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Abstract

Understanding of nanoparticle impacts on critical bacteria functions allows us to gain a
mechanistic understanding of toxicity and guides us towards design rules for creating safe
nanomaterials. Herein and using analytical techniques, biofilm formation, a general bacteria
function, and riboflavin secretion, a species-specific function, were monitored in Shewanella
oneidensis, a metal reducing bacterium, following exposure to a variety of TiO, nanoparticle types
(synthesized, Aeroxide P25, and T-Eco). TEM images show that dosed nanoparticles are in close
proximity to the bacteria but they are not internalized. Using quartz crystal microbalance (QCM),
it was revealed that S. oneidensis biofilm formation is slowed in the presence of nanoparticles.
Though S. oneidensis grows more slowly in the presence of TiO, nanoparticles, riboflavin
secretion, a function related to the S. oneidensis metal reducing capacity, was increased
significantly in a nanoparticle dose-dependent manner. Both changes in biofilm formation and
riboflavin secretion are supported by changes in gene expression in nanoparticle-exposed S.
oneidensis. This broad study of bacterial nanotoxicity, including use of sensitive analytical tools
for functional assessments of biofilm formation, riboflavin secretion, and gene expression has
implications for total ecosystem health as the use of engineered nanoparticles grows.
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Introduction

While nanoscale particles occur naturally and have been used intentionally for centuries,
release of engineered nanoparticles into the environment via direct application (e.g.
pesticides), waste water effluent and sludge, and product degradation, among other routes, is
of concern due to the increasing production and use of these materials and their novel
physical and chemical properties. Therefore, it has become increasingly important to
characterize the fate, transformation, and toxicity of engineered nanoparticles in ecological
systems. The work presented herein focuses on toxicity of titanium dioxide (TiO5)
nanoparticles, chosen due to their high commercial production rate; global production was
5000 tons in 20101 and is projected to increase to 2.5 million tons by 2025.2 TiO,
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nanoparticles are manufactured in a variety of forms, the most common being E171 (food
additive),! T-Eco (sunscreens),3 and Evonik Aeroxide® P25 (National Institute of Standards
and Technology (NIST) established standard for TiO, nanoparticles).

Released engineered nanoparticles will potentially impact organisms on all levels of the
food chain, but the most widespread consequences will result from impacts exerted on low
trophic level organisms like bacteria, which play critical roles in the ecosystem. A
mechanistic understanding of nanoparticle-induced bacterial toxicity has implications for
understanding ecosystem health in general. Shewanella oneidensis MR-1 provides an
excellent model system for understanding nanotoxicity as these bacteria are distributed
world-wide in a variety of environments and are important for geochemical nutrient
cycling.4 Additionally, this bacterium has also recently been utilized in nanotoxicity studies
as an environmentally relevant model, facilitating comparison of various nanomaterials.>-6
Because S. oneidensis is an aquatic organism, there is a high likelihood that these bacteria
will interact with nanoparticles entering the environment via the previously described routes.

Much of the work to date studying the bacterial toxicity of engineered nanoparticles has
focused mainly on changes in viability and/or growth,”2 but elucidation of toxicity
mechanisms requires assessment of cell function changes as well. Toward understanding the
nature of nanoparticle/bacteria interactions, some strategies that have been employed thus
far include study of nanoparticle uptake/association and post-exposure bacterial
morphology, 19 membrane integrity and properties,10-12 and oxidative stress.19, 13 While
characterizing the nature of nanoparticle-bacteria interaction is an area of increasing
research, critical gaps remain in the understanding of bacterial function following
nanoparticle interaction. Using analytical methodology to study nanoparticle toxicity to
cellular function could enable a mechanistic understanding of the nanoparticle interaction;
few strategies or methods have been employed for achieving such understanding, and thus,
that is the aim of this work.

More specifically to address these gaps, we examine the effects of hanoparticle exposure on
both a general bacterial function (biofilm formation) and a S. oneidensis-specific function
(flavin secretion) using the sensitive analytical tools of quartz crystal microbalance (QCM)
and high performance liquid chromatography (HPLC), respectively. Biofilms are composed
of microorganisms embedded within a self-produced biopolymer matrix, and formation of
these biofilms is a critical function for bacteria. Many of the important environmental
functions performed by bacteria, including organic material production and degradation,
toxic material degradation, and biogeochemical cycling of biogenic elements like nitrogen,
oxygen, and phosphorous require cooperative metabolic functioning, as occurs in biofilms.14
Biofilms serve a range of functions, both beneficial and detrimental to humans, which
include acting as a food source for aquatic invertebrates, removing organic matter during
sewage treatment, and biofouling. For S. oneidensis, formation of biofilms is important for
their interaction with metals and metal oxides.1> Beyond their importance to bacterial
function, biofilms represent the most common arrangement of bacteria in the environment,
and so studying the impact of nanoparticles on biofilm formation allows generalizable
understanding of nanoparticle toxicity.

