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Titanium dioxide (TiOo) is commonly used as a food additive (E171 in the EU) for its
whitening and opacifying properties. However, a risk of intestinal barrier disruption,
including dysbiosis of the gut microbiota, is increasingly suspected because of the
presence of a nano-sized fraction in this additive. We hypothesized that food-grade
E171 and Aeroxyde P25 (identical to the NM-105 OECD reference nanomaterial in
the European Union Joint Research Centre) interact with both commensal intestinal
bacteria and transient food-borne bacteria under non-UV-irradiated conditions. Based
on differences in their physicochemical properties, we expect a difference in their
respective effects. To test these hypotheses, we chose a panel of eight Gram-
positive/Gram-negative bacterial strains, isolated from different biotopes and belonging
to the species Escherichia coli, Lactobacillus rhamnosus, Lactococcus lactis (subsp.
lactis and cremoris), Streptococcus thermophilus, and Lactobacillus sakei. Bacterial
cells were exposed to food-grade E171 vs. P25 in vitro and the interactions were
explored with innovative (nano)imaging methods. The ability of bacteria to trap TiO» was
demonstrated using synchrotron UV fluorescence imaging with single cell resolution.
Subsequent alterations in the growth profiles were shown, notably for the transient food-
borne L. lactis and the commensal intestinal E. coli in contact with food-grade TiOs.
However, for both species, the reduction in cell cultivability remained moderate, and the
morphological and ultrastructural damages, observed with electron microscopy, were
restricted to a small number of cells. E. coli exposed to food-grade TiO» showed some
internalization of TiO» (7% of cells), observed with high-resolution nano-secondary ion
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mass spectrometry (Nano-SIMS) chemical imaging. Taken together, these data show
that E171 may be trapped by commensal and transient food-borne bacteria within the
gut. In return, it may induce some physiological alterations in the most sensitive species,
with a putative impact on gut microbiota composition and functioning, especially after

chronic exposure.

Keywords: food-grade TiO,, bacterial toxicity, intestinal bacteria, food-borne bacteria, cellular and subcellular

bioimaging

INTRODUCTION

Engineered nanomaterials are increasingly used in numerous
industrial sectors, due to their unique properties compared
to their larger counterparts, provided by their nanometric
dimensions and their high specific surface area (up to
several hundred mz/g of product) (Nel et al., 2006). Among
nanomaterials, titanium dioxide (TiO;) is widely used, notably
in the food industry, as a white coloring agent (referred to as
food-grade additive E171 in the EU) for confectionery, sauces,
cakes, and pastries. In the United States, the Food and Drug
Administration approved the use of food-grade TiO, in 1966
with the stipulation that TiO; should not exceed 1% by weight of
the food (Joint Fao/Who Expert Committee on Food Additives,
2006). In Europe, EU Directive 94/36/EC authorizes the use of
E171 in processed food, without establishment of an acceptable
daily intake by the Joint FAO/WHO Expert Committee on Food
Additives, because intestinal TiO, absorption was considered
very low (Efsa Panel on Food Additives and Nutrient Sources
Added to Food, 2005). A sizable fraction (17-55% of total
particles) of nano-sized particles (<100 nm) is produced during
the manufacturing process of the powder, depending on the
commercial supplier of the E171 (Weir et al., 2012; Yang et al.,
2014; Bettini et al., 2017; Dorier et al., 2017). The presence of
this nano-sized fraction is increasingly suspected to play a role
in intestinal barrier disruption, including dysbiosis of the gut
microbiota. Daily dietary intake has been estimated to be 1-2 mg
TiO,/kg body weight (bw) for US children under 10 years of
age, and 0.2-0.7 mg TiO,/kg bw for others (Weir et al., 2012).
In Europe, estimated daily exposure levels have ranged between
0.2 and 0.4 mg/kg bw in infants and the elderly, and 5.5 and
10.4 mg/kg bw in children, depending on the exposure scenario
(Efsa Panel on Food Additives and Nutrient Sources Added to
Food, 2016). Recent studies report deleterious effects of E171 on
the gut epithelial barrier in vitro (Faust et al., 2014; Dorier et al.,
2017; Proquin et al., 2017), some of which possibly predispose
the host to intestinal diseases and colorectal cancer, as shown in
rodents (Urrutia-Ortega et al., 2016; Bettini et al., 2017).

Even though an increasing body of evidence suggests that the
gut microbiota is a major player in food toxicology (Claus et al.,
2016; Ribiére et al., 2016; Jin et al., 2017), the interactions of
dietary nanoparticles with commensal intestinal and/or transient
food-borne bacteria are largely unknown (Frohlich and Frohlich,
2016; Frohlich and Roblegg, 2016; Mercier-Bonin et al., 2016;
Pietroiusti et al., 2016). The impact of E171 on the composition
and metabolic activity of the gut microbiota has recently
been assessed in vitro (Dudefoi et al., 2017a; Waller et al,

2017). However, most of the literature to date focuses on the
TiO, photocatalytic antibacterial applications under UV light
(McCullagh et al., 2007; Liu et al., 2010; Pigeot-Rémy et al., 2011;
Carré et al,, 2014; Joost et al., 2015), even though increasing
attention is being paid to bacterial inactivation in the absence of
light. Here, Escherichia coli was generally chosen as the bacterial
model (Liu et al., 2010; Kumar et al., 2011; Zhukova et al., 2012;
Erdem et al., 2015; Sohm et al., 2015; Planchon et al., 2017),
using standard nano-sized particles (TiO,-NPs) (Simon-Deckers
et al,, 2009; Liu et al., 2010; Kumar et al., 2011; Pagnout et al.,
2012; Zhukova et al., 2012; Erdem et al., 2015; Sohm et al., 2015;
Planchon et al., 2017), despite their physicochemical properties
differing significantly from those of food-grade TiO, (Yang et al.,
2014; Dudefoi et al., 2017b).

Based on this background, the present study focuses on
probing interactions between food-grade TiO, (E171) and
several representative commensal intestinal and transient
food-borne bacteria under non-UV irradiated conditions,
by coupling different innovative (nano)imaging methods.
Results were compared with those of the NM-105 (TiO,-NPs
P25) OECD reference nanomaterial. To this end, the TiO,
trapping properties of bacteria were evaluated using Synchrotron
excitation deep ultraviolet (DUV) fluorescence imaging with
single-cell resolution. Concurrently, the TiO,-mediated effects
on bacterial growth were assessed. To gain further insight into
the putative TiO,-driven toxicity to bacteria, morphological
changes after exposure were evaluated with electron microscopy
(SEM and TEM), in combination with high-resolution nano-
secondary ion mass spectrometry (Nano-SIMS) to determine
TiO; internalization.

MATERIALS AND METHODS

Particle Preparation

The E171 sample was obtained from a French commercial
supplier of food coloring. P25 (NM-105) nanomaterial was
provided by the European Union Joint Research Centre (EU JRC)
as a test material of manufactured TiO, nanoparticles (Aeroxyde
P25) and selected by the Organization for Economic Cooperation
and Development (OECD) for safety evaluation of titanium-
based nanomaterials. It displays mixed crystallinity with anatase
as the predominant form (85% anatase: 15% rutile), and a mean
particle diameter of 22 & 1 nm (Rasmussen et al., 2014). The TiO,
products, in their metrological aggregated (A) and dispersed
(D) forms, were prepared according to the generic Nanogenotox
dispersion protocol depicted by Jensen etal. (2011). Briefly, a
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2.56 mg/mL stock suspension was prepared by pre-wetting
the powder in absolute ethanol, followed by dispersion in
0.05% (w/v) BSA solution and probe sonication on ice for
27 min at 40% amplitude (Sonifier Cell Disruptor Model
250 20 kHz, Branson Ultrasonics Corporation). The stock
suspensions were always prepared fresh prior to each experiment,
sonicated if required, and diluted using MilliQ-grade water to the
target test concentrations (0-320 pg/mL). The physicochemical
characterization of the TiO, particles has been detailed
elsewhere (Talbot et al., submitted). Spectrofluorimetric analysis
was performed using a FluoroMax-4 (HORIBA Jobin Yvon,
Inc., Chilly-Mazarin, France) spectrofluorometer. Measurements
were performed using 10-mm path length quartz cuvettes.
Fluorescence emission spectra of food-grade E171 vs. TiO;-
NPs P25 were recorded at 20°C at an excitation wavelength of
270 nm.

