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Nano impact

Gene expression as an indicator of the molecular
response and toxicity in the bacterium Shewanella
oneidensis and the water flea Daphnia magna
exposed to functionalized gold nanoparticlest

T. A Qiu,i? J. S. Bozich, " S. E. Lohse,© A. M. Vartanian,© L. M. Jacob,® B. M. Meyer,?
. L. Gunsolus,® N. J. Niemuth,” C. J. Murphy,© C. L. Haynes® and R. D. Klaper*®

Nanoparticle (NP) physiochemical properties have been shown to be important determinants of NP
interactions with biological systems. Due to both nanomaterial diversity and environmental complexity, a
mechanistic understanding of how physiochemical properties affect NP/organism interactions will greatly
aid in the accurate assessment and prediction of current and emerging NP-induced environmental
impacts. Herein, we investigated key biological apical endpoints, such as viability, growth, and reproduction
and the expression of genes associated with related molecular pathways in response to exposure to gold
nanoparticles (AuNPs) functionalized with either positively charged ligands, polyallyamine hydrochloride, or
negatively charged ligands, mercaptopropionic acid, in two model organisms, the bacterium Shewanella
oneidensis MR-1 and the water flea Daphnia magna. By linking changes in molecular pathways to apical
endpoints, potential biomarkers for functionalized AuNP impacts were identified in both organisms. Specifi-
cally, act was identified as a potential biomarker in D. magna and 16S as a potential biomarker in S.
oneidensis. We also revealed that changes in molecular pathways induced by ligand-NP combination were
strongly dependent upon the type of ligand on the NP surface, and the effects from their respective ligands
alone might predict these effects for the ligand-NP combination, but only in some cases. Lastly, we
revealed that it is possible to identify similar pathways provoked upon NP exposure across organisms. This
study shows that molecular pathways will help elucidate mechanisms for NP toxicity that are predictive of
adverse environmental outcomes.

Based on the great diversity of organisms in the environment and possible engineered nanomaterials, fundamental understanding of nanoparticle-

biological interactions will be critical for accurate assessment and prediction of nanoparticle environmental impacts. Herein, we investigated key biological

apical endpoints and molecular pathways in response to functionalized Au nanoparticles in two environmentally relevant model organisms, the bacterium
Shewanella oneidensis and the water flea Daphnia magna. We identified some specific molecular responses that may serve as potential biomarkers for nano-

particle impacts, revealed that changes in apical endpoints and molecular pathways in both organisms strongly depend on ligand-nanoparticle combina-

tion, and uncovered shared pathways provoked upon nanoparticle exposure. This study facilitates a better understanding of nanoparticle-organism interac-

tion mechanisms, building toward prediction of meaningful environmental outcomes.
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Introduction

Engineered nanoparticles (NPs) are being produced to
enhance a wide range of societally beneficial applications,

b School of Freshwater Sciences, University of Wisconsin Milwaukee, 600 E. from energy storage capacities and material durablhty to
Greenfield Ave, Milwaukee, WI 53204, USA. E-mail: rklaper@uwm.edu; medical therapeutics and water treatment devices.' These

Fax: +414 382 1705; Tel: +414 382 1713
“ Department of Chemistry, University of Illinois at Urbana-Champaign, 600 S.

Mathews Ave, Urbana, IL 61801, USA

t Electronic supplementary information (ESI) available. See DOIL 10.1039/

¢5en00037h

applications are possible because of the novel
physiochemical properties NPs display, such as high surface
area and reactivity as well as distinct surface chemistries,
compositions and size distributions. It is, however, these same

1 These two authors contributed equally to this work. size-dependent physiochemical properties that may influence
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their biocompatibility.*® For example, size, shape and core
composition have been thought to mediate receptor-ligand
binding rates, cellular phagocytosis, exocytosis and
cytotoxicity.” > Other studies suggest that NP surface charge is
the main determinant of biological interactions, with posi-
tively charged particles being more toxic than negatively or
neutrally charged particles.”**®

These classifications of critical features that determine
biological impact all focus on the NPs themselves. The differ-
ences in response across organisms or cell types are less
often considered despite the fact that toxicological evalua-
tions of the biological impacts caused by engineered NPs
have revealed a wide range in responses across cell types or
organisms considered.’®>* For example, Sohaebuddin et al.
(2010)** demonstrated that cell type determines the extent of
response to nanomaterials with different compositions and
sizes. In another study using ZnO NPs, the EC;, differed by
orders of magnitude for V. fischeri, D. magna and T.
platyurus.> Variation across cell systems and organisms
makes it difficult to develop a common understanding of the
properties of nanomaterials that may determine toxicity. Even
for well-studied chemicals, such as pesticides, models that
use general acute endpoint data to predict impacts often
inaccurately estimate concentrations that cause effects across
similar chemicals and rarely are applicable across organ-
isms.”®*” These studies have shown that a more mechanistic
understanding of the impacts of chemicals at sublethal
doses provides a more accurate description of impacts and
better data for modeling these effects across species. The
goal of this project is to achieve a more mechanistic under-
standing of NP/organism interactions to facilitate efficient
prediction of the impact nanotechnology will have on envi-
ronmental health. Linking specific molecular mechanisms
that are impacted by NPs across organisms to apical end-
points will not only greatly aid in assessing the potential
environmental impact of these materials but is also crucial to
informing NP design for safe and sustainable development of
nanotechnologies.

Currently, the major proposed molecular mechanism for
NP toxicity is oxidative stress.”**' However, the exposures
that produce oxidative stress in many studies are well above
what is estimated to be the current or future environmental
concentrations; long-term low dose exposures are the more
likely scenario.**** In addition, the molecular mechanisms
responsible for coping with oxidative stress are triggered
upon exposure to a wide range of chemical species***> and
are a natural biological response that does not necessarily
lead to an adverse outcome.*® The focus on oxidative stress
and lethal dose exposures makes it difficult to uncover other
mechanisms that may have a greater predictive power for the
environmental impact of NPs. Sublethal concentration-based
exposures allow the cell to have a more natural perturbation
by the contaminant that triggers subtle, but potentially spe-
cific, molecular responses.*””*® It is these more realistic expo-
sure scenarios that will uncover more mechanism-based
information to predict meaningful impacts across species.
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Molecular biomarkers provide a sensitive indicator of
the response of an organism to stressors such as exposure
to a toxicant in addition to providing information on the
mechanisms that are impacted by exposure.®”*® Mechanis-
tic information that can be tied to larger impacts on repro-
duction for example enhances the possibility of predicting
negative outcomes where standardized toxicological tests,
although valuable, have limited ability to accurately pre-
dict the impact of emerging contaminants. Overreliance on
these methods has led to risk assessment failures.*® Devel-
oping such candidate biomarkers for NP toxicity will
greatly aid in the rapid assessment and impact prediction
for current and emerging nanomaterials across a wide
range of organisms. Previously developed biomarkers, for
example, vitellogenin, have been used for the successful
determination of adverse outcomes of some classes of
endocrine disruptors and their impacts on vertebrate
reproduction.’®™* Metallothioneins are used to detect
metal ion exposure, and they are expressed in response to
a wide range of metal-based contaminants associated with
environmental pollution.** Heat shock proteins, indicative
of proteotoxic stressors, indicate subtlethal cellular dam-
age and respond in a dose-dependent manner to environ-
mental stressors.** Biomarkers that provide mechanistic
insight into nanoparticle-organism interactions, especially
if they apply to effects seen across species, would provide a
way to group nanomaterials by their molecular level
effects. Furthermore, they may indicate both nonspecific
and specific modes of action as well as underlying mecha-
nisms for toxicity of NPs with particular physiochemical
properties.

