genes (MyD88 and PKC1/PRKCE; associated with later time points appearing on the left).
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Temporal gene expression profiles following exposure to AgNPs (Table S3)
Table S3. Temporal expression profiles of selected orthologous gene pairs following exposure to AgNPs
Representative
biological process
Gene symbol

Control
1h

3h

6h

AgNP (5.91 µg/mL)
1h
3h

6h

Stress signal transduction
E. fetida MEKK1

1.00 ± 0.04

1.00 ± 0.03

1.00 ± 0.06

0.84 ± 0.05

0.83 ± 0.03*

0.82 ± 0.03*

H.sapiens MEKK1

1.00 ± 0.08

1.00 ± 0.04

1.00 ± 0.04

0.96 ± 0.03

1.23 ± 0.03*

0.94 ± 0.03

E. fetida PKC1

1.00 ± 0.08

1.00 ± 0.31

1.00 ± 0.09

0.68 ± 0.11

0.75 ± 0.10

1.25 ± 0.12

H.sapiens PRKCE

1.00 ± 0.10

1.00 ± 0.11

1.00 ± 0.07

0.80 ± 0.03

1.32 ± 0.05*

1.31 ± 0.14

Cellular function

Innate immune systems
E. fetida MyD88

1.00 ± 0.11

1.00 ± 0.11

1.00 ± 0.02

0.99 ± 0.06

1.05 ± 0.08

1.23 ± 0.09*

H.sapiens MyD88

1.00 ± 0.14

1.00 ± 0.19

1.00 ± 0.10

0.93 ± 0.10

1.40 ± 0.09

1.41 ± 0.09*

E. fetida HSP70

1.00 ± 0.04

1.00 ± 0.05

1.00 ± 0.03

0.97 ± 0.11

0.86 ± 0.01*

0.93 ± 0.04

H.sapiens HSPA8

1.00 ± 0.04

1.00 ± 0.05

1.00 ± 0.06

1.17 ± 0.07

1.64 ± 0.07*

1.07 ± 0.09

E. fetida MT

1.00 ± 0.05

1.00 ± 0.11

1.00 ± 0.07

1.00 ± 0.09

1.04 ± 0.07

1.09 ± 0.10

H.sapiens MT2A

1.00 ± 0.10

1.00 ± 0.15

1.00 ± 0.04

2.59 ± 0.14*

7.82 ± 0.49*

4.75 ± 0.17*

General stress responses

Metal detoxification

Anti-oxidizing mechanisms
E. fetida Cat

1.00 ± 0.06

1.00 ± 0.12

1.00 ± 0.06

0.92 ± 0.14

0.83 ± 0.06

0.77 ± 0.09

H.sapiens Cat

1.00 ± 0.05

1.00 ± 0.06

1.00 ± 0.06

0.92 ± 0.05

0.81 ± 0.03*

0.69 ± 0.10*

Temporal expression profiles of coelomocyte (E. fetida) genes and corresponding THP-1 cells (H. sapiens)
orthologs following 1-6 h exposure to a fixed concentration of AgNPs (5.91 µg/mL). Values are mean ± SE
(n = 3-4) relative to unexposed controls at corresponding duration of exposure. Asterisks denote a significant
difference between the treatment and the corresponding control population (Student’s t-test, p < 0.05).
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The molecular mechanism of silver nanoparticle (AgNP) toxicity, particularly its temporal aspect, is
currently limited in the literature. This study seeks to identify and proﬁle changes in molecular response
patterns over time during soil exposure of the earthworm Eisenia fetida to AgNPs (82 727 nm) with
reference to dissolved silver salt (AgNO3). Principal component analysis of selected gene and enzyme
response proﬁles revealed dissimilar patterns between AgNO3 and AgNP treatments and also over time.
Despite the observed difference in molecular proﬁles, the body burdens of total Ag were within the same
range (10–40 mg/kg dry weight worm) for both treatments with apparent correlation to the induction
pattern of metallothionein. AgNO3 induced the genes and enzymes related to oxidative stress at day 1,
after which markers of energy metabolism were all suppressed at day 2. Exposure to AgNPs likewise led
to induction of oxidative stress genes at day 2, but with a temporal pattern shift to immune genes at day
14 following metabolic upregulation at day 7. The involvement of oxidative stress and subsequent
alterations in immune gene regulation were as predicted by our in vitro study reported previously,
highlighting the importance of immunological endpoints in nanosilver toxicity.
& 2013 Elsevier Inc. All rights reserved.
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1. Introduction
Environmental exposure of living organisms to nanosilver and/
or its transformed derivatives is of growing concern (for review
see Wijnhoven et al., 2009). Laboratory studies of ecotoxicological
model animals have shown effects of silver nanoparticles (AgNPs)
on, for example, the survival and reproductive functions in the
earthworm Eisenia fetida (Heckmann et al., 2011a; Shoults-Wilson
et al., 2011). Yet, less is known regarding the underlying molecular
mechanism, in particular, its temporal aspects resulting from the
complex toxicokinetics of AgNPs. Much of the existing mechanistic
knowledge stems from in vitro models of rodents and humans,
displaying a cascade of cellular stress responses initiated by
interruption of normal redox balance leading to inﬂammation
(Carlson et al., 2008), genotoxicity and cytotoxicity (AshaRani
et al., 2009; Foldbjerg et al., 2012, 2011, 2009). For invertebrates,
whole-organism transcriptomic proﬁling of the nematode Caenorhabditis elegans in vivo supports the in vitro observation of
oxidative injuries following exposure to AgNPs (Roh et al., 2009).
A recent study by Tsyusko et al. (2012) has provided gene and
protein evidence of oxidative stress in E. fetida following soil
exposure to AgNPs and dissolved silver. Cell apoptosis is amongst
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the most studied endpoints downstream of oxidative stress, and
its occurrence in the tissues has been suggested as a sensitive
indicator of AgNP exposure in the earthworm Lumbricus terrestris
(Lapied et al., 2010). Oxidative stress, or namely reactive oxygen
species (ROS) generated excess of cell′s redox capacity, strongly
activates stress-responsive families of mitogen-activated protein
(MAP) kinases that are known signal transducers of immunity
(Dong et al., 2002). We have previously reported that AgNPs can
alter the expression of genes involved in oxidative stress and
subsequently immune signalling, which was shown using a
monoculture of THP-1 cells (a human acute monocytic leukemia
cell line) and primary immune-competent cells from E. fetida
(Hayashi et al., 2012). Our earthworm in vitro model (extracted
coelomocytes) also indicated intracellular accumulation of AgNPs
predominantly in the phagocytic population (Hayashi et al., 2012);
the cell population which plays a central role in clearance of
foreign materials (Engelmann et al., 2005). The implications are
that AgNPs may have a direct impact on the normal functioning of
the host immune system through nanoparticulate-speciﬁc toxicokinetics and resulting oxidative stress.
Temporal aspects of the nanosilver toxicity are important, both
from a molecular response viewpoint and due to possible contribution of dissolution kinetics to toxicity (Yang et al., 2011).
Mechanistic studies using copper nanoparticles revealed timedependency of oxidative stress biomarkers response in the white
worm Enchytraeus albidus (Gomes et al., 2012). During seven days
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of exposure, Tsyusko et al. (2012) report the temporal changes in
oxidative stress response patterns of E. fetida exposed to AgNPs.
The current study extends to a longer exposure period of fourteen
days, and seeks to proﬁle the overall time-course of potential
cross-talks between oxidative stress response and its downstream
effects, particularly immunity, in earthworms exposed to AgNPs
with reference to a dissolved silver treatment. We used a geneexpression and biomarkers approach to probe differential regulation of representative genes and enzymes involved in oxidative
stress and immune pathways as well as energy metabolism, in
parallel with quantiﬁcation of silver body burdens over time.
Comparisons of the proposed molecular mechanisms are made
between in vitro (Hayashi et al., 2012) and in vivo (this study).
Indications in this study suggest that in vitro assays can, to some
extent, aid in the understanding of the tissue-speciﬁc mode of
action, while differences in the response time-scale could be
related to the differences in actual exposure of the involved
target sites.
2. Material and methods
2.1. Test species
Adult E. fetida (Oligochaeta: Lumbricidae) were purchased from Skandinavisk
Miljøgødning (Grindsted, Denmark) and were pre-incubated for one week prior to
application of test compounds under conditions similar to those applied in the
experiments.
2.2. Test soil
The soil used was from Askov experimental station, Aarhus University, Denmark (batch no. 2-031207). It is a sandy loam soil with a pH of 5.8, total organic
carbon 1.36 percent, clay 11.6 percent, silt 21.4 percent, and sand 64.7 percent.
Further information is available (Holmstrup et al., 2001). Prior to the experiment
the soil was oven-dried (Memmert, Type UL40) at 80 1C for 24 h to eliminate
undesired soil fauna. Hereafter, the dried soil was ground and sifted through a
2 mm sieve and stored at room temperature until use.
2.3. Test chemicals
High grade (499 percent purity) silver nitrate (AgNO3) was purchased from
Sigma-Aldrich and used as dissolved Ag salt, while 30–50 nm AgNP (99.9 percent
purity, capped with 0.2 wt%/wt polyvinyl pyrrolidone) was obtained from NanoAmor
(TX, USA). Stock solution of AgNO3 was prepared in ultrapure water (18.2 MΩ) and
the concentration was based on the molecular weight of Ag.
2.4. Physicochemical analyses
Stock suspensions (8 mg/ml, dispersed in ultrapure water) from the same batch
of AgNPs have already been characterised using powder X-ray diffraction, electron
microscopy and light scattering techniques (Heckmann et al., 2011a). Brieﬂy, the
average crystallite size was determined as 78 nm, which was in agreement with
size statistics established by image analysis of transmission electron micrograph
(82 7 27 nm, n¼294). The zeta potential was estimated to be  28.6 mV at
neutral pH.

treatment group on the speciﬁed days; of these (1) four were snap-frozen in liquid
nitrogen and stored in a  80 1C freezer for subsequent quantiﬁcation of gene
expression and enzyme activity of selected targets, (2) four worms were depurated
for 24 h and stored at  80 1C until sample processing for Ag body burden (measured
by ﬂame atomic absorption spectrophotometry (AAS)). Due to substantial mortality in
the AgNO3 treatment at day 7 onwards, molecular endpoints and Ag body burdens
were assessed only for the days 1 and 2.
2.6. Quantitative real-time PCR
Total RNA was extracted using the RNeasy Mini kit with on-column DNase
treatment (Qiagen, Denmark) according to the manufacturer′s instructions. RNA
concentrations were determined by spectrophotometry using an Implen NanoPhotometer (AH Diagnostics, Denmark). The integrity of the RNA was veriﬁed by 1
percent agarose gel electrophoresis. cDNA was synthesised from 1 μg total RNA
using the Omniscript Reverse Transcriptase kit (Qiagen, Denmark) following the
manufacturer′s instructions and Anchored Oligo(dT)20 primers (Invitrogen, Denmark). Subsequently, cDNA was diluted 12.5-fold, to a concentration equivalent of 4 ng
total RNA/μl and stored at  20 1C. Expression of nine genes were analysed using
quantitative real-time PCR (qPCR). The selection of genes represents ﬁve stress
pathways (see Table 1). GenBank accession numbers and primer sequences for the
analysed genes are listed in Supplementary Table S1. Primers were designed using
Primer3 and were synthesised by MWG (Ebersberg, Germany). qPCR was conducted
on a Stratagene MX3005P (AH Diagnostics, Denmark) using Stratagene Brilliants II
SYBRs Green qPCR Master mix (AH Diagnostics, Denmark). Each reaction was run in
duplicate and contained 5 μl of cDNA template (equivalent to 20 ng total RNA) along
with 900 nM primers in a ﬁnal volume of 15 μl. The ampliﬁcation was performed
under the following conditions: 95 1C for 10 min to activate the DNA polymerase, then
40 cycles of 95 1C for 10 s and 60 1C for 60 s. Melting curves were visually inspected to
verify a single ampliﬁcation product with no primer-dimers. No inconsistencies were
detected in the dataset.
2.7. Semi-quantiﬁcation of enzyme activity
A gel electrophoresis-based approach was applied to obtain a semi-quantiﬁed
activity of selected target enzymes with relation to e.g. energy metabolism and
oxidative stress using a method similar to Bødker et al. (1998). Staining procedures
were according to Murphy et al. (1996). Eight enzymes were analysed by horizontal
starch gel electrophoresis (see Table 2 and Supplementary Table S2). The gels were
photographed using a Nikon digital camera and band intensities were estimated
using ImageJ software. The enzyme activity was calculated as band intensity
divided by the total protein concentration of the particular sample measured on
an Implen NanoPhotometer (AH Diagnostics, Denmark). The overall colour intensity of the bands on the individual gels is proportional to the staining time. Thus,
the protein concentration-adjusted enzyme activity data was further corrected by
applying a staining development time factor corresponding to the time that the
individual gels had been stained for.
2.8. Quantiﬁcation of silver body concentrations
The worms sampled, as described above, were digested in 70 percent nitric acid
for three days followed by gradual heating (80–130 1C) to decompose all organic
material. Prior to analysis, the AAS samples were re-dissolved in 2 percent nitric
acid. AAS was performed on a Perkin-Elmer atomic absorption spectrophotometer
4100 (Perkin-Elmer, Hvidovre, Denmark). The analysed samples were related to an
Ag-standard curve ranging from 0.125 to 4 mg/l and normalised to dry weight of
the sampled worm. The recovery of Ag from a standard oyster tissue (NBS 1566a
Oyster Tissue, U.S. Department of Commerce, National Bureau of standards,
Gaithersburg, MD 20899) was 80 percent.
2.9. Data analysis and statistical methods

2.5. Experimental design
The experiment comprised a control and two types of Ag treatment (AgNO3
and AgNPs) with four exposure durations at a ﬁxed test concentration. The test
concentration was in accordance with a separate long-term study and was 500 mg
Ag/kg dry soil for both Ag treatments. To obtain a nominal concentration of 500 mg/
kg dry soil, stock solution of AgNO3 was mixed with the test soil, whereas AgNP
powder was directly mixed in the dry soil prior to the addition of deionised water,
following a previously published method (Hooper et al., 2011). The experiment was
conducted in plastic test vessels with a lid (height: 4.7 cm; diameter: 7.0 cm
diameter) containing 120 g moist Askov soil (100 g dry soil and 20 ml deionised
water) equivalent to approximately 50–60 percent of the water holding capacity. The
worms were exposed individually for one, two, seven or fourteen days (eight
replicates for each time-point per treatment). The initial fresh weight of the adult
worms (clitellum visible) ranged between 250 and 580 mg wet weight, and there was
no difference in averages between replicates. Worms were sacriﬁced from each

The raw qPCR data were analysed with data analysis for real-time PCR (DARTPCR; Peirson et al., 2003). Target gene expression and enzyme activity were
normalised with NORMA-Gene, a data-driven normalisation approach which does
not require the use of reference genes/enzymes (Heckmann et al., 2011b). Target
gene expression and enzyme activity were set relative to the mean control values at
corresponding time points, hence variation in the controls are taken out of the total
data-set leaving the time-dependent responses clearly visible in the treated
samples. For uni-variate statistical analysis, differences between the control and
the treatments (biological and physicochemical endpoints) were tested in SAS
Enterprise Guide 4.1 (SAS Institute Inc, NC, USA) using Student′s t-test (assuming
equal variance where appropriate). For all tests, a signiﬁcant level of 5 percent was
applied. For multivariate analysis of the gene expression and enzyme activity
datasets, principal component analysis (PCA) and correspondence analysis (CA)
were performed using PRINCOMP and CORRESP procedures, respectively, in SAS
IML Studio 3.4 (SAS Institute Inc, NC, USA). PCA was used to best separate the
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Table 1
Gene response in Eisenia fetida following exposure to AgNO3 (upper row, days 1–2) or AgNPs (lower row, days 1–14).
Category

Gene name

Abbreviation

Treatment

Signal transduction

Protein kinase C1

PKC1

MEK kinase 1

MEKK1

General stress response

Heat shock protein 70

HSP70

Antioxidant mechanisms

Superoxide dismutase

SOD

Catalase

Cat

Metal detoxiﬁcation

Metallothionein

MT

Immune systems

Myeloid differentiation factor 88

MyD88

Coelomic cytolytic factor 1

CCF1

Lysozyme

Lyz

AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP

Gene expression (relative to control; o 1¼ repressed, 41¼ induced)
Day 1

Day 2

Day 7

Day 14

1.65 70.24
0.88 70.07
0.78 70.05
1.217 0.06
1.89 70.02n
1.517 0.09n
1.36 70.18
0.79 70.05
0.80 70.07
1.08 70.07
1.22 70.08
1.96 70.14n
1.08 70.15
1.63 70.02n
0.92 70.22
1.96 70.27
1.42 70.15n
1.28 70.15

0.767 0.16
1.02 7 0.05
1.34 7 0.38
1.81 7 0.27n
1.88 7 0.07n
2.517 0.21n
0.677 0.09
0.81 7 0.10
1.03 7 0.17
1.737 0.07
2.58 7 0.93
0.777 0.14
2.01 70.15n
1.91 70.24n
1.02 7 0.16
1.25 7 0.30
0.37 70.13n
0.44 7 0.07n

–
0.85 7 0.07
–
1.06 70.10
–
1.077 0.09
–
0.89 7 0.11
–
0.83 7 0.17
–
0.92 7 0.42
–
1.16 70.15
–
0.90 7 0.17
–
0.94 7 0.13

–
0.53 70.04n
–
0.89 70.10
–
0.92 70.28
–
0.62 70.13
–
0.43 70.17
–
0.80 70.25
–
1.29 7 0.29
–
1.60 7 0.29
–
0.86 70.14

Accession numbers and other details of each gene are available in Supplementary Information. Gene expression values are shown for the AgNO3 treatment (upper row) and
the AgNP treatment (lower row); and are mean 7S.E. (n¼ 3–4) relative to the control (¼ 1.00) at the corresponding time point. Values higher than one signiﬁes upregulation and values lower than one down-regulation. Asterisks denote a signiﬁcant difference from the control (Student′s t-test, p o 0.05).

Table 2
Enzyme activity in Eisenia fetida following exposure to AgNO3 (upper row, days 1–2) or AgNPs (lower row, days 1–14).
Category

Enzyme name

Abbreviation

Treatment

Enzyme activity (relative to control; o 1¼ repressed, 41¼ induced)
Day 1

Hydrogen peroxide catabolism

Peroxidase
Catalase

CAT

Hydrolysis

Esterase

EST

Cytosol aminopeptidase

LAP3

Aspartate aminotransferase

AAT

Glucose-6-phosphate isomerise

GPI

Phosphogluconate dehydrogenase

PGD

Phosphoglucomutase

PGM

Energy production

PER

AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP
AgNO3
AgNP

0.60 70.09
0.80 70.25
2.26 70.25n
1.577 0.57
1.09 70.10
1.23 70.22
0.53 70.02n
0.90 70.13
0.58 70.05n
0.83 70.15
1.22 70.08
1.08 70.24
0.90 70.14
1.487 0.35
0.99 70.14
0.83 70.19

Day 2
n

0.23 7 0.08
0.58 7 0.09
0.29 7 0.05n
0.777 0.16
0.39 7 0.10
0.55 7 0.11
0.337 0.09n
0.68 70.20
0.48 70.14
1.03 7 0.16
0.45 7 0.04
0.48 70.06
0.38 7 0.09
0.47 70.09
0.80 7 0.15
0.80 7 0.12

Day 7

Day 14

–
0.46 7 0.12
–
2.08 7 0.25n
–
1.377 0.16
–
1.05 70.21
–
1.747 0.19
–
1.96 70.12n
–
1.357 0.32
–
2.60 7 0.37n

–
1.29 70.16
–
0.88 7 0.20
–
0.447 0.08n
–
0.49 70.09
–
0.88 7 0.14
–
0.81 7 0.06
–
1.337 0.34
–
1.107 0.29

Accession numbers and other details of each enzyme are available in Supplementary Information. Enzyme activity values are shown for the AgNO3 treatment (upper row)
and the AgNP treatment (lower row); and are mean 7 S.E. (n¼ 3–4) relative to the control ( ¼ 1.00) at the corresponding time point. Values higher than one signiﬁes
up-regulation and values lower than one down-regulation. Asterisks denote a signiﬁcant difference from the control (Student′s t-test, p o 0.05).

datasets amongst treatments (AgNO3 versus AgNP) and exposure time points based
on common characteristics. CA was applied to identify correspondence between the
molecular response pattern and the exposure time points to gain insights into the
mechanisms of action for each Ag treatment.

order to link the directionality of regulation (up- or down-) to the
characteristic clustering (PCA) and coordinates (CA) patterns of the
response proﬁles.
3.2. Principal component analysis

3. Results
3.1. Uni-variate analysis
The selected genes represent ﬁve major categories of stress/
immune pathways; and the enzymes were primarily involved in
processes relating to energy metabolism. Tables 1 and 2 give an
overview of the biomarkers response probed in this study. Differential regulation of individual biomarkers was observed across
different treatments and exposure duration (Tables 1 and 2). In the
following multivariate analyses we refer to these responses in

To compare the overall patterns of molecular stress responses
between the AgNO3 and AgNP treatments a PCA was performed
for the gene expression and enzyme activity datasets. The ﬁrst two
axes (sum) of the PCA explained 64 and 69 percent for gene
expression and enzyme activity, respectively (Fig. 1). The analyses
showed no clear overall clustering of the AgNO3 and AgNP
treatments for any time point studied, but did show that the
replicates from the individual exposures were grouped. Gene
expression proﬁles were most distinctive at day 2 of the AgNO3
and the AgNP treatments (Fig. 1A). The worms exposed to AgNPs
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showed overall up-regulation of enzyme activity at day 7 (except
for PER) as opposed by global suppression at day 2 of the AgNO3
treatment (Fig. 1B and Table 2).