The main function of S. oneidensis in the geochemical cycle is as a metal reducer, a function
which is performed by the secretion of electron shuttling molecules. More specifically, S.
oneidensis secretes flavin mononucleotide from the periplasmic space, which is readily
converted into riboflavin, and these are extracellularly reduced using electrons donated by
organic carbon oxidation within the cell.# This function serves both to transform metals and
as a method of respiration for S. oneidensis when oxygen content is limited.
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Herein, we aim to establish new tools for nanotoxicity studies and more specifically, to
understand the mechanism of toxicity of TiO, nanoparticles in a variety of forms
(synthesized, Aeroxide P25, and T-Eco) on S. oneidensis by characterizing the nanoparticle
impact on the generalizable function of biofilm formation and the species-specific function
of metal reduction. QCM will be used to monitor biofilm formation and growth, which has
been used previously in the study of bacterial biofilms,16-18 and HPLC will be used to
analyze riboflavin secretion from S. oneidensis suspensions. We hypothesize that increase or
decreases in biofilm formation will correlate directly with increases and decreases in the
riboflavin secretion. These assessments of functional changes as a result of TiO,
nanoparticle exposure, complemented by gene expression studies, reveal new insights
regarding the outcome of nanoparticle-bacteria interactions.

Experimental Section

Nanoparticles

Three types of TiO, nanoparticles were utilized in this study: acid-catalyzed TiO,
nanoparticles synthesized in house (as-syn), Evonik Aeroxide® Degussa P25 (P25 - The
Cary Company, Addison, IL) and Eusolex® T-Eco (T-Eco - EMD Chemicals Inc,
Gibbstown, NJ). As-syn nanoparticles were synthesized and characterized as previously
described,® and both commercial nanoparticles’ (P25 and T-Eco) size and crystallinity have
been characterized within the literature.3: 20

Beyond previous characterization, the hydrodynamic size, stability, and C-potential of 25 pg/
ml nanoparticle suspensions in water and LB broth, bacterial growth broth, was examined
using Brookhaven Instruments Corporation dynamic light scattering (DLS) and ZetaPALS
Zeta Potential Analyzer (Holtsville, NY). Additionally, transmission electron microscopy
(TEM) images were taken on a JEOL 1200 EXII (JEOL, Tokyo, Japan) at 80 kV.

Bacteria Culture and Nanoparticle Exposure

Growth

Shewanella oneidensis MR-1 stock was generously gifted from the lab of Jeff Gralnick at
the University of Minnesota. The following method was employed to culture bacteria that
were subsequently used in nanoparticle toxicity experiments. All bacteria culture and
nanotoxicity experiments were performed in LB broth (BD Difco™, BD Diagnostics,
Franklin Lakes, NJ) or agar (BD Difco™) plates with LB broth nutrients. S. oneidensis,
stored at —80 °C, were inoculated onto a LB broth agar plate and incubated at 30 °C for 18—
24 h, or until visible colony formation. Colonies were transferred to LB broth in sterile
culture tubes with 1 colony placed in 5 mL of LB broth and allowed to come to stationary
phase (~18-24 h). At this point, the bacteria were used for toxicity assessments and will
herein be referred to as bacterial suspension. Typically, the bacterial suspension was at a cell
density of 10° cells/ml, as measured by the OD at 600 nm where 1 absorbance unit equals
109 cells/mL. Nanoparticle exposures were conducted on the bacterial suspension in a range
of 1-100 pg/ml TiO, nanoparticles from a suspension of nanoparticles in LB broth under
ambient laboratory light. These concentrations were chosen as they fall within the range of
predicted environmental concentrations for the release of TiO, from waste water effluent.2!

To determine the impact of nanoparticles on bacterial growth, the optical density of bacteria
was monitored over time to assess nanoparticle impact on growth rates. Cells from the
bacterial suspension were diluted to 107 cells/ml and exposed to 0, 1, 5, 10, 25, or 100 pg/
mL of either as-syn, P25, or T-Eco, and measurements of OD at A=600 nm were
periodically recorded with a Spectronic 20D (Milton Roy Company, lvyland, PA), with
samples replaced onto the shaking incubator when data were not being collected. The
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exponential phase of growth was determined by manual inspection of each curve, and the
growth rate, in generations/h, was determined using Equation 1, based on the classic binary
fission model.