In this study, we examined several candidate biomarkers
in two model species, the bacterium Shewanella oneidensis
and the invertebrate Daphnia magna, that are associated with
pathways of importance in these two species and determined
how their expression related to the biological impacts of
exposure to gold NPs (AuNPs) with positively or negatively
charged surfaces. Shewanella oneidensis (MR-1) is an environ-
mentally beneficial Gram-negative bacterium with a unique
metal-reducing capability to respire heavy metals; S.
oneidensis plays an important role in the cycling of metal ele-
ments in the ecosystem as well as the bioremediation of toxic
elements.*”> Daphnia magna is a designated toxicology and
toxicogenomics model organism by multiple agencies (OECD,
NIH and EPA) and is an environmentally relevant freshwater
invertebrate that composes an integral part of freshwater food
webs.*® AuNPs were chosen as a model NP in this study due to
the chemical inertness of the gold core and our ability to read-
ily control size,"” shape'® and surface functionalization."® Two
ligands were used for AuNP functionalization, positively
charged polyallylamine hydrochloride (PAH) and negatively
charged mercaptopropionic acid (MPA).

We explored genes in various molecular pathways in our
two model organisms. Pairs of genes selected from each
organism were to represent pathways encoding for similar
cellular functions in the two organisms, including oxidative
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stress, xenobiotic detoxification, protein folding, cellular
electron transport, and cellular maintenance. In addition,
genes in pathways related to reproduction in D. magna and to
cell division, DNA repair and extracytoplasmic stress in S.
oneidensis were also investigated. The goal was to determine:
1) how the exposure to NPs with differing surface properties
impacted each organism and how this differed from their
respective ligand controls; 2) if gene expression for these path-
ways were an indication of impacts seen in each organism; 3)
if exposure duration altered effects and gene expression mea-
surements and if acute measurements of gene expression
would provide an indication of chronic impacts; and 4) if gene
expression for similar pathways across organisms would pro-
vide biomarkers that were predictive across species. The NPs
used in this study were quantitatively and qualitatively charac-
terized prior to and after exposure to assay media to aid us in
understanding how alterations in NP physical properties may
impact molecular pathways. Overall, this work aims to link
molecular pathways and apical endpoints to NP characteristics
in two distinct environmentally relevant organisms.

Methods

Functionalized AuNP synthesis and characterization

All materials were used as received, unless otherwise noted.
Gold tetrachloroaurate trihydrate (HAuCl,-3H,0), sodium
borohydride (NaBH,), trisodium citrate, 3-mercaptopropionic
acid (MPA) and polyallylamine hydrochloride (PAH; M,
15000 g mol ') were obtained from Sigma Aldrich. Ultrapure
deionized water was prepared using a Barnstead NANOPURE
water filtration system. PALL Minimate tangential flow filtra-
tion capsules for AuNP purification with 50 kDa pore size
was obtained from VWR. Transmission electron microscopy
grids were obtained from PELCO (SiO on copper mesh).

The 4.7 (+1.5) nm-diameter PAH-AuNPs were prepared by
polyelectrolyte wrapping of ~4 nm-diameter citrate-coated
AuNPs. The (4.3 + 1.3) nm-diameter MPA-AuNPs were pre-
pared by direct synthesis. After synthesis, measuring and
counting using TEM images determined size distributions.
Detailed descriptions of the AuNP syntheses are given below.

PAH-AuNPs (4.7 = 1.5 nm). As a first step in synthesis of
PAH-AuNPs, citrate AuNPs were synthesized using previously
reported procedures.”’” In an aqua regia-cleaned round-
bottomed flask, 5.0 mL of aqueous gold tetrachloroaurate
hydrate (HAuCl,;-3H,0, 10.0 mM) was combined with 1.5 mL
of aqueous 0.1 M sodium citrate and diluted to a final vol-
ume of 400 mL with ultrapure deionized water. The reaction
mixture was stirred vigorously for 10 min. An aqueous solu-
tion of ice-cold 10.0 mM sodium borohydride (30.0 mL) was
then added to the reaction mixture, while stirring continued.
Following borohydride addition, the solution rapidly changed
color to a deep brown and then red-orange over the course of
the first 10 minutes of stirring. The resulting AuNP solution
was then stirred for a further 3.0 hours. The crude 4 nm Cit-
AuNPs were then concentrated using a diafiltration appara-
tus, prior to polyelectrolyte wrapping.>® Cit-AuNPs were then
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wrapped with polyallylamine hydrochloride (PAH) to prepare
4 nm PAH-AuNPs, as previously described.>" Briefly, the con-
centrated Cit-AuNP solution was dispersed in 20.0 mL of a
1.0 mM aqueous sodium chloride solution to give a final
AuNP concentration of approximately 20.0 nM. To each 20.0
mL of polyelectrolyte wrapping solution, 500 pL of 15000 M,,
PAH (10.0 mg mL™") dissolved in 1.0 mM NaCl was then
added. The wrapping solution was briefly mixed at vortex
briefly and left to stand for 16 h. The PAH-AuNPs were subse-
quently purified by centrifugation and washing (55 min at
18894 rcf), in ultrapure deionized water. The purified PAH-
AuNPs were then concentrated in a diafiltration membrane.”®

MPA-AuNPs (4.3 + 1.3 nm). MPA-stabilized AuNPs were
prepared by direct synthesis with sodium borohydride
according to previously reported methods.>> Briefly, a 500 mL
aqueous solution of HAuCl, (1.5 mM) and MPA (3.0 mM) was
prepared using ultrapure deionized water in an aqua regia-
cleaned round-bottomed flask. The pH of the growth solution
was adjusted to approximately 8.5 by the addition of dilute
aqueous sodium hydroxide and stirred at vortex for 10 min.
10.0 mL of a 0.1 M aqueous sodium borohydride solution
was then added to the reaction mixture. The combined solu-
tions rapidly changed color to a deep orange-brown, and the
reaction mixture was stirred for a further 3 hours. The thiol-
stabilized AuNPs were then concentrated and purified by
diafiltration (40.0 volume equivalents of ultrapure deionized
water in a 50 kDa membrane).

AuNP characterization and analysis

Synthesized functionalized AuNPs were characterized in
Milli-Q water, bacteria growth medium, and Daphnia medium
using various analytical techniques, including TEM for abso-
lute sizes (JEOL 2100 Cryo TEM), dynamic light scattering for
hydrodynamic diameter (Brookhaven ZetaPALS), zeta-
potential for surface charge (Brookhaven ZetaPALS), and UV-
vis localized surface plasmon resonance (LSPR) spectroscopy
for particle concentration and aggregation (Mikropack DH-
2000 UV-vis-NIR spectrometer).

Free ligand suspensions

Free ligands, MPA and PAH (M, 15000 g mol"), were
obtained from Sigma Aldrich. MPA and PAH ligands are read-
ily soluble in water and do not require a co-solvent for disper-
sion. The ligands were dissolved into Milli-Q water at a maxi-
mum concentration of 50 mg L' and diluted accordingly for
free ligand toxicity control experiments.

