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In this study, we present confocal Raman microscopy for chemically
selective analysis of a human buccal epithelial cell layer with a focus on
label-free visualization of particle uptake into the cells. We demon-
strate the suitability and benefit of this analytical technique in
comparison to confocal fluorescence microscopy for three dimen-
sional imaging of in vitro cell models.

The uptake of small particles into the human body has become
of major interest in various areas of research. This trend is not
only due to the increasing attempt to develop novel nano-sized
particulate therapeutics for targeted medical application of
drugs. In addition, particles in the nano- and micrometer size
range are to an increasing degree incorporated in various
consumer products like tooth paste and cosmetics, and are also
used as food additives."” Thus, profound scientific knowledge
about the fate of such particles in the human body is mandatory
to estimate absorption and potential toxicological effects.

In this context, titanium dioxide (TiO,), a white, inorganic,
crystalline compound plays an important role, as this substance is
frequently used as white pigment in paint and plastic, sunscreen,
tablets, chewing gum and as food additive.® Due to the prevalent
use of TiO,, the Organization for Economic Co-operation and
Development (OECD) listed TiO, as priority nanomaterial to
analyze the fate upon contact with the human body.®
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Label-free in vitro visualization of particle uptake
into human oral buccal epithelial cells by confocal
Raman microscopyf

B. Kann,® B. J. Teubl,®® E. Roblegg®® and M. Windbergs*@@©

Most products containing TiO, are regularly or spuriously
taken up via the oral route. Consequently, the buccal mucosa is
the first site of contact, where these particles may be absorbed
into the human body. Thus, studying the interaction of TiO,
particles with this biological barrier is of high relevance.

Excised porcine buccal mucosa is a common system for in
vitro studies simulating the human mucosa quite accurately.*®"
However, due to limited tissue access, a cell culture-based
model using a human oral epithelial cell line has successfully
been established as an alternative in vitro system."”** Further-
more, the suitability to study nanoparticle uptake into this
buccal in vitro model has been demonstrated.* However,
adequate analysis of such systems is challenging.

In this context, the combination of spectroscopic and
microscopic techniques is a valuable analytical approach to
investigate cells or tissue on the subcellular level as well as to
analyze cellular internalization of particulate systems. In this
field, fluorescence microscopy is currently the most applied
spectroscopic technique. For selective fluorescence detection,
the structure of interest is labeled with a selective marker
molecule prior to investigation. However, these marker mole-
cules are often prone to photobleaching, limiting the time
span for fluorescence microscopy analysis. Furthermore, due
to linkage of the marker substance to a compound of the
particulate system or a cellular structure, the physicochemical
properties of the sample molecule might be altered. Thus, the
observed analytical results may not represent the native situa-
tion of the sample.

Recently, confocal Raman microscopy has gained increasing
impact as an alternative analytical method for biomedical
imaging™™® and specific cellular investigations*>** including
uptake studies of diverse particulate systems.?>* For confocal
Raman microscopy, the sample is irradiated with laser light.
The frequency shift between incident and scattered light due to
the interaction of photons and sample molecules is detected.
Thus, non-destructive component identification within a
sample can be performed by detecting the individual Raman
scattering patterns serving as a molecular fingerprint.
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Consequently, the technique operates label-free and chemically
selective, thus providing a promising and complimentary
alternative to confocal fluorescence microscopy.

In this study, we present a non-destructive analysis of TiO,
particles interacting with oral buccal epithelium by confocal
Raman microscopy. First, we image an oral buccal epithelial cell
layer discriminating cell nucleus from cell body based on the
chemically selective Raman spectra of the different cellular
structures. Raman microscopy images are compared to fluo-
rescence microscopy images. In subsequent experiments, the
uptake of well-characterized TiO, particles into oral buccal cells
is visualized by confocal Raman microscopy exploiting all three
spatial dimensions. Lateral images are acquired for particle
localization within the cell layer, whereas vertical cross section
images prove particle internalization.