Bacterial Strains and Culture Conditions

Eight Gram-positive/Gram-negative commensal intestinal or
food-borne bacterial strains, isolated from different biotopes and
belonging to the species Escherichia coli, Lactobacillus rhamnosus,
Lactococcus lactis (subsp. lactis and cremoris), Streptococcus
thermophilus, and Lactobacillus sakei were used in this study
(Table 1). Growth kinetics experiments were performed for food-
grade E171 and TiO,-NPs P25 in batch cultures under non-
UV irradiated conditions, with an early addition of TiO; (i.e.,
addition of TiO; to the culture medium before cell growth).
Culture conditions are given in Table 1. For all strains, a first
inoculum was obtained by adding 0.1 mL of stock culture
into 5 mL of culture medium, followed by 6 h of incubation
under the appropriate culture conditions (Table 1). A volume
of 0.1 mL of this preculture was then used to inoculate 10 mL
of culture medium. This second preculture was incubated
overnight under the same conditions until the stationary phase
of growth, and then used to inoculate cultures to evaluate
the effect induced by TiO,. A high-throughput method based
on sterile microwell plates (384 wells; Greiner, Bio-one) was
implemented. From the culture of each strain grown overnight,
the optical density at 600 nm (ODggonm) was adjusted to 0.025

in appropriate culture medium. The aliquots of 70 pL from
this ODgoonm-adjusted culture were deposited into wells (at least
5 wells per condition). Then, 10 pL of TiO, particles (E171
vs. P25), in the aggregated (A) or dispersed (D) metrological
form, were added to achieve an exposure concentration of
320, 125, 62.5, or 32 pg/mL. Wells without TiO, particles and
with only TiO, particles in appropriate culture medium were
used as control and blank, respectively. Growth of the TiO,-
exposed and non-exposed strains was then monitored every
15 min for 24 h by measuring the ODgponm (with simultaneous
stirring) using a dark-controlled and thermoregulated (30 or
37°C depending on the strain under study) plate reader
(Infinite M200 PRO, Tecan France). The strain tolerance to
TiO, stress was assessed by determining the duration of the
lag phase (h), the maximal specific growth rate puy (h™h,
and the final ODgponm for each condition. Experiments were
performed at least in duplicate on independently grown cultures
to validate data reproducibility. In parallel, cell viability was
evaluated by spreading-plating TiO,-exposed (test concentration
of 320 pg/mL) and non-exposed bacteria on appropriate agar
medium. Plates were incubated for 24 h at the appropriate
temperature and the number of developed colony-forming units
(CFU) was counted and expressed as CFU/mL. The viability
percentage of the bacteria after TiO, exposure was calculated
by dividing their CFU (CFU/mL) by that in the TiO,-free
control.

Synchrotron Excitation Deep Ultraviolet
(DUV) Fluorescence Imaging of Bacterial

Cells After TiO, Exposure

Deep ultraviolet fluorescence imaging of E. coli K12 MG1655
and L. lactis 1BB477 cells after TiO, exposure was carried
out on a Zeiss Axio Observer Z-1 microscope at the DISCO
beamline (Giuliani et al., 2009) of the SOLEIL synchrotron
facility, as previously described for tryptophan-functionalized
gold (Pajovic¢ et al., 2015) and silver nanoparticles (Dojcilovi¢
et al., 2016). Bacterial cells were cultured in appropriate
medium containing TiO, at a concentration of 320 pg/mL

TABLE 1 | List of bacterial strains under study.

Species Strain Gram characteristics Origin Culture conditions
Escherichia coli K12 MG1655 Gram-negative Laboratory strain LB medium, 37°C with shaking
ATCC8739 Commensal, isolated from infant feces
CEC15 Commensal, isolated from a
conventional suckling rat intestine
Lactobacillus rhamnosus GG Gram-positive Commensal, isolated from a healthy MRS medium, 37°C without shaking
human intestine
Lactobacillus sakei 23K Gram-positive Food (meat) MRS medium, 30°C without shaking
Lactococcus lactis subsp. cremoris 1BB477 Gram-positive Food (raw milk) M17 medium supplemented with
glucose 0.5% (m/v), 30°C without
shaking
Lactococcus lactis subsp. lactis TIL448 Food (peas)
Streptococcus thermophilus LMD-9 Gram-positive Food (yogurt) M17 medium supplemented with

lactose 1% 37°C  without

shaking

(mAv),
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(aggregated vs. dispersed forms, E171 vs. P25), collected at
the stationary phase of growth and washed twice in phosphate
buffered saline (5000 g, 5 min, room temperature). Thereafter,
2 uL of the washed cell suspension were placed on quartz
coverslips (ESCO Optics, United States) and dried in ambient
conditions for 30 min. Bacteria were first observed in bright
field through a 100x Zeiss Ultrafluar objective with a 1.25
numerical aperture that requires glycerin immersion. Afterwards,
the samples were illuminated by a 270-nm monochromatized
synchrotron beam, which was used as the excitation source.
The fluorescent signals were collected by a PIXIS 1024 BUV
camera (Princeton, United States) in the spectral ranges 327-
353 nm (Filter I, OMEGA Filters United States) and 420-
480 nm (Filter II, OMEGA Filters, United States) during
90 s of integration time. In addition, to increase the signal
to noise ratio, images were recorded with binning of the
pixels (2 x 2) in wManager software (Edelstein et al., 2010),
used to control the whole setup. For each condition, two
independent quartz coverslips with at least three different
locations, covering a minimum of 200 bacterial cells, were
investigated to validate the consistency of the observations.
The images were analyzed using FIJI software (Image], NIH)
(Schindelin et al., 2012). A set of specific FIJI macro scripts
was developed to standardize the analysis (see Supplementary
Material 1).

Electron Microscopy of E. coli and
L. lactis Bacterial Cells Subjected to TiO»

For scanning electron microscopy (SEM) observations, TiO;-
exposed (test concentration of 320 pg/mL) and non-exposed
E. coli K12 MG1655 and L. lactis IBB477 bacterial cells were
harvested by centrifugation (5000 g, 5 min, room temperature),
washed twice with phosphate-buffered saline, fixed and colored
with a 2.5% glutaraldehyde 4 0.04% Ruthenium red solution
in sodium cacodylate buffer (0.1 M, pH = 7.4) for at least
4 h at 4°C. Cells were made to adhere on poly-lysine coated
coverslips and washed in distilled water prior to dehydration
in graded ethanol series. Desiccation was carried out in a Leica
EM CPD300 automatic critical point drier. Samples were then
mounted on stubs and coated with 10 nm platinum (Leica EM
MEDO020). Examinations were carried out on a FEI Quanta FEG
250 scanning electron microscope at a 5 kV accelerating voltage.

For transmission electron microscopy (TEM), the TiO,-
exposed and non-exposed cells were washed, fixed, colored as
described above, then embedded in 2% Low Melting Point
Agarose and washed in sodium cacodylate buffer (0.2 M) with
0.04% Ruthenium red. The post-fixation step was carried out
in a mixture solution of osmium tetroxide (1%) and 0.04%
Ruthenium red in sodium cacodylate buffer (0.2 M) for 1 h
at room temperature. Cell dehydration was achieved through a
series of graded ethanol solutions up to 70%. Infiltration was
performed in an automatic microwave tissue processor Leica
EM AMW, using ethanol, then acetone and several changes of
Embed 812 resin/acetone mixtures, in which the concentration
of resin was gradually increased to 100%. Cells were then
embedded in Embed 812 (EMS) and left to polymerize 48 h

at 60°C. Polymerized samples were sectioned in 90-nm-thick
slices (Ultracut Reichert) and mounted on 150 mesh collodion-
coated copper grids. Before observation, sections were stained
with uranyl acetate and lead citrate. TEM observations were
carried out on a Hitachi HT7700 microscope, at an accelerating
voltage of 80 kV.

Elemental Composition Mapmaking of
E. coli and L. lactis Bacterial Cells
Subjected to TiO,

Polymerized samples, obtained as described above, were
sectioned in 300-nm thick slices (Ultracut Reichert) and mounted
on silicon plots (Siltronix, Archamps, France). Elemental maps
were obtained by Nano-SIMS using a NanoSIMS50 instrument
(Cameca, Gennevilliers, France) (Hoschen et al., 2015). The
surface was scanned as a matrix of 256 x 256 pixels for an
area of 10 |um? by an energetic primary cesium ion beam with
an acceleration of 8 kV and a primary current of 1.2 pA. The
secondary negative ions emitted with 8 kV were filtered in mass,
detected and counted simultaneously, allowing an elemental
mapping of the original voxel sputtered (Georgantzopoulou et al.,
2013). In these conditions, the pixel size was about 40 nm
for an estimated probe size of 100 nm. The ions recorded
were 12CI4N, 325, 31pl6Q,, 40Til60, and *8Ti!°O with a mass
resolution M/ AM higher than 5000. The Ti element was mapped
(as TiO™ cluster) on at least 100 individual cells of each sample.
The distribution of the '?C"N~ cluster, well known by the SIMS
community, was simultaneously recorded as a “fingerprint” of
bacterial cells. Due to the probability of ionization and the matrix
effect, i.e., large variations in the ionization yields, SIMS is not
a direct quantitative technique (Behrisch and Wittmaack, 1991).
However, by normalization of the trace element by the matrix
element signals, a quantitative analysis (coupled with a reference
sample) or a semi-quantitative analysis can be performed with an
excellent accuracy (Dowsett and Collins, 1996). Unfortunately,
for biological samples, it is very difficult to obtain standard
samples. This explains why only the semi-quantitative approach
was proposed here, based on the normalization of the signal of
the titanium cluster (TiO) by the signal intensity of the main ion
detected, the cluster (CN). The intensity ratio (TiO/CN) was then
calculated for each cell and for all conditions (Audinot et al., 2004;
Biesemeier et al., 2016). A total number between 200 and 300 cells
was considered (taking into account the aggregated and dispersed
TiO, forms). The signal intensities of the different elements
were extracted from image acquisitions using OpenMIMS, a
FIJT plugin developed at Harvard at the National Resource for
Imaging Mass Spectrometry' (McMahon et al., 2006).