3.3. Correspondence analysis—Dissolved silver treatments
We further explored correspondence of gene and enzyme
responses to exposure periods to aid mechanistic understanding
of the mode of action of AgNO3 (this sub-section) and AgNPs (next
sub-Section 3.4). For worms exposed to AgNO3 the ﬁrst two axes
of the CA plots explained 70 percent (gene expression) and 64
percent (enzyme activity) of variations over time (Fig. 2). In the
gene expression datasets, the day-1 proﬁles were associated with
SOD (oxidative stress response), Lyz (immune systems) and PKC1
(signal transduction), all of which showed initial induction at
day 1 with subsequent down-regulation at day 2 (Table 1).
Conversely, the day-2 proﬁles were characterised by induction of
MT (metal detoxiﬁcation), MyD88 (immune systems) and MEKK1
(signal transduction), of which MT and MyD88 showed 42-fold
up-regulation compared to the control (Table 1). Temporal patterns
of the enzyme activity dataset were mainly separated by the
ﬁrst dimension (48 percent), with CAT being dominant (42-fold
up-regulation at day 1 compared to the control, Table 2). The
enzyme activity was suppressed at day 2 in all markers tested
(Fig. 1B and Table 2); thus the separation was primarily determined
by whether the enzyme was up-regulated at day 1 or consistently
towards down-regulation. The up-regulated enzymes were CAT, GPI
and EST (Table 2), and thus related to the day-1 proﬁles. Although
down-regulated at day-1 PER also corresponded to the day-1
proﬁles, but this was probably because of its further downregulation at day 2 (Table 2). Enzymes that were consistently
down-regulated (LAP3, AAT, PGD and PGM) were therefore more
associated with the day-2 proﬁles.

Fig. 1. Principal component analysis of (A) gene expression and (B) enzyme activity
datasets. E. fetida earthworms were exposed to AgNO3 or AgNPs (500 mg Ag/kg dry
soil) for 1–14 days (no data was obtained for the AgNO3 treatment at days 7 and 14
due to substantial mortality). Each molecular proﬁle (shown as a square) holds nine
variables (gene expression, A) or eight variables (enzyme activity, B). Proﬁles
having a missing value in any of the variables are excluded from the analysis. Each
treatment name within a PC plot (e.g. AgNO3 Day 1) is manually placed to help
approximate the position of the treatment.

3.4. Correspondence analysis—Nanoparticulate silver treatments
3.5. Silver body burdens and metallothionein induction
The ﬁrst two axes of the CA plots for worms exposed to AgNPs
explained 69 percent (gene expression) and 64 percent (enzyme
activity) of variations over time (Fig. 3). Gene expression patterns
over time (day-2 and -7) were primarily grouped along with genes
involved in oxidative stress responses (Cat, SOD, HSP70 and
MEKK1). In contrast, the day-1 and day-14 proﬁles were corresponding to genes related to metal detoxiﬁcation (MT) and
immunity (CCF1, Lyz and MyD88). This correspondence pattern
reﬂected contrasting ﬂuctuation (up- and down-regulation) of the
above-mentioned gene groups. Most of the genes in the former
group showed an up-regulation peak at day 2 or day 7, whereas
the latter group appeared to have a peak at day 1 or day 14 when
the former group was being down-regulated (Table 1). In the
analysis excluding the day-7 and day-14 proﬁles (i.e. comparing
only the day-1 and day-2 proﬁles, as performed for the AgNO3
treatment), this trend was the same with exception of MyD88;
hence supporting the differential pattern between the day-1
(related to metal detoxiﬁcation and immunity) and the day-2
(related to oxidative stress responses) proﬁles (data not shown).
The enzyme activity datasets showed no clear patterns, although
there was an indication that the day-2 and day-7 proﬁles were
associated with LAP3, PGM, AAT, EST, GPI and CAT, and the day-14
proﬁles with PER and PGD. Possibly, this separation was due to the
harmonised up-regulation at day 7 except for PER and PGD
(Table 2). The same analysis on the day-1 and day-2 proﬁles only,
did not show a clear correspondence between the time points
(data not shown).

Body burdens of total Ag (quantiﬁed by AAS) recorded different
temporal patterns between the two Ag treatments within the
range of 10–40 mg Ag/kg dry weight worm. Ag accumulation
appeared particularly in concert with the expression proﬁles of
the metallothionein (MT) gene for both types of Ag treatments
(Fig. 4). MT was signiﬁcantly induced in the worms in AgNP-spiked
soil, at the same time the Ag body burdens were at the highest (at
day 1). Similarly, MT induction was prominent in the AgNO3exposed worms at day 2, when the Ag body burdens were high
(Fig. 4, bottom). At days 7 and 14, this correlation became unclear
due to the large variations of MT expression and body burdens at
day 7 of the AgNP treatment, and also to the inherent ﬂuctuation
of MT expression as observed in the control worms (Fig. 4).

4. Discussion
The aim of the present study was to explore the temporal (1–14
days) changes in selected gene and enzyme responses following
exposure to nanoparticulate silver in the earthworm E. fetida. Our
analysis revealed that the response patterns differed over time
between two types of Ag treatments (AgNO3 and AgNPs), as did
the Ag body burdens. Overall, both AgNO3 and AgNPs affected
gene responses involved in oxidative stress; yet, the response to
the latter was also characterised by subsequent increase in
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Fig. 2. Correspondence analysis of (A) gene expression and (B) enzyme activity in
E. fetida earthworms after 1–2 d exposure to AgNO3 (500 mg Ag/kg dry soil). The
legend is common to the two graphs. The distance between a circle (molecular
proﬁle at the speciﬁed time of exposure) and a cross (variable ¼ gene, A; enzyme, B)
represents the relative importance of the molecular response as compared to the
others. Hence, circles in the proximity of a cross suggest an association between the
exposure time and the molecular response.

enzyme activities and contrasting regulation patterns of immune
genes.
For the comparison of the molecular stress responses between
the two Ag treatments and across different time points, a PCA was
performed and showed no similarity over time between the two.
Given the known nanosilver chemistry (e.g. oxidative dissolution
and oxysulphidation; Liu et al., 2011; Liu and Hurt, 2010), this
suggests three possible explanations for the observed difference;
(i) different (surface-speciﬁc) action of nanoparticulate/solidphase Ag and of free ionic Ag, (ii) differential bioavailability of
Ag þ (e.g. via release of Ag þ from AgNP), and (iii) a combination of
the two. Amongst the biomarkers studied notably MT was positively correlated with the Ag body burdens over time, indicating
Ag-sensitive induction of MT. Care has to be taken with this
conclusion, as the worms used for the molecular analyses were
not depurated before RNA/enzyme extraction. This is different from
the standard method adopted for metal analysis in worms; conventionally, exposed worms are depurated overnight to avoid gut
soil content (containing Ag) inﬂuencing the analyses. The Ag body
burdens were thus measured after depuration, which may have
altered the internal Ag concentration. E. fetida (Cd)–MT (or MT2) is
known as an inducible isoform of MTs responding to cadmium and
other metal cations (Gruber et al., 2000; Stürzenbaum et al., 2004).
Thus, it is plausible that the acute increase of internal Ag activates a
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Fig. 3. Correspondence analysis of (A) gene expression and (B) enzyme activity in
E. fetida earthworms after 1–14 d exposure to AgNPs (500 mg Ag/kg dry soil). The
legend is common to the two graphs. For explanations of CA plots, see the caption
of Fig. 2.

metal-trafﬁcking mechanism involving MTs, thereby allowing
quenching and excretion of Ag species. Whether it is the nanoparticulate/solid-phase or dissolved (or both) forms of Ag that triggers
the MT transcription, remains unclear. These observations are
similar to reported correlation between MT induction and tissue
Cu concentrations in E. fetida following exposure to dissolved Cu or
nanoparticulate Cu (Unrine et al., 2010b). With AuNPs (assumed not
to dissolve), the authors did not observe altered MT expression in
worms, however MT was induced by exposure to dissolved Au
(Unrine et al., 2010a). In both studies above, the expression level
was quantiﬁed after 28 days of exposure at o100 mg/kg dry soil,
with evidence of uptake of the particulate forms. Metallic Ag at its
solid–liquid interface can be oxidised resulting in surface dissolution (Li and Lenhart, 2012; Liu and Hurt, 2010; Liu et al., 2010).
Hence, AgNPs could in principle trigger MT induction indirectly
through liberation of Ag þ within the body, especially in an
acidic milieu (Liu and Hurt, 2010). In the intracellular environment, however, this chemistry becomes further complicated by the
existence of biological macromolecules that likely bind to the Ag
surface (e.g. those entailing the thiol-bearing amino acid cysteine),
which may facilitate (Gondikas et al., 2012) or reduce (Liu et al.,
2010) the dissolution process. Therefore, although in our experiment we observed a positive correlation for the transcription
process, the molecular stoichiometric ratio of MT (containing
twelve cysteine residues in its active domain; Gruber et al., 2000)
to the number of bioavailable Ag species in the tissues cannot be
simpliﬁed due to the complexity of AgNP dissolution kinetics in
biological milieus and possibly to direct binding of MT to AgNPs.
The overall time-shifting patterns of molecular stress responses,
as studied using CA, indicated oxidative stress being a common
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Fig. 4. Temporal patterns of metallothionein (MT) expression (top) and body burdens
of total Ag (middle) following 1–14 d exposure to AgNO3 or AgNP (500 mg Ag/kg dry
soil) in E. fetida earthworms. Note that for all treatments and time points including
controls the MT expression values are calculated relative to the control at day 1. Thus,
the variation in the control series (dashed, grey line) signiﬁes inherent ﬂuctuation of
MT expression. Ag body burdens versus MT expression is shown at the bottom. Error
bars represent S.E. of the mean (n¼ 3–4). Asterisk denotes a signiﬁcant difference
(po0.05, Student′s t-test) between the treatment and the control (for MT expression). “n.d.” denotes none detected at the limit of quantiﬁcation of 0.125 mg Ag/l
(for body burdens).

feature for both of the AgNO3 and AgNP treatments. Responses to
oxidative stress apparently initiated faster (in time) in AgNO3—than
in AgNP-exposed worms. For example, in the day-1 proﬁles of the
AgNO3 treatment, SOD (gene expression), CAT and PER (enzyme
activity) are directly related to ROS catabolism, which may result
from excess ROS generation following Ag þ -mediated depletion of
cellular thiol pools. Exposure to AgNPs also affected these genes as
well as others (Cat, SOD, HSP70 and MEKK1), but only at later time
points (days 2 and 7). This oxidative stress response was in both
cases at times with low Ag burdens and low levels of MT expression
suggesting that the antioxidant mechanisms were not related to MT
at these times. The oxidative stress induced by AgNPs at days 2 and
7 may be a result of cellular thiol depletion via Ag þ liberation, but
also potentially of surface-mediated interactions. For instance,
generation of ROS intermediates at the Ag surface (e.g. Liu and
Hurt, 2010), scavenging of cellular thiols through surface-bound
Ag-thiol interaction (Liu et al., 2010), and/or direct interruption of
biochemical processes (e.g. electron transport chain at mitochondria; AshaRani et al., 2009) are some known examples of possible
mechanisms by which solid-phase Ag can induce oxidative stress.
The effect on oxidative stress response genes was previously
reported for different sizes and concentrations of AgNPs in E. fetida
over seven days of in-soil exposure (Tsyusko et al., 2012), and the
present in vivo study further links to related observations in our
earthworm in vitro model upon exposure to AgNPs (NPs originating
from the same batch) (Hayashi et al., 2012), and in our human
in vitro studies (Foldbjerg et al., 2012; Hayashi et al., 2012).
Observations at the protein level in Drosophila larvae (Ahamed
et al., 2010), in C. elegans (Lim et al., 2012) and in a human immune

cell-line (Eom and Choi, 2010) support the involvement of HSP70
and MAP kinases (e.g. MEKK1) in oxidative stress mediated by
AgNPs, as suggested in our present in vivo study and previous
in vitro study (Hayashi et al., 2012). Further, AgNP-speciﬁc oxidative
damages are suggested in some cases where oxidative stresssensitive C. elegans mutants were more affected than the wildtype after exposure to AgNPs with limited solubility, while the same
mutants did not show increased sensitivity for AgNO3 or highly
soluble AgNPs (Yang et al., 2011).
Tissue injuries in earthworms (L. terrestris) following in vivo
AgNP exposure include cellular apoptosis, as (histochemically)
observed in cuticles, in intestinal epithelium and in chloragogenous tissues (Lapied et al., 2010). Using apoptosis as a stress
indicator, the authors suggest that entry of AgNPs is primarily
via (or adsorption to) the gut epithelium. This is supported by
Unrine et al. (2010a, 2010b) who identiﬁed metallic NPs (AuNPs
and CuNPs) localised in the gut tissues. Of the genes induced by
AgNPs at day 1, MT and CCF1 are known to be strongly expressed
by chloragogenous tissues of earthworms upon stress stimuli (Bilej
et al., 1998; Stürzenbaum et al., 2004). The translated products of
these genes (metallothionein and coelomic cytolytic factor 1), and
putatively Lyz (lysozyme), are candidates of acute phase proteins
of which coelomic concentrations may probably be largely regulated by the chloragogenous cells and free chloragocytes. Hence,
the induction of those genes together with an immune signal
transducer, MyD88, could be due to stress stimuli at intestinal
epithelium and chloragogenous tissues surrounding the gut.
At day 2 of the AgNO3 treatment, when Ag body burdens were
high, MT, MEKK1 and MyD88 induction became prominent whilst
at the same time there seemed to be global suppression of energy
metabolism. This suggests allocation of energy for maintenance
and survival; protection from the stressor (MT) and stress signal
transduction (MEKK1) that leads to, for example, immunity
(MyD88 and down-regulated Lyz) or immune-related apoptosis
(MyD88). Therefore, molecular-level impacts of AgNO3 in E. fetida
appear associated primarily with oxidative stress (as discussed
above), of which consequences include effects on immunity
(MyD88 and Lyz). In contrast, the day-7 proﬁles of the AgNP
treatment were characterised by up-regulation of energy metabolism. Subsequently at day 14, oxidative stress response genes were
down-regulated whilst immune genes appeared to be induced.
The expenditure for energy metabolism at day 7 could be a sign of
recovery from physical damages (e.g. tissue repair; van der Ploeg
et al., 2013) before allocating the energy to the host immunity.
CCF1 was of particular interest, as it was speciﬁcally induced by
the AgNP treatment (Table 1). The translated product is one of the
most described proteins in earthworms having a repertoire of
immunological functions, among which pathogenic pattern recognition is proposed to be central in cellular [opsonising property]
and humoral [initiating the prophenoloxidase cascade] immunity
(Beschin et al., 1998; Bilej et al., 1995; Procházková et al., 2006). In
summary, our ﬁndings seem to illustrate temporal changes of
AgNP toxicity in earthworms; acute phase reactions at the site of
AgNP ingress (day 1), followed by oxidative stress responses (days
2 and 7), energy metabolism up-regulation (day 7) and heightened
immunity with diminishing oxidative stress responses (day 14).
Using a recently established in vitro model of E. fetida, we have
previously reported on gene expression patterns shifting from
oxidative stress responses to immune signalling over a time-scale
of 1–6 h exposure to AgNPs (originating from the same batch)
(Hayashi et al., 2012). The in vitro model used was free-circulating
coelomocytes consisting primarily of immune-competent phagocytic populations (amoebocytes) and granule-rich cells derived
from chloragogenous tissues (chloragocytes). Although a large part
of the toxicokinetic pathways are lost in the in vitro setting, we
observed the common molecular stress response patterns, namely
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oxidative stress and immune responses. NPs can potentially
translocate (or the effects signal-transduced) to the inner gut
epithelium, to chloragogenous tissues and into the coelomic cavity
(from which the coelomocytes were extracted for the in vitro
study). Given this probable route of exposure, the observed
immunological consequences following the common mechanism
of action are plausible, as also suggested in another earthworm
study by van der Ploeg et al. (2012a). We observed this comparability at (probably) the same orders of magnitude of concentrations used in the in vitro approach (6 mg Ag/l, nominal test
concentration) as the Ag body burdens quantiﬁed in this study
(10–20 mg Ag/kg dw worm). Note that the body burdens are
calculated on the worm dry mass, whereas earthworm′s wet
weight usually consists of 60–80 percent liquid. Our in vitro model
suggested preferential accumulation of AgNPs in phagocytic
coelomocytes but not in chloragocytes (Hayashi et al., 2012),
whilst at the organismal level chloragogenous tissues are the
primary site to sequester free metal ions and subsequently deposit
metal-bound MTs into the coelomic cavity for excretion (Molnár
et al., 2012; Stürzenbaum et al., 2004, 2001). This upholds a
possibility that the observed ﬂuctuation of gene response patterns
is not simply due to biological signalling cascades (as seen
within hours in the in vitro assays), but also a reﬂection of the
biodistribution of AgNPs. Therefore differences in the response
time-scale between in vitro and in vivo could be related to the
differences in actual direct and indirect exposure of the involved
target sites.

5. Conclusion
The gene and enzyme responses indicated differential temporal
patterns (1, 2, 7 and 14-day) in E. fetida earthworms exposed to
AgNPs. Observations common to both of the AgNP treatments and
AgNO3 treatments were an apparent correlation of MT expression
with the Ag body burdens and molecular signatures of oxidative
stress responses. Notably, worms exposed to AgNPs showed
contrasting regulation patterns between oxidative stress response
genes and immune genes over time. This highlights interplay of
oxidative stress and immunity in nanosilver toxicity in earthworms, as previously indicated in our in vitro study (Hayashi et al.,
2012). Our ﬁndings in the whole-organism in vivo model suggest,
therefore, involvement of immune-competent cells in close proximity of the sites of NP entry in earthworms.
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Supplementary Table S1. qPCR primers of analysed Eisenia fetida genes
Gene

Abbreviation

GenBank
accession #

Primer pair (5’-3’)*

Amplicon
size (bp)

Protein kinaseC1

PKC1

DQ286716

GCCAGAAAGTTTGACGAAGC
TGGCGATGCAGAAACATAAG

77

MEK kinase 1

MEKK1

EH672240

CAAAGGTGCAAACATTGTGG
ATGAATGGGATCGTTCCTTG

120

Heat shock protein 70

HSP70

DQ286711

GGTGTGCTGATCCAGGTCTT
CCAGTCAGCTCGAACTTTCC

80

Superoxide dismutase

SOD

DQ286712

TTGCCAAGTTTGAAGTGACG
AAGATCGTCCACCAGCTCAT

98

Catalase

Cat

DQ286713

TCCATCACAAGACCAACCAA
TCGCATAGTCTGGGTCAACA

84

Metallothionein

MT

AJ236886

CTTGTTGCTGCACAAACTGC
TTTCCACATTTGCCCTTCTC

97

Myeloid differentiation
factor 88

MyD88

EH670202

CAGGTGCCAAGGAGAAGAAG
CGTGCAGATGTGGTTTAGGA

80

Coelomic cytolytic
factor 1

CCF1

AF030028

GTGGCAACATGAGGTCACAG
GCTTTCCATCTCGAACGAAG

95

Lysozyme

Lyz

DQ339138

CGGTTACTGGAACAAGGTGAA
TTCGAACCTCAGAACCTCGT

82

* Upper and lower sequences represent forward and reverse primers, respectively.
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Supplementary Table S2. Details of analysed Eisenia fetida enzymes
Enzyme

Abbreviation

EC #

Reaction

Metabolic process

Catalase

CAT

a

1.11.1.6

H 2O 2 + H 2O 2
= O2 + 2H2O

Degradation of hydrogen
peroxide

Peroxidase

PER

b

1.11.1.7

Donor + H2O2
= Oxidised donor + 2H2O

Removal of hydrogen
peroxide

Esterase

EST

a

3.1.1

Hydrolyse ester bonds of
carboxylic esters

Degradation of esters

Cytosol
aminopeptidase

LAP3

3.4.11.1

Aminoacyl-peptide + H2O
= amino acid + peptide

Degradation of peptides

Phosphogluconate
dehydrogenase

PGD

Aspartate
aminotransferase

AAT

Glucose-6-phosphate
isomerase

GPI

Phosphoglucomutase

PGM

c

a

6-phosphogluconate + NAPD
1.1.1.44 = ribulose-5-phosphate + CO2
+ NADPH

Pentose shunt

c

2.6.1.1

L-aspartate + 2-oxoglutarate
= oxaloacetate + L-glutamate

Connection to citric acid
cycle

a

5.3.1.9

Glucose-6-phosphate
→ fructose-6-phosphate

Glycolytic pathway

5.4.2.2

Glucose-1-phosphate
→ glucose-6-phosphate

Glycolytic pathway

c

a

For CAT, EST, PGD and GPI, a tris-morpholine buffer (pH 6.1) was used (Clayton and Tretiak, 1972).
For PER, a lithium-boric acid buffer (pH 8.1) was used (Ridgway et al., 1970).
c
For LAP3, AAT and PGM, a tris-citrate buffer (pH 7.0) was used (Ayala et al., 1972).
b
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Péter Engelmann,⊥ Janeck J. Scott-Fordsmand,‡ Jan J. Enghild,†,§ and Duncan S. Sutherland*,†
†

iNANO Interdisciplinary Nanoscience Center, Aarhus University, Gustav Wieds Vej 14, 8000 Aarhus C, Denmark
Department of Bioscience-Soil Fauna Ecology and Ecotoxicology, Aarhus University, Vejlsøvej 25, 8600 Silkeborg, Denmark
§
Department of Molecular Biology and Genetics, Aarhus University, Gustav Wieds Vej 10, 8000 Aarhus C, Denmark
∥
Department of Cell Biology, Nencki Institute of Experimental Biology, 3 Pasteur Street, 02-093 Warsaw, Poland
⊥
Department of Immunology and Biotechnology, Clinical Center, University of Pécs, Szigeti u. 12, Pécs H-7643, Hungary
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ABSTRACT: Cells recognize the biomolecular corona around a
nanoparticle, but the biological identity of the complex may be
considerably diﬀerent among various species. This study explores the
importance of protein corona composition for nanoparticle recognition by coelomocytes of the earthworm Eisenia fetida using E. fetida
coelomic proteins (EfCP) as a native repertoire and fetal bovine serum
(FBS) as a non-native reference. We have proﬁled proteins forming
the long-lived corona around silver nanoparticles (75 nm OECD
reference materials) and compared the responses of coelomocytes to
protein coronas preformed of EfCP or FBS. We ﬁnd that over time
silver nanoparticles can competitively acquire a biological identity
native to the cells in situ even in non-native media, and signiﬁcantly
greater cellular accumulation of the nanoparticles was observed with
corona complexes preformed of EfCP (p < 0.05). An EfCP-nanoparticle mimicry made with a recombinant protein, lysenin,
revealed its critical contribution in the observed cell−nanoparticle response. This conﬁrms the determinant role of the
recognizable biological identity during invertebrate in vitro testing of nanoparticles. Our ﬁnding shows a case of species-speciﬁc
formation of biomolecular coronas, and this suggests that the use of representative species may need careful consideration in
assessing the risks associated with nanoparticles.