Shewanella oneidensis MR-1 cultivation and cell oxygen
uptake assay

S. oneidensis MR-1 cultivation. S. oneidensis MR-1 was
obtained from Professor Jeffery Gralnick, University of Min-
nesota Department of Microbiology and was stored at —80 °C
before use. Bacteria were inoculated onto a LB broth agar
plate and incubated at 30 °C for 24 hours or until visible col-
onies formed. A minimal medium consisting of salts and
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buffering agent was used in this study. 0.68 g NaCl, 0.3
g KCl, 0.285 g MgCl,-6H,0, 0.3975 g Na,SO,, 0.15 g NH,CI,
and 2.383 g HEPES (4-(2-hydroxyethyl) piperazine-1-ethane-
sulfonic acid) were dissolved in 1 liter of Milli-Q water. After
autoclaving and cooling down, 0.0125 g Na,HPO, and 0.0056
g CaCl, were added per liter. Right before use, 1.86 mL
sodium pr-lactate syrup (60% w/w, Sigma-Aldrich) was mixed
with the minimal medium to make 100 mL of the final
growth medium containing 129 mM sodium bpr-lactate. Lac-
tate was used as an additional carbon source to promote bac-
terial growth. Colonies formed on agar plates were inoculated
into the minimal medium with lactate in sterile culture tubes
and grown in a 32 °C orbital shaker at 300 rpm until ODggo ~
0.25, the maximal optical density that Shewanella oneidensis
MR-1 can reach in the minimal medium with lactate.

Monitoring S. oneidensis oxygen uptake. The oxygen
uptake of the bacteria population over time was monitored
using a PF-8000 aerobic/anaerobic respirometer system (Res-
pirometer Systems and Applications, LLC). Bacteria were
grown in minimal medium with lactate until it reached
ODgop ~ 0.25 and diluted 1:10 into the growth medium
supplied with NP/ligands in reaction vessels that were kept
in a 32 °C water bath. Exposures of PAH-NPs were
conducted at 30, 100, and 5000 pg L', and exposures of
PAH ligand were 30, 100, 300, 600, 1000, 2000 and 5000 pg
L™ In all subsequent experiments and comparisons, a ten-
fold mass concentration of PAH free ligand and an equiva-
lent mass concentration of MPA free ligand were used as
ligand controls, which was calculated to be an overestimate
of possible total free ligand present in the suspension (see
ESIt).>® A tube filled with 1 mL 30% (w/w) KOH solution
was inserted into each reaction vessel to absorb carbon
dioxide generated from cell respiration. The consumption of
oxygen was compensated by continuous oxygen injection to
keep the pressure constant in the headspace of the reaction
vessels. Oxygen uptake was recorded every 10 minutes auto-
matically for 24-48 hours by the instrument. The first deriv-
ative of oxygen uptake was plotted to identify the maximal
oxygen uptake rate and the time of that maximum. To rep-
resent each oxygen uptake trace with a single value, the
ratio of maximal oxygen uptake rate to the time when it
reached maximal rate was calculated following the equation
below:

Maximal rate (mg h™
Ratio = ( g )

Time to reach maximal rate (h)

The ratio was then normalized to the average of control
groups and represented as a percentage, where 100% indi-
cates no inhibition of cell oxygen uptake.

Daphnia magna cultivation and biological assays

D. magna cultivation. Populations used in this experiment
were cultivated at the UW-Milwaukee School of Freshwater
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Sciences in the R. Klaper laboratory. Daphnia neonates used
for the gene expression assays were collected from
populations maintained in moderately hard reconstituted
water (MHRW) incubated at 20 °C on a 16: 8 light/dark cycle
as designated by EPA protocols.”® Daphnia breeding
populations were held at a concentration of 14 adult Daph-
nia per 1 L of media in glass beakers and were discarded
once adults reached 28 days old. Daphnia were fed 50 mL
freshwater algae (Pseudokirchneriella subcapitata) at an algal
density of 400000 algal cells per mL and 15 mL of dissolved
alfalfa (Medicago sativa). Alfalfa stock was prepared by
suspending 405 mg of Alfalfa in 50 mL Milli-Q water after
15 minutes of stirring and 5 minutes of centrifugation at
3829 RCF.

D. magna acute assay. Acute survival assays were carried
out in a 48 h static exposure. All exposures used 5 Daphnia
neonates (24-48 hours old) per 100 mL of MHRW (control),
NPs, or free ligands suspended in MHRW, bringing the
total volume to 100 mL. A minimum of three replicates
were carried out for each treatment, and survival was deter-
mined as percentage alive at 48 h. Exposures were carried
out to determine sublethal concentrations of NPs and free
ligands. Concentrations tested for NPs and free ligands are:
1, 5, 10, 50, 100 pg L™ for PAH-AuNPs and PAH free ligand
and 1, 5, 10 and 25 mg L™ for MPA-AuNPs and MPA free
ligand.

D. magna chronic assay. Daphnia chronic exposures used
5 Daphnia neonates (24-48 hours old) exposed to NPs or
ligands for 21 days in a static renewal exposure, and triplicate
assays were performed for each condition. A total of 5 neo-
nates were placed in 94 mL of MHRW (control) or NPs/
ligands where full media change out occurred three times
per week. In chronic exposures, daphnids are supplemented
with 4 mL of algae (Selenastrum capricornitum) and 2 mL of
alfalfa (Medicago sativa) at each media exchange to bring the
total volume to 100 mL. Concentrations tested in the chronic
assay were: 1 and 5 ug L' for PAH-AuNPs and PAH free
ligand and 5 and 25 mg L™ for MPA-AuNPs and MPA free
ligand. Reproduction and mortality were measured at each
media exchange, and body size was recorded at the end of
the exposure.

Reproductive exposures adhered to the mortality and
reproduction guidelines designated by the OECD (OECD
guidelines 1998). Daphnids were kept at a concentration of 5
daphnids per 100 mL, and results were normalized to con-
trols (i.e. daphnia exposed to only MHRW) to account for
changes in reproduction and body size as these replicate
exposures took place over a period of several months.

Gene expression exposures and RNA preservation

Gene expression exposures were performed in parallel with
bacterial oxygen uptake and D. magna survival and reproduc-
tion assays.

S. oneidensis. Colonies from agar plates were inoculated
in minimal medium supplied with 129 mM lactate until the

This journal is © The Royal Society of Chemistry 2015
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bacterial suspension reached ODgqyo ~ 0.25. The bacterial sus-
pension was adjusted to ODgyy ~ 0.2 before AuNPs were
added. The sublethal dosages, 30 ug L' of PAH-AuNPs and
300 pg L™ of PAH ligand, and 5 mg L™ of MPA-AuNPs and
MPA ligands, were primarily used for gene expression stud-
ies; in addition, a 100 ug L™ dose of PAH-AuNPs was used to
investigate two biomarker candidates, in order to provide fur-
ther evidence to link molecular pathways to inhibition of bac-
terial oxygen uptake. After NPs/ligands were added, the bacte-
rial suspension was incubated on a 32 °C orbital shaker at 300
rpm for 1 hour or 6 hours. Cells were harvested by centrifug-
ing at 1500 x g for 10 minutes, and then the pellets were suffi-
ciently re-suspended into either 200 puL (PAH-AuNP/ligand) or
1 mL (MPA-AuNP/ligand) of RNAzol®RT (Molecular Research
Center, Inc.) for cell lysis and RNA preservation.

D. magna. Daphnia neonates (24-48 hours old) were
exposed to NPs and free ligands in an acute exposure lasting
24 hours. All exposures used 10 neonates per 100 mL of MHRW
(control) or NPs or free ligands suspended in MHRW (treat-
ment) bringing the total volume to 100 mL. Exposures were car-
ried out at sublethal concentrations of NPs/free ligands between
5-1000 nug L depending on the NP/free ligand being consid-
ered. Sublethal concentrations for acute exposures were chosen
based on previous study (Bozich et al. 2014). Greater than three
replicates were carried out for each treatment and concentration
tested. At the end of the exposure duration, daphnids were col-
lected and put in a 1.5 mL RNase-free eppendorf tube corre-
sponding to their replicate number. Excess liquid was removed,
and daphnids were immediately flash frozen in liquid nitrogen
and stored at —-80 °C to wait further processing. For D. magna
chronic exposures, exposures were carried out at sublethal con-
centrations of NPs/free ligands between 5-5000 pg L™, and
daphnids were collected at the end of the 21 day exposure
period and preserved using the same method as the acute expo-
sure samples. The RNA from all samples was extracted using
TRIzol® for cell lysis and RNA preservation.