Statistical Analysis

Replicates in this study were technical and biological, i.e.,
repeated experiments with the same and independently grown
bacterial cultures, respectively. Significance was determined
using one-way ANOVA corrected for multiple comparisons
with Dunnett test or two-way ANOVA corrected for multiple

'https://nano.bwh.harvard.edu/
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FIGURE 1 | Synchrotron excitation deep ultraviolet (DUV) fluorescence imaging of bacterial cells after Titanium dioxide (TiOz) exposure. (A) Fluorescence emission
spectra (hexe = 270 nm) of TiO» 320 pg/mL food-grade E171 (in orange) vs. TiO2-NPs P25 (in green) in aggregated (dark color) and dispersed (light color) forms;
(B) Overlaid fluorescence images of (a,c) growing Lactococcus lactis IBB477 cells and (b,d) growing Escherichia coli K12 MG1655 cells (in red) exposed to (a,b)
P25-D and (c,d) E171-A (in green) at 320 pg/mL. Yellow color indicates TiO» particles that are co-localized with bacteria. Scale bar corresponds to 5 wm.
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FIGURE 2 | Growth kinetics of bacterial cells after TiO» exposure. (A,B) L. lactis IBB477 and (C,D) E. coli K12 MG1655 subjected to 0.0 (black squares), 32.0
(crosses), 62.5 (circles), 125.0 (triangles), and 320.0 (diamonds) pg/mL TiO2-NPs P25 (A,C in green) or food-grade E171 (B,D in orange) in aggregated (dark color)
vs. dispersed (light color) forms. Data are the means + SD. See Supplementary Material 2 for statistical analysis.

comparisons with Bonferroni test (GraphPad Prism software,
version 4). Significance was set at *p < 0.05.

RESULTS

DUV Fluorescence Imaging of Growing

L. lactis and E. coli Cells Exposed to TiO,

For this study, Gram-positive L. lactis (IBB477 strain) and
Gram-negative E. coli (K12 MG1655 strain) were chosen as
representatives of transient food-borne and commensal species
of the gut microbiota, respectively. DUV fluorescence imaging
of L. lactis and E. coli growing bacterial cells exposed to food-
grade E171 vs. TiO,-NPs (P25) at 320 pg/mL was performed
using a 270-nm synchrotron beam as excitation source to
obtain a high TiO,/autofluorescence ratio. First, food-grade
E171 particles in aggregated (A) and dispersed (D) forms,
like their P25 counterparts, could be excited in the DUV
range at 270 nm and displayed fluorescence emission spectra
with characteristic peaks of TiO, (Serpone et al, 1995),
i.e, a maximum of fluorescence emission around 390 nm
with fluorescence intensity remaining at high levels up to
470 nm (Figure 1A). Interestingly, whatever the type of TiO,,
the maximum of the fluorescence emission increased as the
size of TiO, particles decreased. Next, interactions between
bacteria and TiO, were visualized based on the differences

in fluorescence emission spectra between bacteria and TiO,
particles. The signals in the [327-353 nm] range originate from
cell autofluorescence, mainly due to tryptophan fluorescence
[peaking at around 340 nm (Jamme et al, 2010; Kaseakova
et al., 2012)], which is responsible for the characteristic optical
properties of many proteins (Lakowicz, 2006), whereas, as seen
above (Figure 1A), emission from TiO;-exposed bacterial cells
in the [420-480 nm] range is attributed to the fluorescence
of TiO, particles, located inside and/or on the surface of the
bacterial cells. Overlays of the fluorescence images acquired
within [327-353 nm] and [420-480 nm] detection ranges are
given in Figure 1B for L. lactis and E. coli exposed to food-
grade TiO, (E171-A) and TiO,-NPs P25 (P25-D). We clearly
demonstrated that DUV fluorescence imaging allows for non-
invasive monitoring of TiO, without any artificial labeling at
single-cell resolution. In fact, whatever the TiO, type, a TiO»/cell
co-localization was observed for both L. lactis and E. coli
(Figures 1Ba-d).

TiO, Toxicity to Growing Bacteria

In order to evaluate the impact of co-localization between
the selected bacteria and TiO, on their physiological profiles,
growth kinetics were characterized in the presence of food-
grade E171 or TiO,-NPs (P25) in the aggregated vs. dispersed
forms at concentrations ranging from 32 to 320 pg/mL.
These growth kinetics patterns were compared to the control
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means + SEM. Significance was determined using one-way ANOVA corrected for multiple comparisons with Dunnett test: (*) indicates p < 0.05 compared to
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FIGURE 4 | Scanning electron microscopy (SEM) images of bacterial cells after TiO» exposure. (A,D) non-exposed growing bacterial cells, (B,E) growing bacterial
cells exposed to E171-A 320 pg/mL, and (C,F) growing bacterial cells exposed to E171-D 320 wg/mL; (A-C) L. lactis IBB477, (D-F) E. coli K12 MG1655. White

condition without any TiO, added. Results are displayed in
Figure 2.

For L. lactis IBB477 exposed to E171 and P25, whatever
the metrological form, bacterial growth was close to that
of the control until a TiO, concentration of 62.5 pg/mL.
For the concentration of 125 pg/mL, significant alterations
occurred especially for food-grade TiO, in its dispersed form
(Figures 2A,B and Supplementary Material 2) and, for the
highest concentration of 320 pg/mL, growth kinetics were
substantially affected under all tested conditions (p < 0.001,
Figures 2A,B and Supplementary Material 2). For E. coli
K12 MG1655, TiOz-induced inhibition of bacterial growth
was also clearly demonstrated, with a more pronounced dose-
dependent manner than for L. lactis (Figures 2C,D). In particular,

for food-grade TiO, at 320 pg/mL, no growth of E. coli
occurred throughout the entire experiment, i.e., 20 h of culture
(Figure 2D).

These effects on L. lactis IBB477 and E. coli K12 MG1655 were
measured by the variations in three growth-related parameters,
ie, lag time (delay in the onset of growth), specific growth
rate (i max) and final biomass (ODgponm) between TiO,-exposed
and non-exposed cells at the highest concentration tested
(320 pg/mL). Results for E171 vs. TiO,-NPs P25 in the dispersed
form are displayed in Table 2. For L. lactis 1BB477, growth
parameters were drastically affected, depending on the type of
TiO,. For E171 and P25, respectively, lag time increased by a
factor of 4.3 and 1.7, \max decreased by a factor of 2.4 and
2.3, and the final biomass was reduced by a factor of 6 and
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TABLE 2 | Sensitivity of all bacterial strains to Titanium dioxide (TiOp) in its dispersed form (P25-D in light green and E171-D in light orange).

Lag time (h) Specific growth rate pmax (h™1) Final biomass (ODggonm)
Species Strain P25-D E171-D P25-D E171-D P25-D E171-D
L. lactis IBB477 subsp. cremoris A x17 72 x43 Ay x24 3y x 23 3 x 3.0 3 x 6.0
TIL448 subsp. lactis 2 x13 2 x6.7 W x 1.6 3% 1.8 3 x 1.6 N x 4.3
L. sakei 23K 2 x 141 72 x13 ¥ x14 ¥ x15 ¥ x 1.7 A x29
S. thermophilus LMD-9 2 x1.3 2 x18 3 x23 N x20 8 x 1.7 N x 43
L. rhamnosus LGG 2 x13 A x22 W x 1.7 3 x 1.8 N x 14 8 x 1.9
E. coli K12 MG1655 2 x 3.8 NA A x20 NA A x 36 NA
ATCC8739 A x24 2 x45 W x15 N x 4.8 W x 15 N x 48
CEC15 2 x12 A x24 11 %12 3 x 21 W x40
Significance NS o o o o o

Three growth parameters have been considered: lag time (h), specific growth rate umax (h~') and final biomass (ODgoonm). Ratios have been calculated with the mean
values obtained for the maximal TiOo concentration (320 ug/mL) vs. control conditions (no TiO, added); W decrease, & increase, NA, not available. Significance was
determined for each growth parameter considering the overall P25-D- and E171-D-treated strains (except E. coli K12 MG1655) using one-way ANOVA corrected for
multiple comparisons with Dunnett test: (**) indicates p < 0.01 compared to control conditions with no TiO» added (NS, not significant).

3. After exposure of E. coli K12 MG1655 to P25-D, growth
parameters were impacted as well. For E171-D, it was not
possible to obtain quantitative data since no bacterial growth
occurred at all. These deleterious effects were confirmed for
other strains of the same species and were highest for food-
grade TiO, (Table 2). Among the E. coli strains tested, K12
MG1655 was shown to be the most sensitive. Furthermore,
for the other commensal intestinal and food-borne bacteria
studied (L. rhamnosus, L. sakei, S. thermophilus), TiO,-induced
inhibition of bacterial growth was systematically observed [lag
time: p < 0.01 for E171-D (p > 0.05 for P25-D); pmax and final
biomass: p < 0.01 for E171-D and P25-D; Table 2].