■

INTRODUCTION

protein complexes can acquire a diﬀerential biological identity
and alter cell responses simply by whether the serum
supplemented has been heat-inactivated,10 even with respect
to the composition of cell culture media.11 In contrast, no
studies exist that have explored the interaction of nanoparticles
with proteins of invertebrate origins, although model
invertebrate animals have been increasingly applied to in vitro
settings12−14 as an integral part of nanomaterials ecotoxicology
studies assessing at multilevels of biological organization.15−18
It is clear that adoption of mammalian in vitro practice creates
an artiﬁcial biological milieu, in which the cells of invertebrates
encounter exotic proteins of vertebrates and, most importantly,
coronas of those extraneous proteins around nanoparticles.
We have previously investigated fundamental aspects of how
silver nanoparticles (AgNPs) bring about stress and immune
responses that may be deeply conserved despite the evolu-

Nanoparticles undergo considerable environmental transformations before reaching the target biological system,1 but their
behavior and fate within the organism are then dictated by their
biological identitythe biomolecular corona around nanoparticles (extensively reviewed in refs 2 and 3). Nature has
diversiﬁed protein repertoires through evolution,4 and thereby
the biological identity of nanoparticle−protein complexes may
be considerably diﬀerent among various species where there is
little evolutionary conservation in the repertoire. Species
diﬀerences of the nanoparticle’s biological identity could thus
be translated into unique entities, each potentially having
diﬀerent toxicokinetics even among related species sharing
similar ecological niches.
Recent studies have characterized the formation of
biomolecular coronas following incubation of diﬀerent types
of nanoparticles in fetal bovine serum (FBS) and human blood
plasma (for a review see ref 2). Proteins interacting at
nanoparticles may, for example, suﬀer conformational
changes5,6 with resultant alteration of the biological functioning7,8 or initiation of inﬂammatory signaling.9 Nanoparticle−
© 2013 American Chemical Society

Received:
Revised:
Accepted:
Published:
14367

September 17, 2013
November 15, 2013
November 18, 2013
November 18, 2013
dx.doi.org/10.1021/es404132w | Environ. Sci. Technol. 2013, 47, 14367−14375

Environmental Science & Technology

Article

(with 1% FBS) at the density of 5 × 10 cells/mL for 24 h at
room temperature. The conditioned medium thus containing
1% FBS as well as secreted proteins was aspirated and puriﬁed
as described but without diaﬁltration. The conditioned medium
was stored frozen at −20 °C until use (within a few weeks).
Nanoparticle−Protein Complexes. Nanoparticles. BioPure spherical 75 nm AgNPs (citrate-capped) were purchased
from nanoComposix (San Diego, CA, USA). These AgNPs
meet the OECD standards and are endotoxin-free (<2.5 EU/
mL, according to the manufacturer’s statement). The samples
described below were prepared under sterile conditions. For
corona proﬁling, another type of AgNP (NM-300 K) was
obtained from Fraunhofer IME (Germany). NM-300 K has
been selected as a representative nanomaterial by the OECD
working party on manufactured nanomaterials (WPMN)
international testing program and has a mean particle size of
15 nm. Sicastar (plain surface, 70 nm in diameter) was
purchased from micromod Partikeltechnologie GmbH (Rostock, Germany) for a reference of silica nanoparticles
(SiO2NPs) having a size range similar to the 75 nm AgNPs.
Incubation of Nanoparticles. The three types of nanoparticles were incubated in either EfCP or FBS for 24 h in
darkness at room temperture using an end-over-end rotator.
The total protein mass was maintained in the range 250−300
μg/mL, while the nominal total surface areas of nanoparticles
were 3 or 8 cm2/mL (75 nm AgNPs), 11 cm2/mL (15 nm
AgNPs; NM300-K), and 3 or 8 cm2/mL (70 nm SiO2NPs) per
sample. A blank (no nanoparticles but proteins only) was
included for EfCP samples. For 75 nm AgNPs, secondary
incubation of the nanoparticle−protein complexes was
performed after washing out the initial protein solution by
centrifugation (i.e., EfCP-AgNP complexes were transferred to
R-RPMI with 1% FBS and FBS-AgNP complexes to EfCP). For
the kinetics study, 75 nm AgNPs (nominal total surface area of
3 cm2) were incubated in the conditioned medium (R-RPMI
with 1%FBS + secreted EfCP) at room temperature for a series
of duration up to 24 h. A blank was included for the maximum
length of 24 h. For all the incubation settings, a Protein Lobind
tube (Eppendorf) was used to minimize nonspeciﬁc binding of
proteins to the tube wall.
In Situ Formation of Hard Protein Coronas. Coelomocytes
were harvested as described above and exposed to 75 nm
AgNPs (10 μg/mL) in R-RPMI (with 1% FBS) at a density of
2.5 × 105 cells/mL for a series of duration up to 24 h in
darkness at room temperature. At each time point, the
supernatant was aspirated and centrifuged at 4 °C in two
steps (500 RCF for 5 min, then 1700 RCF for 10 min) and the
cell-free supernatant containing AgNPs was subjected to
centrifugal isolation as described below.
Centrifugal Isolation. Following incubation in the protein
solutions, the nanoparticle−protein complexes were recovered
by a well-established centrifugal isolation technique (see the
Supporting Information for details).20−22 The samples were
mixed with SDS loading buﬀer and boiled for 5 min to denature
the proteins and strip oﬀ the protein corona from the
nanoparticles, after which the nanoparticles were spun down
at 16 kRCF for 30 min at 4 °C and the supernatant was diluted
in PBS for loading on a polyacrylamide gel (see below).
Protein Corona Proﬁling. Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE). Total
protein and hard corona protein samples were separated by
4−20% gradient SDS-PAGE and detected by either Coomassie
Brilliant Blue or silver staining (see the Supporting Information

12

5

tionary distance between earthworms and humans. This study
in turn seeks to examine the extent of evolutionary
conservation of protein repertoire that confers a recognizable
biological identity on nanoparticles, as a proof of the concept of
species diﬀerences at nanoparticles. A simple illustrative model
is given, where Eisenia fetida coelomic proteins (EfCP) act as
the native repertoire to coelomocytes of the earthworm E. fetida
and FBS is used as a non-native reference. We herein show for
the ﬁrst time that over time nanoparticles can competitively
acquire a biological identity native to the cells in the local
extracellular microenvironment and this assists cellular
accumulation of the nanoparticle−protein complexes. Our
ﬁnding suggests a previously neglected role of species
diﬀerences in evaluating the cell responses to nanoparticles.

■

EXPERIMENTAL SECTION
Physiological Saline and Cell Culture Medium. Earthworm coelomic ﬂuid is known to be regulated at a relatively low
osmotic pressure of 170 mOsm; otherwise the coelomocytes
residing in the ﬂuid may undergo an array of physiological
changes.19 Therefore, in this study we took careful considerations of the ionic strength of the buﬀer solution for the
harvested proteins and conducted in vitro assays under isotonic
conditions. An osmolarity-adjusted phosphate-buﬀered saline
(PBS) was prepared by diluting PBS (Sigma-Aldrich) with
Milli-Q water (18.2 MΩ) to 60% v/v to achieve osmolarity
equivalent to Lumbricus balanced salt solution (176 mOsm; for
the composition see ref 12). Hereafter we refer to the
osmolarity-adjusted PBS as reduced PBS or “R-PBS”. Likewise,
an osmolarity-adjusted growth medium based on phenol red
free RPMI-1640 medium (Gibco) was prepared by diluting
RPMI-1640 with autoclaved Milli-Q water to 60% v/v to
achieve isotonicity. For cell culturing, this was supplemented
with 10 mM HEPES (pH 7.3, Sigma-Aldrich), 2 mM L-alanyl-Lglutamine (GlutaMAX, Gibco), 100 U/mL of penicillin
(Gibco) and 100 μg/mL of streptomycin (Gibco). This
osmolarity-adjusted growth medium is hereafter referred to as
‘”R-RPMI”. In all cases except for harvesting of secreted
proteins (see below), R-RPMI was further supplemented with
1% heat-inactivated FBS (Gibco).
Protein Harvesting. Earthworms. Adult E. fetida (Oligochaeta, Lumbricidae) were obtained from ECT Oekotoxikologie GmbH (Germany). Earthworms were depurated overnight
on moistened ﬁlter paper prior to needle aspiration of coelomic
ﬂuids or extrusion of coelomocytes.
Eisenia fetida Coelomic Proteins (EfCP). Extrusion of
coelomocytes was performed as described previously with
slight modiﬁcations.12 Cell suspensions were washed once and
allocated to culture ﬂasks at a density of 5 × 105 cells/mL in RRPMI (without FBS). The cells were thus incubated for 24 h at
room temperature (21 °C) in darkness, after which the culture
medium containing secreted proteins was aspirated and
processed for puriﬁcation steps consisting of centrifugation,
sterile ﬁltering, and diaﬁltration. The total protein concentration of the EfCP was quantiﬁed by the Bradford assay
(Sigma-Aldrich) and then adjusted to 0.25 mg/mL (concentration roughly equivalent to 1% v/v FBS on a protein mass
basis) in R-PBS and stored frozen at −20 °C until use (within a
few weeks). Details of protein harvesting from cell cultures,
needle-aspiration methods, puriﬁcation, and total protein
quantiﬁcation are described in the Supporting Information.
Conditioned Medium for Kinetics Studies. Coelomocytes
were extruded as described above and cultured in R-RPMI
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TEV protease, lysenin was puriﬁed (rLysenin) and used for
experiments. Details of the procedure will soon be presented in
a separate paper. rLysenin-AgNP complexes were formed at
two diﬀerent concentrations of rLysenin in R-PBS with 250 μg/
mL of BSA and referred to as “rLysenin L” (25 μg/mL) or
“rLysenin H” (50 μg/mL). The complexes were prepared and
characterized as described above, and coelomocytes were
exposed likewise.

for details). The whole process starting from the protein
harvesting to documentation of the stained gels was repeated
three times to ensure the reproducibility.
Mass Spectrometry. Bands of interest were excised from a
Coomassie-stained gel and digested in gel with trypsin.23 The
peptide mixtures were analyzed by liquid chromatography
tandem mass spectrometry, and the generated peak lists were
searched against the Swiss-Prot database using an in-house
Mascot search engine (see the Supporting Information for
details).
Western blotting. Western blotting was performed with
mouse antilysenin monoclonal antibody (anti-EFCC5, 1:500)24
and HRP-conjugated donkey antimouse IgG (1:500; ThermoScientiﬁc) as the secondary antibody (see the Supporting
Information for details). The blots were visualized with a Metal
Enhanced DAB Substrate Kit (ThermoScientiﬁc) according to
the manufacturer’s protocol.
Characterization. A series of the 75 nm AgNP-protein
complexes prepared for protein corona proﬁling was studied
further to characterize the physicochemical properties for use in
in vitro assays. Brieﬂy, transmission electron microscopy
(TEM), nanoparticle tracking analysis (NTA), dynamic light
scattering (DLS), ζ potential analysis, UV−visible spectrophotometry (UV−vis), and quantiﬁcation of the soluble silver
fraction were performed and the details are described in the
Supporting Information.
In Vitro Cell Assay. Exposure. Stock dispersions of the
AgNP-protein complexes (75 nm AgNP with either EfCP or
FBS) were prepared in the same manner at a nominal
nanoparticle total surface area of 8 cm2/mL by redispersing the
nanoparticle pellets in R-PBS but without further washing
steps. The total silver concentration of the stock dispersions
was determined by ﬂame atomic absorption spectrophotometry
following complete acid digestion of the colloids. Reference
nanomaterial silver (BioPure 75 nm spherical citrate AgNPs;
nanoComposix, San Diego, CA, USA) was used as reference,
and the recovery of Ag was 86−106%. Coelomocytes were
obtained as described above and exposed for 24 h to the AgNPprotein complexes (1, 2, 4, and 8 μg of Ag/mL) in R-RPMI
(with 1% FBS) at a density of 2 × 105 cells/mL in darkness at
room temperature. Controls included were a negative control
(R-PBS), a positive control (1 μg Ag/mL of AgNO3; SigmaAldrich), and protein-only controls (10 μg/mL of EfCP or FBS
added).
Flow Cytometry. Apoptotic and necrotic cells were stained
with YO-PRO-1 iodide (4 μg/mL; Molecular Probes) and
analyzed by ﬂow cytometry (Gallios, Beckman Coulter) (see
the Supporting Information for details). Two major populations of coelomocytes were analyzed separately on the basis of
the level of autoﬂuorescence25 (detected in FL4, 695/30 BP
ﬁlter). Viable cells (YO-PRO-1 negative) in the treatments are
shown relative to that of the control. Three independent assays
using diﬀerent batches of EfCP and diﬀerent earthworms were
performed. To test the statistical signiﬁcance of diﬀerences
between the mean values of side scatter and cell viability,
Student’s t-test was performed after an F-test of equality of
variances in Microsoft Excel. For all parametric tests,
measurement values were log-transformed to satisfy the
assumption of normal distribution and the signiﬁcance was
determined as α = 0.05.
Recombinant Lysenin. Recombinant lysenin was produced
as GST-lysenin26 containing TEV-sensitive domain between
the lysenin and the GST tag. After the tag was cleaved oﬀ with

■

RESULTS AND DISCUSSION
Harvesting of Earthworm Coelomic Proteins. We
started with developing a method to harvest natural proteins
from E. fetida earthworms through primary cultures of the
coelomocytes. The EfCPs obtained were consistent and
reproducible between diﬀerent batches (Supporting Information, Figure S1). EfCP consisted mainly of proteins 20−25 and
35−45 kDa in size, comparable to the proteins found in the
coelomic ﬂuids needle-aspirated directly from the earthworm’s
body cavity (Supporting Information, Figure S1). The coelomic
ﬂuid proteins comprise humoral factors of innate immunity
with a high proteolytic activity.27 We note that protease
inhibitor cocktails (Sigma-Aldrich) prevented degradation of
some high-molecular-weight proteins but the two major protein
bands were still visible to the same extent without aﬀecting the
main outcomes of the protein corona proﬁling studies (data not
shown). Given the comparability to needle-aspirated coelomic
ﬂuid proteins, the EfCP harvested from the primary culture of
coelomocytes thus has been proven of use in linking the
subsequent in vitro protein corona studies to processes
occurring in vivo in coelomic ﬂuids.
Strong Association of Eisenia fetida Coelomic
Proteins with Nanoparticles. Our initial approach was to
incubate 75 nm AgNPs in EfCP or FBS at equivalent
concentrations and proﬁle the corona proteins with a high
aﬃnity for the nanoparticles. Selective enrichment of 35−45
kDa proteins (lysenin and lysenin-related protein 2; see the
Supporting Information, Table S1) was evident, while 20−25
kDa proteins appeared mostly unbound despite their relative
abundance in total EfCP (Figure 1). Other proteins that
accumulated in the long-lived “hard” corona, although to a
much lesser extent, were 50−60 kDa proteins (catalase and
cytosol aminopeptidase; see the Supporting Information, Table
S1). The identiﬁed proteins in this band were cytosolic
enzymes (probably discharged from ruptured cells), both with a
known metal ligand that exists most commonly as oxidation
states of +2 (Fe, Mg, Mn, and Zn).
In contrast to the strong association of EfCP, relatively little
protein was deposited from FBS (Figure 1). Those serum
proteins that were enriched from FBS were 15 kDa proteins
(hemoglobin fetal subunit beta) and 150 kDa proteins
(complement factor H) (Supporting Information, Table S2).
The proteins around 60−70 kDa are most likely BSA, known to
be a ubiquitous zwitterionic protein constituting the
corona28−30 due to its high relative abundance and the
nonspeciﬁc aﬃnity for surfaces.31 These mammalian proteins
were unlikely to trigger speciﬁc eﬀector functions in earthworm
coelomocytes.
Perhaps most striking is the robust nature of lysenin binding
to AgNPs, because the interaction was strong enough to be
little exchanged by FBS (Figure 1, lane 4) or able to displace
tightly bound serum proteins overwriting the corona history
(Figure 1, lane 9), leaving only minor footprints of FBS (see
the Supporting Information, Figure S2, for the silver-stained
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Figure 1. Eisenia fetida coelomic proteins (EfCP) strongly associated
with 75 nm AgNPs. Long-lived “hard” corona proteins were separated
by SDS-PAGE and stained with Coomassie Brilliant Blue. The protein
coronas were formed by incubation of nanoparticles in EfCP (lanes 2
and 3) or FBS (lanes 7 and 8) at a nominal nanoparticle surface area
(SA) of 8 or 3 cm2. Secondary incubation of EfCP-AgNP complexes
was performed with FBS and vice versa (lanes 4 and 9). Total proteins
(lanes 1 and 6) and a nanoparticle-free blank (lane 5) were included. A
representative gel of three independent experiments is shown. Arrows
indicate the positions of bands, typical samples of which were excised
for tandem mass spectrometry (see the Supporting Information, Table
S1). The asterisk (*) indicates that R-RPMI was used as the buﬀer
solution instead of R-PBS.