RNA extraction, reverse transcription and real-time quantita-
tive PCR

A Direct-zol™ RNA MiniPrep kit (Zymo Research) was used
for total RNA isolation and purification by spin columns. The
manufacturer's recommended protocol was followed using a
centrifugation speed of 12000 x g with an on-column DNase
I treatment at 30 °C for 15 minutes. RNA was finally eluted
from the column at 16000 x g for 1 minute. Total RNA was
characterized using a Thermo Scientific NanoDrop 8000 and
an Agilent 2100 Bioanalyzer for quality control.

Total RNA was reverse transcribed into ¢cDNA following
the manufacturer's protocols. Briefly, 100 ng of total RNA
were incubated in the presence of either random primers
(Promega) for S. oneidensis or oligo(dT),; primer (Promega)
for D. magna at 65 °C for 5 minutes. After cooling on ice for 1
minute, the SuperScript III reverse transcriptase, DTT, and
RNaseOUT™ recombinant ribonuclease inhibitor (Life Tech-
nologies) were added into the mixture followed by incubation

This journal is © The Royal Society of Chemistry 2015
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at 25 °C for 5 minutes (this step was only for random
primers), 50 °C for 60 minutes, and 70 °C for 15 minutes for
primer extension. Once synthesized, cDNA were stored at
—20 °C.

Target genes were chosen for both S. oneidensis and D.
magna. Four pairs of genes in similar pathways related to
stress response in the two organisms were selected, including
gst (S. oneidensis)/gst (D. magna, same order for the following
pairs) in xenobiotic detoxification, ngrF/nadh for electron
transport, katB/cat for oxidative stress attenuation, and ibpA/
hsp70 for heat shock response. To link to apical endpoints,
the vtg gene for D. magna reproduction and fitsK for bacterial
cell division were also examined. Genes for actin (act) in D.
magna and for 16S ribosomal RNA (16S) and RNA polymerase
(rpoA) in S. oneidensis were monitored to consider NP/ligand
impacts on basic organism machinery. In addition, stress
response genes including pspB for extracytoplasmic stress,
sodB for oxidative stress, and radA for DNA repair were also
examined in S. oneidensis. Table 1 shows a full list of genes
along with their corresponding functions.

Primers for real-time quantitative PCR were designed by
the PrimerQuest Tool (Integrated DNA Technologies). Two
sets of primers were designed for each gene, and the one
with efficiency closest to 1 was chosen to be the primer for
subsequent real-time PCR. Table 1 includes a full list of
primers used in this study.

Real-time quantitative PCR (qPCR) was performed on a
StepOnePlus™ Real-Time PCR System (Life Technologies)
using SYBR Green as the fluorescent intercalating dye
(iTag™ Universal SYBR® Green Supermix, Bio-Rad). For each
qPCR reaction, cDNA and primers were mixed with the fluo-
rescence dye following the manufacturer's protocol. Starting
with an initial 10 min denaturation at 95 °C, real-time PCR
repeated 40 cycles of amplification, each of which was 15 s at
95 °C followed by 30 s at 60 °C. Fluorescence of SYBR Green
was detected at the end of each cycle. All qPCR experiments
were done in technical duplicates.

NORMA-Gene analysis of qPCR data

Real-time quantitative PCR data were processed by the
Miner® program and NORMA-Gene algorithm.”® Miner
applies an objective analysis scheme to obtain the dynamic
fluorescence threshold (R), threshold cycle number (C,), and
efficiency (E) for each qPCR reaction, instead of using the
same threshold for all reactions. Data for the normalized
reporter signal (R,,) versus cycle number were extracted from
amplification data exported from the StepOnePlus™ software
as the input to the Miner program to obtain R, C;, and E
values for each reaction. R,, the initial fluorescent reporter
signal, was calculated based on the equation below:

Ro=RXx(1+E %
Due to the change in housekeeping genes throughout experi-

ments, NORMA-Gene, a qPCR normalization method based
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Table 1 Target genes, corresponding functions, and their primers for qPCR
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Shewanella oneidensis MR-1

Accession
Target gene Forward primer (5'-3')  Reverse primer (5'-3') Function number
Glutathione S-transferase (gst) GCA AAG CAT TCC AGC GAC CTT CTT GCG TTT Xenobiotic detoxification NP_720213.1
AAT TT TGA GC
Na-translocating NADH-quinone CGC TTA CTC GAT GGC GCA AGG CAG CGT CAA Mitochondrial electron transport NP_716734.1
reductase subunit F (ngrF) TAA CTA C ATT AC NADH to ubiquinone
Double-stranded DNA translocase TAC GAG TCG TGT TGC AAG GGC TGA CAC TGG Cell division NP_717901.1
(ftsK) GAT AAA AAT AAA
Catalase HPII (katB) GGC ATT GAT CCT GAT TCC AAC GAG GGA AGT Catalase activity; response to NP_716697.1
TCT TCT C TAC CA oxidative stress
16 kDa heat shock protein A (ibpA) GCA ACT CAG GTT ATC CGC TAC TGA TCT CAA Response to heat; chaperone NP_717873.1
CTC CAT AC GCT CTT C activity
16S ribosomal RNA (16S) TCA AGT CAT CAT GGC TAC GAC GAG CTT TGT Component of prokaryotic NR_074798.1
CCT TAC GAG ATT AG ribosomes
RNA polymerase alpha subunit (rpod) TCG CAT CCT ATT GTC CTT CTT GTA CGC CTT DNA-directed RNA polymerase NP_715896.1
GTC TAT G CCTTACT activity
ATP-dependent protease (radA) TTC GGC AAT TTT CCT ACA CCA CCA TGA CCA DNA repair NP_716849.1
CTC C AGG AT
Phage shock protein B (pspB) TTG ATT GCG AAA GCC ATC AAG AAT CGC CTC Extracytoplasmic stress NP_717416.1
GAT A TAA GGT TT
Fe/Mn superoxide dismutase (sodB) GCA ATG TTC GCC CTG CCT GCG AAG TTT TGG Removal of superoxide radicals NP_718453.1
ACT AC TTC AC
Daphnia magna
Target gene Forward primer (5'-3') Reverse primer (5'-3') Function
Glutathione CAA CGC GTA TGG CAA CTA GAC CGA AAC GGT Xenobiotic detoxification AF448500.1
S-transferase (gst) AGA TG GGT AAA
Dehydrogenase (nadh)  GCA GGA AAC AAT AAG GGT GGC ACA GAC CAT Mitochondrial electron transport and energy DQ340845.1
GCA AAC C TTC TTA production
Vitellogenin (vtg) CTG TTC CTC GCT CTG CCA GAG AAG GAA GCG Reproduction, sexual maturation and AB252737.1
TCT TG TTG TAG general stress
Catalase (cat) CAG GAT CAT CGG CAG CTG AAG GCA AAC CTG Oxidative stress attenuation GQ389639.1
TTA GTT TCT ACT
Heat shock protein 70  CCT TAG TCA TGG CTC TCA AGC GGA ACA CCA Response to heat; protein folding EU514494.1
(hsp70) GTT CTC CTA TC
B-Actin (act) CCA CAC TGT CCC CAT CGC GAC CAG CCA AAT Cytoskeleton production and cell AJ292554.1

TTA TGA A

CC

maintenance

on target gene data, was applied to normalize the gene
expression data and reduce the variation among replicates
rather than using a single housekeeping gene.”® Using this
technique, the geometric means of R, values of technical
duplicates were calculated as the average and were put into
the NORMA-Gene workbook generously provided by Dr. Yuya
Hayashi. Normalized R, values, which were the output of
NORMA-Gene algorithm, were then further normalized to
control groups by dividing the normalized R, of treated
groups by the geometric mean of normalized R, values of
control groups to obtain the relative fold change.