The effects of TiO; in its dispersed form (E171-D and P25-
D) at 320 pg/mL on L. lactis IBB477 and E. coli K12 MG1655
were assessed using the plate count method for TiO;-exposed
vs. non-exposed bacteria sampled at the end of the culture.
A non-significant loss in cell cultivability was observed for
L. lactis IBB477 (Figure 3A). However, for E. coli K12 MG1655,
a moderate albeit significant reduction in viability counts (50%
decrease, p < 0.05) occurred for food-grade TiO, (Figure 3B).
This is consistent with the above findings on the impact of TiO,
on the growth kinetics of L. lactis and E. coli.

Electron Microscopy of L. lactis and

E. coli Cells Exposed to TiO»

The interaction of L. lactis IBB477 and E. coli K12 MG1655
with TiO; and the subsequent changes in cell morphology and
structure were investigated with SEM and TEM.

Figure 4 shows representative SEM images obtained for both
species with or without exposure to food-grade E171 in its
aggregated and dispersed forms at 320 pwg/mL. For L. lactis
IBB477, untreated bacteria appeared as intact cocci with no
evidence of cell wall rupture and collapse (Figure 4A). In
contrast, after TiO, exposure, a small number of bacteria (see
white arrows in Figures 4B,C) showed extensive cell wall
damage and leaking out of intracellular components, probably
causing cell lysis. For untreated E. coli K12 MGI1655, the
surface structure of rod-shaped bacteria was almost intact,

with regular wrinkles at nano-scale resolution (Figure 4D).
After treatment with food-grade TiO,, in a small number
of cases, cells became twisted and rougher. Regular wrinkles
were damaged and groove-like rifts appeared on the surface.
The cell morphology was substantially altered, for instance
cells became wider and shorter, or completely deformed (see
white arrows in Figures 4E,F). For TiO,-NPs P25, the same
changes were observed, although to a lesser extent (data not
shown).

Figure 5 shows TEM images of L. lactis IBB477 and E. coli
K12 MG1655 bacterial cells untreated vs. treated with food-
grade E171 or TiO;-NPs P25 in aggregated and dispersed
forms at 320 pg/mL. Non-exposed bacteria remained intact
with unimpaired morphology and ultrastructure, as seen in
Figure 5A,D for L. lactis and E. coli, respectively. After TiO;
exposure, particle aggregates were observed attaching to the
bacterial cells, but some were also present away from the cells.
Of note, the primary particle size of food-grade E171 was higher
than that of P25, which is consistent with previous findings (Yang
et al., 2014; Bettini et al., 2017). Regarding the consequences of
TiO, exposure on L. lactis IBB477, in a few cases, cells were
completely lysed and appeared as “ghosts” (Figures 5B,C). In
some E. coli K12 MG1655 cells, the TiO, treatment induced cell
distortion, plasmolysis, and cell wall and membrane damages
(Figures 5E-G). Observations made with SEM and TEM were
consistent between each other, both showing morphological and
ultrastructural changes restricted to a limited number of bacterial
cells. Interestingly, food-grade E171 particles were found tightly
associated to the cell surface, causing some deformation at the
contact zone (Figures 5H,I).

TiO» Internalization Within L. /actis and
E. coli Cells

The conventional analytical capabilities associated with electron
microscopy (EM), such as the Energy Dispersive Spectroscopy
(EDS) or Electron Energy-Loss Spectroscopy (EELS), are not
sensitive enough for the characterization of biological samples
containing trace elements, with a detection limit of 0.1 at %. This
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FIGURE 5 | Transmission electron microscopy (TEM) images of bacterial cells after TiO, exposure. (A=C) growing L. lactis IBB477 bacterial cells: (A) non-exposed,
(B) exposed to P25-A 320 ng/mL and (C) exposed to E171-D 320 ng/mL; (D-I) growing E. coli K12 MG1655 bacterial cells: (D) non-exposed, (E) exposed to
P25-A 320 png/mL, (F) exposed to P25-D 320 pg/mL, (G,H) exposed to E171-A 320 wg/mL and (l) exposed to E171-D 320 pg/mL.

explains why it was not possible to use EM to accurately assess
whether or not TiO, internalization occurred in bacterial cells.
High-resolution Nano-SIMS was used, which combines high
lateral resolution, high mass resolution and a high detection limit
(few ppm per voxel) (Sangely et al., 2014; Hoschen et al., 2015;
Wirtz et al., 2015). The methodology developed and presented in
Figure 6A allowed us to obtain semi-quantitative information at
the subcellular scale (<100 nm) on the intracellular localization
of Ti for L. lactis IBB477 and E. coli K12MG1655 exposed to
E171 (E171-A and E171-D) or TiO,-NPs P25 (P25-A and P25-
D). The intensity ratios between the trace element and the matrix
element signals (TiO/CN) are displayed in Figures 6Ba,b for
L. lactis and E. coli, respectively. The percentage of TiO/CN-
positive bacterial cells is also given in Table 3. For L. lactis cells,
no TiO; internalization was observed (Figure 6Ba and Table 3).
In contrast, for E. coli, about 7% of bacterial cells internalized
TiO; particles (Table 3), with the highest levels achieved with

food-grade TiO, (Figure 6Bb). This corresponds to the altered
growth kinetics, and morphological and ultrastructural changes
depicted above.

DISCUSSION

In this study, Nano-SIMS- and synchrotron UV fluorescence-
based imaging was used in combination with electron microscopy
to provide valuable mechanistic insights into the toxicity of
food-grade TiO, (additive E171) to commensal intestinal and
transient food-borne bacteria. The presence of a nano-sized
fraction in this additive, as shown by Yang et al. (2014) and
Dudefoi et al. (2017b) is increasingly suspected to play a role
in disruption of intestinal homeostasis and development of gut
microbiota dysbiosis. The microbiota, an important gut player, is
rarely explored in food nanotoxicology (Frohlich and Frohlich,

Frontiers in Microbiology | www.frontiersin.org

April 2018 | Volume 9 | Article 794


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Radziwill-Bienkowska et al. Bacterial Toxicity of Food-Grade TiO2

A
Extraction SIMS
intensities signal
TiO & CN per cell

Auto-sharpening Extraction mask
CN-TiO
@)
B

Numberofcells
Numberofcells

20x10° 3.0x10° 4.0x10° 5.0x10°

Ratio TIO/CN

2.0x10° 3.0x10° 4.0x10° 5.0x10° 0.0

Ratio TIO/CN

1.0x10°

Control P25-D E171-D

P22 E111-A

FIGURE 6 | High-resolution nano-secondary ion mass spectrometry (Nano-SIMS) chemical imaging of bacterial cells after TiO» exposure. (A) Methodology for the
extraction of the SIMS intensities for each individual cell. From the SIMS CN image acquisition, by auto sharpening, each cell is individualized. The mask obtained is
applied on image acquisition, allowing to extract the total SIMS intensities for each cell and for all the ions recorded; (B) Distribution of the TiO signal normalized by
the CN signal among the bacterial population for (a) L. lactis IBB477 and (b) E. coli K12 MG1655 bacterial cells non-exposed (black hatched) and exposed to P25-A
(dark green hatched), P25-D (light green hatched), E171-A (red hatched) or E171-D (yellow hatched). For each species a representative image is given with cells (in
red) exposed to E171-A (in green) at 320 j.g/mL. White arrows indicate internalized TiO, particles. Samples were fixed, embedded and ultra-sectioned. Scale bar

corresponds to 2 pm.

2016; Frohlich and Roblegg, 2016; Mercier-Bonin et al., 2016;
Pietroiusti et al., 2016), apart from two recent studies which
focus on E171 vs. P25 (Dudefoi et al., 2017a; Waller et al.,
2017). Both studies were based on an in vitro colon model,
inoculated with a gut microbial community from a healthy
donor (Waller et al., 2017) or the defined anaerobic human gut
bacterial community MET-1 (Dudefoi et al., 2017a). Depending
on the conditions under study (source and characteristics of food-
grade TiO,, concentration of TiO, particles, exposure duration,
model colon reactor design), different results were obtained.
Food-grade TiO, showed little impact on bacterial respiration,
fatty acid profiles and phylogenetic composition (Dudefoi et al.,
2017a); in contrast, changes to the microbial composition (i.e.,
inhibition of the control-induced shift in microbial composition
from Proteobacteria to Firmicutes phyla) were found, together
with some alterations of biochemical responses like a decrease
in colonic pH (Waller et al., 2017). These differences in gut
ecosystem functioning may be explained, at least to some extent,
by direct interaction between TiO, particles and bacteria (Jiang
et al., 2009; Waller et al., 2017).