Figure 2. Selective association of the 35−45 kDa proteins (mainly the
lysenin family) with AgNPs. (A) Hard corona proteins separated by
SDS-PAGE and stained with Coomassie Brilliant Blue. The protein
coronas were formed by incubation of nanoparticles in EfCP (this
ﬁgure) or FBS (excluded, silver-stained samples are shown in the
Supporting Information, Figure S2) at a nominal nanoparticle SA of 11
or 8 cm2. Note that the majority of 15 nm AgNPs were lost during
centrifugal isolation steps, leaving only ca. 30% of the initial mass of
AgNPs at the end. Total proteins were loaded in lane 1. The arrow
indicates the position of lysenin bands at 37 kDa. A representative gel
of three independent experiments is shown. (B) Crystal structure of
wild-type lysenin (RCSB Protein Data Bank ID: 3ZXD) 32
demonstrated with the visual molecular dynamics program (available
at http://www.ks.uiuc.edu/Research/vmd/).46 Hydrophobic (orange),
basic (blue), and acidic (red) amino acid residues are shown in the
colors indicated.

gel). We considered artifacts possibly arising from the
centrifugal isolation techniques, one of which was adsorption
of proteins to the tube wall rather than to nanoparticle surfaces.
This was unlikely in our study, because of the relatively low
concentration of proteins used for incubation (<0.3 mg/mL of
total proteins) and the nanoparticle−protein complexes being
transferred to a new low-protein bind tube after the ﬁrst
washing step. Another possibility is aggregation of proteins to
the size that could be spun down at the speed of centrifugation
used (12 kRCF). To this end, we included a nanoparticle-free
blank sample and observed undetectable (Figure 1, lane 5) or
by silver staining very low amounts of 35−45 and 50−60 kDa
proteins (Supporting Information, Figure S2). Our ﬁndings
verify the classical concepts of protein exchange dynamics at
surfaces as a function of binding aﬃnities, by which proteins
ﬁrmly adsorbed earlier can be competitively displaced by
proteins with a higher aﬃnity (the Vroman eﬀect).31 The high
aﬃnity of EfCP (lysenin in particular) was evidenced by the
irreversible displacement, allowing us to compare the two
diﬀerent hard protein coronas accommodated in the same
biological ﬂuid, the condition used for the in vitro cell assays
(described below).
Speciﬁcity of Eisenia fetida Coelomic Proteins to
Nanosilver. We further explored the binding selectivity of
EfCP to nanoparticles of diﬀerent types. NM-300 K is 15 nm
AgNPs stabilized with nonionic and polysorbate surfactants and
used as a representative of smaller sized, surfactant-stabilized
AgNPs. As a nonsilver counterpart, 70 nm SiO2NPs were
selected and compared at the same nominal total surface area to
protein ratio as for 75 nm AgNPs. A similar proﬁle of hard
corona proteins was observed for the two types of AgNPs,
while SiO2NPs revealed yet another series of protein binding
proﬁles with particular enrichment of 50−60 kDa proteins from
EfCP (Figure 2A and Supporting Information, Figure S2 for

both EfCP and FBS). We have speculated the interaction of Ag
with sulfur-bearing residues, but surprisingly, lysenin’s amino
acid composition does not hold notable numbers of cysteine
(two residues, 0.7% of the total) or methionine (seven residues,
2.4% of the total). Stripping of hard corona proteins in the
absence of a reducing agent (that breaks disulﬁde bridges) did
not aﬀect subsequent SDS-PAGE results (data not shown).
However, lysenin does exhibit a rather unique structural
component; lysenin is a known pore-forming protein that
speciﬁcally targets vertebrate cell membranes by binding to
sphingomyelin.26 The pore-forming tail group of lysenin
encloses an alternate hydrophobic/hydrophilic amino acid
sequence pattern, a motif common to other pore-forming
toxins.32 It remains unclear whether it is the overall surface
hydrophilicity or other physicochemical parameters of nanoparticles that diﬀerentiate the selective binding of lysenin
between Ag and SiO2 NPs.
Proteins Secreted in Situ Contributing to Evolution of
the Protein Corona. The success of the primary culture-based
harvesting of EfCP allowed us to link protein secretion to in
situ formation and dynamics of the protein corona around
nanoparticles. Here we present results from two types of
experiments: cell-free experiments during which the protein
corona was formed in the conditioned medium and in situ
experiments which allow evolution of the protein corona as
cells secreted proteins during exposure to nanoparticles.
Conditioned media were prepared to create a scenario in
which the two diﬀerent repertoires of proteins compete for the
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binding sites of AgNPs. The conditioned medium thereby was
dominated by proteins of FBS origin (1% FBS), while secreted
EfCP occurred at relatively low abundance. Even so,
accumulation of lysenin (EfCP origin) was evident in a timedependent manner, already apparent within 15 min (Figure 3A
and the Supporting Information, Figure S3). We then
considered a more realistic situation in which the binding

kinetics is complicated by real-time secretion of EfCP that may
include stress-related responses and inhomogeneous distribution of nanoparticles due to cellular interactions. Figure 3B
shows semiquantitative data on the composition of the hard
protein corona encompassing secreted EfCP (particularly
lysenin at 37 kDa) as early as 30 min after initiation of the
exposure. Interestingly, 150 kDa proteins (probably complement factor H; see the Supporting Information, Table S2)
appeared to dissociate from the hard protein corona over time,
while 46 kDa proteins were enriched. The 46 kDa proteins are
possibly actin (Supporting Information, Table S1) discharged
as cell debris into the culture medium. This suggests that the
AgNPs came into contact with these EfCPs already at 30 min
(or less) and were allowed to re-equilibrate with the new
protein milieu, associating more with EfCPs of high aﬃnities,
such as lysenin. In this experimental setting, AgNPs taken up by
the cells (via internalization or membrane adhesion) were not
recovered, which leaves a missing fraction of proteins that could
otherwise be counted as the hard corona proteins. The ﬁndings
that secretion of EfCP and its fast integration into the protein
corona around AgNPs occur in the same time frame conﬁrm
the relevance of the native protein repertoire in understanding
the cellular interaction of nanoparticles, especially if native
functional/cryptic epitopes are involved in the uptake process.3
Preformation of the Corona Assisting Cellular
Interactions. Earthworm coelomocytes are immune-competent cells consisting primarily of amoebocyte populations
(eﬀector cells of cellular and humoral immunity) and migratory
chloragocytes (nonphagocytic cells regulating homeostasis and
humoral components), protecting the host from invading
nonself materials in a natural nonspeciﬁc manner.33 The
amoebocyte population actively interacts with nanoparticles
(AgNPs12 and polymeric particles13), while chloragocytes
contribute to secretion of immunologically active proteins.34
On this basis we hypothesize that long-lived proteins presented
on the nanoparticles function as recognizable molecular
patterns for the coelomocytes, making the AgNP-protein
complexes “visible” for clearance. Here we have tested whether
a preformed corona of proteins native to coelomocytes can
assist in the detection and subsequent uptake of AgNPs.
Hard coronas formed of the native protein repertoire (EfCP)
or exotic protein repertoire (FBS) were prepared and
extensively characterized to identify, if any, possible physicochemical traits that may adversely confound the experimental outcomes of the in vitro biological assays. One of those
would be dissolution of AgNPs,35,36 but there was almost an
undetectable level of soluble silver fractions in both of the stock
dispersions and after 24 h incubation of EfCP-AgNPs in RRPMI with 1% FBS (detected concentrations were below the
limit of quantiﬁcation of 0.35 μg/mL, corresponding to 1−2%
of total Ag after calculation). This was also conﬁrmed with
TEM imaging, which showed comparable mean diameters
(Table 1) and similar size distributions (Supporting Information, Figure S4). In fact, the 75 nm AgNPs did not readily
dissolve during 24 h incubation in R-RPMI (1% FBS) even at
lower pH ranges (4.5−7.0) or in the presence of coelomocytes
(all below the limit of quantiﬁcation). In general, the colloidal
stability of the AgNP-protein complexes was good as that
validated optically by exhibition of the localized surface
plasmon resonances (Supporting Information, Figure S5A)
with low PdI values in DLS (Table 1). The increase in the
hydrodynamic size (Table 1) is of the same order of magnitude
as that reported for nanoparticle−protein complexes (up to

Figure 3. Lysenin at low abundance outcompeting ubiquitously
available FBS proteins for binding to AgNPs. (A) Time-elapsed
binding proﬁle of lysenin to AgNPs incubated in the conditioned
medium (R-RPMI + 1% FBS with secreted EfCP in situ, see “24 h
Total” for the total proteins in the conditioned medium). Western
blotting with antilysenin monoclonal antibody conﬁrmed the MSbased identiﬁcation of lysenin at 37 kDa (Supporting Information,
Table S1) for EfCP-AgNPs and its low abundance in the conditioned
medium (see “24 h Total”) as well as gradual accumulation in the hard
corona (2−24 h). The band intensity at 37 kDa (lysenin) in the
Coomassie-stained gel is shown relative to the ﬁnal intensity obtained
following 24 h incubation. Values are mean ± SD of three independent
experiments. Representative intact gel images (silver and Coomassie
stained) are shown in the Supporting Information (Figure S3). (B)
Secreted EfCP contributing to in situ formation and dynamics of the
hard protein corona in the presence of cells. AgNP-protein complexes
and corresponding nanoparticle-free supernatant were recovered at the
speciﬁed time points following the onset of exposure of cells to 10 μg/
mL of AgNPs. Arrows with a number indicate the band positions of
(1) lysenin at 37 kDa, (2) actin at 46 kDa, and (3) complement factor
H at 150 kDa. Three independent experiments were performed, and a
representative silver-stained gel (protein detection limit of 0.25 ng) is
shown.
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Table 1. Physicochemical Characterization of AgNP−Protein Complexes
buﬀer solution

TEM size (nm)a

NTA hydrodynamic diameter (nm)a

DLS z-average (nm)b [PdI]

reference AgNPs
EfCP-AgNPs
EfCP/FBS-AgNPse

2 mM citrate
R-PBS
R-RPMI

74.8 ± 4.3
83.4 ± 9.3, n = 976
n.a.

73.2 ± 27.9
118 ± 33.0
135 ± 46.6

73.7 ± 21.0 [0.081]
130 ± 45.4 [0.122]
160 ± 69.7 [0.190]

FBS-AgNPs
FBS/EfCP-AgNPse

R-PBS
R-PBS

78.1 ± 7.2, n = 1018
n.a.

123 ± 54.3
115 ± 57.9

129 ± 47.6 [0.135]
140 ± 52.1 [0.139]

d

ζ potential (mV)c
−10.7
−9.82
−12.3
−14.1
−11.4

±
±
±
±
±

1.82
1.50
1.35f
0.12
2.00

Abbreviations: TEM, transmission electron microscopy; NTA, nanopaticle tracking analysis; DLS, dynamic light scattering. aValues are mean ±
standard deviation. bValues are z-average ± PdI width calculated by Cumulant analysis. cValues are mean ± standard deviation of three
measurements. dValues are from manufacturer’s data sheet (NanoComposix, lot no. DAC1024). eSecondary incubation was performed under the
same conditions as for the primary incubation. fMeasurements were performed after redispersion in R-PBS.

Figure 4. Multiparametric ﬂow cytometry (FCM). (A) Strong autoﬂuorescence leaking into the red regime (700 nm in wavelength), exploited to
isolate the chloragocyte population from the amoebocyte population. (B) FS/SS distribution of nonviable cells stained with YO-PRO-1 following
exposure to EfCP-AgNPs (8 μg/mL) or FBS-AgNPs (8 μg/mL). (C, D) Concentration-dependent increases of side scatter for amoebocytes and
chloragocytes, respectively. Values are mean ± SE of three independent assays. Asterisks (*) denote a signiﬁcant diﬀerence (Student’s t-test, p <
0.05) between the FBS treatment and the marked treatment at the corresponding AgNP concentration. The concentration of AgNO3 is 1 μg of Ag/
mL. The total protein mass added in the “Protein only” treatments is 10 μg/mL. Deﬁnitions: rLysenin L, 25 μg/mL of rLysenin spiked in 250 μg/
mL of BSA; rLysenin H, 50 μg/mL of rLysenin spiked in 250 μg/mL of BSA.

+60 nm)22 and is likely a signature of proteins interacting at
nanoparticles which in turn protect the complexes from
aggregation at physiological ionic strength.12,28 Notably,
EfCP-AgNPs (in 1% FBS) had on average a larger hydrodynamic size (ca. 10−30 nm larger) and a weaker ζ potential
(ca. 2 mV diﬀerence) than FBS-AgNPs (Table 1), which would
probably be inherent diﬀerences stemming from the uniqueness
of the protein corona. On the basis of these data, we concluded
that the EfCP-AgNPs could represent hard corona complexes
formed of the native protein repertoire to coelomocytes, and
the main diﬀerence from FBS-AgNPs was the biological

identity. The hard corona of EfCP-AgNPs was not substantially
altered in the cell culture environment and would thus be longlived enough for recognition and subsequent interaction with
the cellular machinery.
We exposed coelomocytes for 24 h to the preformed AgNPprotein complexes under the characterized conditions. Multiparametric ﬂow cytometry allowed us to simultaneously
determine the cells’ light scattering parameters and viability
for amoebocytes and chloragocytes. The increase of side scatter
correlates with the extent of association of AgNPs with cells
(cellular uptake and adhesion).37,38 In our previous study,
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interactions may diﬀer between the corona complexes
preformed of EfCP or FBS, the cell viability showed no large
diﬀerences in amoebocytes while slight reduction was observed
in chloragocytes, particularly with rLysenin-AgNPs (Supporting
Information, Figure S7). We reported previously that in
coelomocytes AgNPs induced diﬀerential expression of genes
related to oxidative stress as early as 1−3 h of exposure, with
particle accumulation shown already at 1 h.12 This time scale is
long enough for AgNPs to form corona complexes with locally
secreted EfCP (Figure 3); hence, the window of opportunity
for the cells to recognize and interact with the protein corona
should become larger over time even without preformation of
the native corona. The immediate implications are that the
biological identity of nanoparticles needs to be considered in in
vitro settings, particularly for invertebrates, because it may
evolve over time toward the favor of the cells that secrete native
proteins. This also gives an insight into conventional
ecotoxicological testing, where the evolving protein corona
may dictate the behavior and fate of the nanoparticles within
the organism as they travel through biological systems ﬁlled
with biomolecules of the native repertoire.
This is the ﬁrst report on the biological signiﬁcance of
nanoparticle−protein corona made of the native repertoire to
the exposed cells. We have used earthworms here as a model
system, from which native proteins can be directly aspirated or
harvested from a primary culture of their coelomocytes. We
observed a signiﬁcantly greater nanoparticle accumulation
potential of the immune eﬀector cells following in vitro
exposure to AgNP-protein complexes formed of native
(coelomic) proteins, in comparison to those formed of exotic
proteins (FBS). This conﬁrms the determinant role of the
recognizable biological identity during invertebrate in vitro
testing of nanoparticles. Our ﬁnding shows a case of speciesspeciﬁc formation of biomolecular coronas, and this suggests
that the use of representative species may need careful
consideration in assessing the risks associated with nanoparticles.

amoebocytes accumulated BSA-pretreated AgNPs to a much
greater extent than chloragocytes (also supported with TEM
investigation).12 This was veriﬁed in the present study, where
FBS-AgNPs were selectively accumulated by amoebocytes and
not by chloragocytes (Figure 4). In comparison, exposure of
cells to EfCP-AgNPs led to signiﬁcantly greater side scatter
increases (p < 0.05) in both populations (Figure 4). This
illustrates how one could manipulate the target cell types and
the degree of cellular interactions, simply by altering the
biological identity of the same AgNPs. These observations are
striking, as the nature of cellular interactions with nanoscale
particles is likely not very diﬀerent from the receptor-driven
strategy that the cells employ toward micrometer-sized
materials (as reported for receptor-blocking experiments in
mammalian cells39,40), rather than passive diﬀusion/uptake
processes. This suggests that biologically compatible epitopes of
EfCP are presented at the corona complexes, making the
AgNPs easily detectable by the cells and thus facilitating
membrane interactions with or without subsequent intracellular
signaling (for uptake or other biological events).
Of the native repertoire, the most prevalent in EfCP-AgNP
complexes was the lysenin family (Supporting Information,
Table S1). We used recombinant lysenin (rLysenin) to
construct an EfCP-AgNP mimicry (see the Supporting
Information, Figure S6, for the SDS-PAGE results) to test if
lysenin at AgNPs is involved in cellular interactions. Some
degree of agglomeration (or multimeric assemblies) was
observed without loss of characteristic surface plasmon
resonance, but due to its strong light scatter we were unable
to perform particle sizing with conﬁdence (Supporting
Information, Figure S5). Nonetheless, coelomocytes interacted
with rLysenin-AgNPs in a similar fashion, revealing greater side
scatter with increasing masses of spiked rLysenin (Figure 4).
Surprisingly, chloragocytes accumulated the complexes (rLysenin H) more than when they were exposed to EfCP-AgNPs
(Figure 4). These observations indicate a considerable
contribution of lysenin to the overall manifestation of native
biological identity in E. fetida. It should be noted that even
among earthworms the cellular responses to protein coronas
made of the native repertoire should diﬀer, as the expression of
lysenin is species-speciﬁc.41 Upon Gram-positive bacterial
challenge lysenin is induced by chloragocytes24 and mediates
bacterial killing by a mode of action apparently diﬀerent from
fast cytolytic activity exerted against vertebrate cells.42 No
report exists, however, regarding the possibility of lysenin
functioning as an opsonin for phagocytosis. Classical studies
using yeast and micrometer-sized copolymer particles preincubated with coelomic ﬂuids did show an enhanced
phagocytic activity of coelomocytes, supporting the existence
of vertebrate-like mechanisms of opsonin-mediated phagocytosis (reviewed in ref 43). However, the ligands and receptors
involved in such processes are not known in earthworms.34 In
general, the presence of proteins reduces a nanoparticle’s
surface energy by nonspeciﬁc adsorption, leading to lowered
membrane adhesion and uptake eﬃciency.44 If the presentation
of lysenin brings about speciﬁc membrane adhesion of the
nanoparticles, the upshot may be enhanced uptake eﬃciency.
As for amoebocytes, the side scatter increase probably reﬂects
particle internalization as previously documented,12 whereas
chloragocytes are incapable of phagocytosis45 and the side
scatter increase observed for those exposed to EfCP-AgNPs
could be understood as endocytosis or membrane adhesion.
Surprisingly, although the modes and the degree of cellular
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Supplemental description of methods
Protein harvesting from coelomocyte cell cultures
Extrusion of coelomocytes was performed as described previously with slight modifications.1
Briefly, 15-20 depurated earthworms were individually rinsed in R-PBS, gently dried on a paper
tissue, and placed into cold extrusion buffer (2% ethanol, 50.4 mM guaicol-glyceryl-ether, 5 mM
EDTA in R-PBS, pH 7.3) on a glass petri dish. After collection of the suspension cells into a glass
tube, the petri dish was washed with R-PBS, then with Accutase (Gibco) to maximize the recovery
of cells from the surface. The cell suspension was centrifuged at 270 RCF for 5 min, and the pellet
was gently resuspended in R-RPMI (without FBS). The cell suspension was re-centrifuged to wash,
counted using trypan blue with Countess (invitrogen), and allocated to culture flasks at the density
of 5×105 cells/mL in R-RPMI (without FBS). The cells were thus incubated for 24 h at room
temperature (RT, 21 °C) in darkness, after which the culture medium containing secreted proteins
was aspirated and processed for purification (see below).
Needle-aspiration method
Coelomic fluid of Eisenia fetida was aspirated following a method previously described2 but with a
minor modification. Briefly, each earthworm was rinsed in R-PBS on ice before puncturing the
coelomic cavity with a 0.4 × 20 mm needle (Henke Sass Wolf GmbH, Germany). The aspirated
fluid was diluted in R-PBS and kept on ice. This process was repeated for 20-30 earthworms and
the pooled fluid was immediately purified as described below.
Purification
The harvested medium with secreted proteins (or pooled fluid) was centrifuged at 500 RCF for 5
min, then the supernatant re-centrifuged at 1700 RCF for 10 min, to remove coelomocytes and other
large debris. The cell-free supernatant was sterile-filtered (0.2 µm cellulose-acetate membrane,
Minisart-plus, Sartorius AG, Germany), and diafiltrated at 4 °C using Amicon Ultra centrifugal
filter units (3 kDa cut-off regenerated cellulose membrane, Millipore, MA). The concentrate was
diluted in R-PBS and diafiltrated again before the Eisenia fetida coelomic proteins (EfCP) were
diluted in R-PBS and transferred to a Protein Lobind tube (Eppendorf).
Total protein quantification
The total protein concentration of EfCP was quantified by the Bradford assay (Sigma-Aldrich) with
a Victor X5 Multilabel plate reader (PerkinElmer, Denmark) following the manufacturer’s
instructions. The concentration was then adjusted to 0.25 mg/mL (concentration roughly equivalent
to 1% FBS on a protein mass basis) in R-PBS, and stored frozen at -20 °C until use (within a few
weeks).
Centrifugal isolation
Following incubation in the protein solutions, the nanoparticle-protein complexes were recovered
by a well-established centrifugal isolation technique.3-5 Unbound and loosely bound proteins were
removed initially by centrifugation; the supernatant was stored frozen at -20 °C for subsequent
analyses and the nanoparticle pellet re-dispersed in R-PBS. The washing process was repeated three
times (the vial was changed to a new Protein Lobind tube after the first wash), before concentrated
SDS-loading buffer (with 100 mM dithothreitol as a reducing agent; 5X Lane Marker Reducing
Sample Buffer, ThermoScientific) was added to the nanoparticle pellet. Note that the centrifugal
speed was optimized not to spin free proteins and considering the size and the density of each
nanoparticle type (75 nm AgNPs at 12 kRCF, 15 nm AgNPs and 70 nm SiO2NPs at 16 kRCF);
albeit not sufficiently for 15 nm AgNPs where ca. 70% of total Ag mass was lost after 3 times
washes. The samples were boiled for 5 min to denature the proteins and strip off the hard protein
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corona from the nanoparticles, after which the nanoparticles were spun down at 16 kRCF for 30
min at 4 °C and the supernatant was diluted in PBS for loading on a polyacrylamide gel.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Total protein samples (2.5 µg) were boiled with the same sample buffer as used for the hard corona
protein samples, and all samples (both total protein and hard corona protein samples) were
separated by 4-20% gradient SDS-PAGE (Precise Protein Gels, ThermoScientific) along with a
PageRuler Unstained Protein Ladder (ThermoScientific) as the molecular weight standard (10-200
kDa). Protein bands in the gels were detected either by Imperial Protein Stain (Coomassie Brilliant
Blue staining with sensitivity of 3 ng; ThermoScientific) or Pierce Silver Stain II (Silver staining
with sensitivity of 0.25 ng; ThermoScientific) following the manufacturer’s instructions. The
stained gels were scanned on a Gel Doc EZ system (Bio-Rad) and the images were processed with
the Image Lab 4.0.1 software (Bio-Rad). The whole process starting from the protein harvesting to
documentation of the stained gels was repeated three times to ensure the reproducibility.
Mass spectrometry (MS)
In-gel digestion of selected proteins was performed essentially as described before.6 The tryptic
peptides were micro-purified using C18 stage tips (Proxeon, ThermoScientific). Nano-electrospray
ionization MS/MS (nanoESI-MS/MS) analyses were performed on an EASY-nLC II system
(ThermoScientific) connected to a TripleTOF 5600 mass spectrometer (AB SCIEX) equipped with
a NanoSpray III source (AB SCIEX) operated under Analyst TF 1.5.1 control. The trypsin-digested
samples were suspended in 0.1% formic acid, injected, trapped and desalted isocratically on a
Biosphere C18 column (5 μm, 2 cm × 100 μm I.D; Nano Separations) after which the peptides were
eluted from the trap column and separated on a 15-cm analytical column (75 μm I.D.) packed inhouse in a fritted silica tip (New Objective) with RP ReproSil-Pur C18-AQ 3 μm resin (Dr. Marisch
GmbH, Germany). Peptides were eluted at 250 nL/min using a 50 min gradient from 5% to 35%
phase B (0.1% formic acid and 90% acetonitrile). The collected MS files were converted to Mascot
generic format (MGF) using the AB SCIEX MS Data Converter beta 1.1 (AB SCIEX) and the
“protein pilot MGF” parameters. The generated peak lists were searched against the Swiss-Prot
database using an in-house Mascot search engine (Matrix Science). Search parameters were
allowing one missed trypsin cleavage site and propionamide as a fixed modification with peptide
tolerance and MS/MS tolerance set to 20 ppm and 0.4 Da respectively.
Western blotting
Protein samples were separated by 4-20% gradient SDS-PAGE (Precise Protein Gels,
ThermoScientific) along with a Spectra Multicolor Broad Range Protein Ladder (ThermoScientific)
as the molecular weight standard (10-260 kDa). Separated proteins were blotted onto nitrocellulose
pre-cut membranes (0.2 µm pore size; Novex) in Tris-glycine transfer buffer (25 mM Tris-base, 190
mM glycine, 20% methanol) at 35 V for 1.5 h. The membranes were blocked with 1% w/v bovine
serum albumin (BSA; Sigma-Aldrich) in TBS-Tween (0.1% v/v Tween 20 in TBS, pH 7.4) for 1 h
at RT. Subsequently, the blots were incubated overnight with mouse anti-lysenin monoclonal
antibody (anti-EFCC5, 1:500)7 in the blocking buffer at 4 °C. The membranes were washed three
times with TBS-Tween before secondary incubation with HRP-conjugated donkey anti-mouse IgG
(1:500; ThermoScientific) in TBS-Tween for 1 h at RT. After washing the membranes with TBSTween, the blots were visualized with Metal Enhanced DAB Substrate Kit (ThermoScientific)
according to the manufacturer’s protocol. Two independent experiments were performed.
Transmission electron microscopy (TEM)
The primary particle size (the core size) of AgNP-protein complexes was assessed under a Phillips
CM20 transmission electron microscope operating at 200 keV. For TEM imaging, the AgNP-
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protein complexes were washed three times in MilliQ water to desalt and to reduce unbound
proteins. A drop of the colloids was directly deposited onto a formvar/carbon-supported copper grid
(Ted Pella, CA) and left to evaporate. More than 15 images across the grid were selected to
manually establish size distributions (n = ca. 1000) using the scanning probe image software SPIP
(Image Metrology, Denmark).
Nanoparticle tracking analysis (NTA)
Hydrodynamic size of AgNP-protein complexes was assessed using a NanoSight LM10-HS
(NanoSight Ltd., UK) instrument with a laser wavelength of 405 nm. Prior to analysis each sample
was diluted in a sterile-filtered buffer solution (R-PBS or 2 mM citrate for reference AgNPs) in
order to have a working concentration of ca. 108 NPs/mL. Three videos of 90 seconds each were
recorded and processed individually (NanoSight NTA 2.3 build 025). To avoid crosscontamination, the measurement cell was flushed with the buffer solution after each measurement.
Signal-to-noise ratio was high enough to confidently differentiate light scattering of AgNPs from
that of proteins and, if any, protein aggregates.
Dynamic light scattering (DLS) and zeta potential analysis
Light scattering analysis of the AgNP-protein complexes was performed on a Malvern
ZetasizerNano (Malvern Instruments, UK) with the laser wavelength of 633 nm as described
previously.1 For DLS, a detection angle at 173° was used and the correlation function obtained was
fitted to single exponential model (Cumulants analysis) or a multiple exponential model (CONTIN
algorithm) using the Zetasizer Software 7.01 (Malvern Instruments, UK). For zeta potential
measurements, the AgNP-protein complexes were desalted (pelleted and re-dispersed in MilliQ
water) and the electrophoretic mobility was immediately analyzed. For the calculation of zeta
potentials the Henry equation was applied using the Smoluchowski approximation (f(κa) = 1.5)
using the Malvern’s software.
UV-visible spectrophotometry (UV-vis)
The particle morphology and adsorption of proteins were optically studied by determining the width
and position of the characteristic surface plasmon resonance peak of colloidal AgNP-protein
complexes scanned on a UV-visible spectrophotometer (UV-3600, Shimadzu, Japan).
Soluble silver fraction
Soluble silver fraction of the AgNP-protein complexes was measured as previously described.1
Briefly, the supernatants obtained from the first step of the centrifugal isolation process (see the
sub-section corona profiling) were digested with 65% nitric acid (HNO3) and the Ag concentration
quantified using a flame atomic absorption spectrophotometry (F-AAS) on a PerkinElmer Analyst
300 AAS mounted with a silver lumina hollow cathode lamp (PerkinElmer, Denmark). Further, to
assess the effects of acidity (low pH) on the dissolution kinetics in cell culture medium, AgNPs
were incubated for 24 h at RT in R-RPMI with or without 1% FBS (pH 4.5-7.0, adjusted with 1M
HNO3). Following incubation, the samples were centrifuged at 16 kRCF at 4 °C for 30 min and the
supernatants were analyzed as described above. In all cases, duplicated measurements were
performed within the linear detection range of the AAS (Ag detection limit was 36 ng/mL). Limit of
quantification (LOQ) was 0.35 µg/mL. Dissolved silver nitrate (AgNO3; Reag. Ph. Eur., SigmaAldrich) was used as reference and recovery of Ag was 85-94%.
Flow cytometry
Following exposure, the cells were harvested using Accutase (Gibco), re-suspended in sterilefiltered 0.1% w/v bovine serum albumin (BSA) in R-PBS, and kept on ice. Apoptotic and necrotic
cells were stained with YO-PRO-1 iodide (4 µg/mL; Molecular Probes) and immediately analyzed
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by flow cytometry (Gallios, Beckman Coulter). The 488 nm laser was used for excitation and YOPRO-1 iodide was detected in FL1 (525/50 BP filter). For each sample, the time-of-flight analysis
of forward scatter (FS) was used to exclude cell duplets, and a total of minimum 20 000 cells was
gated for analysis in Kaluza (Beckman Coulter). Two major populations of coelomocytes were
analyzed separately based on the level of autofluorescence8 (detected in FL4, 695/30 BP filter). This
enabled in silico isolation of the two populations independent of cell’s light scattering parameters,
allowing us to determine the side scatter (SS) increase of each population even when they
overlapped in the FS/SS space as a result of high SS values in the amoebocyte population (see
Figure 4A, and Figure 4 B showing overlaps between the two populations). Non-apoptotic, viable
cells (YO-PRO-1 negative) in the treatments are shown relative to that of the control. Three
independent assays using a different batch of EfCP and different earthworms were performed. To
test the statistical significance of differences between the mean values of side scatter and cell
viability, Student’s t-test was performed after an F-test of equality of variances in Microsoft Excel.
For all parametric tests, measurement values were log-transformed to satisfy the assumption of
normal distribution and significance was determined as α = 0.05.
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Reproducibility of protein harvesting methods (Figure S1)