For profound, label-free analysis of TiO, particle internali-
zation into buccal epithelial cells by confocal Raman micros-
copy, a sophisticated spectroscopic investigation of the cells is
initially required. Here, scattering patterns of diverse molecular
structures deriving from the individual chemical composition
of different cellular compartments are identified, which will
later allow not only for potential internalization studies but also
for TiO, localization within the cells. This analytical capability
can be of high importance as the potential invasion of TiO, into
cellular compartments such as the nucleus might be a concern
regarding genotoxicity.

For this study, oral epithelial TR146 cells (Imperial Cancer
Research Technology, London, UK) were grown in DMEM
with supplements of 10% FBS, 200 uM tr-glutamine, 100 IU
ml~" penicillin and 100 ug ml~" streptomycin maintaining
standard culture conditions. Sub-cultivation was performed
weekly with 0.25% trypsin-EDTA. Passages 9-20 were used
for experiments.

Single Raman spectra recorded from cell nucleus (blue) and
cell body (red) of the buccal epithelial cells are depicted in
Fig. 1A. Despite the different origin within the cell, both spectra
show a dominant peak between 2800-3020 cm ™ '. This peak
represents the prominent CH-stretch vibrations,' which are
consistent in the respective Raman spectra throughout cellular
investigations, as these molecular bonds are dominant in bio-
logical samples. The spectral region between 500-1800 cm ™" is
generally termed as the fingerprint region, as it comprises
outstanding peaks, which allow the recognition of different
molecular structures. Fig. 1B depicts the Raman spectra of cell
body (red) and nucleus (blue) acquired in the fingerprint region.
The cell nucleus representing a major compartment is a DNA
rich region, where especially phosphate groups of the DNA
backbone contribute to a strong scattering activity. The
respective outstanding peaks at 785, 1095 and 1575 cm™ ' are
highlighted in Fig. 1B. They derive from ring breathing modes
of pyrimidine bases as well as from the symmetric stretching
modes of phosphate esters in DNA™?’ allowing spectral
discrimination of the nucleus from the remaining cell body
based on Raman analysis. As the focus of this study is to
investigate the internalization of titanium dioxide nano-
particles and their localization to the cell nucleus, compart-
ments other than nucleus and cytoplasm are neglected.
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Fig.1 Raman spectra from cell nucleus (blue) and cell body (red). (A)
Overview spectra covering the entire spectral bandwidth. (B) Spectra
from the fingerprint region with highlighted areas for outstanding DNA
specific peaks in the nucleus spectrum.

However, literature shows that confocal Raman microscopy is
suited to visualize multiple other cellular compartments.**>*?®

For general and quick evaluation of cultured cells with
respect to morphology and confluence levels, light microscopy
is the standard visualization technique used in daily cell culture
lab work (Fig. 2A). However, this visual examination is only
based on personal subjective observations, and therefore not
suited for specified investigations.

To evaluate the potential of confocal Raman microscopy as a
suitable complimentary analytical technique for cellular visu-
alization, we performed an equally structured study with
confocal fluorescence microscopy representing the current
state-of-the-art technique in this field. Here, specific marker
substances are used to label and consequently visualize the
cellular structures of interest. Fig. 2B shows fluorescence
microscopy images of a buccal epithelial cell layer (TR146) used
in this study. Images were acquired with a LSM510 Meta
confocal laser scanning microscope (Zeiss, Germany) through a
Zeiss objective (63 x magnification) with 405/BP 420-480 for the
blue channel and BP 525/50 nm band pass detection for the
green channel. For visual discrimination, nuclei of living cells

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Microscopic images of a buccal epithelial cell layer. (A) Light
microscopy image. (B) Confocal fluorescence microscopy images
showing nuclei in blue and cell bodies in green. The large panel depicts
the merged image and the small panels the channel separated images.
(C) Confocal Raman microscopy images visualizing nuclei in blue and
cell bodies in red. The large panel shows the combined image,

whereas the small panels depict the split images for each Raman
signal. Scale bars are sized to 10 pm.