To address the question of TiO,/bacteria interactions and
related toxicity, we selected a panel of Gram-negative/Gram-
positive bacterial species from diverse origins and biotopes,
including commensal and transient food-borne bacteria, exposed
to non-UV-irradiated food-grade TiO, (E171) vs. TiO,-NPs
(P25). Apart from commensal bacteria, transient food-borne

bacteria may also be in contact with TiO, through ingested
foods and/or during their passage through the gut, where they
can also impact the resident microbiota and thus possibly the
health of the host (Veiga et al., 2014; Derrien and van Hylckama
Vlieg, 2015; Zhang et al., 2016). To date, the only study dealing
with interactions between exogenously applied bacteria and
nano-sized TiO, relates to the food-borne pathogen Listeria
monocytogenes (Ammendolia et al., 2014). In the present study,
bacterial growth was inhibited by TiO, in all selected bacteria
(E. coli, L. lactis, L. thamnosus, L. sakei, and S. thermophilus),
particularly by food-grade TiO,. Based on these data, we focused
on E. coli as a representative of Gram-negative commensal
intestinal bacteria (Frohlich and Frohlich, 2016) and widely used
as a model to characterize the antibacterial properties of nano-
sized TiO, (Liu et al., 2010; Kumar et al., 2011; Zhukova et al.,
2012; Erdem et al., 2015; Sohm et al., 2015; Planchon et al., 2017).
Indeed, E. coli is one of the first bacterial species to colonize
the intestine and remains the predominant aerobic organism in
the gastrointestinal tract into adulthood (Tenaillon et al., 2010).
Additionally, we used the lactic acid bacterium L. lactis as a model
of Gram-positive food-borne bacteria. The strain L. lactis IBB477
we studied possesses adhesive properties toward components of
the intestinal mucosa (Radziwill-Bienkowska et al., 2014, 2016,
2017), which can be partly responsible for the prolonged and/or
enhanced contact between these exogenously applied bacteria
and the host.
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TABLE 3 | Titanium dioxide internalization within L. lactis and E. coli cells as determined with high-resolution nano-secondary ion mass spectrometry (Nano-SIMS)

chemical imaging.

P25
(P25-A+P25-D)

E171
(E171-A+E171-D)

Total number Number of Percentage of Total number Number of Percentage of
of cells TiO/CN- TiO/CN- of cells TiO/CN- TiO/CN-
positive positive positive positive
cells cells cells cells
L. lactis 1BB477 229 0 0 323 0 0
E. coli K12 MG1655 240 19 7.9% 186 13 7.0%

The percentage of TiO/CN-positive cells is given for L. lactis IBB477 and E. coli K12 MG1655, and for TiO2-NPs P25 and food-grade E171 (sum of aggregated and

dispersed forms).

In our study, imaging with DUV fluorescence was performed.
Under these conditions, the photoluminescence of TiO, particles
enables tracking their accumulation in bacteria with a higher
spatial resolution compared to conventional optical methods
(Jamme et al., 2010). In previous works, this technique has been
successfully employed to probe the distribution of antimicrobials
in Enterobacter aerogenes (Kasedkova et al, 2012) as well
as the accumulation of tryptophan-functionalized gold and
silver nanoparticles in E. coli (Pajovi¢ et al., 2015; Dojcilovi¢
et al, 2016). Here, DUV fluorescence imaging with single-
cell resolution revealed TiO,/cell co-localization by enabling to
distinguish between the fluorescent signal pertaining to TiO,
particles and the autofluorescence of treated E. coli or L. lactis
bacterial cells. As further shown by scanning and transmission
electron microscopy, in a few cases, such TiO/cell co-localization
resulted in morphological and ultrastructural damages to both
L. lactis and E. coli. One part of the bacterial population strongly
interacted with food-grade E171 and to a lesser extent with
TiO,-NPs P25 while the other part was totally free of TiO; on
the cell surface. This is completely in line with the findings of
Planchon et al. (2017) on E. coli exposed to TiO,-NPs, which
underlined that, which underlined that such heterogeneities,
probably due to physiological variability, could account for the
different metabolomic and proteomic responses observed.

To gain further insight into the mechanisms involved, the
internalization of TiO; in bacterial cells was probed using Nano-
SIMS imaging. This method, initially developed for isotopic
measurement at the single-cell level (Lechene et al., 2006; Li
et al., 2008), was first applied to elemental silver-exposed E. coli
(Saulou-Bérion et al., 2015). In fact, image acquisition at the
subcellular scale (<100 nm) allowed for determination of the cell
shape, thanks to the CN~ signal, and the intracellular localization
of Ti (TiO~ signal). The ratio between intensities of the minor
element TiO, and the major matrix ions CN, was measured
per individual bacterium, which gives semi-quantitative values
on the ability of the Ti element to enter the cells, for all
experimental conditions tested. In contrast with L. lactis, for
approximately 7% of E. coli cells exposed to food-grade TiO,,
internalization occurred. These findings correspond to toxicity
results of E171-exposed bacteria, where alterations in growth
kinetics and viability reduction were greatest for E. coli.

This is the first in vitro study demonstrating the bacterial
toxicity of food-grade TiO,, which differs from the P25
OECD reference nanomaterial, probably due to its specific
physicochemical properties (Yang et al., 2014; Dudefoi et al,
2017b). Previous works under similar non-UV-irradiated
conditions mainly focused on the effects of P25 or “P25-
like” TiO,-NPs, generally tested in E. coli. Depending on the
experimental conditions (size of TiO,-NPs, exposure regime),
E. coli mortality was in the range between 20 and 80% (Erdem
et al, 2015; Sohm et al., 2015; Planchon et al., 2017) with
Gram-negative bacteria (E. coli) more susceptible than Gram-
positive ones (Bacillus subtilis) (Erdem et al.,, 2015), which is
fully consistent with our results. In other studies, morphological
damages were depicted, together with probable internalization
even though only qualitative observations were provided at this
stage (Liu et al., 2010; Lin et al., 2014). TiO,-NPs also induced
lipid peroxidation and disruption of cellular respiration (Erdem
et al, 2015), membrane depolarization, loss of integrity and
fluidity, and higher cell permeability (Liu et al., 2010; Sohm
et al., 2015). These alterations on E. coli were further dissected
at the transcriptomic, proteomic and metabolomic levels to
identify biomarkers (Sohm et al., 2015; Planchon et al., 2017).
Moreover, TiO,-NPs were found to induce both DNA damage
and oxidative stress (Kumar et al., 2011), even though in the later
study of Sohm et al. (2015), very few genes/proteins linked to
oxidative stress were deregulated. Although beyond the scope of
the present study, it would be valuable to further decipher the
primary mode of action of food-grade TiO; on E. coli and other
commensal intestinal bacteria, as well as transient food-borne
bacteria.

To conclude, our study provides new insights on interactions
under non-UV irradiated conditions between TiO, (food-grade
E171 vs. TiO,-NPs P25) and bacteria of the gut microbiota
(e.g, E. coli) or ingested with food (e.g., L. lactis) using
innovative biophysics-based methods. We showed that TiO, can
be trapped by bacteria, which in turn induces moderate bacterial
toxicity; E. coli exposed to food-grade TiO, showed the most
striking effects. However, especially during chronic exposure, the
continuing presence of TiO, within the intestine may reasonably
be expected to produce substantial changes in the composition
and the metabolic activity of microbiota, by its influence on
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the most sensitive bacteria. Furthermore, alterations in gut
microbiota composition have been shown to occur in response to
microbial challenges, variations in diet, and intestinal disorders.
Deleterious effects of the food additive E171 might thus be
potentiated by these factors. The TiO,-trapping capacity of food-
borne bacteria could also be exploited to improve conditions
for a healthy gut. All these areas of research should be further
considered in risk assessment of dietary nanoparticles.

AUTHOR CONTRIBUTIONS

EH, PL, MT, and MM-B conceived and designed the study. JR-B,
PT, VR, FJ, MR, MT, and MM-B performed and analyzed the
Synchrotron SOLEIL experiments. CC, IF, and MM-B performed
the electron microscopy experiments. EL and J-NA performed
and analyzed the Nano-SIMS experiments. JR-B, JB, and MK
chose the L. lactis IBB477 strain and culture conditions. MM-B,
JK, JR-B, J-NA, EH, and MT wrote the manuscript. All authors
contributed to the discussion and approved the final manuscript.

FUNDING

This work was funded by INRA in the frame of the “Nutrition,
Chemical Food Safety and Consumer Behaviour” Division
(AlimH priority program 2013).

