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Abstract

Useful properties render titanium dioxide nanomaterials (NMs) to be one of the most commonly used
NMs worldwide. TiO2 powder is used as food additives (E171), which may contain up to 36%
nanoparticles. Consequently, humans could be exposed to comparatively high amounts of NMs that
may induce adverse effects of chronic exposure conditions. Visualization and quantification of cellular
NM uptake as well as their interactions with biomolecules within cells are key issues regarding risk
assessment. Advanced quantitative imaging tools for NM detection within biological environments are
therefore required. A combination of the label-free spatially resolved dosimetric tools, microresolved
particle induced X-ray emission and Rutherford backscattering, together with high resolution imaging
techniques, such as time-of-flight secondary ion mass spectrometry and transmission electron
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microscopy, are applied to visualize the cellular translocation pattern of TiO2 NMs and to quantify the
NM-load, cellular major, and trace elements in differentiated Caco-2 cells as a function of their surface
properties at the single cell level. Internalized NMs are not only able to impair the cellular homeostasis
by themselves, but also to induce an intracellular redistribution of metabolically relevant elements
such as phosphorus, sulfur, iron, and copper.

1. Introduction

In comparison to micro or macro materials, nanomaterials (NMs) exhibit a higher surface/volume ratio
and size/shape dependent properties. Their large specific surface area influences the reactivity and
awards unique properties to the NMs.[1, 2] The large variety of properties made NMs interesting for
food and packaging industries.[3-5] Titanium dioxide is one of the most commonly used
nanomaterials worldwide.[6, 7] In Europe it is known as the food additive E171,[8] containing up to
36 % NMs.[9] TiO, is a white, crystalline, odorless, thermically stable and non-flammable substance.
Thus it shows no fatigue, is corrosion resistant, biocompatible and absorbs UV light [10]. On the one
hand, under non-overloading conditions, it is biologically inactive and physiologically inert with a
relative low toxicity.[11, 12] All these properties made it interesting for consumer contact products
like in hygiene products such as shampoos and as food additives in e.g. bubble gum, candies, cakes or
lip balm.[9] On the other hand, TiO, NMs are reported to induce pulmonary inflammation, fibrosis
and lung tumor genesis under high dose and/or long exposure time.[13, 14] Taking this into account,
titanium was classified as “possibly carcinogenic to humans” by the International Agency for
Research in Cancer (IARC).[15] This inconsistency in risk assessment makes titanium dioxide
nanoparticles interesting for current research.

Exposure of TiO, NMs to humans follows mainly three different routes: inhalation, dermal absorption
and oral uptake. Inhalation and dermal routes are certainly the most studied routes of uptake.[16-19]
On the contrary, less data are available concerning the uptake and behavior of TiO, NMs following the
ingestion scenario. Translocation of TiO, NMs through the gut and accumulation in liver, spleen,
kidney and lungs were observed in in vivo studies.[20-25] Some studies claim that TiO, translocation
was mainly through the small intestine.[20, 26] The well characterized Caco-2 cell line as an in vitro
model for the human small intestine [27, 28] is commonly used to investigate the response of the
gastrointestinal tract to NMs.[11, 29-32] However, the uptake behavior of TiO, NMs by intestinal cells
and their impact on the epithelium lining as a function of surface properties has been so far poorly
investigated.[30, 33]

Adverse responses may depend strongly on the cellular uptake rate of the NMs. Indeed, the cellular or
effective dose is considered as a key toxicological endpoint. This is one last link of the chain of
several translocation events being a function of physico-chemical and surface properties of NMs. The
degree of uptake as well as visualization of translocation patterns of NMs in cells are thus pivotal
issues concerning toxicity and risk assessment. However, visualization and quantification of the NM
load into the cells is a challenging task. Visualization is mostly performed by fluorescence-based
techniques.[34] These techniques require labeling NMs with dye molecules, which may strongly
modify the surface properties of NMs. This could likely cause changes in the uptake behavior and
cellular response to the NMs or even false positive results.[35] Label-free methods as transmission
electron microscopy (TEM),[36, 37] confocal Raman microscopy [38-42] as well as time-of-flight
secondary ion mass spectrometry (ToF-SIMS)[43, 44] have been applied for visualization of NMs in
biological environment. Dosimetric methods as atomic absorption spectroscopy (AAS) or inductively
coupled plasma mass spectrometry (ICP-MS), which were commonly used to quantify NM uptake,[ 14,
45, 46] do not offer an access to single cell analysis. Flow cytometry and mass cytometry was recently
shown to be useful for semi quantification of cellular NM uptake.[47, 48] Furthermore it is hardly
possible for these methods to distinguish between NMs attached to the cellular surface, particles
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internalized into the cell and or just located between cells or within the extracellular fluid.[49] A
comparison study of graphene/noble metal nanoparticle uptake in cells between ICP-MS and ion beam
microscopy (IBM) based on the analysis of individual cells reveals an overestimation of the cellular
uptake by ICP-MS, in particular for cell lines, which do not grow in cell monolayers, like A549 or
Gep-G2. .[45] NMs located between the cells or within the extracellular fluid will be just recorded by
ICP-MS. On the other hand, comparing studies between IBM and AAS reported similar results on
silver NM quantification in monolayers of Caco-2 cells.[46]

The simultaneous quantification and visualization of NMs at single cell level can be conducted by
label free IBM techniques [30, 45, 50-56] and synchrotron-based X-ray fluorescent microscopy.[57-
59] These methods are powerful dosimetric tools to investigate cellular uptake and response
mechanisms to NMs based on element analysis. Furthermore, one can gain knowledge about space
resolved element distributions in cells. The concentrations of major cellular elements as phosphorus
and sulfur, as well as trace elements such as iron, copper and zinc can be evaluated on a single cell
level with an accuracy of a few ppm (parts per millions).[53, 60, 61] Combined with information
about the cellular concentration of applied nanomaterials and its localization within the cell, a new
field of cell analysis emerges.

Element based methods may advance into new fields in the important topic of cellular nanoparticle
uptake [57, 62-68] . They enable to differentiate between administered, delivered and the effective or
intracellular dose of NMs at a single cell level.[46]

Label-free dosimetric and imaging techniques such as IBM, ToF-SIMS and TEM were applied in this
study to visualize and to quantify the TiO, NM load across a population of Caco-2 cells. The
intracellular localization and NM uptake in differentiated Caco-2 cells were studied as a function of
their surface properties at single cell level. Furthermore the co-localization of cellular elements with
NMs and the impairment of the cellular homeostasis induced by NMs were investigated as well.