were stained with Hoechst 33342 (Invitrogen, Austria; 1 pg
ml "), whereas the cytoplasm was stained using Calcein AM
(Invitrogen, Austria; 2.5 pg ml~'). Both structures are displayed
in a merged fluorescence image (Fig. 2B, large panel) as well as
in separate images (Fig. 2B, small panels), one showing cell
nuclei (blue) the other depicting cell bodies (green). Although
confocal fluorescence microscopy is successfully applied for
cellular investigations, it bears several limitations. Linking
marker substances to cellular structures and external particles
might alter the native behavior upon interaction® and thus,
lead to misinterpretation of analytical results. In addition,
improper linkage entails loose marker molecules diffusing

This journal is © The Royal Society of Chemistry 2014
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uncontrolled in the sample falsifying any analysis. Further-
more, the number of structures which can be visualized
simultaneously is dependent on the microscopic setup, as each
marker has to be irradiated by its specific absorption wave-
length. Moreover, the time span for fluorescence microscopy
analysis is in many cases limited, as the marker molecules are
often prone to photobleaching. This results in a decrease of
signal intensity or even a loss of signal as the capability of light
emission of the marker molecule is destroyed over time.

In contrast, confocal Raman microscopy is a suitable compli-
mentary technique offering the advantageous combination of
label-free, chemically selective and spatially resolved analysis.
Thus potential limitations of fluorescence microscopy can be
overcome, as the technique solely probes molecular vibrations of
inherent chemical structures of the sample which do not change
in their intensity with time. According to fluorescence microscopy
analysis, we imaged a TR146 cell layer by confocal Raman
microscopy (alpha 300R+, WITec GmbH, Ulm, Germany) at an
excitation wavelength of 532 nm (Nd:YAG laser operated at 30 mW
before the objective). Raman spectra were collected through a
Zeiss objective (63x magnification, NA = 1.0) at an integration
time of 0.5 s. Image resolution was 0.5 pm x 0.5 pm.

The acquired spectral data set was background corrected and
cosmic spikes were removed (software WITec Project Plus,
WITec GmbH, Germany). Subsequently, the spectral data set
was clustered. Here, each spectrum of the data set was sorted
into one cluster according to the highlighted peaks of DNA and
CH-vibrations in Fig. 1. Each cluster was allotted to a different
colour and converted into a false colour Raman image (Fig. 2C).
Image pixels assigned to Raman spectra of the cellular body are
shown in red colour, whereas spectra acquired from the cell
nuclei are depicted in blue image pixels. Based on the results of
the cluster analysis, each component (nuclei and cell body) is
depicted in a single Raman image (Fig. 2C, small panels), which
can be overlaid for a combined visualization (Fig. 2C, large
panel). Thus, despite the different procedures to generate
microscopic images, the presentation of analytical results does
not differ between confocal fluorescence and Raman micros-
copy proving the latter as a valuable technique for cellular
investigations.

After successful label-free visualization of the model buccal
epithelium, we performed confocal Raman microscopy to study
the internalization of NM100 TiO, particles (TIONA) by buccal
TR146 cells. Prior to uptake studies, TiO, particles dispersed in
HBSS (10 pg ml™ ') were characterized. Hydrodynamic size,
polydispersity index (PdI) and aggregation index (AI) were
measured by photon correlation spectroscopy (Malvern Zetasi-
zerNano ZSP, Malvern Instruments, UK) at a detection angle of
173°. The zeta potential was determined by laser Doppler
velocimetry (scattering angle of 17°) coupled with photon
correlation spectroscopy (Zetasizer SP, Malvern Instruments,
Malvern, UK). The dispersed particles show a mean
hydrodynamic size of 416.2 &+ 50.65 nm and a zeta potential
of —6.61 £ 2.27 mV, respectively. Furthermore, a PdI of
0.158 £ 0.059 and an aggregation index of —0.179 were
measured. Consequently, as the PdI value is low, the TiO,
particles form a stable suspension. Particles tend to form small
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aggregates as the hydrodynamic size deviates from the nomi-
nated particle size of 125 nm. However, aggregates are uniform
with smooth outer surface indicated by the low Al These find-
ings are in good agreement with electron microscopy studies
performed on the TiO,/HBSS dispersion (10 pg ml~") dried on a
silicon wafer and sputter coated with gold. Images were taken
with a Zeiss EVO HD15 electron microscope (Zeiss, Germany) at
an accelerating voltage of 5 kV. Fig. 3A shows single TiO,
particles as well as small aggregates within the size range
nominated by PdI values.