REFERENCES

Ammendolia, M. G., Iosi, F., De Berardis, B., Guccione, G., Superti, F., Conte,
M. P,, et al. (2014). Listeria monocytogenes behaviour in presence of non-UV-
irradiated titanium dioxide nanoparticles. PLoS One 9:€84986. doi: 10.1371/
journal.pone.0084986

Audinot, J.-N., Schneider, S., Yegles, M., Hallégot, P., Wennig, R., and Migeon, H.-
N. (2004). Imaging of arsenic traces in human hair by nano-SIMS 50. Appl. Surf.
Sci. 23, 490-496. doi: 10.1016/j.apsusc.2004.03.192

Behrisch, R., and Wittmaack, K. (1991). Sputtering by Particle Bombardment III:
Characteristics of Sputtered Particles, Technical Applications. Berlin. New York,
NY: Springer-Verlag. doi: 10.1007/3-540-53428-8

Bettini, S., Boutet-Robinet, E., Cartier, C., Comera, C., Gaultier, E., Dupuy, J., et al.
(2017). Food-grade TiO, impairs intestinal and systemic immune homeostasis,
initiates preneoplastic lesions and promotes aberrant crypt development in the
rat colon. Sci. Rep. 7:40373. doi: 10.1038/srep40373

Biesemeier, A., Eibl, O., Eswara, S., Audinot, J.-N., Wirtz, T., Pezzoli, G.,
et al. (2016). Elemental mapping of Neuromelanin organelles of human
Substantia Nigra: correlative ultrastructural and chemical analysis by analytical
transmission electron microscopy and nano-secondary ion mass spectrometry.
J. Neurochem. 138, 339-353. doi: 10.1111/jnc.13648

Carré, G., Hamon, E., Ennahar, S., Estner, M., Lett, M. C., Horvatovich, P., et al.
(2014). TiO, photocatalysis damages lipids and proteins in Escherichia coli.
Appl. Environ. Microbiol. 80, 2573-2581. doi: 10.1128/AEM.03995-13

Claus, S. P., Guillou, H., and Ellero-Simatos, S. (2016). The gut microbiota: a major
player in the toxicity of environmental pollutants? NPJ Biofilms Microbiomes.
2:16003. doi: 10.1038/npjbiofilms.2016.3

Derrien, M., and van Hylckama Vlieg, J. E. (2015). Fate, activity, and impact
of ingested bacteria within the human gut microbiota. Trends Microbiol. 23,
354-366. doi: 10.1016/j.tim.2015.03.002

Dojtilovi¢, R., Pajovié, J. D., Bozani¢, D. K., Vodnik, V. V., Dimitrijevi¢-Brankovi¢,
S., Milosavljevi¢, A. R., et al. (2016). A fluorescent nanoprobe for single
bacterium tracking: functionalization of silver nanoparticles with tryptophan

ACKNOWLEDGMENTS

The authors wish to thank Marie-Pierre Duviau (LISBP,
Toulouse, France) for her technical assistance in bacterial
cell cultures. DUV imaging of TiO;-exposed vs. non-exposed
bacteria was performed at the DISCO beamline of Synchrotron
SOLEIL (France) as part of the research project number
20131260. They wish to thank Florian Chain, Claire Cherbuy,
Frangoise Rul (MICALIS, Jouy-en-Josas, France), and Patrick
Grysan (LIST, Belvaux, France) for their technical help and
fruitful discussions on Synchrotron SOLEIL experiments and
NanoSIMS50 experiments, respectively. Hervé Robert (ToxAlim,
Toulouse, France) is gratefully thanked for his help in the
data statistical analysis and Cezary Bienkowski (Software
Engineer, Warsaw, Poland) for his contribution to writing the
FIJI macro scripts for data analysis after DUV fluorescence
imaging. The Synchrotron SOLEIL for provision of synchrotron
radiation facilities, the DISCO beamline staff, especially Bertrand
Cinquin, and the Biology support lab, are also gratefully
thanked.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.00794/full#supplementary- material

to probe the nanoparticle accumulation with single cell resolution. Analyst 141,
1988-1996. doi: 10.1039/c5an02358k

Dorier, M., Béal, D., Marie-Desvergne, C., Dubosson, M., Barreau, F., Houdeau, E.,
et al. (2017). Continuous in vitro exposure of intestinal epithelial cells to E171
food additive causes oxidative stress, inducing oxidation of DNA bases but no
endoplasmic reticulum stress. Nanotoxicology 3, 1-54. doi: 10.1080/17435390.
2017.1349203

Dowsett, M. G., and Collins, R. (1996). Noise, resolution and entropy in sputter
profiling. Phil. Trans. R. Soc. Lond., Ser. A. 354, 2713-2729. doi: 10.1098/rsta.
1996.0125

Dudefoi, W., Moniz, K., Allen-Vercoe, E., Ropers, M. H., and Walker, V. K.
(2017a). Impact of food grade and nano-TiO; particles on a human intestinal
community. Food Chem. Toxicol. 106, 242-249. doi: 10.1016/j.fct.2017.
05.050

Dudefoi, W., Terrisse, H., Richard-Plouet, M., Gautron, E., Popa, F., Humbert, B.,
et al. (2017b). Criteria to define a more relevant reference sample of titanium
dioxide in the context of food: a multiscale approach. Food Addit. Contam. Part
A Chem. Anal. Control Expo. Risk Assess. 34, 653-665. doi: 10.1080/19440049.
2017.1284346

Edelstein, A., Amodaj, N, Hoover, K., Vale, R., and Stuurman, N. (2010). Computer
control of microscopes using pManager. Curr. Protoc. Mol. Biol. 92, 14.20.1-
14.20.17. doi: 10.1002/0471142727.mb1420s92

EFSA Panel on Food Additives and Nutrient Sources Added to Food (2005).
Opinion of the Scientific Panel on food additives, flavourings, processing aids
and materials in contact with food (AFC) on Titanium dioxide. EFSA J. 3:163.
doi: 10.2903/j.efsa.2005.163

EFSA Panel on Food Additives and Nutrient Sources Added to Food (2016).
Scientific opinion on the re-evaluation of titanium dioxide (E171) as a food
additive. EFSA J. 14:4545.

Erdem, A., Metzler, D., Cha, D. K., and Huang, C. P. (2015). The short-term
toxic effects of TiO, nanoparticles toward bacteria through viability, cellular
respiration, and lipid peroxidation. Environ. Sci. Pollut. Res. Int. 22, 17917~
17924. doi: 10.1007/s11356-015-5018- 1

Frontiers in Microbiology | www.frontiersin.org

April 2018 | Volume 9 | Article 794


https://www.frontiersin.org/articles/10.3389/fmicb.2018.00794/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.00794/full#supplementary-material
https://doi.org/10.1371/journal.pone.0084986
https://doi.org/10.1371/journal.pone.0084986
https://doi.org/10.1016/j.apsusc.2004.03.192
https://doi.org/10.1007/3-540-53428-8
https://doi.org/10.1038/srep40373
https://doi.org/10.1111/jnc.13648
https://doi.org/10.1128/AEM.03995-13
https://doi.org/10.1038/npjbiofilms.2016.3
https://doi.org/10.1016/j.tim.2015.03.002
https://doi.org/10.1039/c5an02358k
https://doi.org/10.1080/17435390.2017.1349203
https://doi.org/10.1080/17435390.2017.1349203
https://doi.org/10.1098/rsta.1996.0125
https://doi.org/10.1098/rsta.1996.0125
https://doi.org/10.1016/j.fct.2017.05.050
https://doi.org/10.1016/j.fct.2017.05.050
https://doi.org/10.1080/19440049.2017.1284346
https://doi.org/10.1080/19440049.2017.1284346
https://doi.org/10.1002/0471142727.mb1420s92
https://doi.org/10.2903/j.efsa.2005.163
https://doi.org/10.1007/s11356-015-5018-1
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Radziwill-Bienkowska et al.

Bacterial Toxicity of Food-Grade TiO2

Faust, J. J., Doudrick, K., Yang, Y., Westerhoff, P., and Capco, D. G. (2014).
Food grade titanium dioxide disrupts intestinal brush border microvilli in vitro
independent of sedimentation. Cell Biol. Toxicol. 30, 169-188. doi: 10.1007/
510565-014-9278-1

Frohlich, E., and Roblegg, E. (2016). Oral uptake of nanoparticles: human relevance
and the role of in vitro systems. Arch. Toxicol. 90, 2297-2314. doi: 10.1007/
500204-016-1765-0

Frohlich, E. E., and Fréhlich, E. (2016). Cytotoxicity of nanoparticles contained
in food on intestinal cells and the gut microbiota. Int. J. Mol. Sci. 17:509.
doi: 10.3390/ijms17040509

Georgantzopoulou, A., Balachandran, Y. L., Rosenkranz, P., Dusinska, M.,
Lankoff, A., Wojewodzka, M., et al. (2013). Ag nanoparticles: size- and
surface-dependent effects on model aquatic organisms and uptake evaluation
with NanoSIMS. Nanotoxicology 7, 1168-1178. doi: 10.3109/17435390.2012.71
5312

Giuliani, A., Jamme, F., Rouam, V., Wien, F., Giorgetta, J.-L., Lagarde, B., et al.
(2009). DISCO: a low-energy multipurpose beamline at synchrotron SOLEIL.
J. Synchrotron Rad. 16, 835-841. doi: 10.1107/50909049509034049

Héschen, C., Hoschen, T., Mueller, C. W., Lugmeier, J., Elgeti, S., Rennert, T., et al.
(2015). Novel sample preparation technique to improve spectromicroscopic
analyses of micrometer-sized particles. Environ. Sci. Technol. 49, 9874-9880.
doi: 10.1021/acs.est.5b01636

Jamme, F., Villette, S., Giuliani, A., Rouam, V., Wien, F., Lagarde, B., et al.
(2010). Synchrotron UV fluorescence microscopy uncovers new probes in
cells and tissues. Microsc. Microanal. 16, 507-514. doi: 10.1111/boc.20120
0075

Jensen, K. A., Kembouche, Y., Christiansen, E., Jacobsen, N. R., Wallin, H.,
Guiot, C., et al. (2011). Final Protocol for Producing Suitable Manufactured
Nanomaterial Exposure Media (Nanogenotox).