Statistical analysis

The normalized ratios from oxygen uptake traces were further
subjected to statistical analysis. No normality and outliers
were considered within this data set due to the limited sam-
ple size (N < 5). The two-tailed student's ¢-test was performed
on treated samples versus their respective control group with
a = 0.05. GraphPad Prism (GraphPad Software, Inc.) was used
for statistical analysis.

620 | Environ. Sci.: Nano, 2015, 2, 615-629

Data from Daphnia acute studies failed to meet the
assumptions of normality. Therefore, the effects of NP and
free ligand exposures on Daphnia survival, were compared to
controls using the nonparametric Mann-Whitney U test for
two-independent samples (N > 3). Impacts on daphnid repro-
duction and body size were assessed using one-way ANOVA
with Tukey's multiple comparison tests after normality and
variance homogeneity were determined (N > 3). One round of
statistically determined outliers was removed, and treatments
were deemed significantly different than controls at probability
value <0.05. SPSS (IBM 2013) was used to interpret data.

The relative fold change values of S. oneidensis gene
expression were log,-transformed followed by the combina-
tion of control groups. Outliers were identified and excluded
from the data set (ROUT algorithm, Q = 1.0%, Prism
GraphPad), and post hoc Tukey's tests after ANOVA were
performed to determine statistical significance among differ-
ent treatments at one time point and one gene of interest.
For the 168 and sodB genes upon 100 ug L' PAH-AuNP expo-
sure, as there was only one treatment, an unpaired ¢-test was
used instead of ANOVA. Again, normality was not tested due

This journal is © The Royal Society of Chemistry 2015
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to the limited sample size (N < 6). GraphPad Prism was used
to perform statistical analysis.

The relative gene expression data from Daphnia short-
term and long-term gene exposures were normalized to con-
trols and log, transformed to fit a normal distribution. Out-
liers were removed prior to statistical analysis. Significant dif-
ferences in relative expression were determined using one-
way ANOVA with Tukey's multiple comparison tests after nor-
mality and variance homogeneity were determined (p < 0.05)
(N > 3). SPSS (IBM 2013) was used to interpret data.

Results

Nanoparticle characterization

TEM analysis of absolute size showed that the two AuNPs
had very similar core size, while the hydrodynamic diameter
of PAH-AuNPs in water was larger than MPA-AuNPs, possibly
due to the polyelectrolyte wrapping (Table 2). It was notable
that MPA-AuNPs showed an increased hydrodynamic diame-
ter and a peak shift in UV-vis extinction upon resuspension
in growth medium, indicating the aggregation of MPA-
AuNPs, though the MPA-AuNPs still retained a negative sur-
face charge in the growth medium (Table 2). The aggregation
may result from elevated ionic strength in the growth
medium or the pH change from slightly acidic Milli-Q water
(pH ~ 6.3) to neutral growth medium (pH ~ 7.2). This aggre-
gation might lead to altered NP toxicity, as previous studies
have revealed."®”” Similar behavior was not observed for
PAH-AuNPs, indicating more stability of PAH-AuNPs than
MPA-AuNPs in growth medium (Table 2).

Shewanella oneidensis oxygen uptake

PAH-AuNPs significantly affected bacterial oxygen uptake at 100
pg L (unpaired t-test, t = 9.895, df = 5, p < 0.05) while its cor-
responding free ligand control, 1 mg L™" of PAH free ligand elic-
ited similar inhibition compared to control groups (unpaired
ttest, t = 4.222, df = 6, p < 0.05) (Fig. 1(c)). A concentration of
30 ug L of PAH-AuNPs was chosen as the sublethal dose as
this concentration produced no inhibition; this NP dose was
paired with the 10-fold dose, 300 ug L™, as the corresponding
PAH free ligand control. MPA-AuNPs did not inhibit bacterial
oxygen uptake at the highest dose tested (5 mg L), while the

Table 2 Nanoparticle characterization
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Fig. 1 Impact of PAH-AuNPs and PAH ligand on (a) D. magna survival
(%), (b) D. magna reproduction and (c) S. oneidensis oxygen uptake.
Error bars represent standard error of the mean. Stars indicate
significant difference compared to corresponding control groups (S.
oneidensis, unpaired t-test, « = 0.05, n > 2; D. magna, unpaired t-test,
a = 0.05, n = 3). Different letter designations in (b) indicate significant
difference between groups (Tukey's test, « = 0.05).

respective 5 mg L™ of MPA free ligand demonstrated oxygen
uptake inhibition (¢ = 9.713, df = 2, p < 0.05) (Fig. S21).

As the oxygen uptake reflects bacterial population growth,
the doubling time of bacterial growth at the exponential
phase was calculated based on oxygen uptake traces (see
ESIT). Results showed that S. oneidensis had an average dou-
bling time between 2 and 3 hours in the growth medium
used in this study; thus, 1 hour was chosen as a time point
for short-term exposure and 6 hour for long-term exposure in
the subsequent gene expression studies.

S. oneidensis gene expression response

At the sublethal exposure dosages, differential expression
levels of ten genes in S. oneidensis were observed at both 1

PAH-AuNPs

MPA-AuNPs

S. oneidensis media

D. magna media

S. oneidensis media D. magna media

LSPR Apax (nm) (in H,0)* 528

LSPR Amax (nm) (in medium) 530

deore (NM)* 4.7 1.5 (N = 250)
Dy, (nm) (in H,0) 200.2 + 3.5

Dy, (nm) (in medium) 159.5 + 0.6
C-Potential (mV) (in H,0) +68.5 + 1.6
C-Potential (mV) (in medium) +24.57 £ 5.6

79.43 £1.9

+10.5 £ 4.8

515
555 575
4.3 +1.3 nm (N = 501)
126.4 + 3.7

339.6 * 21.9
-17.3+0.6

-24.28 + 3.2

364 + 34.2

-29.8+1.3

*Based on TEM analysis. See Fig. S1 for TEM images. “ Localized surface plasmon resonance (LSPR) wavelength of maximum peak value (Apay)-

Errors are represented by standard deviations.
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(a) Shewanella oneidensis MR-1
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Fig. 2 Heat map of (a) S. oneidensis and (b) D. magna gene expression response. Sublethal dosages of AuNPs and their respective ligand control
were used in the gene expression study, as shown in the figure. Genes encoding for similar cellular functions in two model organisms are

underlined.

hour and 6 hour time points when comparing treatment and
control. The general pattern of gene expression is summa-
rized in the heat map (Fig. 2(a)).

In all cases, the differences in gene expression appear to
be dominated by ligand rather than NP exposure. All changes
in gene expression induced by ligand-NP combination were
accompanied by the changes in their respective free ligand
control, including 16S (PAH, F = 18.33, df = 22, p < 0.0001),
rpoA (PAH, F = 8.177, df = 31, p = 0.0001), pspB (PAH, F =
8.198, df = 22, p < 0.0003), and ibpA (MPA, F = 36.92, df = 22,
P < 0.0001) at 1 hour exposure (Fig. 3(a)), and sodB (PAH and
MPA, F = 10.06, df = 22, p < 0.0001) at 6 hour exposure
(Fig. 3(b)). Exceptions are two NP-specific effects that were
observed in sodB (PAH, F = 7.543, df = 22, p < 0.05) at 1 hour
exposure and 16S (PAH, F = 3.238, df = 22, p < 0.05) at 6 hour
exposure, where the free ligand control did not elicit similar
effects as NPs when compared to control. For these two genes,
S. oneidensis was exposed to a higher dosage (100 pg L") of
PAH-AuNPs to explore the link to inhibition of oxygen uptake
(Fig. 4). The 16S gene expression decreased upon 100 pg L™
PAH-AuNP exposure at 6 hour exposure (unpaired t-test, ¢t =
38.67, df = 7, p < 0.0001), while sodB gene expression did not
show a significant difference compared to the control group at
1 hour exposure.