Titanium dioxide exists in three polymorphs namely
anatase, rutile, and brookite.®** The NM100 TiO, (TIONA)
particles are claimed to be anatase. To confirm this, we acquired
a Raman spectrum of the raw material (ESIt). The identified
Raman peaks at 146, 198, 398, 519, and 642 cm ™" are in good
agreement with the peak positions for the Raman active modes
of TiO, anatase crystals found in literature 144, 197, 639 cm ™"
(all Ey), 399 em™! (By,) and 515 em ™' (B, and A,,)**** consid-
ering a resolution of 4 cm™" of our spectrometer. Thus, the
polymorphic form of TIONA particles used in our study is
anatase.

The diverse spectral patterns of different cellular compart-
ments facilitate not only the visualization of cells in detail by
confocal Raman microscopy, but also revealing potential
compartment specific internalization of particles in the cell. As
tracing of particle uptake is based on spectral discrimination of
the individual components, we first compared the single Raman
spectra of the buccal cells and the TiO, model particles. Fig. 3B
depicts the respective Raman spectra. The TiO, spectrum shows

=
5,
=
‘@
c
[0}
E
T T T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800
Raman shift [cm™]
Fig. 3 (A) Electron microscopy image of TiO, particles. (B) Raman

spectra of cellular compartments (red: cell body; blue: nucleus) and
TiO, particles (black). The highlighted peak represents the peak used
for TiO, identification.
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three outstanding peaks at 398, 519 and 642 cm™ ' in the lower
wavenumber region, whereas prominent peaks from cellular
spectra are visible at higher wavenumbers (500-1800 cm™').
Thus, spectral discrimination and consequently particle tracing
is feasible by using the peak at 642 cm™" for TiO, (Fig. 3B).
For particle uptake studies, TR146 cell layers were incubated
with NM 100 TiO, (TIONA) particle suspension (10 ug ml™* in
HBSS) prior to Raman analysis. After 4 hours, residual particles
were removed in three washing steps. Subsequently, samples
were fixed and placed on the scan stage of the confocal micro-
scope for Raman spectra acquisition. At first, Raman spectra
from the lateral plane (xy) were recorded. The spectral data sets
were background subtracted. Subsequently, cluster analysis was
performed using the peaks at 642 cm ™" as well as the peaks at
785, 1095 and 1575 cm ™" to differentiate TiO, and cell nucleus
from the cell body spectra. The resulting lateral image in Fig. 4A
shows the location of TiO, particle agglomerates (yellow) on the
cells. However, lateral images do not differentiate surface
attached and internalized particles as they were only recorded

yz plane
panel D

Fig. 4 Particle internalization study by confocal Raman microscopy.
(A) Lateral false colour image showing the position of agglomerated
TiO, particles (yellow) on the cell layer (nuclei in blue, cell body in red).
(B) Decolourized panel A with red lines representing vertical planes for
Raman microscopy analysis to discriminate between particle adhesion
and internalization. (C) and (D) Raman microscopy cross section
images showing internalized TiO, particles from the xz-plane (C) as
well as from the yz-plane (D).

This journal is © The Royal Society of Chemistry 2014
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in one horizontal focal plane. Therefore, to prove internaliza-
tion, additional cross section images are required.