2. Results and Discussion

Especially in the field of nanotoxicology, the discussion about the cellular or effective dose is
ongoing, as this effective dose is considered as a key toxicological factor. It is considered to represent
the true dose measure appropriate for comparing results obtained in different studies. In this work
novel imaging and dosimetric techniques were applied to visualize and quantify the NM uptake as a
function of surface properties at a single cell level. Two commonly used reference materials for
titanium dioxide NMs of similar size and shape were used in this study: The hydrophobic NM103 and
the hydrophilic NM104 TiO, were applied to differentiated Caco-2 cells. The cellular translocation
pattern and uptake behavior across cell populations were studied. Moreover, IBM was used to analyze
NM induced impairment of cellular homeostasis through quantification of metabolically relevant
elements such as P, S, Fe, Cu, and Zn.

2.1. Characterization of TiO, NMs

The general properties of TiO, NMs have been characterized extensively. [69, 70] In addition, we
analyzed in this study the aggregation behavior of these NMs in physiologically relevant media by
means of dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). The Nanogenotox
protocol was applied to fabricate TiO, NMs with a protein corona on their surface.[71] These protein
modified particles were investigated in stock solution (0.05 % Bovine serum albumin (BSA) in water)
and under cell culture conditions (fetal bovine serum (FBS) containing DMEM cell culture medium).
The stability of the NMs in dispersion was studied immediately after the preparation of dispersion
(0 h), after one day and two days of storage.

The results are shown in Figure 1. Similar size distributions and stability behavior were observed for
NM103 and NM104. The DLS results provided hydrodynamic diameters ranging from 600 nm to
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800 nm (NM103) and from 380 nm to 600 nm (NM104) with large standard errors of the mean (SEM)
in stock solution over two days. NTA studies of both NMs exhibited sizes around 150 nm even after
48 h in stock solution. Similar NTA results were obtained for all investigated times of storage under
cell culture conditions. Here NTA yielded hydrodynamic diameters around 150 nm, while larger
values around 250 nm were measured by DLS. The studied NMs were stable at least over two days
after re-suspending in cell culture medium.

Figure 1. Hydrodynamic diameters of NM103 (left) and NM104 (right) determined by DLS and NTA in
Millipore water containing 0.05 % BSA (BSA) and under cell culture conditions, using Dulbecco’s Modified
Eagle’s Medium (DMEM) as a function of time. Error bars display standard errors of the mean.

The two methods, DLS and NTA provided different results concerning the hydrodynamic diameter. A
reasonable explanation is that DLS data provide an intensity weighted size distribution of the
hydrodynamic diameter. [72-74] The intensity of the scattered light (Rayleigh scattering) correlates
with the particle diameter to the power of six. Hence smaller particles are outshined by larger particles
especially in samples containing polydisperse particles or particle agglomerates. The polydispersity
index of the studied TiO, NMs was around of 0.2 in both solutions. Therefore DLS results represent
just an upper limit of the size of particles in the sample. On contrary, NTA delivers a number
distribution of the hydrodynamic diameter.[75]

The comparison of these two methods allows concluding that the TiO, particle suspensions contain a
small amount of larger aggregates in the aqueous BSA solution. However, the majority of the particles
have a size about 150 nm under cell culture conditions as well as in BSA solution, even after 48 h.
Thus, BSA and cell culture medium are appropriate stabilizers for the used TiO, NMs.[70]

No significant differences in the electrokinetic potential were observed for both NMs in culture media.
The Zeta-potential under cell culture conditions was -16+ 1 mV for both investigated materials,
NM103 and NM104.

It is known that particles of the same kind but with different surface modifications can develop diverse
protein coronae in physiological relevant media.[76] This might affect the cellular uptake of NMs,
interaction of NMs with biomolecules and their bioavailability.[77] Therefore, the protein corona
compositions of both NMs were investigated after 24 hours of treatment with FBS containing cell
culture medium. We found several abundant serum proteins (S 1) such as albumin, B-actin or diverse
metal binding proteins (e.g. tetranectin, albumin) and lipoproteins. The protein corona around both
investigated particle species showed frequent similarities, like the enrichment of apolipoprotein Al
and tetranectin and a reduced amount of albumin and other serum proteins. Nevertheless, both coronae
showed differences in their compositions as well. While B-actin was enriched around NM103, its
appearance was decreased in the corona of NM104. Plasminogen was strongly enriched only in
NM104. Vitamin D binding protein was not detectable on NM103.



B-actin plays a major role in the cytoskeleton as well as in endocytotic processes.[78] A link between
actin-dependent endocytosis and TiO, nanomaterials was found in different culture cells.[79-81]
Especially the internalization of TiO, nanoparticle agglomerates was described as actin-dependent.[82]
Apolipoprotein Al, which was enriched on both particle species, is associated with cellular uptake
processes as well.[83] Plasminogen, as a precursor of plasmin, plays a role in the proteolysis of serum
proteins and degradation of fibrin clots. It was already shown, that TiO, can have an influence on
plasminogen activation.[24, 84] Therefore knowledge of a composition of the protein corona could be
used for prediction of uptake efficiency of NMs as well as of their cellular processing and mode of
action.

2.2. Uptake study of TiO, at Single Cell Level

To understand the cellular response to NMs it is essential to determine the distribution pattern and the
effective dose of particles taken up by cells. Visualization, internalization and quantification of TiO,
NMs were studied at a single cell level by means of IBM, ToF-SIMS and TEM techniques. Caco-2
cells were exposed to the TiO, NMs at non-toxic conditions.[85] Two different concentrations
(20 and 100 pg ml”, corresponding to 4.7 and 24.4 ug cm?) of hydrophobic NM103 or hydrophilic
NM104 TiO, at two different time points (12 and 24 h) were chosen for IBM visualization and
quantification.

2.2.1. Visualization of Cellular Translocation of TiO,

Micro-resolved particle induced X-ray emission (LPIXE) element maps of phosphorus and titanium in
control and NM treated differentiated Caco-2 cells are shown in Figure 2. The element maps represent
a two dimensional lateral projection of the three dimensional cellular monolayer. The pattern of the
phosphorus signal provides a means to identify single cells. The titanium image reveals the
distribution of the TiO, NMs within cells.



Figure 2. pPIXE element maps of differentiated Caco-2 cells. Phosphorus and titanium maps are shown for
control cells and cells exposed to NM103 and NM104. The lateral images were recorded at the different
exposure scenarios, namely 20 and 100 pg ml"' over 12 and 24 h exposure time. All images display an area of
50 x 50 pm”.

Phosphorus is an omnipresent element inside cells. It is a part of the phospholipids of the cell
membrane and it is essential for ATP, which regulates the energy budget of the cell. Furthermore it is
present in the phosphate backbone of nucleic acids. A higher local concentration of phosphorus
represents the cellular nucleus due to the DNA phosphate backbone. On the basis of the phosphorus
signal on alignment with other cellular elements one can distinguish between single cells in a
confluent cellular monolayer. The mutual boundaries between adjacent cells are given by a minimum
of the phosphorus signal. This made single cell analysis of differentiated Caco-2 cells possible, except
when two cells overlay.