logODg - 10g0D1
0.301 x (t, — t7)

growth rate= Equation 1

Biofilm Assessment with QCM

QCM experiments to assess biofilm formation and growth were performed on a Maxtek,
Inficon R-QCM system with 1” gold contact crystals in a flow cell (Inficon, East Syracuse,
NY). QCM enables measurement of biofilm growth based on the principles of the Sauerbrey
equation (Am=-CAf), where changes in the resonant frequency (Af) of a bacteria-exposed
quartz crystal are proportional to changes in mass (Am), accounting for a crystal sensitivity
factor (C). The Sauerbrey equation, however, assumes the deposited mass is rigidly bound to
the crystal surface such that no damping occurs; this is not true of bacteria cells attaching to
the surface. In this case, the series resonance resistance, which can be measured separately
from the resonant frequency, is proportional to damping of the crystal resonance and,
therefore, to the viscoelastic properties of the material deposited. A decrease in the series
resonance resistance indicates a decrease in density of the deposited material. Herein, QCM
measurements were used to assess both the mass of biofilm deposited on the crystal and the
viscoelastic properties of the biofilm based on changes in frequency and resistance,
respectively.

In the experimental set-up, the system was held at 30 °C in an incubator, and measurements
were made on two parallel crystals, control and nanoparticle exposure conditions, with
samples introduced to the flow cell using peristaltic pumps (variable flow mini-pump, Fisher
Scientific, Hampton, NH). Additionally, there was a constant flow throughout the
experiment. For biofilm growth experiments, LB broth was introduced to the flow cell at
0.25 mL/min and the crystal was allowed to equilibrate for ~1 h. After which, aerated
bacteria were introduced to the crystal for ~1 h at a flow rate of 0.25 mL/min to allow
attachment. Flow was switched back to aerated broth (without bacteria) and the flow was
increased to 0.75 mL/min. TiO, nanoparticles (25 pg/mL) were introduced either
simultaneously with bacteria and/or with aerated broth.

HPLC Measurement of Riboflavin

Flavin secretion by S.oneidensis, important for heavy metal reduction function, was
monitored by analyzing suspensions for riboflavin using HPLC, taking advantage of
riboflavin’s native fluorescence. Bacterial suspensions diluted to 108 cells/mL were exposed
to 0-100 pg/mL as-syn or 25 ug/mL P25 or T-Eco TiO, nanoparticles for 24 h, and
exposures were made in triplicate. A 1 mL sample was removed from each suspension and
centrifuged for 15 minutes at 5000 g. Then, 200 L of the supernatant was transferred to an
amber HPLC vial with a 250 pL glass insert. HPLC analysis of riboflavin was performed on
an Agilent 1200 HPLC fitted with a Zorbax Eclipse XDB-C1g 4.6 x 150 mm, 5 um
analytical column and Eclipse XDB-C1g 4.6 x 12.5 mm, 5 um analytical guard column
ahead of the fluorescence detector. Isocratic elution was performed using a 70:30 mixture of
20 mM citric acid buffer (pH 3.3):methanol as the mobile phase. The injection volume was
30 uL, flow rate was 1 mL/minute, and detection of riboflavin was achieved with excitation
and emission wavelengths of 450 nm and 530 nm, respectively. The run time was 7.25
minutes, and riboflavin elution was achieved after approximately 6.5 minutes.

Anal Chem. Author manuscript; available in PMC 2014 June 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maurer-Jones et al.

Page 5

Extracellular Polymeric Substance Isolation and Characterization

Due to its importance in biofilms and to examine other secretion behaviors of S. oneidensis,
the extracellular polymeric substance (EPS) was extracted and characterized for its sugar
and protein content as previously described by Gong et al.22 after 24 h exposure to varying
concentrations of as-syn TiO, nanoparticles and 25 pg/mL P25 and T-Eco. Briefly,
polysaccharides were reacted with phenol and sulfuric acid and proteins were reacted with
Lowry’s reagents and the products of these reactions, measured separately, were assessed
spectrophotometrically (detailed method in supporting information).

Uptake Assessment with TEM

Determination of TiO, nanoparticle internalization or association with S. oneidensis was
completed utilizing TEM with a modified method described previously® and described in
detail in Supporting Information. Briefly, bacteria were cultured cultured with 25 pg/mL as-
syn TiOs at varying lengths of exposure, fixed with a solution of 2.5% glutaraldehyde and
1% osmium tetraoxide, and embedded in Epon resin (Polybed 812). Samples were
sectioned, stained with uranyl acetate and lead citrate (Sigma-Aldrich, St. Louis, MO) and
imaged on JEOL 1200 EXII TEM at 60 kV.