Confocal Raman microscopy allows spectral acquisition in
vertical as well as in horizontal planes. Thus, cross section
images of cells can be acquired by virtually cutting through the
cell. In Fig. 4B, the location of virtual planes exemplarily cutting
the cell layer in vertical directions for Raman analysis is
marked. Due to the non-destructive working principle of the
analytical technique, the sample is investigated in its fixed state.
As neither particles nor cellular compartments are labelled,
interactions of TR146 cells with model TiO, particles are not
altered and analytical results represent the actual native
condition of the system. The acquired Raman spectra from
vertical planes in xz- as well as in yz-direction, encompassing
the localized TiO, particle, were converted into false colour
Raman images. Both cross section images prove the cellular
internalized TiO, as visualized in Fig. 4C (xz) and Fig. 4D (yz).
Thus, oral buccal epithelia cells take up TiO, particles within 4
hours. With virtual cross sectioning, it can be differentiated
between adhesion and internalization, not only with regards to
the entire cell, but also within endogeneous cell compartments.

A

Top view

1

Fig. 5 Three dimensional sketch of a cell showing different particle
engulfment states. Virtual vertical planes locating the area for confocal
Raman microscopy are indicated. (A) Raman image showing a vertical
plane set off target. (B) Raman image depicting a nucleus engulfed
particle. (C) False colour cross section image visualizing multiple
locations of particles on the cell. Cell bodies are shown in red, nucleiin
blue and TiO; in yellow.
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Therefore, label-free imaging in vertical planes with confocal
Raman microscopy is beneficial for non-destructive observation
of compartment specific particle internalization. Especially,
particle invasion into the cell nucleus is of high interest, as this
effect could potentially initiate genotoxic effects in vivo.

In this study, multiple areas of at least three incubated
different cell layers were investigated. In all analyzed samples,
various locations of internalized TiO, within cells were deter-
mined, even the enclosure of TIONA particles into the nucleus
as a distinct cellular compartment was detected. Here, the gain
of non-destructive cross section Raman imaging becomes
evident. A three dimensional cell sketch depicting particles in
different engulfment states is shown in Fig. 5, revealing that the
selection of the right analysis plane is of high importance. The
individual virtual section planes A4, B and C represent different
positions to localize particles as shown in their respective
Raman images in the lower panel A, B and C. Fig. 5A solely
depicts cell body and nucleus, whereas in the appropriate
vertical plane particles can be localized within the nucleus due
to spectral discrimination (Fig. 5B). Even cell adhesive and
nucleus ingested particles can simultaneously be displayed in
one image (Fig. 5C). However, to state and prove possible effects
such as genotoxic consequences of the TiO, invasion into the
nucleus, a subsequent, profound analysis on the molecular level
and in vivo studies have to follow.

Conclusions

In this study, we successfully performed confocal Raman
microscopy to image buccal epithelial cells on a subcellular
level by discriminating between spectral differences of cell body
and nucleus. The false colour Raman images were compared
with fluorescence microscopy images. Coinciding analytical
results prove confocal Raman microscopy to be a suitable
complimentary label-free technique.

Furthermore, the internalization of TiO, particles into oral
buccal epithelial cells was visualized in lateral images as well as
in virtual cross section images. Here, analysis benefits from the
chemically selective operating principle of confocal Raman
microscopy as the samples are not altered for investigation.
Based on non-destructive cross sectional imaging, differentia-
tion between particle adhesion and internalization is enabled.
Additionally, particle invasion into the cell nucleus was visual-
ized. Thus, confocal Raman spectroscopy shows a high poten-
tial as a valuable method to follow selective particle uptake into
endogenous cell compartments as the nucleus.

Overall, further studies of epithelial cell culture models and
particle interaction can benefit from three dimensional
confocal Raman microscopy analyses, circumventing the
necessity of laborious sample preparation without losing
analytical accuracy.
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