Figure 2 reveals a strongly inhomogeneous titanium distribution both through the cell population and
within single cells. Both types of TiO, NMs occurred in form of aggregates (hot spots) with a diameter
up to 11 um. The size distribution of TiO, aggregates within the cells in the PIXE maps were analyzed
by Image-J software. The histograms reveal the area distribution of single TiO, aggregates, expressed
in pm’, within the cell exposed to two types of TiO, NMs (S 2). The size of aggregates was
remarkably higher in the cells treated with NM103 compared to NM104 NMs at different exposure
scenarios. Furthermore, the number of aggregates per cell was higher for NM103 NMs as well. The
number and size of aggregates within the cells are measures of the uptake rate of NMs. NM103 are
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prone to form larger aggregates than NM 104 NMs within the cells. The large aggregates might impair
the mechanical properties of cells.[86]

TEM and ToF-SIMs experiments were carried out to more precisely characterize the NM localization
within the cell (S 3, S 4). Both methods show the internalization of hydrophobic as well as hydrophilic
NMs within Caco-2 cells. TEM images visualized TiO, NMs as small spots inside vesicles, which
resemble endosomes or lysosomes. The NMs were preferentially located in the top face of the cells.
Localization of NMs in close vicinity of the cell membrane was also found by ToF-SIMs.
Furthermore, NMs, especially NM 103, were agglomerated as large dense clusters inside Caco-2 cells.
This correlates well with the IBM data, which demonstrated large NM 103 agglomerates with a mean
area of approximately 20 pm’ within exposed cells (Fig. 2 and S 2).

2.2.2. Internalization of TiO, in Caco-2 Cells

Nanomaterials internalized into cells could interact directly with biomolecules and interfere with
different biochemical processes. Therefore, it is of major importance to distinguish between
internalized nanomaterials and nanomaterials only attached to the cell surface. Micro-resolved
Rutherford backscattering spectroscopy (WRBS) offers the possibility to investigate the state of
internalization and to determine the distribution of NMs inside the cells in z-direction. Caco-2 cells
were exposed to NM 103 and NM104 and RBS spectra referring to single cells were extracted.
Backscattered protons lose energy due to elastic collisions between the high energetic H' projectiles
(E =2300 keV) and the stationary target. The energy of backscattered protons from titanium in a thin
film is expected at about 2115 keV. However, an energy loss of backscattered protons from Ti atoms
down to 2100 keV was observed in TiO, NM exposed Caco-2 cells (Figure 3). The intensity
distribution of backscattered protons as a function of energy and their energy loss contain information
about the distribution of NMs along the Z axis of the cell. Protons hit and penetrate into the cell
undergo numerous interactions with target electrons and nuclei resulting in a loss of energy.
Backscattering from titanium located at a certain depth in the cell thus occurs with lower “effective”
incident energy.



Figure 3. Example of RBS spectra extracted from two exposed cells. A: TiO, NMs were internalized and
homogeneously distributed along z-axis; B: TiO, NMs were internalized as well as associated to the cell surface.
The cartoons demonstrate the applied models to fit the RBS experimental data of individual cells.

To assess the degree of internalization a threshold of ca. 5 keV, which reflects a depth of around
300 nm, was assumed. This refers to the minimum difference of the peak maxima originated from
titanium attached to the surface and internalized titanium. The overall titanium peak was then fitted as
an overlap between surface associated and internalized titanium. The contribution of the smaller of the
two peaks to the total area of the titanium peak had to be at least 10 % to be taken into consideration.
Figure 3 A shows the RBS spectrum summed from a single Caco-2 cell exposed to titanium dioxide.
The energy range of protons scattered from Ti atom is shown to determine the internalization of the
nanomaterials. The penetration depth of NMs within the cell, the detector resolution and cell
roughness were taken into account for the analysis of energy loss and fitting of RBS spectra. The
roughness of Caco-2 cells was considered for the analysis. It is mainly due to microvilli on the apical
side. For the fit a homogeneous model (Figure 3 cartoons) was applied, which is a good working
approach to simulate the averaged lateral distribution of Ti along the z-axis within individual cells.
The dots and the blue line represent the recorded data and the fit of the data. The red arrow indicates
the maximum of the expected peak from surface associated titanium dioxide. In the provided example
a significant energy shift was observed.

Figure 3 B shows another example of a Caco-2 cell exposed to TiO,. The blue line represents the
homogeneous model. The red line represents the fit to the surface model taking into account only
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surface associated titanium. The black dashed line exhibits the fit as an overlap of both models. In this
case, titanium was found internalized as well as bound to the cell surface. The contribution of the
surface signal to the total peak area is around 15 %, while 85 % of the titanium signal originated from
internalized titanium.

Table 1. Results of the internalization studies of Caco-2 cells exposed to titanium dioxide NM103.

Internalization status Amount of cells
[70]

Surface 0

Surface+ Internalized 8

Internalized 92

Because of a low RBS cross section of titanium only cells with high titanium content were selected for
internalization analysis. 26 cells exposed to NM 103 were investigated in the same way as in the shown
examples. Table 1 summarizes the internalization study. Cells, where the significant amount of NMs
was associated with the cell surface were not found. In case of cells exposed to NM103 around 92 %
of the cells show a complete internalization. 8 % of the investigated cells exhibit titanium on the
cellular surface as well as internalized titanium. NM104 exhibits similar internalization tendencies.
This is in good agreement with the ToF-SIMS and TEM results, were the main fraction of the NMs
were observed as internalized agglomerates.

A few studies reported the location of TiO, NMs between cells entrapped between microvilli or
located in cytoplasmic vesicles.[30, 87] It was assumed that NMs were mainly transported via the
paracellular route. Paracellular uptake of TiO, NMs was observed in several models of the small
intestine (using Caco-2, Caco-2/Raji-B and Caco-2/Ht29-MTX co-culture) due to an impairment of
cell junctions. [30, 88] It is also known that membrane invagination and consequently endocytosis of
microvilli membrane is sterically prevented. This can be understood as a protective mechanism of the
organism to minimize access of pathogens via the gut lumen.[89] Nevertheless, in this study 92 % of
TiO, NMs penetrated the cellular membrane and were found partly in endocytic vesicles. This might
have several reasons. It could be explained by apical endocytosis from micro crypt areas between
neighboring microvilli.[89] Furthermore it was shown that TiO, induces morphological changes and
destructions of the cellular microvilli surface.[90] This disorganization of the brush border could open
a gate for endocytotic uptake. The B-actin enrichment in the protein corona of the hydrophobic NM103
(FIGURE S1) could also accelerate endocytotic uptake additionally.