Reactive Oxygen Species Quantification

Intracellular reactive oxygen species (ROS) were monitored using two different assays:
DCFDA and APF (Life Technologies, Grand Island, NY). DCFDA is generally considered
to react with most ROS molecules, and APF reacts more specifically with hydroxyl radical.
The bacterial suspension was pelleted (1500xg for 10 min), and the supernatant was
decanted. Cells were resuspended in LB broth with either 10 uM DCFDA or 5 uM APF for
one hour to allow cell uptake of fluorescent probe molecule. The bacterial suspension was
again centrifuged (1500xg for 10 min), and cells were washed 3 times with LB broth to
remove extracellular DCFDA or APF. Bacteria were exposed to as-syn TiO, nanoparticles
in triplicate as described above in a range of 1-100 pg/mL, with no nanoparticles as a
negative control and 10 uM sodium hypochlorite as a positive control. Periodically, a 250
pL samples was taken from each condition, placed in a 96 well plate, and the fluorescence
intensity was measured at Aexcitation = 485/20 nm and Agmission = 528/20 nm for both assays.

Quantitative Reverse Transcription Polymerase Chain Reaction (QRT-PCR)

gRT-PCR was performed on samples of S. oneidensis exposed to 0-100 pg/mL as-syn TiO;
after varied amounts of time and/or 25 pg/mL P25 or T-Eco after a 24 h exposure
(experiments performed in 3 biological and 2 technical replicates). Primers were ordered
through the BioMedical Genomics Center Oligonucleotide & Peptide Synthesis service
using Integrated DNA Technologies (IDT) (Coralville, I1A). Assay design was prepared
using the Roche Universal Probe Library (UPL) technology. To validate the primer probe
sets, a five point 1:5 dilution series of the cDNA sample was carried out. Total RNA was
isolated using RNAzol® RT (Sigma Aldrich, St. Louis, MO) following manufacturer
protocols. Total RNA samples were synthesized to first-strand cDNA using SuperScript® Il
RT from Invitrogen (Life Technologies, Grand Island, NY). Quantitative PCR was
performed on the ABI 7900 HT (Life Technologies, Grand Island, NY) using 3 pLs of
cDNA in duplicate. A working cocktail was made by adding 10 puM forward primer (IDT),
10 UM reverse primer (IDT), 10 uM probe (UPL), and 2.22X homebrew master mix. 3 pLs
of cocktail was added to 3 L aliquots of cDNA samples and amplified by the following
parameters: 2 min activation at 60 °C and a 5 minute denaturation at 95 °C, followed by 45
cycles of 10 seconds at 95 °C and 1 minute at 60 °C.

Anal Chem. Author manuscript; available in PMC 2014 June 18.
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Data analysis was performed using the Pfaffl method in which the amount of the target gene
was normalized to a reference gene, gyrB, and compared to control samples. 1-way
ANOVA analysis was performed to determine significant changes in gene expression levels.

Results and Discussion

Nanoparticle Characterization

Three types of TiO, nanoparticles were utilized in this study, acid-catalyzed TiO,
nanoparticles synthesized in house (as-syn), Evonik Aeroxide® Degussa P25 (P25) and
Eusolex® T-Eco (T-Eco). As-syn nanoparticles were synthesized and characterized as
previously described,1® and were chosen because of the controlled crystallinity and surface
chemistry that in-house synthesis affords. Two commercially available TiO, nanoparticles,
P25 and T-Eco, were chosen because P25 is often used as a “model” TiO, nanoparticle in
toxicity studies?3 and T-Eco has been shown to be most similar to nanoparticles present in
cosmetics, including sunscreens.3 Both commercial nanoparticles’ size and crystallinity have
been characterized within the literature.3: 20 Stability and C-potential of synthesized
nanoparticles were measured in water and Luria-Bertani (LB) broth, the bacterial growth
broth used in toxicity experiments, to better understand the aggregation state of the
nanoparticles during these experiments. It should be noted that aggregation was not
controlled within these studies as aggregation is not systematically controlled in the
environment, though future work aimed at understanding natural organic matter-mediated
aggregation will be performed. These data, along with data on size and crystallinity that has
been previously reported,3 19-20 are summarized in supporting information (Figure S1).
Generally, all three TiO, materials aggregate over 24 h, though T-Eco aggregated
significantly less than as-syn and P25, possibly due to the T-Eco surface being coated with a
thin layer of SiO». All nanoparticles in LB broth aggregated less than in water, likely
because LB contains many biological macromolecules that can adsorb onto the surface and
prevent aggregation.

TiO, Nanoparticles’ Impact on Viability and Growth

To begin toxicity studies, cell survival upon nanoparticle exposure was measured using
differential fluorescent staining of live and dead cells to yield a live/dead ratio measure of
viability (See Supporting Information for methods and results). Evaluating the viability of S.
oneidensis after exposure to TiO, nanoparticles for various exposure times revealed no
significant change in cell survival with increasing concentrations of as-syn TiO, over 24 h
or with the other two nanoparticle sample types (Figure S2), consistent with previous
assessments of TiO, bacterial toxicity.24-2% There was some change in the ratio of live to
dead bacteria over time (Figure S2B), but this was due to growth of bacteria within the
experiment, and the same pattern of live/dead ratio changes were observed in all
nanoparticle and control experiments.