622 | Environ. Sci.: Nano, 2015, 2, 615-629

The difference in ligand-NP combination appears to be
important in determining the differential gene expression
pattern at 1 hour exposure, as only down-regulation was
observed in PAH-AuUNP exposure but only up-regulation was
observed in MPA-AuNP exposure (Fig. 2(a)). However, upon
6 hour exposure, the ligand-NP combination did not deter-
mine the gene expression pattern, as only down-regulation
was observed for all treatments, regardless of the type of
ligand (Fig. 2(a)).

Time frame is also an important factor in terms of gene
expression response, as differential gene expression responses
were observed at different time points. In response to PAH-
AuNP/ligand exposure, effects that were observed in the rpoA
and pspB genes at 1 hour exposure diminished by the 6 hour
exposure timepoint. More interestingly, for MPA-AuNP/ligand
exposure, the expression level compared to control at the 6
hour exposure appeared to be opposite of the response in the
1 hour exposure, especially for MPA ligand exposure.

Daphnia magna acute toxicity

NP surface functionalization played an important role in
acute toxicity in the form of daphnid survival, with positively
charged PAH-AuNPs being orders of magnitude more toxic

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Selected gene responses in S. oneidensis upon AuNP/ligand exposure. Error bars show standard error of the mean (PAH-AuNP, n = 5; PAH
ligand, n = 4; MPA-AuNP/ligand, n = 3). All figures follow the same legend, and the first bar in every figure indicates control group. Different letter
designations between different groups indicate significant difference (Tukey's test, « = 0.05).
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Fig. 4 In S. oneidensis, 16S gene expression decreased upon 100 ng

L' PAH-AUNP exposure at long-term exposure (6 hour), while sodB
gene expression did not show significant difference compared to con-
trol group. Error bars show standard error of the mean (n = 4). Both
figures follow the same legend. Different letter designations indicate
significant difference between groups (unpaired t-test, = 0.05).

This journal is © The Royal Society of Chemistry 2015

than the negatively charged MPA-AuNPs (Fig. 2(a)). PAH-
AuNPs significantly affected daphnid mortality, eliciting 40%
mortality at 10 pg L™ (U =0, p < 0.05)."> MPA-AuNPs did not
significantly affect daphnid survival at the highest concentra-
tion tested, 25 mg L™" (data not shown) (p > 0.05)."* The free
ligands used in NP functionalization had no impact on
daphnid survival at any concentration tested.

Daphnia magna chronic toxicity

Ligand-NP combination is also important in governing the
chronic impacts on daphnid reproduction. Of the two NPs
tested, PAH-AuNPs significantly decreased daphnid repro-
duction over the 21 day chronic exposure (Fig. 2(b)) while
MPA-AuNPs did not (data not shown). PAH-AuNPs signifi-
cantly decreased daphnid reproduction by 15% at the highest
concentration tested, 5 pg L™ (F = 14.751, df = 23, p < 0.05).
In comparison, PAH free ligand caused a statistically insignif-
icant increase in daphnid reproduction at 50 ug L™". As previ-
ously reported, 5 mg L™ MPA free ligand increased daphnid
reproduction by 14% (U = 4, p < 0.05, data not shown)."

Daphnia magna acute gene expression response

After a 24 h acute exposure, NP functionalization is also an
important factor in determining Daphnia response at the

Environ. Sci.: Nano, 2015, 2, 615-629 | 623
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gene level when exposed to PAH and MPA-AuNPs, resulting
in different gene expression patterns for cat, nadh, vtg, gst
and hsp70 (Fig. 2). For Daphnia exposed to PAH-AuNPs, there
was a significant 0.74 fold decrease in the relative expression
of hsp70 (F = 31.799, df = 49, P < 0.05) compared to controls.
Daphnia exposed to MPA-AuNPs caused a significant 1.36
fold increase for Asp70 (F = 31.799, df = 49, P < 0.05), 1.49
fold increase for nadh (F = 29.066, df = 55, p < 0.05), 1.67 fold
increase for gst (F = 23.116, df = 53, p < 0.05) and 3.12 fold
increase for vtg (F = 11.556, df = 47, p < 0.05) over controls.
MPA-AuNP-exposed Daphnia had significantly different gene
expression patterns than Daphnia exposed to PAH-AuNPs for
nadh, vtg, gst and hsp70 (Fig. 2 and 5). Notably, PAH-AuNPs
caused a 0.33 fold increase in relative expression of vtg while
MPA-AuNPs elicited a 3.12 fold increase in relative expres-
sion of vtg (F = 11.556, df = 47, p < 0.05).

The impacts of free ligands wused in particle
functionalization closely follow the gene expression patterns
observed for their respective functionalized NPs at 24 h
(Fig. 2). Daphnia exposed to the PAH ligand showed no statis-
tical difference compared to Daphnia exposed to PAH-AuNPs
for all genes tested except cat (F = 8.640, df = 55, p < 0.05)
and vtg (F = 11.556, df = 47, p < 0.05). Each gene that showed
a significant positive fold change in relative expression for
Daphnia exposed to MPA-AuNPs also showed a significant

(a) Acute (24-hour)
5 Vtg 2.

44
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fold change in relative expression for the MPA free ligand
treatment and did not significantly differ between the two.

Daphnia magna chronic gene expression response

Similar to the 24 h acute exposure, AuNP surface
functionalization played an important role in determining
gene expression levels in Daphnia chronically exposed to
AuNPs (Fig. 2 and 5). For Daphnia exposed to PAH-AuNPs,
there was a significant 1.33 fold decrease in the relative
expression of vtg (F = 16.592, df = 42, p < 0.05) and a signifi-
cant 0.87 fold increase in the relative expression of act
(F=9.68, df = 42, p < 0.05) over controls (Fig. 5). MPA-AuNPs
elicited a significant 1.24, 0.82 and 0.93 fold decreases in the
relative expression of hsp70 (F = 9.294, df = 42, p < 0.05), cat
(F = 18.128, df = 44, p < 0.05) and nadh (F = 14.9, df = 44,
p < 0.05), respectively, compared to controls (Fig. 2 and 5).
Notably, for this treatment, there was a significant 2.2 fold
increase in the relative expression of vtg (F = 16.592, df = 42,
p < 0.05) over controls (Fig. 2). A significantly different gene
expression response was observed for several genes when
AuNP treatments were compared. PAH-AuNP treatment elic-
ited a positive fold change in the relative expression of cat,
nadh and act while MPA-AuNP elicited a negative fold for
these same genes. The greatest difference between these two
treatments was observed for vtg.
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Fig. 5 Selected gene responses in D. magna upon AuNP/ligand exposure. Error bars show standard error of the mean (n > 6 for all exposure). All
figures follow the same legend. Different letter designations between different groups indicate significant difference (Tukey's test, = 0.05).
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NP-specific impacts were observed in Daphnia chronically
exposed functionalized AuNPs versus their respective PAH
and MPA ligands as reflected in the gene expression patterns
(Fig. 2 and 5). PAH-AuNP and PAH ligand caused a similar
relative expression pattern in Daphnia for genes gst, hsp70,
vtg and nadh, as no significant difference was observed
among these conditions (Fig. 2). However, PAH ligand caused
0.6 fold decrease in relative expression for act compared with
the PAH-AuNP treatment that elicited a 0.98 fold increase in
relative expression for act (F = 9.68, df = 42, p < 0.05) (Fig. 5).
There were no significant differences between MPA ligand
and MPA-AuNP treatments on Daphnia expression for any
genes tested.