2.2.3. Quantification of NM Uptake

Quantification of NM uptake as well as cellular element concentrations were performed by analysis of
RBS and PIXE spectra extracted from single cells. Figure 4 shows PIXE element maps of
phosphorus, sulfur and titanium in case of Caco-2 control cells and Caco-2 cells exposed to 20 pg ml™
NM103 over a time of 24 h. The green line determines the region of interest (ROI). PIXE and RBS
spectra included in the ROI were summed up and are shown in Figure 4.



Figure 4. uPIXE element maps of Caco-2 control cells (A) versus Caco-2 cells exposed to NM103 (20 pg ml™;
24 h) (D). The images reveal element distributions of phosphorus, sulfur and titanium. Areas of 50 x 50 pm?
were mapped. RBS (B, E) and PIXE (C, F) spectra were extracted from one single cell framed by green line.

The dots in the RBS spectra display the recorded experimental data. The fit (red line) is an overlay of
the cellular layer (green line) and the polypropylene foil (PP-foil) (blue line) on which the cell grew.
The cellular matrix composition, especially the carbon, nitrogen and oxygen content and the thickness
of the individual cells were calculated from RBS spectra. Furthermore, the accumulated charge of the
ROI, which reflects the number of protons interacting with a single cell, was recomputed.

The PIXE spectra shows characteristic x-ray lines for different element specific energy transitions, e.g.
P-K, at 2.01 keV or Ti-K, and Ti-K; at 4.51 and 4.93 keV. One can see typical lines for cellular
elements P, S, K, Fe, Cu and Zn as well as Ti in case of exposed cells (Figure 4 F). The gray colored
area displays the fit of the background originating from the bremsstrahlung. The red line represents the
fit of the PIXE spectrum. The areas under the PIXE peaks displayed in Figure 4 C and F are
proportional to the concentration of the different elements. Using the information gathered out of the
RBS data, such as matrix composition, thickness and accumulated charge derived from individual
cells, as well as the element specific cross sections and the detector efficiency, the area density of the
studied elements, e.g. Ti, expressed in ng/cm” can be calculated from the PIXE spectrum .[50] Briefly,
the RBS spectrum of single cells provides the atom composition of the major cellular elements and the
number of atoms/cm?. It allows calculating the dry mass of the cell per area, given in mg/cm?. Since
the area of the dried individual cells is known the total mass of individual cells can be calculated if
required. PIXE element quantification is an approved and calibrated[46] method to determine
element concentrations in biological matters with an atomic number beyond Mg. For verification of
element quantification element standards of Astimex Standards Ldt (Serial EPX1 SPEC 25-53+FC)
were measured and compared to manufacturer’s data (S 5). The ratio between the measured and the
certified concentration was used to validate accuracy of the method. All investigated elements fall
within a 10 % tolerance range.
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Figure 5 shows the cellular Ti concentrations calculated at a single cell level as described above. The
values represent the mean values of the element amount in pg per g dried sample mass [ppm]
calculated for each single cell separately. Mean values were calculated from ensembles ranging from
32 up to 70 single cells contributed from two independent technical replications.

Figure 5. Quantification of NM uptake in Caco-2 cells exposed to NM103 or NM104. Significance levels were
determined by comparing NM103 and NM104 regarding their exposure conditions. * P <0.05; ** P <0.01;
*** P <0.001.

The cellular NM-load (Figure 5) depends strongly on the exposure conditions as well as on the surface
modification of the particle. The hydrophobic NM103 reached a significantly higher cellular
concentration compared to the hydrophilic NM104. The cellular load was four times higher for
NM103 compared to NM104 at exposure concentration of 100 pg ml” over 24 h. The maximum value
of uptake efficiency, expressed in the ratio of effective to administered doses, was about 14 % and 4 %
for hydrophobic and hydrophilic TiO, NMs, respectively. The efficiency of cellular uptake was closely
connected with the protein corona composition for the two used NMs. The hydrophobic NM103
showed highly increased B-actin amount, which is known to be involved in endocytotic processes [78]
and brought in connection with NM uptake.[79]

Furthermore, the uptake behavior for both NMs exhibits different patterns. In case of cells exposed to
20 pg ml™" hydrophobic TiO, the titanium amount was drastically increased by a factor of around 10
from 12 to 24 h exposure time (Figure 5). In case of hydrophilic TiO, the level of Ti concentration was
decreased by a factor of three after 24 h compared to 12 h (Figure 5). Even at the highest applied
concentration, 100 pg ml™, the uptake of hydrophilic TiO, was hardy altered over 24 hours.
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Figure 6. Intracellular titanium load (cr;) across a population of Caco-2 cells for the different exposure
scenarios. The red line displays a log-normal fit of the distribution.

The cellular Ti load across cell populations under different exposure scenarios are shown in Figure 6.
Histograms of cellular Ti content were generated by analyzing different individual cells exposed to
NMs. The median values were found to be remarkably smaller than the mean concentrations of
titanium in the cells. Figure 6 exhibits rather inhomogeneous distributions of NM content across
populations of Caco-2 cells. A closer look at titanium load histograms reveals non-Gaussian
distributions of Ti content over the cell populations. Asymmetrical distributions, which are close to
log-normal ones, were observed. It is known that the log-normal distribution describes the content of
biomolecules across a cell population.[91, 92] It has been discussed and assumed that determinates of
gene expression capacity, which drive the endocytosis, are log-normal distributed. Therefore, they
could lead to log-normal distribution of NM content over a cell population, when the endocytotic
pathway is assumed.[57, 93] On the basis of the population study (Figure 6) it could be suggested that
one of the major mechanisms of TiO, uptake was endocytosis. This correlates to TEM analysis,
showing NMs inside endocytic vesicles (S 3).

The analysis of cellular Ti load across a population of cells further reveals that some cells take up a
very high amount of titanium. This effect was mainly observed in cells exposed over 24 hours to the
hydrophobic TiO, NM103 (Figure 5). For the definition of high-load cells a threshold of cellular NM
concentration was set. Loads above 5 times higher than the median value were considered as high-
load. About 30 % and 17 % of high-load cells were seen for applied concentrations of 20 pug ml™' and
100 pg ml”, respectively, after 24 hours of exposure in case of hydrophobic NMs. The formation of
high-load cells was not observed in such extent in case of hydrophilic TiO,. Here only around 4 % of
high-load cells were found under similar conditions. The increased number of cells with a high
amount of Ti-concentration reflects consequently the uptake of large agglomerates. Analysis of TEM
and PIXE images of cellular distribution patterns of the hydrophobic TiO, NMs (Figure 2, S 2 and S 3)
are supporting this assumption. NM aggregates up to a size of ca. 100 um? were detected in form of
hot spots inside of high-load cells at a larger extent for hydrophobic TiO, NMs (S 2).