While viability was not altered in the presence of nanoparticles, TiO, caused a dose-
dependent decrease in the growth rate of S. oneidensis (Figure 1), as determined by optical
density measurements. By plotting the absorbance over time on a log scale, the exponential
phase of growth was observed, and the growth or doubling rate was calculated using
Equation 1 and quantified in the inset of Figure 1A. It was noted that initially, scattering
from the nanoparticles contributed to the optical density measurements. To confirm that we
were observing changes as the result of slowed growth, the optical density minus the initial
optical density, which ranged in absorbance values from 0.03-0.3 absorbance units, was
plotted, and differences in growth are still apparent (Figure 1B). Performing statistical
analysis of linear regression fits of the data presented in Figure 1B (lines not shown) reveals
that the rates of growth of all nanoparticle-exposed bacteria are significantly different than
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that of the control (p<0.01). A similar decrease in doubling rate was observed for all three
nanoparticles, an indication that the nanoparticles were having a similar impact on bacterial
growth. This trend may be a result of non-specific adsorption of broth components onto the
nanoparticle surface. Altered bacterial growth rate in the presence of TiO, nanoparticles has
not been previously reported in S. oneidensis or other bacterial species. Decreases in
bacterial growth rate can be caused by changes or decreases in the available nutrients or
available organic carbon (AOC).26 Stability of the nanoparticles in LB broth (data in Figure
S1) suggests adsorption of components from LB broth onto the nanoparticle, an adsorption
phenomena that is widely reported in the literature with proteins,?” natural organic matter,28
and other biomacromoleules.2? One could imagine, therefore, that the decrease in growth is
caused by nutrient adsorption onto the nanoparticle surface causing a decrease in the AOC
that, in turn, would decrease the growth rate. Future work aimed at studying the influence of
nanoparticles on the broth components and natural organic matter will address these
observations.

Changes in Bacterial Functions

Biofilm Formation and Growth—Moving beyond viability and growth, a functional
assessment of S. oneidensiswas performed examining both a general bacteria and species-
specific function. As mentioned previously, biofilm formation is a common function of
bacteria of varied species and plays an important role in the way bacteria react to their
surroundings,3® with or without nanoparticles in this case. continuous monitoring of
frequency and resistance, which relates dissipation, was performed over the course of the
experiment to better understand the change in mass on the crystal and viscoelastic properties
of the biofilm, respectively. First, a comparison between control and 25 pg/mL as-syn TiO,
nanoparticle-exposed cells was examined, where nanoparticles were introduced to the
bacteria during the attachment phase to the QCM crystal and throughout biofilm growth
(results shown in Figure 2). Figure 2A details the change in frequency of the parallel
crystals. A notable characteristic of both the control and TiO,-exposed bacteria is that the
change in frequency is not linear. For control cells, an initial rapid decrease in frequency is
observed as compared to the TiO, condition, indicating the addition of mass to the crystal,
followed by a ‘lag’ and then further decrease in frequency. This pattern indicates that there
is an initial attachment of bacteria to the crystal with a delay before the biofilm begins to
grow. This pattern is in contrast to the results of biofilm formation among TiO,-exposed
bacteria, where there is a steady, but less steep change in frequency, with growth increasing
after 12 h. We confirmed that the change in frequency was the result of biofilm growth or
the combination of cell attachment/growth and TiO, deposition as opposed to TiO»
nanoparticle sedimentation alone by a similar experiment excluding bacteria (Supporting
Information Figure S3). This experiment showed there was drift within the system where the
change in frequency became more negative, possibly due to adsorption of molecules from
LB broth, but not deposition of TiO5, and the drift was, at most, half that of the bacteria
experiments. In general, QCM revealed that TiO, nanoparticle-exposed bacteria yield a
slower change in frequency (Figure 2A) indicating a slower biofilm growth, which is
consistent with the decrease in growth rate demonstrated with optical methods above.
Additionally, we considered the viscoelastic differences between control and nanoparticle-
exposed biofilms, but there was no appreciable difference in the change in resistance of the
biofilm with and without nanoparticle exposure (Figure 2B). Another way to examine this is
to plot the change in resistance divided by the change in frequency, and for both the control
and TiO,-exposed cells, there is no difference (graph not shown), indicating that the quality
of formed biofilms is not compromised by the presence of nanoparticles.

To elucidate whether the changes in biofilm growth were the result of changes in cell
attachment, as opposed to simply the slowing of the rate of growth, we exposed cells to
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TiO, nanoparticles, of all three types, only during attachment and continued to monitor
growth after nanoparticles were no longer present. Results varied (Figure 3), where as-syn
TiO, nanoparticles seemed to promote adhesion, P25 inhibited adhesion, and T-Eco had no
effect. However, the variations during attachment were small, and these differences could be
due to the variations within cell populations. While it cannot be concluded that bacterial
attachment is unaffected by the presence of TiO, nanoparticles, any nanoparticle-based
impact appears to be small.