Discussion

Ligand-NP combinations differed in the extent of organismal
apical endpoint impacts. Both model organisms were
impacted to a greater extent by positively charged ligand-NP
combinations with differential sensitivities. PAH-AuNPs were
determined to be 2-3 orders of magnitude more toxic than
the MPA-AuNPs for both S. oneidensis and D. magna. MPA-
AuNPs caused no acute mortality in D. magna or inhibition
on S. oneidensis oxygen uptake at the highest concentration
tested (25 mg L™ for daphnids and 5 mg L™ for bacteria)
(Fig. S21)."* PAH-AuNPs elicited mortality in D. magna at
concentrations as low as 10 pg L™ and decreases in reproduc-
tion at 5 pg L™ (Fig. 1(a)),"* while S. oneidensis started to
show respiratory inhibition at 100 pug L™ (Fig. 1(c)). Electro-
static interactions could largely drive the differences in sensi-
tivity to the differently charged particles, as both eukaryotes
and prokaryotes have cell surfaces that are negatively
charged.’®* 1t is thought that, due to electrostatic interac-
tions, positively charged NPs are more likely to interact with
cell surfaces than negatively charged NPs. Goodman et al
(2004)°° observed similar differences in the toxicity of AuNPs
functionalized with cationic and anionic side chains when
exposed to mammalian cell lines and bacterial cells, and
Feng et al.®® demonstrated a similar correlation between tox-
icity and NP-cell association where increased NP-cell associa-
tion was found for positively charged NPs compared to nega-
tively charged NPs in bacteria. In addition to electrostatic
interactions, the low toxicity of MPA-AuNPs may be poten-
tially explained by the high degree of aggregation of MPA-
AuNPs experienced in both organisms exposure media
(Table 2), thus reducing bioavailability. Overall, similar differ-
ential toxicity of the two functionalized NPs were observed in
our study in both model organisms, indicating these organ-
isms may follow the same electrostatic mechanism for inter-
acting with NPs despite having distinct membrane surface
chemistry and that the general response of whole organism
may be extrapolated from the response of cell lines, although
they differ in sensitivity.

In some cases the toxicity of select NPs may not be deter-
mined by their respective ligand alone, which demonstrates
NP-specific organismal impacts. However, this NP specific

This journal is © The Royal Society of Chemistry 2015
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effect was only true for D. magna, where the impacts to S.
oneidensis could largely be attributed to the ligand itself and
only at much higher concentrations. The differences in sensi-
tivity observed for these two model organisms exposed to
PAH-AuNPs may be due to the distinct differences in the cell
surface chemistry of Gram-negative bacteria and the aquatic
eukaryotes. Besides the cytoplasmic membrane, which are
found in both bacterial and Daphnia cells, the Gram-negative
S. oneidensis bacterial cell also has an envelope that consists
of a peptidoglycan-lipoprotein complex, periplasmic zone,
and an outer membrane layer.>® The outer membrane layer
is the first barrier that NPs would encounter, and this lipid
bilayer retains various amounts of embedded lipopolysac-
charides (LPS).>® LPS are high molecular weight molecules
with a basal lipid anchored in the lipid bilayer and a long
negatively charged chain of polysaccharide. Recent work
using S. oneidensis demonstrated that LPS is an important
binding site for AuNPs.®> Compared to the animal cell mem-
brane, the complex structure of the cell envelope in S.
oneidensis may provide extra protection when NPs are in
proximity to the cells, thus desensitizing bacterial cells to
NP exposures. In addition, studies demonstrate that eukary-
ote cells have many more mechanisms for supramolecular
and colloidal particle internalization (e.g. receptor mediated
endocytosis, pinocytosis and phagocytosis) for both nano-
and macro-sized particles, while very few studies show plau-
sible evidence of internalization of nanomaterials into bac-
terial cells.®** Furthermore, the manner by which multi-
and single-cellular organisms interact with NPs may also
contribute to the difference in sensitivity. Daphnia actively
accumulate NPs internally while bacteria only passively
interact with NPs through random encounters on the sur-
face. The difference in how NP interact and accumulate in
two organisms may also result in the NP-specific effect
observed in D. magna but not in S. oneidensis. PAH-AuNPs
resulted in a decrease in Daphnia survival (10 ug L) while
the respective PAH free ligand control (100 pg L™) did not
show any mortality (Fig. 1(a)). However, when PAH-AuNPs
elicited inhibition to bacterial oxygen uptake at 100 ug L™,
the respective ligand control (1 mg L") displayed a similar
inhibition (Fig. 1(c)). These biological differences and
impacts of NP surface functionalization and free ligand type
are further addressed by the presented gene expression
study.

Gene expression revealed insight into potentially molecu-
lar pathways that may be impacted upon exposure to NPs
and may explain the differences in toxicity across different
ligand-NP combinations and supported the mortality and
respiration results indicating a particle- specific impact in
Daphnia versus Shewanella. In both acute and chronic assays,
Daphnia exposed to PAH-AuNPs elicited a significantly differ-
ent gene expression pattern compared with Daphnia exposed
to MPA-AuNPs, despite the two NPs having the same gold
core. These differences were notable in the 24 h acute expo-
sure for hsp70, gst, vtg and nadh and in the 21 day chronic
assay for hsp70, vtg, nadh, cat and act. Amongst the genes
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that responded, a positive relative fold change for act was
unique to the PAH-AuNP treatment in the 21 day assay with
respect to the ligand control. Actin (act) encodes for a protein
important to cytoskeleton and muscle fibril production as
well as other cell functions. Studies have linked an increase
in protein concentration of actin as a compensatory mecha-
nism to maintain muscular and cellular performance in
times of environmental stress.®® In addition, studies have
indicated a high binding affinity of microparticles for actin®
and have shown that multiple NP types damage actin fila-
ments in vitro.®®”’° PAH-AuNPs could be potentially damag-
ing muscle fibrils and cellular structure over long-term expo-
sures in Daphnia. The relationship of this gene with apical
endpoints impacted in Daphnia within this study remains
unclear.

Daphnia exposed to MPA-AuNPs only uniquely responded
to the treatment with an increase in the relative fold change
of gst at 24 h. This gene encodes for an enzyme glutathione
S-transferase and is an important enzyme in xenobiotic detox-
ification as it conjugates compounds with glutathione and
may be elevated in times of oxidative stress. Our previous
studies observed gst induction in Daphnia dependent upon
NP functionalization of fullerenes but only at concentrations
that elicited significant mortality (>5 mg L™).° Like MPA-
AuNPs, these NPs exhibited a high degree of aggregation
and exhibited low toxicity in Daphnia. This may demonstrate
an acute whole organismal response to a high amount of
negatively charged NPs. Our more recent previous study
examined adult daphnid guts exposed to 4 nm PAH and
MPA-AuNPs and their ligands at low concentrations (<0.05
mg L7")."® Here, we showed that significant amounts of ROS
were produced for both MPA and PAH AuNPs and their
respective ligands at the same concentrations. This leads us
to believe that ROS production does not fully explain the
adverse outcomes observed in our acute and chronic studies.
Therefore, other mechanisms may be responsible for the
observed impacts as Daphnia responded differently to MPA
and PAH AuNPs but had similar amounts of ROS detected
upon exposure to these treatments at the same concentra-
tions. However, in our current study and the previous, gene
expression patterns were different for the two ligand-NP
combinations. These results suggest that pathways affected
by NPs are strongly dependent upon NP surface properties.