The use of mean values of cellular uptake is widespread in dosimetric methods as atomic absorption
spectroscopy or ICP-MS. On one side this value delivers important statistically relevant information
about uptake rate. On the other side the mean value is insensitive to outliners, such as high-load cells.
However, these cells are of special interest from a toxicological point of view. They could lead to local
damaging and impairment on organismic level and hence to long-term adverse effects. Therefore, it is
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of major interest to perform analysis at single cell level. It provides unique information about real
distribution of cellular NM content across cell population revealing the presence of high load cells as
well as hot spots within cells.

2.3. NM Induced Dysregulation of Cellular Homeostasis

The knowledge of cellular concentrations of metabolically relevant elements allows gaining insights in
the cellular response induced by hydrophobic and hydrophilic titanium dioxide. The results are
displayed in Figure 7 and S 6. In Figure 7 the element concentrations [ppm] of Caco-2 cells were
determined for major, phosphorus and sulfur, and trace elements, iron, copper and zinc. In order to
consider possible impact of NMs on dried mass of exposed cells, the total content of intrinsic cellular
elements in single cells was calculated taking into account area of each individual cell (S 6). All data
represent the mean value over the investigated population. Figure 7 and S 6, where element content
was expressed in ppm and pg/cell, exhibit similar tendencies regarding the cellular element
homeostasis.

Figure 7. Quantification of cellular element concentrations in Caco-2 cells exposed to hydrophobic NM103 or
hydrophilic NM104 under different conditions. The determined significance levels refer to the control cells.
* P <0.05; ** P<0.01; *** P <0.001.

For both NMs, as hydrophobic and hydrophilic, a significant decrease of phosphorus, sulfur, iron and
zinc was observed in NM treated cells under almost all exposure conditions. The extent of decrease of
these elements was neither exposure nor dose dependent. The presence of intracellular NMs probably
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triggers an impairment of the element homeostasis. The hydrophobic NM103, which was taken up
more efficiently, affected the cellular Zn-content more strongly. The zinc concentration was up to two
fold decreased compared to control cells. On the other hand, the hydrophilic TiO, NM104 affected
more efficiently the Fe-content which was found to be up to two times lower compared to control
cells.

The NM-induced impairment of Cu homeostasis exhibits a different behavior between the
hydrophobic and the hydrophilic TiO, NMs. The hydrophobic NM103 caused an increase of the
cellular copper up to nearly 280 % of the intrinsic concentration, while the hydrophilic NM104
induced a decrease of copper concentration down to 50 %. It may be assumed that the remarkably
different response pattern of intrinsic iron, zinc and copper to NMs could be related to the polar
properties of NM surface and/or the different protein corona compositions.

The regulation and maintenance of homeostasis at organisms and on cellular levels play a key role in
cell biology. An impairment of homeostasis of metabolically relevant elements has been observed in
several diseased states.[94] The dysregulation of Fe, Cu and Zn plays an important role in
neurodegenerative diseases as Alzheimer’s disease, Parkinson’s disease and prion disease.[95] The
iron cellular concentration in varicose vein was found to be an indicator of the progression of chronic
venous disease.[96] Furthermore, iron accumulation in colon epithelial cells was found to be related to
colorectal cancer.[97-99] The elevated Fe content was suggested to increase the risk of age-related
diseases.[100-102] An inhibited iron uptake can lead to iron deficiency and anemia.[103] A Copper
metabolism disorder is connected to several diseases, e.g. Menkes and Wilson’s diseases. It was
shown that copper levels were significantly elevated in Alzheimer’s disease patients.[104] Iron and
copper belongs to redox active metals which are able to produce reactive oxygen species (ROS)
through Fenton reaction.[105] Their dysregulation may results in the adverse effects on cell and whole
organism level.

The role of zinc in cellular processes is well understood. It is known for its regulation of cytokines as
mediator in inflammatory processes [106] and its influence on the permeability of Caco-2 cells
monolayers.[107] Impairment of Zn homeostasis is connected to several diseases, e.g. atherosclerosis
and the development of diabetes mellitus [106, 108] as well as inflammatory bowel disease and gastric
mucosa inflammation.[109, 110] It was shown that titanium dioxide NMs with a diameter of 30 nm
led to an decreased iron and zinc transport in cells.[111] It was suggested that the transport
mechanisms were disturbed by TiO, NM ingestion.[111] This goes along with our findings, where
decreased zinc and iron cellular concentrations were observed, even under nontoxic exposure
conditions.[85] Furthermore, the analysis of protein corona of TiO, NMs revealed different amounts of
metal binding proteins (albumin, iron export ABC transporter ATPase, ovotransferrin and tetranectin)
and membrane transport proteins (solute carrier family) associated with NM surface (S 1). Therefore,
it is assessed that taken up TiO, NMs have the capacity for binding of metal ions at their surface and
for immobilization of the transport proteins intracellularly. These could lead to impairment of the
element homeostasis. Due to the ubiquitous role of metal elements for cellular functions, a significant
change in the household of these elements could lead to incalculable long term effects on the cell level
as well as on the organism level. Long term effects of TiO, NMs and E171 on rats were already
shown.[112] On the one hand, it was claimed that an acute exposure of one week to rats led to an
accumulation of TiO, in peyer’s patches, but did not induce instestinal inflammation. On the other
hand, 100 days of treatment with TiO, NMs promoted colon micro-inflammation and stimulated the
growth of deviant crypt foci.[112]

2.4. Co-Localization Study in Intra and Extra Cellular Spaces
A co-localization study of TiO, NMs with ions, lipid and protein related elements, as P and S, the
signaling related element Ca, as well as with trace elements, Fe and Cu, has been performed on TiO,

14



exposed cells intracellularly (Figure 8 B and S 7 B) and extracellularly in NM containing medium,
DMEM (Figure 8 A and S 7 A). A precise evaluation of the co-localization behavior was done by a
quantitative analysis of element associations on the TiO, surface within the cells and in extracellular
space (Figure 8 C). Only cells with completely internalized TiO, NMs were taken into account for
quantitative analysis of cellular element co-localization with titanium.

Figure 8. (A) pPIXE element maps of TiO, NM103 in DMEM medium before exposure to cells (control) and
(B) Caco-2 cells exposed to 100 ug ml”" TiO, NM103 over 12 h. (C) Quantitative analysis of element co-
localization with TiO, NM103 in extracellular (medium control) and intracellular spaces (exposed cells).

Associations between phosphorus, sulfur, calcium, iron and titanium have been visualized in the
element maps of both TiO, NMs dispersed in DMEM medium (Figure 8 A and S 7 A). The
intracellular element distribution patterns of cells exposed to NM103 over 12 h reveals a clear co-
localization of cellular elements such as P, S, Ca, Fe and Cu with titanium (Figure 8 B). A similar
pattern of co-localization between NM104 and cell intrinsic elements was observed in the element
maps (S 7 B).