Riboflavin Secretion—Another critical, species-specific function of S. oneidensisis
metal reduction, where electron transfer occurs through the secreted molecule flavin
mononucleotide (FMN).31 FMN is converted to riboflavin, which was the molecule of
interest in this study because FMN transforms to riboflavin even without the presence of a
metal electron acceptor. Since S. oneidensis is responsible for metal reduction, one would
predict stimulation of riboflavin secretion upon nanoparticle exposure; however, the energy
required to reduce titanium (1V) likely exceeds the capability of the flavin reducing
mechanism. Accordingly, we hypothesized that riboflavin secretion would decrease with
nanoparticle exposure and correlate with the decrease in growth, which relates to a study
correlating increases in S. oneidensis growth with flavin secretion.32 After exposure to
varying concentrations (0-100 pug/mL) and type of TiO, nanoparticles for 24 h, the
extracellular riboflavin content was examined using HPLC, detecting the native fluorescence
of riboflavin. Unexpectedly, extracellular riboflavin increased as a function of nanoparticle
concentration (Figure 4A), though no differences were apparent upon comparing the
different TiO, materials (Figure 4B). While there lacks literature precedent of S. oneidensis
stress responses, this may be an indication that S. onefdensis flavin secretion is activated as a
response to a system stressor.

To examine if other secretion processes were affected by the presence of TiO,, isolation and
characterization of EPS for the sugar and protein content was performed as it relates both to
secretion events and biofilm formation. That is, EPS is commonly considered to be the
structural support for biofilms and is a mixture of macromolecules including secreted
proteins and polysaccharides. Hessler et al. recently noted that EPS has a role in mitigating
TiO, nanoparticle toxicity in Pseudomonas aeruginosa as measured by the Live/Dead
Baclight™ assay.24 In quantifying the protein and polysaccharide content of TiO5
nanoparticle-exposed S. oneidensis (methods described in supporting information), no
change in the EPS was observed over the range of concentrations (1-100 pg/mL) or for the
varied nanoparticle type after 24 h exposure (Supporting Information Figure S4). This
indicates that growth and flavin secretion do not correlate to EPS production but could
explain why changes in viability were not observed.

Processes that Influence Changes in Cell Functions

Uptake and Oxidative Stress—Toward a mechanistic understanding of the changes in
function that were observed in S. oneidensis after TiO, nanoparticle exposure, we examined
nanoparticle uptake or association, oxidative stress, and gene expression. Using TEM, we
observed that TiO, nanoparticles are not internalized and do not appear to be membrane
bound, though they are associated with the cells in some way as they are not washed off
during rinse steps (Figure 5). This association was observed even after just a 2 h exposure.

Oxidative stress, or the production of ROS, is commonly considered to contribute to the
mechanism of TiO, nanoparticle toxicity33 and therefore, may contribute to the toxicity
response measured herein (i.e. decreased growth and increased riboflavin secretion).
Intracellular ROS was measured by first loading S. oneidensis with 2°,7°-
dichlorodihydrofluorescein diacetate (DCFDA) and aminophenyl fluorescein (APF) probe
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molecules, followed by exposure to varying concentrations of TiO, nanoparticles (0-100 pg/
mL) for varying amounts of time (results in Supporting Information). Over time, the
intracellular ROS increases for all conditions, but over the first 6 h, there is no significant
difference between control and nanoparticle-exposed cells. By 24 h, a difference in ROS
production is observed, but there is no trend with nanoparticle concentration, and repeated
experiments across 9 biological replicates reveal that the observed differences are
inconsistent (Figure S5). A similar response is seen with both the DCFDA and APF assays
(data not shown). These results indicate that ROS levels are not correlated with measured
changes in growth and riboflavin production, and observed ROS may simply be associated
with normal biological processes or functions. It is proposed that UV light exposure could
modulate the intracellular ROS levels34 but preliminary experiments did not reveal such
modulations and will be the subject of future work.

Gene Expression—Moving beyond uptake and oxidative stress, we examined the impact
of TiO, nanoparticles on gene expression, which may reveal the source for the varied
growth, biofilm formation and flavin secretion. Genes encoding for a variety of functions
were explored using quantitative reverse transcription-polymerase chain reaction (QRT-
PCR) after a 24 h exposure to varied concentrations of as-syn TiO, (Figure 6 and Supporting
Information Table S1) and 25 pg/mL P25 and T-Eco. Interestingly, in all genes explored,
P25 and T-Eco imparted no significant change in gene expression as compared to the control
(data not shown) whereas as-syn nanoparticles induced some changes. Since no other
toxicity assessments demonstrated a different response based on the material, it is unclear
what parameters would cause as-syn to induce varied gene expression from P25 and T-Eco,
though it may be the result of a different surface crystallinity (P25 is 25% rutile) and surface
material (T-Eco has SiO, at the surface). Further exploration of how the chemical interface
influences gene expression will be an area of future work, as it is beyond the scope of this
study.