For S. oneidensis, gene expression assays were again indic-
ative of the observed apical endpoint impacts. Most of the
gene expression responses for S. oneidensis were provoked
equally by the free ligand exposure and ligand-NP combina-
tion at both time points. While MPA-AuNPs did not show
any impact that was specific to NPs, the decrease in expres-
sion of 16S at 6 hour exposure and sodB gene at 1 hour expo-
sure were unique to the PAH-AuNPs but not to PAH free
ligand. The sodB gene encodes for one of the superoxide
dismutases (SODs) that protect cells from deleterious reac-
tions with reactive oxygen species;”" it has been previously
reported that the sodB gene was up-regulated upon S.
oneidensis exposure to chromium(vi.”> More related, a
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previous study using 60 nm amino-functionalized polystyrene
nanomaterial (PS-NH,-NPs) on E. coli single-gene deletion
mutants showed that the AsodB mutant was more sensitive to
the exposure of PS-NH,-NPs compared to the parent strain.”
As PAH-AuNPs have a similar surface-functionalization of
amine groups with PS-NH,-NPs, these results suggests that
the sodB gene plays an essential role in bacterial cell
response to amine-functionalized nanomaterials, making it
possible to use sodB as a biomarker for this specific NP sur-
face functionalization. 16S ribosomal RNA (rRNA) is one of
the three rRNAs, which are components of prokaryotic ribo-
somes. rRNA transcription is the rate-limiting step in ribo-
some synthesis, and thus, directly correlates to protein syn-
thesis and cell growth.” Previous research has reported that
rRNA degradation occurs during environmental stress,
including oxidative stress and starvation.”>”’” Notably, it was
also reported that rRNA is degraded due to a change in cell
membrane permeability, potentially leading to the entry of
RNase I, an endoribonuclease, from the periplasmic space
into the cytoplasm.”®”® Extensive cell membrane damage can
also result in the efflux of RNA due to the loss of plasma
membrane integrity.*® Previous research has shown the dis-
ruption of membrane integrity in S. oneidensis cells upon
PAH-AUNP exposure,®" correlating with the decrease in the
expression of 16S. It should be noted that at 1 hour exposure,
the respective PAH ligand control also elicited decrease in
16S expression, while at 6 hour exposure only PAH-AuNPs
showed the effect; thus, the potential of 16S to be used as a
biomarker that is specific for PAH-AuNPs is limited to long-
term exposures. In effort to link 16S and sodB gene response
to the apical biological endpoints, the gene expression level
of these two genes was examined at a higher dosage (100 pg
L™") that also caused inhibition in bacterial oxygen uptake
(Fig. 1(c)). While the sodB gene at 1 hour exposure did not
elicit change in gene expression, 16S at 6 hour exposure
showed a similar decrease upon 100 ug L' PAH-AuNP expo-
sure (Fig. 4), proving that 16S can be potentially used as a
biomarker for the impact of PAH-AuNPs on bacterial oxygen
uptake; future work will explore the adverse outcome pathway
from the decrease in 16S rRNA expression to the inhibition
of bacterial oxygen uptake, and we postulate that the inhibi-
tion is mediated via reduced activity in protein synthesis.
MPA-AuNPs did not induce a similar response of 16S rRNA
expression, or any other NP-specific response, indicating a
distinction between the same AuNP cores functionalized with
different surface ligands.

Length of exposure had an impact on the effects seen in
both species and on both gene expression and apical end-
points measured. Short-term exposures for both D. magna
and S. oneidensis revealed that functionalized NP impacts on
certain molecular pathways might be predicted by their
respective ligand alone. Out of all S. oneidensis regulated
genes, three genes stand out as potential predictors of NP
impacts based on the ligand alone. These genes are pspB and
rpoA for PAH-AuNP/ligand and ibpA for MPA-AuNP/ligand at
1 hour exposure, as they were influenced similarly upon
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exposure to both the ligand-bound AuNPs and the respective
free ligand. For D. magna, three genes were most notable;
these genes were hsp70 and vtg for PAH-AuNP/ligand and
hsp70, vtg and nadh for MPA-AuNP/ligand. These results sug-
gest that NP impacts on specific molecular pathways may be
predicted based on response to the ligand alone. This finding
is especially important for ligands or functional groups that
are commonly used to achieve desired physiochemical prop-
erties for NPs. However, as demonstrated with our study,
ligand-NP combinations did alter several genes that the
ligand alone did not, and the concentrations of NPs that
impacted apical endpoints, in particular PAH-AuNPs, dif-
fered from that of the ligand. This diminishes the potential
ability to use ligand information alone as a predictor for NP
toxicity; rather, the overall NP characteristics, including
charge or size, may be more informative.

Our study revealed that gene expression in acute expo-
sures was not predictive of long-term impacts or differences
among treatments with respect to ligand versus ligand-NP
combinations. In addition, long-term exposure to NPs
resulted in gene expression patterns that could not be pre-
dicted based on gene expression patterns from short-term
exposures. Upon exposure to MPA-AuNP/ligand, both S.
oneidensis and D. magna showed decreases in gene expres-
sion during short-term exposure and that this response
flipped to mostly an increase in gene expression upon long-
term exposure. Exceptions to this finding were observed in
the decrease of 16S and sodB expression upon PAH-AuNP
exposure in S. oneidensis and the increase of vtg gene expres-
sion upon MPA-AuNP exposure in D. magna, which show
similar response in gene expression levels at both time
points. Our results indicate that, although it is possible to
predict long-term gene expression impacts based on short-
term impacts, it is limited to selected genes, which may
downplay the significance of this finding.

Gene expression responses across organisms provide an
indication of how organisms are similar or different in their
response to NP exposures. A notable signature shared across
two organisms was the up-regulation of ibpA/hsp70 induced
by MPA-AuNP and ligand for short-term exposures. Both
ibpA and hsp70 encode for heat shock protein in S.
oneidensis and D. magna, respectively. Heat shock proteins
(Hsp) are a large family of proteins that help unfolded or
misfolded proteins to fold correctly in vivo and are widely
considered to be good indicators of proteotoxic stress.®%>
The up-regulation of heat shock protein induced by MPA-
AuNPs and ligands potentially indicates the disruption of
membrane proteins, provoking pathways that help adapt to
change in chemical environment caused by introduction of
NPs or ligands. This feature, shared by both organisms,
potentially indicates a universal stress-response to negatively
charged NPs, making the genes encoding for heat shock
protein a good candidate for predicting the effect of NPs
based on the response to their respective ligands. However,
MPA-AuNPs did not lead to any adverse outcomes at the
concentrations we tested, which makes understanding the
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importance of this pathway within the context of our study
difficult.

Conclusion

Molecular studies have the ability to tease out distinct modes
of action for NP toxicity and help to develop biomarkers for
assessing NP impacts on environmentally relevant endpoints.
Using standard toxicological and gene expression assays, we
revealed that: 1) the ligand-NP combinations determine the
extent of impacts on apical endpoints and the toxicity of
select NPs may not be determined by their respective ligand
alone; 2) depending on the organism considered, exposure to
ligand-NP combinations may impact unique molecular path-
ways that differ from the ligand alone; 3) short-term expo-
sures reveal that ligand-NP impacts on certain molecular
pathways might be predicted by their respective ligand alone
but the ability to predict long-term impacts may be minimal;
and 4) examining gene expression responses across organ-
isms may provide an indication of how organisms are similar
or different in their response to NP exposures. Lastly, this
study reveals that there are mechanisms other than oxidative
stress for NP toxicity and that these may be elucidated using
molecular level experiments and exposures that consider sub-
lethal concentrations.
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