Quantitative analysis of element co-localization was performed in extra and intracellular spaces only
for hydrophobic NM103 due to its high cellular uptake rate. The RBS and PIXE spectra were
extracted from the titanium hot spots. Subsequently, the area density in ng cm™ in the selected hot
spots was determined. Afterwards, the area density was corrected by the cellular background derived
from the hot spots excluded area.

The amount of P co-localized with Ti was increased by a factor of eight within the exposed cells
compared to medium controls. The sulfur and calcium amount was five and two times larger,
respectively. The iron association with the NM surface was four times stronger in the cells than in
medium. Around 0.5 atoms of copper per 100 Ti atoms were found to be co-localized within the cells.

15



The copper content was thus five times higher compared to iron one on the surface of NMs. The NM
associated copper content was below the detection limit in DMEM.

The results demonstrate a pronounced affinity of P, S, Ca and Fe to the surface of TiO, NMs both in
DMEM cell medium and inside the Caco-2 cells. One may thus conclude that the surface of NMs
dispersed in culture medium is most likely covered by proteins, phosphate and Ca ions. Ca ions tend to
form at neutral pH a barely soluble salt with phosphate ions known as hydroxyapatite. The apatite
coating is known to interact strongly with cell membranes [113] and was used as a transfection agent
employed for the transport of genetic material into cells.[114] Therefore, it can be expected that the
modification of the surface with calcium and phosphate ions in cell medium might strongly affect the
uptake and toxicological impact of the NMs.

Inside the cells a remarkable increase of P, S, Ca, Fe and Cu content on the surface of TiO, (Figure 8
B, C) could be associated with the post modification of the NM surface with lipids, lipoproteins, metal
binding proteins, calcium and phosphate ions of the cytoplasm. NMs could bind S- and P-containing
biomolecules, such as glutathione, phosphoadenosine phosphosulfate, S-rich transport proteins,[115]
to their surface and affect the homeostasis of Cu, Fe and Zn elements intracellularly (Figure 8). The
immobilization of sulfur containing biomolecules could have severe consequences as they are known
to exert important functions in living organisms and are involved in metal’s transport, free radicals
scavenging, protein synthesis and detoxification.[116, 117]

An increased amount of intrinsic sulfur and iron elements was found at the surface of TiO, hot spots
inside the Caco-2 cells (Figure 8 B, C). This could be an indication for enrichment of iron-sulfur
cluster proteins on the TiO, surface, which are involved in the mitochondrial respiratory chain.

The co-localization study has revealed that the internalized NMs were able not only to impair the
cellular homeostasis (Figure 7), but also to induce intracellular redistributions of metabolical relevant
elements as P, S, Ca, Fe and Cu (Figure 8 B).

3. Conclusion

Label-free quantitative imaging tools, pPIXE and pRBS, allow simultaneous quantification and
visualization of NMs and cellular intrinsic elements at single cell level. This is a prerequisite for
correlating NM uptake with adverse effects on a quantitative basis given by strongly the
inhomogeneous NM uptake patterns as it is often found in cell cultures. These advanced techniques in
combination with classic toxicological methods have the potential for the development of risk
assessment tools based on a deeper understanding of the mode of action of NM in biological
environments.

Single cell analysis has revealed a strongly inhomogeneous TiO, load across a cell population
resembling a log-normal distribution suggesting endocytosis as the uptake mechanism. Outliner cells
with a high NM-load can be easily identified by the applied single cell analysis approach. In case of
hydrophilic TiO, particles, high-load cells were not as frequently observed as it was the case for
hydrophobic TiO,. Furthermore, the mean size of NM aggregates within the cells was up to 3 times
smaller in case of hydrophilic particles compared to hydrophobic ones. High-load cells are rather
important from a toxicological point of view, because such cells might be seen as initial points of
adverse effects and can lead to long-term consequences on a level of the whole organism.

The cellular NM load was proven to be highly dependent on exposure conditions for the hydrophobic
NMs, with uptake efficiency up to 14 % of the administered NMs. In case of the hydrophilic NMs the
uptake efficiency was around 3 %, independent from the exposure scenario.

The uptake of NM103 may be facilitated by hydrophobic interactions with the cell membrane in
interplay with the B-actin enriched NM protein corona. Internalization of TiO, NMs of both kinds was
studied by multiple methods, namely pRBS, TEM and ToF-SIMS.
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The extracellular and intracellular modification of the NM surface was visualized and quantified at
single cell level. For the first time it was shown and quantified that the presence of NMs in cells led to
dysregulation of cellular homeostasis and to redistribution of the metabolically relevant elements, P, S,
Ca, Fe and Cu, which became co-localized with NMs inside cells. A significant change in the cellular
household of these elements may lead to unpredictable long term effects on the level of the whole
organism.

4. Experimental Section

Two TiO, NMs (hydrophobic NM103 and hydrophilic NM104) were delivered from Joint Research
Centre (JRC), Ispra, Italy. BSA and Superfibronectin from human plasma were purchased from
Sigma-Aldrich. FBS was bought from Capricorn Scientific GmbH (Ebsdorfergrund, Germany).
Trypsin-EDTA was ordered from Biowest (Nuaille, France). DMEM / High Glucose 500 ml
(+4.00 mM L-Glutamine, +4500 mg L' Glucose, +Sodium Pyruvate) was bought from GeHealthcare
(Berlin, Germany). PP-foil was purchased from Goodfellow GmbH (Bad Nauheim, Germany). Human
colon adenocarcinoma Caco-2 cell line (DSMZ no.: ACC 169) was ordered from Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany).

4.1 Chemicals

Two TiO, NMs (hydrophobic NM103 and hydrophilic NM104) were delivered from Joint Research
Centre (JRC), Ispra, Italy. BSA and Superfibronectin from human plasma were purchased from
Sigma-Aldrich. FBS was bought from Capricorn Scientific GmbH (Ebsdorfergrund, Germany).
Trypsin-EDTA was ordered from Biowest (Nuaille, France)e DMEM / High Glucose 500 ml
(+4.00 mM L-Glutamine, +4500 mg L' Glucose, +Sodium Pyruvate) was bought from GeHealthcare
(Berlin, Germany). PP-foil was purchased from Goodfellow GmbH (Bad Nauheim, Germany). Human
colon adenocarcinoma Caco-2 cell line (DSMZ no.: ACC 169) was ordered from Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany).

4.2. Cell Culture

Caco-2 cells were cultivated in cell culture flasks under controlled conditions at 37 °C in a humidified
atmosphere containing 5 % CO,. As cell culture medium, DMEM supplemented with 10 % FBS and
1 % Penicillin/Streptomycin (25000 units Penicillin, 25 mg Streptomycin) was used.