Flavin secretion by S. oneidensis is the main method of electron transfer in their metal
reducing function, and metal reduction occurs as the result of signaling that ends with the
Mtr pathway.35-36 Genes related to this pathway studied herein include cymA,37-38 yshA,31
omcA,38 and mitrA.3> While no significant trends are apparent for cymA, mitrA, and ushA,
omcA shows significant (p<0.05) increase in gene expression after 24 h exposure to 10 pg/
mL TiO, nanoparticles. While not significant, the other culture conditions are trending
toward increased expression. omcA encodes for an outer membrane c-type cytochrome that
plays a small role as a terminal reductase for metals and is also related to attachment of the
cells to a solid surface.38 Increased expression of this gene correlates with the increased
riboflavin secretion by S. oneidensis over the 24 h exposure and also indicates that cell
attachment as a biofilm may ultimately be affected, though this effect has not yet been
observed. Other genes relating to biofilm formation and growth are the mxdABCD
complex,3%-40 and the expression of each of these genes was quantified after 24 h
nanoparticle exposure. Of these, both mxdA (Figure 6) and mxdB (Table S1) showed
decreased expression as compared to the control. mxdA encodes for a diguanaylate cyclase
protein and mxdB encodes for an inner membrane glycosyltransferase, both of which relate
to cell attachment and synthesis of exopolymeric saccharides and to EPS.39-40 These genes
are essential for the three-dimensional growth of biofilms. Since these are both down
regulated after exposure to most concentrations of nanoparticles, this may explain the
decrease in growth of biofilm, as observed with QCM, because the syntheses of proteins for
three dimensional growth are synthesized in lower amounts. However, the relationship of
mxdA and mxdB to EPS would potentially indicate changes in the secretion profile that
were not observed in the EPS characterization (Figure S4). It is possible that the EPS
analysis is not sensitive enough to see these changes. Alternatively, the expression of these
genes at 24 h may differ from the expression at early time points. That is, gene expression
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may be initially stimulated upon TiO, nanoparticle exposure. This stimulation produces a
level of protein that then causes a decrease in expression at the measured 24 h time point.
The combination of the up-and down-regulation of gene expression ultimately yields a zero
net balance to the content of the EPS.

Other genes of interest included 7#sK; responsible for chromosome partitioning proteins that
relate to growth,*1 and various stress response genes. These stress response genes include
sodB and gst, which code for ROS response proteins superoxide dismutase B and
glutathione transferase,*2 pspB, which codes for cytoplasmic membrane stress indicator
phage shock protein,*3 ana, responsible for DNA polymerase protein, and radA, which
encodes for DNA repair proteins. Of these, significant changes in gene expression were
observed only for sodB and pspB. It is unsurprising to see no trend for fsK expression
because after 24 h, the bacterial culture has reached stationary phase, even in the presence of
nanoparticles; therefore, the presence of chromosome partitioning proteins should be a
steady state for all conditions. pspB expression levels (Table S1) were significantly higher
for cells exposed to 25 pg/mL TiO, as compared to the control, indicating increased
cytoplasmic membrane stress. In the case of sodB, there is a decreasing trend of sodB
expression after 24 h exposure with lower nanoparticle concentrations, with a significant
decrease at 10 pg/mL as-syn TiO, nanoparticles, though the expression is recovered at 25
and 100 pg/mL. This expression was unexpected because if oxidative stress had occurred, an
increased expression would be expected. Again, the decrease may be the result of
quantification of gene expression after 24 h exposure, and earlier time points may yield a
different expression level. This is particularly true for oxidative stress, as typically oxidative
stress effects are observed on short time scales due to the short lifetime of the ROS
molecules.*