Figure S1. Coelomic proteins can be needle-aspirated directly from the body cavity of Eisenia fetida
earthworms, or harvested from a primary culture of the coelomocytes. Batch-to-batch variation is small in
both techniques consistently showing major bands of proteins at 20-25 kDa and 35-45 kDa in size.

S6

Table S1. List of Eisenia fetida coelomic proteins identified by Mascot search of tandem mass spectrometry data.

protein
source

SDS‐
PAGE
band
range
(kDa)

samples of origin
[lane #]

matched
peptide
#

EfCP

50 – 60

EfCP‐HC [2]

2

EfCP

50 – 60

EfCP‐HC [2]

1

protein name
[accession #]

species

Mwa
(kDa)

pIa

Catalase
[P24270]

Mus musculus

59.8

7.72

Catalase activity
[Iron, NADP]

Cytosol aminopeptidase
[P00727]

Bos Taurus

56.3

6.07

Peptidase activity
[Magnesium,
Manganese, Zinc]

c

d

Functions
[known ligands]b

EfCP

35 – 45

Total EfCP [1]
EfCP‐HC [2]
EfCP/FBS‐HC [4]
FBS/EfCP‐HC [9]

43
46
38
37

Lysenin
[O18423]

Eisenia fetida

33.4

5.86

Cytolysis
Hemolysis
Ion transport

EfCP

35 – 45

Total EfCP [1]
EfCP‐HC [2]
EfCP/FBS‐HC [4]
FBS/EfCP‐HC [9]

28
13
19
26

Lysenin‐related protein 2
[O18425]

Eisenia fetida

34.1

5.64

Cytolysis
Hemolysis
Ion transport

EfCP

35 – 45

EfCP‐HC [2]
EfCP/FBS‐HC [4]
FBS/EfCP‐HC [9]

3
3
6

Actin, cytoskeletal 1A
[P53472]

Strongylocentrot
us purpuratus

41.9

5.29

Cytoskeleton
[ATP, Nucleotides]

Total EfCP [1]

0

Unknown f

‐

‐

‐

EfCP

20 – 25

e

‐

EfCP, Eisenia fetida coelomic proteins; FBS, Fetal bovine serum; HC, hard corona.
a
Before post-translational modification, computed in Protein knowledgebase (UniProtKB) from the complete amino acid sequence.
b
From Protein knowledgebase (UniProtKB) and Gene Ontology (GO).
c
BLAST(tblastn) against Eisenia returned E-value of 0 (94% query coverage, 80% positives) for Eisenia fetida catalase.
d
BLAST(tblastn) against Lumbricidae returned E-value of 2×10-7 (16% query coverage, 52% positives) for Lumbricus rubellus aminopeptidase.
e
BLAST(tblastn) against Eisenia returned E-value of 1×10-12 (6% query coverage, 100% positives) for Eisenia fetida beta-actin.
f
No significant hits in the Mascot search. The PEAKS software (Bioinformatics Solutions Inc.) was used for homology search but did not result in any hits,
either.
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Table S2. List of bovine serum proteins identified by Mascot search of tandem mass spectrometry data.

protein
source

SDS‐
PAGE
band
range
(kDa)

samples of origin
[lane #]

matched
peptide
#

FBS

150

FBS‐HC [7]

4

FBS

35 – 45

EfCP/FBS‐HC [4]

3

FBS

FBS

35 – 45

15

FBS/EfCP‐HC [9]

FBS‐HC [7]

1

5

protein name
[accession #]

species

Mwa
(kDa)

pIa

Complement factor H
[Q28085]

Bos taurus

140.4

6.43

Complement
alternate pathway

Apolipoprotein E
[Q03247]

Bos taurus

36.0

5.55

Lipid transport
[Heparin]

Delta‐aminolevulinic acid
dehydratase
[Q58DK5]

Bos taurus

36.1

6.51

Heme biosynthesis
[Zinc]

Hemoglobin fetal subunit
beta
[P02081]

Bos taurus

15.9

6.51

Oxygen transport
[Heme, Iron]

c

c

EfCP, Eisenia fetida coelomic proteins; FBS, Fetal bovine serum; HC, hard corona.
Before post-translational modification, computed in Protein knowledgebase (UniProtKB) from the complete amino acid sequence.
From Protein knowledgebase (UniProtKB) and Gene Ontology (GO).
c
BLAST(tblastn) against Annelida returned no significant hits, validating FBS-origin of the identified proteins.
a

b
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Functions
[known ligands]b

Silver staining of hard corona protein samples (Figure S2)

Figure S2. Silver stainining of hard corona protein samples shown in Figures 1 and 2. The protein detection
limit is 0.25 ng according to the manufacturer’s statement. * R-RPMI was used as the buffer solution instead
of R-PBS.
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Intact gel images of Figure 3A (Figure S3)

Figure S3. Intact images of representative gels stained by silver (left) and Coomassie Brilliant Blue (right)
shown in Figure 3A. Arrows denote the position of lysenin bands at 37 kDa.
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TEM imaging of AgNP-protein complexes (Figure S4)

Figure S4. TEM imaging of AgNP-protein complexes. (A) Number size distributions (n = ca. 1000) of the
particles (excluding the protein layer) having a mean diameter of 83.4 ± 9.3 nm (EfCP-AgNPs) and 78.1 ±
7.2 nm (FBS-AgNPs). (B) Electron micrographs of indicated nanoparticles.
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Colloidal stability of AgNP-protein complexes (Figure S5)

Figure S5. Colloidal stability of AgNP-protein complexes studied by means of (A) UV-vis, (B) NTA and
(C) DLS. “Ref AgNPs” is 75 nm AgNPs dispersed in 2 mM citrate buffer. Mean values of three
measurements are plotted in (B) and (C), and the error bars represent standard deviations. The ‘EfCP/FBS’
samples represent EfCP-AgNP complexes incubated in R-RPMI with 1% FBS (in vitro assay conditions).
The ‘rLysenin’ sample showin in (A) represents AgNPs incubated in a mixture of rLysenin (50 µg/mL) and
BSA (250 µg/mL), while the ‘rLysenin/FBS’ sample shows after incubation of the complexes in R-RPMI
with 1% FBS (in vitro assay conditions). Both samples could not be confidently analysed in NTA and DLS
due to strong light scattering of some large agglomerates. Yet the exhibition of localized surface plasmon
resonance (A) suggests that both samples were not aggregated or fell out of the solution as precipitates.
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Formation of rLysenin-AgNP complexes (Figure S6)

Figure S6. Coomassie stainining of hard corona protein samples from rLysenin-AgNP complexes. BSA (250
µg/mL) was used as a stabilizer protein to protect AgNPs from aggregation due to inefficient surface
masking by the limited amounts of rLysenin proteins. The mass of rLysenin spiked in BSA was either 25 or
50 µg/mL. ‘Sample type’ denotes ‘Total’ as total proteins (before incubation with AgNPs), ‘HC’ as hard
corona proteins stripped off from AgNPs, and ‘UB’ as unbound proteins that remained in the first
supernatant during the centrifugal isolation steps. rLysenin (the 37 kDa band, pointed with an arrow) was
accumulated in the hard corona in a concentration-dependent manner. A representative gel of two
independent experiments is shown.
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Cell viability of amoebocytes and chloragocytes (Figure S7)

Figure S7. Concentration-dependent decrease of viable cells in (A) amoebocytes and (B) chloragocytes.
Values are relative to the unexposed control, and mean ± SE of three independent assays. Asterisk denotes a
significant difference (Student’s t-test, p < 0.05) between the FBS treatment and the marked treatment at the
corresponding AgNP concentration. The concentration of AgNO3 refers to the mass of elemental Ag. The
total protein mass added in the “Protein only” treatments is 10 µg/mL. rLysenin L, 25 µg/mL rLysenin
spiked in 250 µg/mL BSA; rLysenin H, 50 µg/mL rLysenin spiked in 250 µg/mL BSA.
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of secretory proteins and the implication for the protein corona

Yuya Hayashi1,2 (yuya@inano.au.dk), Teodora Miclaus2, Péter Engelmann3, Herman Autrup4, Duncan S.
Sutherland2 and Janeck J. Scott-Fordsmand1* (jsf@dmu.dk)

1

Department of Bioscience – Soil Fauna Ecology and Ecotoxicology, Aarhus University, Vejlsøvej 25, DK-

8600 Silkeborg, Denmark; 2iNANO Interdisciplinary Nanoscience Center, Aarhus University, Gustav Wieds
Vej 14, DK-8000 Aarhus C, Denmark; 3Department of Immunology and Biotechnology, Clinical Center,
University of Pécs, Szigeti u. 12, Pécs H-7643, Hungary; 4Department of Public Health, Aarhus University,
Bartholins Allé 2, 8000 Aarhus, Denmark.
*Corresponding author – email: JSF@dmu.dk, Tel: +45 8920 1575, address: Department of Bioscience –
Soil Fauna Ecology and Ecotoxicology, Aarhus University, Vejlsøvej 25, DK-8600 Silkeborg, Denmark.

Abstract
Previously we have identified lysenin as a key protein repertoire of the secretome from Eisenia fetida
coelomocytes and revealed its critical importance in priming cellular interactions with the nanosilver-protein
corona. As alterations of the protein environment can directly affect the corona composition, the extent to
which nanoparticles influence the cells’ protein secretion profile is of remarkable interest that has rarely
acquired attentions. Here we have probed transcriptional responses of E. fetida coelomocytes to the
representative nanosilver NM-300K (15 nm) in a time-resolved manner (2, 4, 8 and 24 h at the low-cytotoxic
concentration), and examined the implication of the temporal changes in the secretory protein transcriptions
with a particular reference to that of lysenin. NM-300K was accumulated in/at the cells and, after transient
induction, gradually suppressed lysenin indicating a negative feedback cycle that may limit further
enrichment of lysenin in the corona and thereby the related uptake mechanisms. Other differentially
expressed genes were those involved in metal stress (likewise in AgNO3-stressed cells) and in Toll-like
1

receptor (TLR) signaling. This offers an intriguing perspective of the nanosilver pathophysiology in
earthworms, in which the conserved pattern recognition receptor TLRs may play an effector role.

Keywords
NM-300K, Coelomocytes, Toll-like receptors, Biomolecular corona, Gene expression.
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1. Introduction
In invertebrates, the evolutionary precursors of vertebrate mononuclear phagocyte systems (e.g.
coelomocytes and hemocytes) act as the first line of the active defense machineries characterizing cellular
innate immunity of the host. They may reside along the digestive system (e.g. in earthworms; Engelmann et
al., 2005), and are particularly of concern since nanoparticles (or the effect of) can accumulate in the
intestinal region (Canesi et al., 2010b; Lapied et al., 2010; Unrine et al., 2010a; Unrine et al., 2010b; Yang et
al., 2014). Early reports on the mussel hemocyte activity indicate potential effects of nanoparticles on the
evolutionarily conserved stress signal transducer mitogen-activated protein kinases (MAPKs; Canesi et al.,
2010a; Canesi et al., 2010b; Canesi et al., 2008; Couleau et al., 2012) that may underlie the processes linking
nanoparticle internalization to pro-inflammatory cytokine secretion. This was supported in our previous
transcriptional studies using Eisenia earthworms exposed to silver nanoparticles (AgNPs) in vitro (Hayashi
et al., 2012) and in vivo (Hayashi et al., 2013a), where regulatory cross-talk between oxidative stress and
immune systems was likely via MAPK cascades. Given that, as in mammals, the downstream events of the
MAPK signaling pathways involve inflammation (e.g. Canesi et al., 2010a), the upshot may include
modulation of the protein secretome from a normal repertoire to a pathophysiological repertoire reflected by
positive- or negative-regulation of certain proteins.
The current in vitro studies of mammalian models are conducted primarily on monocultures of
established (transformed) cell lines, and thus the inter-cellular communication is very limited. The mixedpopulation models of invertebrates, in contrast, offer the opportunities to explore cell-to-cell signaling events
(of immune effector cells to hepatic-like cells, in the case of Eisenia earthworms; reviewed in Hayashi and
Engelmann, 2013) that form a part of the complex signal networks during e.g. inflammation. Earlier we have
profiled the key repertoire of the secretome from Eisenia fetida coelomocytes that displayed striking
comparability to the coelomic fluid proteins, confirming that the soluble protein balance in the coelomic
cavity is, at least in part, under regulation by coelomocytes (or migratory chloragocytes) (Hayashi et al.,
2013b). As one of the most abundant coelomic proteins, lysenin formed a protein hard corona on AgNPs and
revealed its critical importance in priming cellular interactions in E. fetida (Hayashi et al., 2013b). But the
extent to which AgNPs alter the protein secretion profile and the resultant dynamic changes in the local
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extracellular microenvironments remains unanswered. This is of importance as even a slight alterations of
the protein composition can directly affect the corona profiles and cellular uptake (Lesniak et al., 2010).
The aim of the present study was to probe transcriptional responses of E. fetida coelomocytes to the
representative silver nanoparticle NM-300K in a time-resolved manner, and to examine its implication in the
protein corona. We suggest differential transcriptional regulation of the protein secretome over time, notably
of lysenin, indicating a negative feedback cycle of lysenin-assisted cellular accumulation. In accord with the
time evolution of protein secretion profiles, we find involvement of nanoparticle-specific induction of the
pattern recognition transmembrane protein Toll-like receptors (TLRs) in relation to MAPK pathways.