Jiang, W., Mashayekhi, H., and Xing, B. (2009). Bacterial toxicity comparison
between nano- and micro-scaled oxide particles. Environ. Pollut. 157, 1619—
1625. doi: 10.1016/j.envpol.2008.12.025

Jin, Y., Wu, S., Zeng, Z., and Fu, Z. (2017). Effects of environmental pollutants on
gut microbiota. Environ. Pollut. 222, 1-9. doi: 10.1016/j.envpol.2016.11.045

Joint FAO/WHO Expert Committee on Food Additives. (2006). Combined
Compendium of Food Additive Specifications, Food and Agriculture Organization
of the United Nations, Rome. Rome: Food and Agriculture Organization of the
United Nations.

Joost, U., Juganson, K., Visnapuu, M., Mortimer, M., Kahru, A., Nommiste, E., et al.
(2015). Photocatalytic antibacterial activity of nano-TiO, (anatase)-based thin
films: effects on Escherichia coli cells and fatty acids. J. Photochem. Photobiol. B.
142, 1178-1185. doi: 10.1016/j.jphotobiol.2014.12.010

Kastdkovd, S., Maigre, L., Chevalier, J., Réfrégiers, M., and Pages, J. M.
(2012). Antibiotic transport in resistant bacteria: synchrotron UV fluorescence
microscopy to determine antibiotic accumulation with single cell resolution.
PL0S One 7:¢38624. doi: 10.1371/journal.pone.0038624

Kumar, A., Pandey, A. K, Singh, S. S., Shanker, R., and Dhawan, A. (2011).
Engineered ZnO and TiO, nanoparticles induce oxidative stress and DNA
damage leading to reduced viability of Escherichia coli. Free Radic. Biol. Med.
51, 1872-1881. doi: 10.1016/j.freeradbiomed.2011.08.025

Lakowicz, J. R. (2006). Principles of Fluorescence Spectroscopy, 3rd Edn. New York,
NY: Springer. doi: 10.1007/978-0-387-46312-4

Lechene, C., Hillion, F., McMahon, G., Benson, D., Kleinfeld, A. M., Kampf, J. P.,
et al. (2006). High-resolution quantitative imaging of mammalian and bacterial
cells using stable isotope mass spectrometry. J. Biol. 5:20. doi: 10.1186/jbiol42

Li, T., Wu, T. D., Mazéas, L., Toffin, L., Guerquin-Kern, J. L., Leblon, G.,
et al. (2008). Simultaneous analysis of microbial identity and function using
NanoSIMS. Environ. Microbiol. 10, 580-588. doi: 10.1111/j.1462-2920.2007.
01478.x

Lin, X,, Li, J., Ma, S., Liu, G., Yang, K., Tong, M., et al. (2014). Toxicity of
TiO, nanoparticles to Escherichia coli: effects of particle size, crystal phase
and water chemistry. PLoS One 9:¢110247. doi: 10.1371/journal.pone.011
0247

Liu, P., Duan, W., Wang, Q., and Li, X. (2010). The damage of outer membrane of
Escherichia coli in the presence of TiO, combined with UV light. Colloids Surf.
B Biointerfaces 78, 171-176. doi: 10.1016/j.colsurfb.2010.02.024

McCullagh, C., Robertson, J. M. C., Bahnemann, D. W., and Robertson,
P. K. J. (2007). The application of TiO, photocatalysis for disinfection of

water contaminated with pathogenic micro-organisms: a review. Res. Chem.
Intermed. 33, 359-375. doi: 10.1163/156856707779238775

McMabhon, G., Glassner, B. J., and Lechene, C. P. (2006). Quantitative imaging of
cells with multi-isotope imaging mass spectrometry (MIMS)-Nanoautography
with stable isotope tracers. Appl. Surf. Sci. 252, 6895-6906. doi: 10.1016/j.apsusc.
2006.02.170

Mercier-Bonin, M., Despax, B., Raynaud, P., Houdeau, E., and Thomas, M. (2016).
Mucus and microbiota as emerging players in gut nanotoxicology: example of
dietary silver and titanium dioxide nanoparticles. Crit. Rev. Food Sci. Nutr. 58,
1023-1032. doi: 10.1080/10408398.2016.1243088

Nel, A., Xia, T., Madler, L., and Li, N. (2006). Toxic potential of materials at the
nanolevel. Science 311, 622-627. doi: 10.1126/science.1114397

Pagnout, C., Jomini, S., Dadhwal, M., Caillet, C., Thomas, F., and Bauda, P.
(2012). Role of electrostatic interactions in the toxicity of titanium dioxide
nanoparticles toward Escherichia coli. Colloids Surf. B Biointerfaces 92, 315-321.
doi: 10.1016/j.colsurfb.2011.12.012

Pajovi¢, J. D., Dojcilovi¢, R, Bozani¢, D. K., Kas¢dkova, S., Réfrégiers, M.,
Dimitrijevi¢-Brankovi¢, S., et al. (2015). Tryptophan-functionalized gold
nanoparticles for deep UV imaging of microbial cells. Colloids Surf. B
Biointerfaces 135, 742-750. doi: 10.1016/j.colsurfb.2015.08.050

Pietroiusti, A., Magrini, A., and Campagnolo, L. (2016). New frontiers in
nanotoxicology: Gut microbiota/microbiome-mediated effects of engineered
nanomaterials. Toxicol. Appl. Pharmacol. 299, 90-95. doi: 10.1016/j.taap.2015.
12.017

Pigeot-Rémy, S., Simonet, F., Errazuriz-Cerda, E., and Guillard, C. (2011).
Photocatalysis and disinfection of water: identification of potential
bacterial targets. Appl. Catal. B. 104, 390-398. doi: 10.1016/j.apcatb.2011.
03.001

Planchon, M., Léger, T., Spalla, O., Huber, G., and Ferrari, R. (2017). Metabolomic
and proteomic investigations of impacts of titanium dioxide nanoparticles
on Escherichia coli. PLoS One 12:€0178437. doi: 10.1371/journal.pone.017
8437

Proquin, H., Rodriguez-Ibarra, C., Moonen, C. G., Urrutia Ortega, I. M., Briedé,
J. J., de Kok, T. M., et al. (2017). Titanium dioxide food additive (E171)
induces ROS formation and genotoxicity: contribution of micro and nano-sized
fractions. Mutagenesis 32, 139-149. doi: 10.1093/mutage/gew051

Radziwill-Bienkowska, J. M., Le, D. T. L. Szczesny, P., Duviau, M.-P.,
Aleksandrzak-Piekarczyk, T., Loubiere, P., et al. (2016). Adhesion of the
genome-sequenced Lactococcus lactis subsp. cremoris IBB477 strain is mediated
by specific molecular determinants. Appl. Microbiol. Biotechnol. 100, 9605—
9617. doi: 10.1007/s00253-016-7813-0

Radziwill-Bienkowska, J. M., Robert, V., Drabot, K., Chain, F., Cherbuy, C,,
Langella, P., et al. (2017). Contribution of plasmid-encoded peptidase S8
(PrtP) to adhesion and transit in the gut of Lactococcus lactis 1BB477
strain. Appl. Microbiol. Biotechnol. 101, 5709-5721. doi: 10.1007/500253-017-8
334-1

Radziwill-Bienkowska, J. M., Zochowska, D., Bardowski, J. K., Mercier-Bonin, M.,
and Kowalczyk, M. (2014). Lactococcus lactis IBB477 presenting adhesive and
muco-adhesive properties as a candidate carrier strain for oral vaccination
against influenza virus. Acta Biochim. Pol. 61, 603-607.

Rasmussen, K., Mast, J., De Temmerman, P.-]., Verleysen, E., Waegeneers, N.,
Van Steen, F., et al. (2014). Titanium Dioxide, NM-100, NM-101, NM-102, NM-
103, NM-104, NM-105: Characterisation and Physico-Chemical Properties (JRC).
Luxembourg: Publications Office of the European Union.