For IBM experiments PP-foil was sterilized by using H,O, and UV light. The foil was mounted
between two plastic rings to form a well with an area of around 8.3 cm?. Afterwards the foil was
coated with 5 pg ml" superfibronectin. The cells were seeded at a density of around 15000 cells cm™.
After the Caco-2 cells reached confluence they were cultivated for 21 more days to obtain
differentiated cells. The medium was refreshed every 2 to 3 days.

After exposure to TiO, NMs the cells were washed three times with phosphate-buffered saline PBS
and fixed for 15 minutes with iced methanol at 4 °C. Afterwards the cells were washed two more
times with methanol. Dried cells were stored at 4 °C.

For TEM experiments, Caco2 cells were cultivated in dishes in the same conditions as previously
described. Cells were rinsed twice with PBS and with 0.15 M Na cacodylate buffer (pH 7.2) before
TEM conventional sample preparation.

A dedicated cryogenic sample preparation technique with a high cooling rate was used in case of ToF-
SIMS experiments.[43, 118] Liquid propane was cooled down by using liquid nitrogen, thus
preventing evaporation of propane at the contact surface of the immersed specimen. This allowed
accelerated cooling rates of up to 104 K s™ on the surface of the sample to preserve the physiological
state of the cells.
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4.3. Nanomaterial Dispersion and Characterization

NM stock solutions in Millipore water containing BSA were prepared by ultra-sonic homogenization
following the NANOGENOTOX dispersion protocol.[71] The presence of 0.05 % BSA stabilized the
NMs by building an albumin corona on the NMs surface during ultra-sonication. Afterwards the NMs
were dispersed in cell culture medium (DMEM containing FBS).

DLS and NTA were used to characterize the albumin modified NMs in stock solution containing
0.05 % BSA in water, as well as under cell culture conditions in DMEM with 10 % FBS. The stability
of the NMs was assessed at 0 h, 24 h and 48 h, after the preparation. The samples were re-suspended
by vortexing before the measurements. All measured sizes were averaged from at least three
independent experiments.

4.3.1. Dynamic Light Scattering

DLS was performed with a Brookhaven Omni zetaPALS. The machine used a 659 nm laser and a 90°
set up to detect the scattered light. The measurements were performed at a particle concentration of
100 pg ml". Experiments were performed at 25 °C. The intensity weighted size distribution was
calculated by means of the cumulant algorithm.[72, 73]

4.3.2. Nanoparticle Tracking Analysis

NTA data were recorded using a NanoSight LM10 (Malvern Instruments Ltd, Worcestershire, UK),
equipped with a 532 nm laser. To achieve good experimental conditions, the particle concentration
was set to 10® — 10° particles ml™” by diluting the samples in Millipore water. The temperature was set
to 25 °C. Each sample was measured at five different positions in three independent experiments.

4.3.3. Corona Protein Investigation

Adsorption of proteins on TiO, NMs, prepared correspondingly to the NANOGENOTOX dispersion
protocol, were analyzed after 24 h incubation (37 °C, 5 % CO,) of 100 pg Ti ml" samples in serum-
containing cell culture medium. Afterwards, NMs were isolated via centrifugation in a Beckman
Optima L centrifuge (Beckman, Unterschleissheim, Germany) for 1 h at 48.3 x g. Supernatants were
removed. Pellets were washed by resuspending in 10 ml 50 mM sodium bicarbonate and transferring
into a fresh tube. This washing step was repeated 3 times. In the last step, the pellet was resuspended
in 1 ml and centrifuged for 1h at 153.7 x g. With these pellets, 2D-sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) was performed. Isoelectric focusing was done with
7 M urea and a 2 M thiourea-containing lysis buffer, in this buffer the proteins detach by denaturation
from the NMs. After a second dimension migration (SDS-PAGE), gels were stained with ruthenium
and photographed using a VersaDoc imager (VersaDoc MP 4000, BioRad, USA, excitation 450 nm,
emission 605 nm). Semi-quantitative data evaluation was carried out by manually comparing 4
replicates per sample using a VersaDoc imager. Spots were picked by self-made SpotXpress
Spotpicker and digested by tryptic digestion over night for MALDI-TOF (matrix-assisted laser
desorption ionization-mass spectrometry) protein identification (Bruker Ultraflex II, Bruker, Berlin,
Germany). The composition of proteins in cell culture medium was used as reference to the protein
composition in NM corona.

4.4. Label-Free Dosimetric and Imaging Methods

4.4.1. Ion Beam Microscopy

IBM measurements were performed at LIPSION nanoprobe at Leipzig University. A 2.3 MeV proton
beam was supplied by a 3 MV Singletron™ particle accelerator. To avoid interaction between the
accelerated protons and atmospheric gas, a vacuum of 5x 10” to 107 Torr was applied. Energy
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separation of the protons in the beam was done by applying a magnetic field orthogonal to the beam
direction. Lorentz and centripetal forces allow only protons with energy of 2.3 MeV to pass the energy
filter. A low energy spread of about 1 keV was obtained for protons.

To obtain a spatial resolution of ca 1 um objective and aperture slits (200 and 300 um) were used in
combination with a focusing unit, consisting of four quadrupole lenses arranged in two duplets
forming a Russian quadruplet.[119, 120] A raster unit enables to deflect the beam in two orthogonal
directions and to scan areas between 12.5 x 12.5 um? and around 2 x 2 mm?. While the beam scans the
sample, characteristic X-rays and backscattered protons are detected simultaneously. pPIXE spectra
were obtained at detection angle of 135° using a high-purity Germanium detector with an active area
of 95 mm? by Canberra (Riisselsheim, Germany). The PIXE detector was calibrated using element
standards of Astimex Standards Ldt - Serial EPX1 SPEC 25-53+FC (Toronto, Canada). The detailed
procedure is described elsewhere.[121] pRBS was recorded by a Canberra PIPS detector with
backscattering angle of 173°. For data analysis GeoPIXE 5.1b and SIMNRA 6.06.software were used.

4.4.2. Transmission Electron Microscopy

The cells were fixed by drop wise addition of glutaraldehyde (2.5%) for 45 min. They were rinsed
several times with 0.15 M Na cacodylate buffer and post fixed with 1% osmium tetroxide for 45 min.
After further rinsing with cacodylate buffer, the samples were dehydrated through an ethanol gradient
from 70 % to 100 % and infiltrated in a mixture of acetone-epon resin (50/50) for 3 h, then, in pure
epon resin for 16 h. Finally, the samples were embedded in DMP30-epon for 24 h at 60 °C. Ultra-thin
sections (90 nm) were cut on a Leica UC7 ultra-cut in two different orientations, collected onto copper
grids and double-stained with 4% uranyl acetate then with lead citrate (Reynold solution).
Examination was performed with JEOL 1400 electron microscope operated at 120 kV equipped with a
2k x 2k camera from Gatan (Orius 1000).