2. Material and Methods
2.1

Nanoparticles

NM-300K (silver) was obtained from Fraunhofer IME (Germany). NM-300K has been selected as a
representative manufactured nanomaterial by the OECD working party on manufactured nanomaterials
(WPMN) international testing program, and has a mean particle size of ca. 15 nm with >99% number of
particles being <20 nm in size (Comero et al., 2011). The stabilizing agents consist of polyoxyethylene
glycerol trioleate (4% w/w) and Tween 20 (4% w/w) according to the manufacturer. A nanoparticle-free
dispersant solution containing the same stabilizing agents (hereafter “Dispersant”) was used as a control.
Both NM-300K and Dispersant were diluted in Milli-Q water (18.2 MΩ) prior to the experiments and stored
at 4 °C in darkness until use. As a non-nanoparticle reference, dissolved silver nitrate (AgNO3, Reag. Ph.
Eur.) was purchased from Sigma-Aldrich and used as provided. The concentration of AgNO3 refers to the
silver concentration based on the molecular weight of Ag. For AgNO3, the diluent Milli-Q water is used as a
control.
2.2

Cell harvesting and exposure conditions

Adult Eisenia fetida (Oligochaeta, Lumbricidae) were obtained from ECT Oekotoxikologie GmbH
(Germany). Earthworms were depurated overnight on moistened filter paper prior to cell harvesting, as
previously described in detail (Hayashi et al., 2013b). Briefly, coelomocytes were extruded from earthworms
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using a physiological saline containing ethanol 2%, guaicol-glyceryl-ether (a mucolytic agent) and EDTA. In
accordance with the previous study, we conducted in vitro assays under isotonic conditions using an
osmolarity-adjusted phosphate-buffered saline (PBS) or cell culture medium to achieve osmolarity
equivalent to Lumbricus balanced salt solution (176 mOsm; for the composition see Hayashi et al., 2012).
Thus we refer to the osmolarity-adjusted PBS as reduced PBS or “R-PBS”. Likewise, an osmolarity-adjusted
growth medium based on phenol red-free RPMI-1640 medium (Gibco) was prepared and supplemented with
10 mM HEPES (pH 7.3, Sigma-Aldrich), 2 mM L-alanyl-L-glutamine (GlutaMAX, Gibco), 100 U/mL
penicillin (Gibco), 100 µg/mL streptomycin (Gibco) and 1% heat-inactivated fetal bovine serum (FBS,
Gibco). This osmolarity-adjusted cell culture medium is hereafter referred to as “CCM”. For all in vitro
assays, harvested coelomocytes were resuspended in CCM, the density adjusted to 2.5×105 cells/ml, and
exposed to AgNO3 or NM-300K (or the corresponding control) at room temperature (RT, 21 °C) in darkness.
2.3

Concentration-response curves

Two types of well-established plate assays were employed, namely MTT and neutral red (NR) assays
according to procedures described in Beer et al. (2012) and Repetto et al. (2008), respectively (for a detailed
description see Supplementary Material, available online). Briefly, 5×104 cells were exposed in
quadruplicate to a concentration range of 0.06-1.00 µg/ml (AgNO3) and 1-20 µg/ml (NM-300K) for 24 h. No
nanoparticle- or silver-specific measurement interference was observed at the highest concentration, and the
absorption values in the treatments were compared against the control after cell-free background subtraction.
ECx values were estimated using a 4-parameter logistic non-linear curve fitter (Y = 1/(1 + 10(LOGx0 - x)p)),
where EC50 = 10LOGx0 and EC10 = 10LOGx0 + log(90/10)/p; exposure concentrations on a log scale) in Origin Pro 8
(OriginLab, MA, USA). Each assay was repeated three times to obtain the mean value (n = 3). An average of
EC10 values obtained from the MTT and NR assays was used in subsequent studies as a low-cytotoxic
concentration for 24 h exposure, which was calculated to be 0.13 µg/ml (AgNO3) and 2.00 µg/ml (NM300K).
2.4

Particle characterization

The physicochemical parameters as-produced (particle size, morphology, zeta potential and dissolution
rate) have been thoroughly characterized by the European Commission Joint Research Center and can be
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found in their report on NM-300 (Comero et al., 2011). Here, we focused on how NM-300K behaves in our
exposure setting (CCM as the diluent in comparison to Milli-Q water, and time points up to 24 h). The
characteristic surface plasmon resonance peak of NM-300K (at 10 µg/ml) was scanned on a UV-visible
spectrophotometer (UV-vis, UV-3600, Shimadzu, Japan). The hydrodynamic radius was determined by
nanoparticle tracking analysis (NTA, NanoSight LM10-HS, NanoSight Ltd., UK) as described previously
(Hayashi et al., 2013b). Following incubation at 2 µg/ml (the low-cytotoxic concentration), each sample was
diluted in a sterile-filtered solution (Milli-Q water or CCM without FBS) in order to have a working
concentration of ca. 108 nanoparticles/ml. Signal-to-noise ratio was high enough to confidently differentiate
light scattering of AgNPs from that of proteins and, if any, protein aggregates. We have also attempted to
perform another type of analysis to study the velocity of Brownian motion, namely dynamic light scattering.
But we could not obtain results with confidence due to weak light scatter as compared to light absorption, as
well as the presence of some agglomerates (greatly influences the measurement because of much higher
scattering of the light).
2.5

Quantification of dissolved silver and cellular silver burdens

Soluble silver fraction (dissolved silver complexes and free Ag+) of NM-300K under the exposure
condition (2 µg/ml, 4 h and 24 h in CCM) was determined using an ultracentrifugation method (for details
see Beer et al., 2012; Foldbjerg et al., 2012; Hayashi et al., 2012). Briefly, following incubation in
quadruplicate, NM-300K was ultracentrifuged at 50 000 rpm (corresponding to 70-135 kRCF) for 30 min at
4 °C and the supernatant was digested in 69% HNO3 (tracemetal grade, Sigma-Aldrich). The total Ag was
quantified using graphite furnace atomic absorption spectrophotometry (GFAAS; for details and quality
control measures see Supplementary Material, available online).
Cellular accumulation of silver was quantified following the procedure described previously (Hayashi et
al., 2013b; Jiang et al., 2013). Briefly, coelomocytes (106 cells/sample) were exposed for 4 h or 24 h to the
low-cytotoxic concentration of AgNO3 or NM-300K, washed twice in R-PBS, counted and digested in 69%
HNO3 (see Supplementary Material, available online). GFAAS was performed in the same manner as
described above. Data from each treatment was subtracted with the corresponding cell-free background value
and normalized by the number of cells. Three independent assays were conducted.
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2.6

Flow cytometry

Coelomocytes (106 cells/sample) were exposed to the low-cytotoxic concentration of AgNO3 or NM300K for 2, 4, 8 and 24 h. A positive control (100 µM H2O2; Sigma-Aldrich) was included for this study.
Following exposure, the cells were dissociated using Accutase (Gibco), half of which was analyzed for the
intracellular reactive oxygen species (ROS) level (Hayashi et al., 2012) while the remaining half was for the
basal intracellular calcium level (Opper et al., 2010). Details of each assay are described in Supplementary
Material, available online. As described previously (Hayashi et al., 2013b), two major populations of
coelomocytes were separated in flow cytometry (Gallios, Beckman Coulter) based on the level of
autofluorescence (detected in FL4, 695/30 BP filter). The population with non- or less autofluorescence was
assumed as amoebocytes and studied for the level of intracellular ROS and basal calcium levels. At the lowcytotoxic concentration, leakage of the dyes from the stained amoebocytes was minimal as membrane
damage determined by YO-PRO-1 iodide (Molecular Probes) was <10% at 24 h. Three independent assays
were performed.
2.7

Gene expression profiling

Coelomocytes (106 cells/sample) were exposed in duplicate (and repeated as an independent assay; i.e.
the total n = 4) to the low-cytotoxic concentration of AgNO3 or NM-300K for 2, 4, 8 and 24 h. The cells
were subsequently washed in R-PBS and stored at -80 °C in RNAlater (Ambion). Total RNA was extracted
using a NucleoSpin RNA kit (Macherey-Nagel, Germany) according to the manufacturer's instructions. RNA
concentrations were determined by spectrophotometry using a NanoPhotometer (Implen) and RNA integrity
was verified by 1% agarose gel electrophoresis. cDNA was synthesized from 68 ng total RNA using an
Omniscript Reverse Transcriptase kit (Qiagen), RNaseOUT Recombinant Ribonuclease Inhibitor
(Invitrogen) and Anchored Oligo(dT) 20 primers (Invitrogen) following the manufacturers' instructions. Two
cDNA-negative controls (reactions without reverse transcriptase) were prepared from representative samples.
The cDNA templates were diluted to a concentration equivalent of 0.8 ng total RNA/µl and stored at -20 °C.
To analyze expression of 8 target genes (see Table I for the putative functions), quantitative real-time
PCR (qPCR) was performed on a Stratagene MX3005P (Agilent Technologies) using Brilliant III Ultra-Fast
SYBR qPCR Master Mix (Agilent Technologies). Primer sequences of the target genes and the amplification
efficiencies are listed in Supplementary Table SI, available online. Primers were designed using Primer3 and
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synthesized by Eurofins MWG Operon. Each reaction was run in duplicate and contained 5 μl of cDNA
template (equivalent to 4 ng total RNA) along with 100 nM primers in a final volume of 20 μl. The
amplification was performed under the recommended conditions for the SYBR master mix: 95 °C for 3 min
to activate the DNA polymerase, then 40 cycles of 95 °C for 10 s and 60 °C for 20 s. Melting curves were
visually inspected to verify a single amplification product with no primer-dimers. The cDNA-negative
controls showed no or very little amplification. Data analysis for real-time PCR (DART-PCR; Peirson et al.,
2003) was used to analyze the amplification kinetics and expression values. Target gene expression was then
normalized with NORMA-Gene (Heckmann et al., 2011). The normalized expression values were set
relative to the mean control values at corresponding time points (i.e. differential expression in the treatment
at each time point was studied).

8

Table 1. List of target genes studied.
Encoded Proteinsa
Category

Symbol

Accession#

Target Pathogen
(or ligand)

Subcellular
Location

MEKK1

EH672240

-

Cytoplasm

MT

AJ236886

(Metals)

Cytoplasm

Lysenin

D85846

Gram+,
Vertebrate cells,
(AgNPs)*

Secreted

Lyz

KC493575

Gram+

Secreted

LBP/BPI

JQ407018

Gram-

Secreted

Ferritin

HO001288

(Iron)

Secreted
/Cytoplasm

Coelomic cytolytic factor 1

CCF1

AF030028

Gram-,
Gram+,
Yeast

Secreted

Toll-like receptor

TLR

JX898685

Various

Membrane

(Putative) Gene Name

Stress Signal
Transduction

MEK kinase 1

Metal
Trafficking

Cadmium-metallothionein

Antimicrobial
/Cytolytic

Lysenin

Lysozyme

Acute-phase

LPS binding protein /
Bactericidal permeabilityincreasing protein
Ferritin

Pattern
Recognition

b

c

b

c

Primer sequences and amplification efficiencies are available in Supplementary Table S1. a See UniProtKB
entries for details. b Expression sequence tag. c Primers were designed based on the conserved domains (TIR,
BPI) of mRNA sequence data from E. andrei, a very closely related species. * See Hayashi et al. (2013) for
details.
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2.8

Protein secretion

Secretion of proteins, in particular of lysenin, was examined by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) in a time-resolved manner as in the qPCR study. Coelomocytes (2.5×105
cells/sample) were exposed to the low-cytotoxic concentration of AgNO3 or NM-300K for 2, 4, 8 and 24 h.
Subsequently, the supernatant was collected in a Protein LoBind tube (Eppendorf) and centrifuged for 5 min
at 500 RCF to pellet the cells. The cell-free supernatant was mixed with concentrated SDS-loading buffer
(with 100 mM dithothreitol as a reducing agent; 5X Lane Marker Reducing Sample Buffer,
ThermoScientific) and stored at -20 °C.
Prior to SDS-PAGE, the samples were boiled for 5 min to denature the proteins and strip off the hard
protein corona from the nanoparticles in the supernatant, after which the nanoparticles were spun down at 16
kRCF for 20 min at 4 °C. The protein samples (ca. 12 µg) were separated by 4-20% gradient SDS-PAGE
(Precise Protein Gels, ThermoScientific) along with a PageRuler Unstained Protein Ladder
(ThermoScientific) as the molecular weight standard (10-200 kDa). Protein bands in the gels were detected
by Coomassie Brilliant Blue staining (Imperial Protein Stain; ThermoScientific) following the
manufacturer’s instructions. The stained gels were scanned on a Gel Doc EZ system (Bio-Rad) and the
images were processed with the Image Lab 4.0.1 software (Bio-Rad). Three independent assays were
conducted.
2.9

Uni-variate statistical analysis

To test the statistical significance of differences between the controls and the treatments (or between
AgNO3 and NM-300K), Student’s t-test (or where appropriate unequal variance t-test) was performed after
an F-test of equality of variances in Microsoft Excel. For all parametric tests, measurement values were logtransformed to satisfy the assumption of normal distribution and significance was determined as α = 0.05.
2.10 Multivariate analysis
For multivariate analysis of the gene expression datasets, principal component analysis (PCA) and
correspondence analysis (CA) were performed using PRINCOMP and CORRESP procedures, respectively,
in SAS IML Studio 3.4 (SAS Institute Inc, NC, USA). PCA was performed on log2-transformed data and
used to best separate the datasets among treatments (AgNO3 versus NM-300K) and exposure time points
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based on common characteristics. As CA cannot handle negative values, it was performed on square roottransformed data to identify correspondence between the expression profile of each gene and the exposure
time points to gain insights into the temporal aspects of transcriptional regulation in each silver treatment.

3. Results
3.1

EC10 estimation

We used MTT and NR assays to estimate ECx values of AgNO3 and NM-300K in E. fetida coelomocytes.
In both assays, the endpoint is a measure of cell viability, where MTT assays represent the mitochondorial
activity and NR assays the lysosomal membrane integrity. The concentration-response curves established in
the MTT assay had a steeper slope than that in the NR assay (see Supplementary Table SII, available online).
As a result, although the NR assay was less sensitive to the cell injuries at higher concentrations, it was more
sensitive at lower concentrations than the MTT assay (see Supplementary Figure S1, available online). We
thus considered that the average of the EC10 values from the two assays could be used as a working
concentration for subsequent in vitro assays designed for probing temporal transcriptional responses at lowcytotoxic concentration. It was estimated to be 0.13 µg/ml for AgNO3 and 2.00 µg/ml for NM-300K at 2.5 ×
105 cells/ml (see Supplementary Table SII, available online).
3.2

Colloidal stability under exposure conditions

NM-300K was verified to be colloidally stable when dispersed in Milli-Q water at experimentally
relevant concentrations (2 and 10 µg/ml) for 4 and 24 h (see Supplementary Figure S2, available online). The
localized surface plasmon peaks were observed around 410 nm in wavelength with the hydrodynamic size
distributions having a mean ± S.D. of 45 ± 43 nm (4 h) and 56 ± 43 nm (24 h), close to the values (52 ± 26
nm) reported by JRC (Comero et al., 2011). Under the exposure conditions, however, we observed some
degree of agglomeration seen as the appearance of a shoulder in the plasmon peak and in the hydrodynamic
size distributions having a mean ± S.D. of 99 ± 59 nm (4 h) and 85 ± 58 nm (24 h). Agglomeration was
likely due to limited availability of serum proteins (1% FBS is supplemented in CCM) that confer steric
stabilization to nanoparticles in a high electrolyte solvent, as NM-300K was reported to be rather stable in
cell culture media with 10% FBS (van der Ploeg et al., in press).
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3.3

Dissolved silver and cellular silver accumulation

According to the JRC report (Comero et al., 2011), the release of Ag+ from NM-300K is very low
(<0.01%) under storage conditions. Under the exposure conditions at the low-cytotoxic concentration (2
µg/ml), however, we observed dissolution up to 6.1 ± 0.6% (at 24 h, mean ± S.D., n = 4), the soluble silver
concentration of which is in fact close to the low-cytotoxic concentration estimated for AgNO3 (see
Supplementary Figure S3A, available online). In contrast, cellular accumulation of silver was significantly
different (Student’s t-test, p < 0.05) between the treatments AgNO3 and NM-300K (see Supplementary
Figure S3B, available online). As extracellular dissolution of NM-300K cannot solely explain this difference
in silver burdens, this is likely an indication that the nanoparticulate form of silver was accumulated in/at the
cells by internalization and/or membrane adhesion. By assuming that accumulated silver is all in the
nanoparticulate form and that NM-300K is all 15 nm in size, we can derive a very rough estimation of
number particle accumulation as 2 500 and 5 000 particles per cell at 4 and 24 h, respectively. This signifies
that about <2% of the total nanoparticulates (2 µg/ml or 1011 particles/ml) were accumulated by the cells (2.5
× 105 cells/ml).
3.4

Oxidative stress and basal calcium levels

At the low-cytotoxic concentrations, neither AgNO3 nor NM-300K induced high levels of ROS over the
period of 24 h (see Supplementary Figure S4A, available online). Yet, although not significant except for
AgNO3 at 8 h, there seems slight excess generation of ROS up to 8 h followed by reduction in the ROS level
(as observed for the positive control) at 24 h. Calcium is a key second messenger involved in activation of
the immune system that appears deeply conserved throughout evolution, notably with a recent discovery of
such mechanisms in Eisenia earthworms (Opper et al., 2010). Here we studied the basal calcium level in
amoebocytes instead of transient calcium responses (typically manifested within minutes), because chronic
elevation of basal intracellular calcium concentrations is known to be a signature of phagocyte activation
with associated effector functions such as release of cytokines (Hoffmann et al., 2003). While H2O2 could
lead to an increase in intracellular calcium over time in concert with the ROS level, amoebocyte activation
was unlikely at the low-cytotoxic concentrations of AgNO3 and NM-300K as the basal calcium level was
virtually unchanged (see Supplementary Figure S4B, available online).
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3.5

Uni-variate statistical analysis of gene expression profiles

Exposure to AgNO3 or NM-300K at the low-cytotoxic concentration induced significantly different
alterations at one or more time points in the expression pattern of all studied genes but ferritin (Figure 1).
Notably, in some cases the shift of directionality (up- or down-regulation) was apparent with time (e.g.
lysenin and Lyz), highlighting the strength of the temporal approach. The following multivariate analyses
explore the differences between the treatments AgNO3 and NM-300K by characteristic clustering (PCA) and
by the temporal transcriptional profiles for each treatment by coordinate patterns across time (CA).
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Figure 1. Uni-variate statistical analysis of gene expression profiles. E. fetida coelomocytes were exposed to
the low-cytotoxic concentration of (A) AgNO3 (0.13 µg/ml) or (B) NM-300K (2.00 µg/ml). Expression
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ratios (control = 1.00) are plotted as mean ± S.E. (n = 3-4) on a log2 scale. Asterisks (*) denote a significant
difference between the control and the treatment (Student’s t-test, p < 0.05).
3.6

Principal component analysis

The first two axes (sum) of the principal components explained 57% of the variations among the datasets
(Figure 2). The first two axes were unable to clearly separate the treatments between AgNO3 and NM-300K
for 2, 4 and 8 h but did cluster the 24 h profiles in isolation from the rest. This is, as underscored by the
variable coefficient vectors, an influence of induction of the genes MT and Lyz at 24 h (observed for both
treatments) but also a result of prominent induction of TLR along with MEKK1 and LBP/BPI in the NM300K treatment. Another striking observation in PCA is that the datasets could be clustered along the first
axis (explains 33%) by the early response group (mainly 2 and 4 h, positive PC1 scores) and the late phase
group (mainly 8 and 24 h, negative PC1 scores).

Figure 2. Principal component analysis of temporal transcriptional profiles. The first two axes (bottom and
left axes) with an overlaid variable coefficient vectors (top and right axes in purple) are shown as a biplot.
Each profile (shown as a circle) holds 8 variables (gene expression) and is plotted according to the PC score,
while the gene symbols correspond to each variable coefficient. Profiles having a missing value in any of the
variables are excluded from the analysis. The treatment names within the plot (e.g. NM-300K 24 h) are
manually placed to help approximate the position of the corresponding profiles.
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3.7

Correspondence analysis

The first two dimensions of the CA plots had an explanatory power of 85% (AgNO3) and 79% (NM300K) for the variations over time (Figure 3). The first dimension best explains the datasets, and in both
cases it was predominantly the temporal aspects (the 2, 4 and 8 h profiles are found mainly on the positive
side and the 24 h profiles on the negative side of the first axis). This axis also explains the expression pattern
of each gene; genes plotted on the positive scale (LBP/BPI, lysenin and MEKK1 for AgNO3; CCF1, lysenin
and ferritin for NM-300K) appear to be initially induced (at 2 h) but suppressed over time (toward 24 h).
This signifies that the genes on the negative scale (MT and Lyz for AgNO3; MT, Lyz, LBP/BPI and TLR for
NM-300K) have a propensity for transcriptional regulation in the opposite direction – from down-regulation
to up-regulation.
In the AgNO3 treatment the second dimension (10%) aided grouping within the early time points (i.e. the
2 h profiles on the positive side and the 8 h profiles on the negative side), while in the NM-300K treatment it
was rather the day of the experiments (as in vitro assays were performed in duplicates and repeated on the
subsequent day. i.e. the total n = 4). This variation explained 29% with strong correspondence to CCF1, but
the difference was apparent only for the early time points (2, 4 and 8 h) and not for the 24 h profile. As such
a variation was not observed with any of the time points in the AgNO3 treatment, either, a systematic
experimental variation was unlikely. Rather, it appears to stem from a biological variation specific to CCF1
induction by NM-300K.
The correspondence between variables (genes) and datasets (treatments × time points) further assists
interpretation of characteristic transcriptional profiles over time. At the early time points (2 and 4 h), AgNO3
induced LBP/BPI and lysenin, the encoded proteins of which bind to microbes (Gram-negative and Grampositive bacteria, respectively). As these genes began to be down-regulated, induction of Lyz came about
along with MT at later time points (8 and 24 h). The translated product of Lyz is lysozyme, an evolutionarilyconserved humoral factor for Gram-positive bacterial killing, and is known to be sensitive to metal exposure
in invertebrates (Marcano et al., 1997). Up-regulation of MT is likely associated with metal/oxidative stress
elicited by Ag+ uptake over time (see Supplementary Figure S3B, available online) (also see Hayashi et al.,
2013a for the discussions).
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Some of the aspects explained for AgNO3 were indeed reflected in the transcriptional responses to NM300K, likely attributable to the dissolved fraction of silver (see Supplementary Figure S3A, available online).
These include late induction of MT (negative on the first axis) and contrasting regulation of lysenin (positive
on the first axis) and Lyz (negative on the first axis). Further, the pattern of transcriptional responses to NM300K was characterized by early induction of CCF1 and lysenin, but more intriguingly by late up-regulation
of TLR, LBP/BPI and MEKK1. In mammals, these three genes are known to be involved in TLR4 signaling
cascades linking detection of Gram-negative bacteria to pro-inflammatory cytokine secretion (reviewed in
Lu et al., 2008). The characteristic induction of those genes at 24 h was also identified in PCA (Figure 2) as
an NM-300K-specific response pattern.