Ribiere, C., Peyret, P., Parisot, N., Darcha, C., Déchelotte, P. J., Barnich, N., et al.
(2016). Oral exposure to environmental pollutant benzo[a]pyrene impacts the
intestinal epithelium and induces gut microbial shifts in murine model. Sci. Rep.
6:31027. doi: 10.1038/srep31027

Sangely, L., Boyer, B., de Chambost, E., Valle, N., Audinot, J.-N,, Ireland, T., et al.
(2014). Chapter 15. Secondary Ion Mass Spectrometry. Cambridge: Royal Society
of Chemistry, 439-499. doi: 10.1039/9781849735407-00439

Saulou-Bérion, C., Gonzalez, 1., Enjalbert, B., Audinot, J.-N., Fourquaux, L,
Jamme, F., et al. (2015). Escherichia coli under ionic silver stress: an integrative
approach to explore transcriptional, physiological and biochemical responses.
PLoS One 10:e0145748. doi: 10.1371/journal.pone.0145748

Schindelin, J., Arganda-Carreras, L, Frise, E., Kaynig, V., Longair, M., Pietzsch, T,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods. 9, 676-682. doi: 10.1038/nmeth.2019

Frontiers in Microbiology | www.frontiersin.org

April 2018 | Volume 9 | Article 794


https://doi.org/10.1007/s10565-014-9278-1
https://doi.org/10.1007/s10565-014-9278-1
https://doi.org/10.1007/s00204-016-1765-0
https://doi.org/10.1007/s00204-016-1765-0
https://doi.org/10.3390/ijms17040509
https://doi.org/10.3109/17435390.2012.715312
https://doi.org/10.3109/17435390.2012.715312
https://doi.org/10.1107/S0909049509034049
https://doi.org/10.1021/acs.est.5b01636
https://doi.org/10.1111/boc.201200075
https://doi.org/10.1111/boc.201200075
https://doi.org/10.1016/j.envpol.2008.12.025
https://doi.org/10.1016/j.envpol.2016.11.045
https://doi.org/10.1016/j.jphotobiol.2014.12.010
https://doi.org/10.1371/journal.pone.0038624
https://doi.org/10.1016/j.freeradbiomed.2011.08.025
https://doi.org/10.1007/978-0-387-46312-4
https://doi.org/10.1186/jbiol42
https://doi.org/10.1111/j.1462-2920.2007.01478.x
https://doi.org/10.1111/j.1462-2920.2007.01478.x
https://doi.org/10.1371/journal.pone.0110247
https://doi.org/10.1371/journal.pone.0110247
https://doi.org/10.1016/j.colsurfb.2010.02.024
https://doi.org/10.1163/156856707779238775
https://doi.org/10.1016/j.apsusc.2006.02.170
https://doi.org/10.1016/j.apsusc.2006.02.170
https://doi.org/10.1080/10408398.2016.1243088
https://doi.org/10.1126/science.1114397
https://doi.org/10.1016/j.colsurfb.2011.12.012
https://doi.org/10.1016/j.colsurfb.2015.08.050
https://doi.org/10.1016/j.taap.2015.12.017
https://doi.org/10.1016/j.taap.2015.12.017
https://doi.org/10.1016/j.apcatb.2011.03.001
https://doi.org/10.1016/j.apcatb.2011.03.001
https://doi.org/10.1371/journal.pone.0178437
https://doi.org/10.1371/journal.pone.0178437
https://doi.org/10.1093/mutage/gew051
https://doi.org/10.1007/s00253-016-7813-0
https://doi.org/10.1007/s00253-017-8334-1
https://doi.org/10.1007/s00253-017-8334-1
https://doi.org/10.1038/srep31027
https://doi.org/10.1039/9781849735407-00439
https://doi.org/10.1371/journal.pone.0145748
https://doi.org/10.1038/nmeth.2019
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Radziwill-Bienkowska et al.

Bacterial Toxicity of Food-Grade TiO2

Serpone, N., Lawles, D., and Khairutdinov, R. (1995). Size effects on the
photophysical properties of colloidal anatase TiO, particles: size quantization
versus direct transitions in this indirect semiconductor? J. Phys. Chem. 99,
16646-16654. doi: 10.1021/j100045a026

Simon-Deckers, A., Loo, S., Mayne-LUHermite, M., Herlin-Boime, N., Menguy, N.,
Reynaud, C. et al. (2009). Size-, composition- and shape-dependent
toxicological impact of metal oxide nanoparticles and carbon nanotubes
toward bacteria. Environ. Sci. Technol. 43, 8423-8429. doi: 10.1021/es901
6975

Sohm, B., Immel, F., Bauda, P., and Pagnout, C. (2015). Insight into the primary
mode of action of TiO, nanoparticles on Escherichia coli in the dark. Proteomics
15, 98-113. doi: 10.1002/pmic.201400101

Tenaillon, O., Skurnik, D., Picard, B., and Denamur, E. (2010). The population
genetics of commensal Escherichia coli. Nat. Rev. Microbiol. 8, 207-217.
doi: 10.1038/nrmicro2298

Urrutia-Ortega, I. M., Garduno-Balderas, L. G., Delgado-Buenrostro, N. L., Freyre-
Fonseca, V., Flores-Flores, J. O., Gonzalez-Robles, A., et al. (2016). Food-grade
titanium dioxide exposure exacerbates tumor formation in colitis associated
cancer model. Food Chem. Toxicol. 93, 20-31. doi: 10.1016/j.fct.2016.0
4.014

Veiga, P., Pons, N., Agrawal, A., Oozeer, R., Guyonnet, D., Brazeilles, R., et al.
(2014). Changes of the human gut microbiome induced by a fermented milk
product. Sci. Rep. 4:6328. doi: 10.1038/srep06328

Waller, T., Chen, C., and Walker, S. L. (2017). Food and industrial grade titanium
dioxide impacts gut microbiota. Environ. Eng. Sci. 34, 537-550. doi: 10.1089/
€es.2016.0364

Weir, A., Westerhoff, P., Fabricius, L., Hristovski, K., and von Goetz, N. (2012).
Titanium dioxide nanoparticles in food and personal care products. Environ.
Sci. Technol. 46, 2242-2250. doi: 10.1021/es204168d

Wirtz, T., Philipp, P., Audinot, J.-N., Dowsett, D., and Eswara, S. (2015).
High-resolution high-sensitivity elemental imaging by secondary ion mass
spectrometry: from traditional 2D and 3D imaging to correlative microscopy.
Nanotechnology 26:434001. doi: 10.1088/0957-4484/26/43/434001

Yang, Y., Doudrick, K., Bi, X., Hristovski, K., Herckes, P., Westerhoff, P.,
et al. (2014). Characterization of food-grade titanium dioxide: the presence
of nanosized particles. Environ. Sci. Technol. 48, 6391-6400. doi: 10.1021/
€s500436x

Zhang, C., Derrien, M., Levenez, F., Brazeilles, R, Ballal, S. A, Kim, J., et al.
(2016). Ecological robustness of the gut microbiota in response to ingestion of
transient food-borne microbes. ISME J. 10, 2235-2245. doi: 10.1038/isme;j.20
16.13

Zhukova, L. V., Kiwi, J., and Nikandrov, V. V. (2012). TiO, nanoparticules
suppress Escherichia coli cell division in the absence of UV irradiation in acidic
conditions. Colloids Surf. B Biointerfaces 97, 240-247. doi: 10.1016/j.colsurtb.
2012.03.010

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Radziwill-Bienkowska, Talbot, Kamphuis, Robert, Cartier,
Fourquaux, Lentzen, Audinot, Jamme, Réfrégiers, Bardowski, Langella, Kowalczyk,
Houdeau, Thomas and Mercier-Bonin. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

14

April 2018 | Volume 9 | Article 794


https://doi.org/10.1021/j100045a026
https://doi.org/10.1021/es9016975
https://doi.org/10.1021/es9016975
https://doi.org/10.1002/pmic.201400101
https://doi.org/10.1038/nrmicro2298
https://doi.org/10.1016/j.fct.2016.04.014
https://doi.org/10.1016/j.fct.2016.04.014
https://doi.org/10.1038/srep06328
https://doi.org/10.1089/ees.2016.0364
https://doi.org/10.1089/ees.2016.0364
https://doi.org/10.1021/es204168d
https://doi.org/10.1088/0957-4484/26/43/434001
https://doi.org/10.1021/es500436x
https://doi.org/10.1021/es500436x
https://doi.org/10.1038/ismej.2016.13
https://doi.org/10.1038/ismej.2016.13
https://doi.org/10.1016/j.colsurfb.2012.03.010
https://doi.org/10.1016/j.colsurfb.2012.03.010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Toxicity of Food-Grade TiO2 to Commensal Intestinal and Transient Food-Borne Bacteria: New Insights Using Nano-SIMS and Synchrotron UV Fluorescence Imaging
	Introduction
	Materials and Methods
	Particle Preparation
	Bacterial Strains and Culture Conditions
	Synchrotron Excitation Deep Ultraviolet (DUV) Fluorescence Imaging of Bacterial Cells After TiO2 Exposure
	Electron Microscopy of E. coli and L. lactis Bacterial Cells Subjected to TiO2
	Elemental Composition Mapmaking of E. coli and L. lactis Bacterial Cells Subjected to TiO2
	Statistical Analysis

	Results
	DUV Fluorescence Imaging of Growing L. lactis and E. coli Cells Exposed to TiO2
	TiO2 Toxicity to Growing Bacteria
	Electron Microscopy of L. lactis and E. coli Cells Exposed to TiO2
	TiO2 Internalization Within L. lactis and E. coli Cells

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