4.4.3. Time of Flight Secondary lon Mass Spectrometry

All depth profiles were performed in dual beam mode on a ToF-SIMS V instrument (ION-TOF
GmbH, Miinster, Germany) of the reflectron-type, equipped with a 30 keV bismuth liquid metal ion
gun as primary ion source, a 20 keV argon gas cluster ion source both mounted at 45° with respect to
the sample surface and an electron flood gun. Primary and sputter ion currents were directly
determined at 200 pus cycle time (i.e. a repetition rate of 5.0 kHz) using a Faraday cup located on a
grounded sample holder. A pulse of 0.7 ns from the bunching system resulted in a mass resolution at
m/z < 500 in positive ion mode. The primary ion dose was controlled below 1012 ions cm™ to ensure
static SIMS conditions. The primary ion gun scanned a field of view of 200 x 200 pm? applying a
512x512 pixel measurement raster. Once the primary ion gun was aligned, a ToF-SIMS mass
spectrum was generated by summing the detected secondary ion intensities and plotting them against
the mass channels. The analytical methodology was described in detail elsewhere.[43, 122-124] The
data were evaluated using the Surface Lab software (ION-TOF GmbH, Miinster, Germany).

4.5. Statistical Methods

For IBM measurements two technical replications and at least 32 single cells were investigated for
each exposure conditions. The nonparametric Mann-Whitney U test was used to determine statistical
significances between two groups. The test was chosen because it does not require the assumption of
normal distributions.[125-127] The conservative Bonferroni correction was applied in case of multiple
hypotheses to avoid false significances.[128] Significance values are determined as follows:
*P<0.05; ** P<0.01; *** P<0.001.
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S 1. Semi quantitative analyses of identified proteins in the NM corona compared to the protein composition of
the cell culture medium containing FBS.

Bovine Protein

NM103

NM104

Albumin
B-actin
Apolopoprotein A-1

Alpha-1-antitrypsin ~ homolog
protein

Plasminogen

Iron export ABC transporter
ATPase

Ovotransferrin-like protein
Tetranection
Vitamin D binding protein

Solute  carrier family 25
member 6

Cytochrome oxidase subunit 3

+/-

+/-

+ Enriched; + + enriched, not detectable on medium control gel; - reduced; - - reduced, not detectable;
+/- no changes compared to medium control gel.
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S 2. Mean aggregate size of NM103 and NM104 found for 20pug ml™ for 12 and 24 h (A) Number of titanium
aggregates over cellular populations. Exposure of 20 pg ml”’ TiO, NM103 vs NM104 over 12 and 24 h (B).
Error bars display the standard error of the mean.

S 3. TEM images of Caco-2 cells sectioned in two different axes (longitudinal and transversal). Controls cells (A
and B) and cells exposed to 128 pg ml™" TiO, NM103 (C, D, E, F) and NM 104 for 24 h (G, H, 1, J) are shown.
Images D, F, H and J are magnifications of the squares outlined areas in the images C, E, G and I respectively.
The black arrows in image H mark NMs which are entrapped within vesicles. Scale bar: 3 pm.

Differentiated Caco-2 cells were exposed to 128 pg ml" TiO, NM over 24 h. 80 nm sections of the
cellular monolayer in the two perpendicular planes, longitudinal (x-y) and transversal (x-z), were
prepared for a comprehensive TEM study. 200 cells in longitudinal axis and 50 cells in transversal
axis were analyzed for each experiment. The images in S 3 show examples of cellular translocation of
NM103 and NM104 particles in enterocytes. Inside the Caco-2 cells TiO, NMs were agglomerated as
large dense clusters especially for NM103 (S 3 D, black arrows). It was shown that the main pathway

27



of NM internalization is endocytosis via recent endosomes, late endosomes and lysosomes.[1] Beside
aggregates TiO, NMs were also found as small spots inside vesicles, which likely represent endosomes
or lysosomes (S 3 H, black arrows). Titanium dioxide particles are preferentially found in the top face
of the cell but were also detected in the bottom side (S 3 E, F, I and J).

S 4. ToF-SIMS mass spectra (positive mode), showing the titanium oxide peak TiO" in grey (NM-103) and in
red color (NM-104) at m/e 63.94 u from cells exposed with TiO, NMs (A). Ion reconstruction of a 3D depth
profile (20 pm x 15 pm x 3 um) of a single Caco-2 cells, which were exposed to NM103 (B, D and F) and
NM104 TiO, (C, E and G). B and C show images of the cells, depicted as translucent blue with NM aggregates
in green color. D and E visualize the cell outline in solid blue reconstructed from the C;HgN" signal from
phosphatidylcholine. E and F show the cell outline with the lower membrane open. NM aggregates are shown in
green color. The cell membrane is visualized in solid blue reconstructed from the C3H8N+ signal from
phosphatidylcholine. For better visualization the cells are depicted upside down.

ToF-SIMS was applied to visualize NMs in cells at an exposure of 47.5 ug ml” over 24 h for NM103
and NM104. S 4 A shows TOF-SIMS mass spectra (positive mode) of TiO, treated cells. The titanium
oxide (TiO") peak at m/e=63.94 was detected clearly for both TiO, NMs. The 3D ToF-SIMS
reconstruction of single cells indicates unambiguously the intracellular presence of TiO,
nanomaterials. The cells take up both TiO, nanomaterials, the hydrophobic NM103 (S 4 B, D) and the
hydrophilic NM104 (S 4 C, E). Ion reconstruction of a 3D depth profile (20 pm x 15 pm x 3 um) of a
single treated Caco-2 cell shows a 3D image of the cell, depicted as translucent blue with TiO; in
green color. The cell boundary was reconstructed from the C;HgN" signal of phosphatidylcholine,
which is a main compound of the cell membrane. The hydrophobic and hydrophilic NM aggregates
have been found to be internalized. Some of NM103 was found in contact with the cell membrane (S
4).
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S 5. Verification of PIXE element quantification performed with element standards of Astimex Standards Ldt
(Serial EPX1 SPEC 25-53+FC). The measured concentration was compared to the certified concentration given
by the producer. The grey box marks a +£10 % range of tolerance. The error bars mark the standard error of the
mean.

S 6. Quantification of element content in Caco-2 cells exposed to hydrophobic NM103 or hydrophilic NM104
under different conditions. The determined significance levels refer to the control cells. * P < 0.05; ** P <0.01;
**% P <0.001.
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S 7. (A) uPIXE element maps of TiO, NM104 in DMEM medium before exposure to cells (control) and (B)
Caco-2 cells exposed to 20 pg ml™" TiO, NM104 over 12 h.

[1] N. Oh, J. H. Park, Int J Nanomed 2014, 9, 51.
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