Given the rapid turnover of bacteria, gene expression at time-points earlier than 24 h was
evaluated to see if changes induced earlier in the exposure period that are no longer
detectable at 24 h may contribute to altered bacterial function. We took periodic samples of
S. oneidensis exposed to 25 ug/mL as-syn TiO, nanoparticles and monitored expression of
omcA, mxdA, ftsK, and sodB as these genes showed significant changes in expression after
24 h exposure that may be related to exposure time. As seen in Figure 7, sodB showed no
significant trend over time as compared to the control, supporting the previous conclusion
that oxidative stress does not appear to be the root of S. oneidensis growth and flavin
secretion changes. The lack of change in f#sKas compared to the control indicates that this
gene is not responsible for the changes in growth rate that have been observed, and further
exploration of other candidate genes is needed. omcA showed an initial decrease in
expression followed by increased expression at 3 h with an overall increased expression at
24 h. This trend in gene expression matches earlier riboflavin quantification experiments
(data not shown) where minimal differences in riboflavin secretion is observed between the
control and TiO,-exposed bacteria, and it is only after prolonged exposure (24 h) that TiO,
nanoparticles play a role in stimulating flavin secretion. For mxdA, an initial increase in
expression is observed until 3 h, after which, expression is not different from that of the
control. The initial burst (until 3h) followed by return to control level at 6 h and ultimate
decrease in expression after 24 h may indicate that after there is a threshold level of protein
available to the bacteria, the gene expression is depressed. This initial burst followed by
decreased expression would explain why changes in EPS were not observed. In relationship
to biofilm formation and growth, the lack of difference in gene expression after 1 h could
explain why only minor differences in biofilm attachment were observed (Figure 3) but
growth of the biofilms over time was depressed.
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Conclusions

In summary, we demonstrated that, while minimal changes in viability were observed,
significant changes in bacterial growth, biofilm growth and riboflavin secretion of S.
oneidensis occurred after exposure to TiO, nanoparticles. These changes were not the result
of oxidative stress, but the proximity of the nanoparticles caused altered gene expression
that influenced the end-points measured in bacterial function assays (i.e., biofilm growth and
riboflavin secretion). Though there were some minor toxicity differences among the three
TiO, preparations considered herein, generally, each type of TiO, nanoparticle (i.e. as-syn
vs. P25 vs. T-Eco) elicits similar functional changes within S. oneidensis, and the
discrepancies and similarities are likely the result of surface structure and will be the subject
of future work. This study indicates that TiO, nanoparticles are not lethal to S. oneidensis,
but cause subtle changes to the bacterial function. The photocatalytic nature of TiO,
nanoparticles may mean that UV light exposure will exacerbate these functional changes or
make the nanoparticles lethal as previous studies have demonstrated.4>-46 Therefore,
gaining an understanding of the functional changes within a species upon exposure to
nanoparticles may be critical for understanding subtle or more drastic changes in ecosystem
health.

Though the field of econanotoxicity is relatively new, this study presents an important
approach to studying toxicity. That is, through a nuanced view of toxicity (i.e. functional
assessment), a clear understanding of the nanoparticle impact is gained, and this yields
beneficial information to inform nanoparticle design and mitigate any unintentional toxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Growth of S. oneidensis in the presence of TiO, nanoparticles. (A) Exponential phase of
bacteria grown in the presence of varying concentrations of as-syn TiO, nanoparticles. Inset
indicates growth rate of bacteria as determined by Equation 4.1. (B) Exponential phase of
growth, with optical density at time = Oh subtracted to take into account scattering from as-
syn nanoparticles. Statistical analysis of the linear regression of control and nanoparticle-
exposed S. oneidensis revealed that all concentrations of nanoparticle-exposure regressions
are statistically different than the control (p<0.001). (C) Comparison of the growth of S.
oneidensis in the presence of 25 pg/mL as-syn, P25, or T-Eco nanoparticles.
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QCM response to bacterial biofilm formation and growth without (black) and with (red)
exposure to 25 pg/mL as-syn TiO, nanoparticles. (A) Changes in deposited mass as
measured by the change in frequency and (B) the viscoelastic properties as measured by
changes in quartz crystal resistance. Arrows indicate the window of time where S.
oneidensis are introduced to the QCM flow cell. Outside of this time range, flow consisted

of aerated LB broth without or with TiO,.
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Figure 3.

QCM analysis of bacteria exposed to 25 pg/mL as-syn, P25, or T-Eco nanoparticles during
bacterial attachment, indicated by the window of time between the arrows. Red = TiO,
exposure and black = control (no nanoparticles) introduced in LB broth.
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Figure 4.

Riboflavin secretion, as measured with HPLC, (A) is significantly increased (p<0.05) upon
exposure to varying concentrations of as-syn TiO, nanoparticles for 24 h. (B) A comparison
of riboflavin secretion upon exposure to 25 pg/mL as-syn, P25, and T-Eco (*p<0.05 as

compared to the control).
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Figureb.

TEM images of S. oneidensis after 6 h incubation (A) without or (B) with 25 ug/mL as-syn
TiO, nanoparticles. Circle indicates association of nanoparticle clusters close to bacteria.
Scale bar = 1 pm.
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Figure®6.

Relative fold change of genes, as compared to a housekeeping gene, related to flavin
secretion (omcAy), biofilms/EPS (mxdA), growth (7zsK), and cell stress (sodB) upon 24 h
exposure to varying concentrations of as-syn TiO, nanoparticles (*p<0.05).
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Figure?.
Relative fold change of genes, as compared to a housekeeping gene, upon exposure to 25 g/
mL as-syn TiO, at varying times (*p<0.05).
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