Figure 3. Correspondence analysis of temporal transcriptional profiles for (A) AgNO3 and (B) NM-300K.
Profiles having a missing value in any of the variables are excluded from the analysis. The distance between
a circle (expression profile at the specified time of exposure) and a cross (variable = gene) represents the
relative importance of the transcriptional response as compared to the others. That is, circles in the proximity
of a cross signify an association between the exposure time and the transcriptional response.
3.8

Protein secretion profiles

Over the period of 24 h the E. fetida coelomocytes secreted proteins into CCM, and the gradual increase
of the lysenin family (37 kDa, as determined previously by tandem mass spectrometry; Hayashi et al.,
2013b) in absolute abundance was particularly evident in all of the samples (i.e. controls and the treatments)
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(Figure 4). It should be noted that in our qPCR study the relative abundance of lysenin was >1 000-fold of
MEKK1. Other relatively abundant transcripts among those studied were ferritin (>100-fold), CCF1 (>10fold), LBP/BPI (>10-fold) and MT (>10-fold) (as compared to MEKK1, in the control treatments).
Abundance of the 21 kDa proteins were in the same order of magnitude as the lysenin family (Figure 4), but
currently we do not know their identity (no significant hits in the MASCOT database search and PEAKS
homology search; Hayashi et al., 2013b). Therefore, the focus was given to the 37 kDa protein lysenin,
which (although not significant) was mostly more abundant in the silver treatments than in the corresponding
controls (see the bar graphs in Figure 4).It was also notable that the abundance of lysenin decreased to the
control level toward 24 h. In this experimental setting, secreted proteins that are taken up along with
nanoparticles as a part of the protein corona (e.g. lysenin; Hayashi et al., 2013b) by the cells cannot be
recovered. Yet, as described earlier, the fraction of NM-300K that could be accumulated by the cells was
only <2% of the total input, and thus this fraction should be negligible in the protein secretion profiles.

Figure 4. Protein secretion profiles of E.fetida coelomocytes exposed to the low-cytotoxic concentration of
(A) AgNO3 (0.13 µg/ml) or (B) NM-300K (2.00 µg/ml). Secreted proteins (into CCM) were separated by
SDS-PAGE and stained with Coomassie Brilliant Blue. A blank (CCM without coelomocytes) is included to
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show serum proteins supplemented in CCM (hence negative for secreted proteins). Arrows indicate the
position of lysenin bands at 37 kDa as well as other major secreted proteins at >200 and 21 kDa. The arrows
at 66 kDa denote the position of BSA (a major serum protein). A representative gel of three independent
experiments is shown. The accompanying bar graphs show the relative change of the normalized band
intensity of each band compared to the corresponding controls. Values are mean ± S.E. of three independent
assays.

4. Discussion
In this study we have established concentration-response curves from which EC10 values were obtained,
and the calculated low-cytotoxic concentrations were applied as a benchmark throughout the subsequent
time-course profiling experiments. Under the exposure conditions, NM-300K exhibited some degree of
agglomeration but the majority was still below 100 nm in hydrodynamic diameter with a similar localized
surface plasmon resonance peak as under the normal condition. Dissolution was up to 6.1% of the total silver
at 24 h, which coincided with the low-cytotoxic concentration of AgNO3 (0.13 µg/ml), but this did not
explain the cellular accumulation of silver in the NM-300K treatment. Temporal profiling of transcriptional
responses revealed clear differences over time (2, 4, 8 and 24 h) and also between the treatments AgNO3 and
NM-300K at 24 h. Overall, the most prominent effect of NM-300K was concerted up-regulation of genes
involved in TLR4 signaling pathways (TLR, LBP/BPI and MEKK1), while both AgNO3 and NM-300K
provoked progressive induction of MT and contrasting regulation of lysenin and Lyz as a common
characteristic. In both cases, oxidative stress was not pronounced to the extent that it may trigger immune
activation. On this basis we attribute the TLR-related differential gene expressions to a consequence of
nanoparticle-cell interactions, rather than to extracellularly dissolved silver (a cytotoxic factor). The
transcriptional/protein secretion pattern of lysenin was also of particular interest as it was transiently upregulated and then suppressed over time, hinting the presence of a negative feedback mechanism. An
overview of the differential expression profiles with putative time-course of the response pattern is depicted
in Figure 5.
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Figure 5. Overview of the differential expression profiles. Arrows next to the gene symbols denote the
directionality of regulation (up- or down-) in the E. fetida coelomocytes exposed to the low-cytotoxic
concentration of NM-300K (those of the AgNO3 treatment are shown below in the parentheses). Target
pathogens or specific ligands are noted within the same box (see Table 1 for more details). “Early Phase”
summarizes transcriptional responses observed at 2, 4 and partly 8 h, while “Late Phase” recapitulates
processes likely occurring toward/at 24 h. See the main text for more explanations.

The selected target genes encode soluble proteins that are secreted extracellularly, except for the
membrane receptor TLR and the two hallmark genes, MEKK1 and MT, studied previously in vitro (Hayashi
et al., 2012) and in vivo (Hayashi et al., 2013a) following exposure to AgNPs (ca. 80 nm in size). All of those
secreted proteins are implicated in humoral (antimicrobial/cytolytic) or cellular (opsonization) immunity or
acute phase response (positive- or negative-regulation of serum proteins upon cytokine stimulation). In
mammals, the production of serum proteins is under the control of the hepatic system, by which the blood
concentration of immunologically active (acute phase) proteins are elevated during inflammation (Sander et
al., 2010). Despite the lack of anatomically homologous hepatic organs, this mechanism is believed to be
evolutionarily conserved in invertebrates, too (Beck et al., 2002). In earthworms, the chloragogenous tissues
(and migratory chloragocytes in Eisenia worms) function in analogy with the hepatic/renal systems partly, if
not all, maintaining the protein balance in the coelomic fluid (reviewed in Hayashi and Engelmann, 2013).
Indeed, our in vitro model of E. fetida consists mainly of amoebocytes (immune effector cells) and free20

circulating chloragocytes (involved in humoral immunity and homeostasis), the latter of which is perhaps
central in the protein secretion (Figure 4) as exemplified by its dominant role in lysenin production (Opper et
al., 2013). Considering its high relative abundance in the transcripts as well as in the secretome, the family of
lysenins is probably a group of constitutively expressed proteins. The fast induction and subsequent
suppression of lysenin (and partly CCF1) in the coelomocytes exposed to NM-300K are possibly a result of
self-regulatory mechanisms sensitive to metal exposure allowing compensatory up-regulation of potent
antimicrobial proteins (e.g. lysozyme) (Josková et al., 2009). Given this, the significant induction at 2 h and
weaker repression at 24 h of lysenin in the NM-300K-stressed cells could be a signature of transcriptional
responses in the opposite direction as the suppressive effect of dissolved silver. Lysenin was found to be the
key protein repertoire of E. fetida coelomic proteins in the protein corona formed on AgNPs (including NM300K) and this assisted interactions with the coelomocytes (Hayashi et al., 2013b). So long as dissolved
silver co-exists with the nanoparticulate form, it is unlikely it would lead to a positive feedback cycle
amplifying the corona formation and resulting cellular interactions. Rather, the transiently up-regulated
proteins or positive acute phase proteins (comprising a pathological secretome) should be of prime interest as
many of these proteins are immunologically relevant (Sander et al., 2010), which may form a part of the
evolving protein corona (Tenzer et al., 2013).
It was not until recently that the existence of TLR in earthworms was first uncovered by Škanta and
colleagues (2013) in E. andrei and subsequently in Dendrobaena veneta by Fjøsne and co-workers (2014).
Our finding supports this discovery; in fact the pronounced induction of TLR at 24 h was what clearly
differentiated between the effects of AgNO3 and NM-300K (Figure 2). Concurrent induction of LBP/BPI
was also striking, as in mammals LBP is an acute phase protein that binds and guides the ligand-receptor
interactions of LPS, the co-receptor CD14, and TLR4 (reviewed in Lu et al., 2008). The deep sequence
conservation between LBP and BPI makes it unclear whether the invertebrate LBP/BPI functions in a similar
manner as in mammals while evidence of BPI-like activity is emerging (e.g. in oysters; Gonzalez et al.,
2007). BPI also binds LPS but it directly neutralizes Gram-negative bacteria instead of triggering TLRmediated inflammation (thus is an antagonist of LBP) (reviewed in Canny and Levy, 2008). Currently,
LBP/BPI in earthworms is without clear functional characterization and its association with TLR is yet to be
unraveled. Earlier we have observed up-regulation of myeloid differentiation factor 88 (MyD88) in the
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coelomocytes exposed to AgNPs at a cytotoxic concentration (close to EC50 for 24 h exposure) but at an
early time point of 6 h (Hayashi et al., 2012), which was also evident in the transcriptional response of the
whole organism exposed in vivo for 1-2 days to AgNPs spiked in a soil matrix (Hayashi et al., 2013a).
MyD88 is a versatile adaptor protein connecting TLRs and the downstream effector cascades including
mitogen-activated protein kinase (MAPK) pathways (reviewed in Janssens and Beyaert, 2002). Previously,
we have discussed the differential expression of MyD88 being implicated in MAPK-mediated cross-talk of
oxidative stress and immune signaling (e.g. TLR program) driven by oxidative insult of AgNPs (Hayashi et
al., 2013a; Hayashi et al., 2012). In the present study, oxidative stress (and associated calcium influx) was
not pronounced; yet, such observations were in fact previously made in THP-1 (a human acute monocytic
leukemia cell line) cells which appeared to have “over-compensated” to counteract the excess ROS
generation along with induction of MEKK1, heat shock proteins (HSPA8) and metallothioneins (MT2B)
(Hayashi et al., 2012). Similarly, at non-cytotoxic doses metallothionein-mediated protective mechanisms for
metal and oxidative stress may in parallel be associated with cross-regulation of MAPK pathways and TLR
signaling programs.
Alternatively, TLRs (TLR4 in particular) may interact with the protein corona formed around AgNPs. Of
the TLR family, TLR4 was shown to play a central role in pro-inflammatory responses to gold nanoparticles
conjugated with non-immunogenic peptides in a manner that is dependent on the highly-ordered pattern of
the peptides rather than their length or polarity (Bastús et al., 2009). Although the contribution of
biomolecular coronas is much less clear, TLR4 has frequently been reported of its critical involvement in
nanoparticle accumulation (be it intracellular or simply membrane adhesion) and subsequent proinflammatory responses in vitro and in vivo (Cui et al., 2011; Mano et al., 2013; Peng et al., 2013). In
earthworm coelomocytes, the possibility of TLR activation stems from the enhanced cellular accumulation
(membrane adhesion and/or internalization) of AgNPs pre-coated with E. fetida coelomic proteins (or
recombinant lysenin) giving rise to substantial selective enrichment of lysenin at the nanoparticle surface
(Hayashi et al., 2013b). Given the possibility of lysenin-dependent cellular interaction, the initial time lag
before the TLR up-regulation could reflect the time during which lysenin is deposited in the extracellular
milieus.
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In conclusion, using an innate immunity model of E. fetida earthworms in vitro, we have shown that NM300K provoked differential transcriptional responses over time, partially resembling the pattern specific to
AgNO3, at a non-cytotoxic concentration. NM-300K was accumulated in/at the cells and induced genes
involved in metal stress (likewise in AgNO3-stressed cells) and in TLR4 signaling, by which the secretome
could evolve to a pathological state. In Eisenia worms a key protein repertoire of the secretome is lysenin,
and it favors a strong interaction with AgNPs (including NM-300K) underlining the protein corona-aided
cellular accumulation (Hayashi et al., 2013b). The alteration of its secretion profile indicates a negative
feedback cycle that may limit further enrichment of lysenin around AgNPs and thereby the related uptake
mechanisms. Our findings have also offered an intriguing perspective of the nanosilver pathophysiology in
earthworms, in which the conserved pattern recognition receptor TLRs may play an effector role.
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Supplemental description of methods
MTT and NR assays
Two types of well-established plate assays were employed, namely MTT and neutral red (NR)
assays according to procedures described in Beer et al. (2012) and Repetto et al. (2008),
respectively. Briefly, 5×104 cells were exposed in quadruplicate to a concentration range of 0.061.00 µg/ml (AgNO3) and 1-20 µg/ml (NM-300K) for 24 h. In MTT assays, the cells were spun
down (the supernatant removed) and incubated in 500 µg/ml MTT working solution (in CCM
without FBS) for 4 h, before the formazan precipitates were completely dissolved in dimethyl
sulfoxide (DMSO) for the colorimetric measurement (absorbance at 570 nm, reference at 650 nm).
In NR assays, the cells were incubated in 40 µg/ml NR working solution (prepared in CCM) for 3 h.
The cells were then spun down (the supernatant removed) and washed in R-PBS, before they were
treated with a destain solution (50% ethanol and 1% glacial acetic acid in water) for the colorimetric
measurement (absorbance at 540 nm). Formation of NR crystals was not observed under the
incubation condition used, and thus the NR extract should correspond to the amount accumulated in
the lysosomal compartment. No nanoparticle- or Ag-specific measurement interference was
observed at the highest concentration, and the absorption values in the treatments were compared
against the control after cell-free background subtraction.
Quantification of dissolved silver and cellular silver burdens
Soluble silver fraction (dissolved silver complexes and free Ag+) of NM-300K under the exposure
condition (2 µg/ml, 4 h and 24 h in CCM) was determined using an ultracentrifugation method (for
details see Beer et al., 2012; Foldbjerg et al., 2012; Hayashi et al., 2012). Briefly, following
incubation, NM-300K was ultracentrifuged for 30 min at 4 °C at 50 000 rpm (corresponding to 70135 kRCF) and the supernatant was digested in 69% HNO3 (tracemetal grade, Sigma-Aldrich). The
analyte was heated (stepwise, 80-100-120-130 °C) to dry and redissolved in 0.2% HNO3. Total Ag
was determined on a PerkinElmer Analyst 4100 atomic absorption spectrophotometry mounted with
a HGA700 graphite oven (GFAAS) and a silver lumina hollow cathode lamp (PerkinElmer,
Denmark) within the linear detection range (Ag limit of quantification was 0.25 ng/ml). GFAAS
was performed with recommended matrix modifiers (palladium and magnesium; Sigma-Aldrich) on
a standard protocol for Ag. Each reading was duplicated and quantified Ag concentration was
subtracted with a method blank. Recovery of Ag from the reference AgNO3 solution (Reag. Ph.
Eur., Sigma-Aldrich) and reference AgNPs (BioPure 75 nm OECD reference nanomaterial silver,
NanoComposix, CA, USA) was 91-111% and 80-95%, respectively. Cellular accumulation of silver
was quantified following the procedure described previously (Hayashi et al., 2013; Jiang et al.,
2013). Briefly, coelomocytes (106 cells/sample) were exposed for 4 h or 24 h to the low-cytotoxic
concentration of AgNO3 or NM-300K, and subsequently they were washed twice in R-PBS. Small
aliquots of each cell suspension were stained with trypan-blue and examined using an automated
cell counter (Countess, Invitrogen). Remaining cells were pelleted and digested in 69% HNO3.
Controls included were unexposed cells and cell-free background samples (for each silver
treatment). GFAAS was performed in the same manner as described above, and analytical spike
recovery (spiked/unspiked pair) of unexposed cell samples was 86-87%. Data from each treatment
was subtracted with the corresponding cell-free background value and normalized by the number of
cells. Three independent assays were conducted.
Flow cytometry
Coelomocytes (106 cells/sample) were exposed to the low-cytotoxic concentration of AgNO3 or
NM-300K for 2, 4, 8 and 24 h. A positive control (100 µM H2O2; Sigma-Aldrich) was included for
this study. Following exposure, the cells were dissociated using Accutase (Gibco), half of which
was analyzed for the intracellular reactive oxygen species (ROS) level (Hayashi et al., 2012) while
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the remaining half was for the basal intracellular calcium level (Opper et al., 2010). To measure the
intracellular ROS level, the cells were loaded with 40 µM of the fluorescent marker 2´,7´dichlorodihydrofluorescein diacetate (H2DCF-DA; Sigma-Aldrich) in CCM (without FBS) for 20
min. The cells were then washed and resuspended with sterile-filtered 0.1% w/v bovine serum
albumin (BSA; Sigma-Aldrich) in R-PBS, kept on ice, and immediately analyzed by flow
cytometry (Gallios, Beckman Coulter). The 488 nm laser was used for excitation and DCF was
detected in FL1 (525/50 BP filter). For each sample, the time-of-flight analysis of forward scatter
(FS) was used to exclude cell duplets, and a total of minimum 15 000 cells was gated for analysis in
Kaluza (Beckman Coulter). As described previously (Hayashi et al., 2013), two major populations
of coelomocytes were separated based on the level of autofluorescence (detected in FL4, 695/30 BP
filter). The population with non- or less autofluorescence was assumed as amoebocytes and studied
for the level of intracellular ROS. At the low-cytotoxic concentration, leakage of the dyes from the
stained amoebocytes was minimal as membrane damage determined by YO-PRO-1 iodide
(Molecular Probes) was >90% at 24 h. To measure the intracellular calcium level, the cells were
loaded with 20 µM Fluo-3 AM (Molecular Probes) in CCM for 20 min, and further 20 min in CCM
to allow complete de-esterification of intracellular AM esters. The cells were then washed and
resuspended with sterile-filtered 0.1% w/v BSA in R-PBS, kept on ice, and immediately analyzed
by flow cytometry in the same manner as described above (with the FL1 channel). Three
independent assays were performed.
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Primer sequences and amplification efficiencies (Table SI)
Table SI. GenBank Accession numbers and primers used for qPCR analysis

Gene name (gene symbol)

GenBank
accession #

Amplicon
size (bp)

Amplification
efficiency (E)b

MEK kinase 1 (MEKK1)

EH672240

CAAAGGTGCAAACATTGTGG
ATGAATGGGATCGTTCCTTG

120

0.923 ± 0.045

Cadmium-metallothionein (MT)

AJ236886

CTTGTTGCTGCACAAACTGC
TTTCCACATTTGCCCTTCTC

97

0.924 ± 0.037

D85846

TGAATGCTGACGTTGGTGGA
TAGCCCGACTTGTGATGACC

108

0.924 ± 0.050

Lysozyme (Lyz)

KC493575

TGAGAGCCAGATCGGAAAGT
GGTTCCTTGATTTGGAATGG

72

0.915 ± 0.043

LPS binding protein / Bactericidal
permeability-increasing protein
(LBP/BPI)

JQ407018d

ATTTCCATCGGCGGTGATTG
GAGACATCGTGAAGCTTCCG

82

0.919 ± 0.035

Ferritin (Ferritin)

HO001288c

CGGTCGACAGTTACTCATCCA
AAGAGAGTCGGACCAGGAATG

70

0.929 ± 0.026

Coelomic cytolytic factor 1
(CCF1)

AF030028

TCTTCGACGCCAGAGGAAAC
GCGCTTGTAGACTCGGATGT

92

0.951 ± 0.026

Toll-like receptor (TLR)

JX898685d

CCTGGAGAGCATCGACAACA
TGCCATCGTCAGCTCAAAGT

94

0.949 ± 0.029

Lysenin (Lysenin)

c

Primers (5´-3´)a

a

Upper and lower sequences represent forward and reverse primers respectively.
Values are mean ± SD (n = 62-64).
c
Expression sequence tag.
d
Primers were designed based on the conserved domains (TIR, BPI) of mRNA sequence data from E.
andrei, a very closely related species.
b
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Estimated ECx values (Table SII)
Table SII. Estimated ECx values.

Assay type
MTT

Neutral Red

Average

Treatment

Hill slope

EC10 (µg/ml)

EC50 (µg/ml)

AgNO3

-1.65 ± 0.24

0.16 ± 0.03

0.61 ± 0.09

NM-300K

-2.12 ± 0.40

2.85 ± 0.35

8.86 ± 0.76

AgNO3

-0.98 ± 0.30

0.10 ± 0.06

0.78 ± 0.22*

NM-300K

-1.02 ± 0.19

1.19 ± 0.54

8.84 ± 1.61

AgNO3

-

0.13

0.70

NM-300K

-

2.02

8.85

Values are mean ± S.E. of three independent assays.
* An outlier was excluded (n = 2).
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Concentration-response curves (Figure S1)

Figure S1. Concentration-response curves for (A) AgNO3 and (B) NM-300K determined by MTT (circle)
and NR (square) assays. ECx values were estimated by individual curve-fitting (concentrations on a log
scale) in each assay and shown are mean ± S.E. of three independent assays.
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Particle characterization (Figure S2)

Figure S2. Colloidal stability of NM-300K under exposure conditions (dispersed in CCM, incubated at RT
in darkness). (A) Localized surface plasmon resonance of NM-300K studied using UV-vis. (B) Nanoparticle
tracking analysis to determine the agglomeration states.
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Dissolved silver and cellular silver accumulation (Figure S3)

Figure S3. GFAAS quantification of (A) soluble Ag fraction and (B) cellular Ag accumulation. (A) Values
are mean ± S.D. (n = 3-4). Dashed lines show the EC10 (24 h) concentrations for AgNO3 and NM-300K. (B)
Values are mean ± S.E. (n = 3). Asterisks (*) denote a significant difference between the treatments AgNO3
and NM-300K (Student’s t-test, p < 0.05).
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Oxidative stress and basal calcium levels (Figure S4)

Figure S4. Intracellular ROS level as a hallmark of oxidative stress and basal intracellular calcium level as a
signature of immune activation. The cells were exposed to low-cytotoxic concentrations of AgNO3 or NM300K, or a positive control, 100 µM H2O2. (A) The fluorescent marker DCF (reacts with ROS) was used. (B)
The calcium indicator Fluo-3 AM (binds Ca2+) was used on the cells derived from the same treatment batch
as in (A). Flow cytometry was applied to isolate the none- or less autofluorescence population (amoebocytes)
and the fluorescence intensity was set relative to that of the corresponding control.Values are mean ± S.E. of
three independent assays. Asterisks (*) denote a significant difference between the control and the treatment
(Student’s t-test, p < 0.05).
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Abstract
Since the advent of the nanotechnology era, the environmental sink has been continuously
receiving engineered nanomaterials as well as their derivatives. Our current understanding of the
potential impact of nanomaterials on invertebrate immunity is limited to only a handful of initial studies
including those on earthworms. Recently, we reported selective accumulation of silver nanoparticles in
the amoebocyte population of Eisenia fetida coelomocytes in vitro. In this review, we give an overview
of available literature on the life-history impacts on earthworms, and what we have learnt of the
immune responses to nanoparticles with references to other invertebrate species and vertebrate
counterparts. We discuss the significant contribution of amoebocytes as nanoparticle scavengers and
suggest a possibility of studying inter-cellular communications in coelomocytes. Implications from the
leading researches in vertebrate models tell us that study of the nanoparticle recognition involved in
cellular uptake as well as sub- and inter-cellular events may uncover further intriguing insights into
earthworm’s immunity in the nanomaterial world.
Key Words: nanomaterials, silver nanoparticles, immunogenicity, earthworms, coelomocytes, uptake

Introduction
The environmental sink has received, and is
expected to continue receiving, commercially
produced nanomaterials as well as their derivatives,
environmental transformations and the fate of which
have yet to be elucidated in particular in the soil
milieus (reviewed in Tourinho et al., 2012).
Immunity is a vital function to maintain
organism’s well-being, and represents a sensitive
physiological indicator that may be affected even at
low concentrations of nanomaterials exposure. Only
a handful of studies exist so far to aid the current
understanding
of
immune
responses
to
nanomaterials
in
invertebrates,
particularly
earthworms. This includes our recent in vitro study
on Eisenia fetida exposed to silver nanoparticles
(AgNPs) (Hayashi et al., 2012) supporting molecular
responses observed in vivo (Hayashi et al., in
press). Studies on other earthworm species have
been reported by van der Ploeg and co-workers,
where Lumbricus rubellus was exposed to the
carbon-based nanoparticle C60 fullerene in vivo
(2013) and in vitro (2012) and likewise exposed to
AgNPs (unpublished), as well as partially by the
work of Hooper et al. (2011) with E. veneta exposed
to zinc oxide NPs.
In this review we seek to recapitulate what has
been learnt from the initial studies on the effects of

It was not until the advent of the nanotechnology
era that earthworms were on the verge of
encountering the “unknown” delivered by the modern
human society. The current definition of a
nanomaterial adopted by European Commission
states “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 external dimensions is in the
size range 1 nm - 100 nm”. Naturally occurring
ultrafine particles of the same size range have
existed
long
before
the
emergence
of
nanotechnology. Yet, already in 2005 the extensive
review by Oberdörster and colleagues (2005) pointed
out possible scenarios of engineered nanomaterials
posing threats to ecosystem health. The major
concern stemming from rapid development and
commercialisation of nanotechnology products is
uncertainty of such novel formulations in the modes
of action and routes of exposure to living organisms.
___________________________________________________________________________
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cells. In general to all eukaryotic cellular
machineries size/shape and surface chemistry of
nanomaterials are the central parameters in the
interaction with immune systems, for example, via
biological ligand-receptor signalling (reviewed in
Dobrovolskaia and McNeil, 2007). Within the past
few years the concepts of dynamic assembly of NPs
and biomolecules were established (Shemetov et
al., 2012) and this has shed light on how the cells
“see” and interact with NPs in the context of
receptor-mediated responses (reviewed in Monopoli
et al., 2012). Supporting this notion, evidence of NP
uptake via conventional endocytic (e.g. Lesniak et
al., 2013; Wang et al., in press) and phagocytic (e.g.
Lunov et al., 2011) pathways is emerging. This has
a direct implication to innate cellular immunity, which
relies mainly on non-self pattern recognition and
macromolecule-marking (opsonisation) of particles
for phagocytic clearance. On the contrary, relatively
less explored is the inflammatory potential of NPs as
a result of direct receptor activation (e.g. Bastús et
al., 2009). This is beautifully vindicated by the
activation of integrin receptor signalling in THP-1
cells (a human acute monocytic leukemia cell line)
through binding of fibrinogen unfolded upon
interactions with NPs (Deng et al., 2011).
Inflammatory responses can also be induced
indirectly resulting from oxidative stress, a frequently
described mode of action of NPs (e.g. Hayashi et
al., 2012). AgNPs are a good example of
nanomaterials that involve oxidative stress
(Foldbjerg et al., 2012; Hayashi et al., 2012; Jiang et
al., 2013) and modulate pro-inflammatory cytokines
including a catalogue of interleukins and TNF-α
(reviewed in Klippstein et al., 2010).

nanoparticles (NPs) on earthworm immunity, with
references to other invertebrate species and
vertebrate counterparts. The upshot is that different
types of immunocytes may respond to NPs in a
distinct manner intimately linked to the cell’s ability,
and that previously uncharacterised aspects of
earthworm immunity are emerging in the light of the
nanotechnology era.
Sub-lethal impacts
earthworms

of

nanomaterials

on

Limited numbers of studies are currently
available in the literature on the impact of
nanomaterials on earthworms. Carbon-based
nanomaterials can affect the life-history traits of E.
veneta (Scott-Fordsmand et al., 2008), E. fetida (Li
and Alvarez, 2011) and L. rubellus (van der Ploeg et
al., 2011). Common to all was reduced
reproduction, which could result in a significant
decrease in the population growth rate (van der
Ploeg et al., 2011). C60 fullerenes are also
suggested to bioaccumulate in earthworms (E.
fetida) following soil exposure (Li et al., 2010),
whereas carbon nanotubes did not accumulate in E.
fetida (Petersen et al., 2008a) or L. variegatus
(Petersen et al., 2008b) when depuration of the gut
content was allowed. Ecotoxicological screening of
metal-based nanomaterials indicated significant
reproductive failure in E. fetida exposed to silver or
copper NPs (Heckmann et al., 2011). Different types
(size and coatings) of AgNPs disturb earthworm’s
reproductive capacity at 500-1000 mg/kg soil in E.
fetida (Heckmann et al., 2011; Shoults-Wilson et al.,
2011c; 2011b), and in L. rubellus significant
reproductive toxicity was observed at concentrations
as low as 154 mg/kg soil when the AgNPs were well
dispersed in soil (van der Ploeg et al., unpublished).
Bioaccumulation of AgNPs in earthworms seems
relatively low (Coutris et al., 2012; Shoults-Wilson et
al., 2011c; 2011b; van der Ploeg et al.,
unpublished), however, more sensitive endpoints
indicate that earthworm’s physiological traits are
affected already at sub-100 mg/kg soil, for example,
avoidance (Shoults-Wilson et al., 2011a), enzyme
activities (Hu et al., 2012), oxidative stress
responses (Tsyusko et al., 2012) and tissue
apoptosis (Lapied et al., 2010).
Other types of NPs (e.g. alumina, titania and
zinc oxide) have also been tested on earthworms
and reviewed elsewhere (Tourinho et al., 2012), and
two types of NPs (copper and gold) were observed
to biodistribute across the tissues, partly if not all,
persisting their nanoparticulate forms (Unrine et al.,
2010a; 2010b). Scarcely studied, however, is the
potential immunological effect of nanomaterials;
which leads us to limit our focus of the review on
carbon-based NPs and AgNPs, where insightful
observations were revisited in this context.

Earthworm’s immune responses to nanomaterials
The relative simplicity of invertebrate immunity
offers a potentially sensitive and accessible means
of disentangling the complex interactions of NPs
and immune cells. To address this challenge, we
have developed an in vitro model of E. fetida
coelomocytes. In our recent report, we observed at
the molecular level a cascade of stress responses
initiating from oxidative stress genes to immune
genes downstream following short-term exposure to
AgNPs in coelomocytes and in THP-1 cells (Hayashi
et al., 2012). A similar set of genes was affected
with a temporal shift when the worms were exposed
in vivo to the AgNPs in a soil matrix (Hayashi et al.,
in press). From evolutionary perspectives, a
similarity between E. fetida coelomocytes and THP1 cells in the expression patterns of catalase
(repressed over time), a well-known oxidative stress
response gene, and myeloid differentiation factor 88
(MyD88, induced over time), which encodes a
central adaptor protein of Toll-like receptors, was an
intriguing observation that may comprise a part of
immune responses to AgNPs in earthworms but
also across the animal kingdom (Hayashi et al.,
2012). Signal transduction, primarily through
mitogen activated protein kinase (MAPK) pathways,
appears to coordinate the cross-talk between
oxidative stress and immune responses to AgNPs,
as implicated in the expression profiles of MEK
kinase 1 (MEKK1) gene both in coelomocytes and
THP-1 cells (Hayashi et al., 2012), as well as in vivo

Immunogenicity of nanomaterials
Recognition, uptake and inflammation: cutting-edge
studies in vertebrates
Before remarking rather limited knowledge of
the effects of nanomaterials on earthworm’s
immunity, we begin by capturing potentially relevant
prospects that arise from studies of mammalian
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Fig. 1 Light (A) and scanning electron (B, C and D) micrographs of Eisenia fetida coelomocytes. The light
micrograph was imaged at x200 magnification with a phase-contrast microscopy. The scanning electron
micrographs were imaged on the coelomocytes after paraformaldehyde fixation and gold-sputtering (nominal 30
nm in thickness). From morphological observations, panels B and C appear to be amoebocyte populations while
panel D is most likely a chloragocyte (characterised by the granule-rich feature of chloragosomes).

in earthworms (Hayashi et al., in press).
Phosphorylation states of MAPK families in
earthworm coelomocytes were not examined,
whereas in vitro studies of NPs using haemocytes
from Mytilus species suggest rapid activation of
MAPK cascade members, namely p38 and JNKs,
with subsequent nitric oxide production (Canesi et
al., 2008; 2010a). The authors further reported
effects on other related traits, such as oxidative
burst and lysozyme activity. Interestingly, these
observations were made with the NP concentrations
at which lysosomal membrane stability, a sensitive
indicator of cell viability, was not affected. When the
molluscs were exposed in vivo to NPs in an aquatic
system, the digestive gland appeared as the likely
target of NPs with signatures of oxidative stress and
haemocyte damages (Canesi et al., 2010b).
Similarly, haemocytes from freshwater mussels

(Dreissena sp.) exposed in vivo to titania NPs
accumulated the NPs intracellularly and showed
reduced phagocytic activity as well as activation of
ERK1/2 and p38 MAPK families (Couleau et al.,
2012).
van der Ploeg and colleagues (2013) exposed
L. rubellus earthworms in vivo to C60 fullerenes for
two different exposure durations (4-weeks and
lifelong), and in both cases observed suppression of
heat shock protein 70 (HSP70) gene while enzymes
involved
in
antioxidant
mechanisms
were
unaffected. Of particular interest is significant
suppression of coelomic cytolytic factor 1 (CCF1)
gene in the lifelong experiment (van der Ploeg et al.,
2013); CCF1 is a known pattern recognition
receptor in earthworm’s immunity (for review see
Bilej et al., 2010). Tissue injuries without histological
signatures of inflammation were observed both in 4
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weeks- and, albeit less severely, lifelong-exposed
worms in parallel with decreased CCF1 expression
(van der Ploeg et al., 2013). On this basis, the
authors suggested immunosuppressive effects of
C60, rather than a result of coelomocyte mortality.
This was supported by their in vitro work, in which
coelomocytes from L. rubellus were viable at a wide
range of C60 concentrations while CCF1 was downregulated in concurrence with reduced phagocytic
activity (van der Ploeg et al., 2012).
Although these initial studies are only indicative
of the extent to which the nanomaterials may
interfere with the function of earthworm’s immune
systems, early warnings are already given; that
nanomaterials are a new class of environmental
contaminants
posing
potential
threats
to
earthworms.

able to engulf particles via a RGD motif-dependent
macropinocytosis (Ballarin and Burighel, 2006),
however, such mechanisms are not yet known in
earthworms.
Another potential phagocytic pathway is via
scavenger receptor class A that is expressed by
both human macrophages and macrophage-like
THP-1 cells, but not by monocytic THP-1 cells
(Lunov et al., 2011). Scavenger receptors are
conserved pattern recognition receptors known to
bind lipids (lipopolysaccharides and modified lowdensity
lipoproteins)
and
polyanions
for
phagocytosis. In particular, a macrophage receptor
with collagenous structure (MARCO) is known to
recognise and associate with NPs for phagocytic
clearance in mammalian cells (Kanno et al., 2007).
In invertebrates, haemocytes from insects (Franc et
al., 1996) and molluscs (Liu et al., 2011) are known
to effect scavenger receptor-mediated uptake of
pathogens and apoptotic cells. To date, scavenger
receptors are yet to be identified in earthworms;
however, their ubiquitous presence suggests an
unequivocally conserved role in innate immune
recognition that may be involved in NP uptake as in
vertebrate counterparts (Fig. 2).
Toxicological
implications
arising
from
selective cellular uptake of nanomaterials are
profound. Of metal-based nanomaterials that
readily dissolve and liberate bioactive metal ions,
AgNPs represent the most well-studied type of
+
NPs (e.g. Liu et al., 2010). Free Ag ions, the
product of oxidative dissolution, itself is highly
biologically active and reacts with biomolecules
(e.g. proteins and DNA) of the cellular components
in a similar manner as reactive oxygen species
(ROS). AgNPs and Ag+ ions co-exist extracellularly
and/or intracellularly, indicating a multitude of stress
pathways not limited to those for the nanoparticulate
form but including contribution of liquid-phase silver
(e.g. Beer et al., 2012; Yang et al., 2011).
Intracellular uptake of AgNPs is likely to involve
subsequent fusion with lysosomes that may
accelerate oxidative dissolution of AgNPs under the
acidic milieu (Jiang et al., 2013). This implies that
AgNPs may have a targeted impact on
amoebocytes as a result of preferential
accumulation and subsequent in situ molecular
+
damages by liberated Ag ions (Hayashi et al.,
2012; see Fig. 2). Time-course profiling of
representative gene expressions, in parallel with
flow-cytometric analysis of the intracellular ROS
level, favour the view that the amoebocyte
populations are under oxidative stress that can
signal-transduce to immune cascades downstream
(Hayashi et al., 2012; and Fig. 2). Recently, the
amoebocyte populations, but not chloragocytes,
were found to recruit calcium for activation (e.g.
Homa et al., 2013) and that they may possess a
similar biochemistry of calcium signalling as in
higher organisms linking stress responses to
activation of immune systems (Opper et al., 2010).
Studies on how AgNPs affect calcium signalling in
amoebocytes may further illuminate the cross-talk
between stress and immune responses as known
for another highly-conserved signal transduction
cascade, MAPK pathways (Fig. 2).

Dissecting earthworm’s innate immunity
Earthworm immune system consists of cellular
(coelomocytes)
and
humoral
components
(antimicrobial, cytolytic and pattern recognition
molecules) directed towards non-self materials in a
natural non-specific manner (reviewed in Cooper et
al., 2002). Cytochemical, immunological and
functional approaches characterised three major
subpopulations (morphological observations by light
and electron micrographs are shown in Fig. 1),
among which hyaline and granular amoebocytes
participate in the cellular effector mechanisms (e.g.
phagocytosis
and
encapsulation)
while
chloragocytes (eleocytes) contribute more to
homeostasis and humoral immunity (Engelmann et
al., 2004; 2005; Opper et al., 2010). Fig. 2 illustrates
the potential room for future challenges in facing the
nanotechnology era, supported with evidence in
earthworms or other multicellular organisms.
Amoebocytes as the scavenger of nanomaterials
Coelomocytes of L. rubellus, largely lacking
free-circulating chloragocytes (Cholewa et al.,
2006), proved capable of internalising polymeric
NPs (hydrodynamic diameter of 45 ± 5 nm)
apparently involving energy-dependent transport
mechanisms (clathrin- and caveolin-mediated
endocytosis pathways) (van der Ploeg et al., 2012).
Our recent study suggests that the hyaline subgroup of amoebocytes and PMA-differentiated
macrophage-like THP-1 cells, but not the monocytic
phenotype of THP-1 cells, can accumulate AgNPs
of the primary particle sizes around 83 ± 22 nm
(Hayashi et al., 2012). Amongst the coelomocyte
populations, the hyaline amoebocytes are known to
adhere and engulf bacteria (Engelmann et al.,
2005), and may thus be considered as the
invertebrate counterpart of macrophages. Although
NP uptake mechanisms are largely unknown in
coelomocytes, the macrophage-like THP-1 cells
appear to effect macropinocytosis for the uptake of
negatively-charged NPs (Lunov et al., 2011). In
mammals, macropinocytosis initiates with cell
membrane ruffling via actin rearrangement,
suggesting an intriguing possibility of passive
uptake of NPs that are membrane-adhered (Fig. 2).
Amongst invertebrates, ascidian haemocytes are
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Fig. 2. Schematic illustrating the room and future challenges to progress further in our understanding of the
effects of nanomaterials on earthworm’s immunity. See the main text for references to each heading. Headings
with a question mark show subjects that are relatively less understood in coelomocytes and in vertebrates.
Drawings are not to scale. Me+; metal ions, ROS; Reactive oxygen species.

amoebocytes treated with mammalian cytokines
(notably IL-1β, IL-2 and TNF-α).
The coelomic fluid of earthworms is sometimes
assumed in the immunological context equivalent to
blood plasma in mammals, both representing a
protein-rich immune-competent circulatory system.
Distinct from the mammalian counterpart is the
existence of (migratory and sessile) chloragocytes
involved in the regulation of essential minerals,
haemoglobins and metallothioneins in response to
natural stressors (Molnár et al., 2012). This is
probably by functional analogy with the
hepatic/renal
systems
of
vertebrates,
and
chloragocytes may contribute to regulation of the
total protein balance in the coelomic fluid. For
example in echinoderm, immunostimulants and
invertebrate cytokines were able to regulate
secretion
of
acute
phase
proteins
from
coelomocytes (Beck et al., 2002). Its relation to
immunostimulation remains unclear, but in Eisenia
earthworms the expression and secretion of the
cytolytic/antimicrobial
molecule
lysenin
was
increased in migratory chloragocytes upon Gram-

Inter-cellular communications: an indirect effect?
Phagocytes secrete cytokines as a biological
means of cellular communication to initiate e.g.
inflammation but also other immunological
functions, such as acute phase responses by liver
cells. As described earlier in this review, cytokine
secretion/modulation is a documented effect of NPs
while much less is known for secondary impacts
related to altered cytokine profiles (Fig. 2).
Direct evidence, however, has not been
discovered for conserved and novel cytokines in
earthworms. In contrast, other invertebrate
organisms (especially insects) have already
provided sufficient data for cytokine-mediated
immune functions (e.g. haematopoiesis) (Malagoli,
2010; Malagoli et al., 2012; Söderhäll et al., 2005).
The conservation and existence of proinflammatory
cytokines in earthworms are not a fairy-tale; earlier
we observed positive reactions of coelomocytes to
monoclonal antibodies targeted for mammalian
TNF-α (Engelmann et al., 2002), and recently the
work of Fuller-Espie and colleagues (2008) supports
enhanced
phagocytic
activity
of
hyaline
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positive bacterial challenge of total coelomocytes
(Opper et al., 2013). Given that these characteristics
partly resemble those of vertebrate hepatic cells,
acute phase response in coelomocytes may await
further investigations using nanomaterials as a tool
to selectively target amoebocytes and modulate
cytokine profiles. This also suggests an interesting
feature of using coelomocytes as a mixedpopulation model integrating the cell-to-cell
signalling events (especially of immune effector cells
to hepatic-like cells) that is otherwise difficult to
study in vertebrate in vitro models of monocultured
cell lines. We also note that secretion of humoral
factors
and
deposition
of
chloragosomes
(specialised
lysosome-like
structures
of
chloragocytes) may lead to dynamic interactions of
NPs and these biomolecules (Fig. 2).
Understanding
immune
responses
nanomaterials: the challenges

conjugation of peptides onto gold nanoparticles
enhances macrophage response. ACS Nano. 3:
1335-1344, 2009.
Beck G, Ellis TW, Habicht GS, Schluter SF,
Marchalonis JJ. Evolution of the acute phase
response: Iron release by echinoderm (Asterias
forbesi) coelomocytes, and cloning of an
echinoderm ferritin molecule. Dev. Comp.
Immunol. 26: 11-26, 2002.
Beer C, Foldbjerg R, Hayashi Y, Sutherland DS,
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286-292, 2012.
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2010.
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Nanotoxicology. 6: 186-195, 2012.
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to

In the light of our current understanding in
nanomaterials and their immunogenicity, we have in
this review given an account for a summary of
available literature on the life-history impacts of
nanomaterials on earthworms, and what we have
learnt of the immune responses to nanomaterials.
The phagocytic population of the coelomocytes,
namely hyaline amoebocytes, seems a susceptible
target of nanomaterials, as a result of which indirect
responses by chloragocytes are conceivable.
Environmental toxicants (such as pesticides
and heavy metals) compromise the host’s immune
system. These pollutants inhibit the cellular immune
functions (e.g. phagocytosis) while humoral
components (e.g. lysozyme production) are
elevated. At the dawn of knowledge about the
impact of nanomaterials on invertebrate immunity, it
is still obscured whether they influence cellular
and/or humoral arms of immunity in a fashion that
has not been previously documented. We have
discussed a significant contribution of amoebocytes
as NP scavengers and proposed a possibility of
studying
inter-cellular
communications
in
coelomocytes. Implications from the leading
researches in vertebrate models tell us that study of
the NP recognition involved in cellular uptake as
well as sub- and inter-cellular events may uncover
further intriguing insights into earthworm’s immunity
in the nanomaterial world.
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