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Cell imaging heavily depends on fluorescent labels typically incom-
patible with Raman microscopy. The europium(i) complex based
on dipicolinic acid (DPA) presented here is an exception from this
rule. Although its luminescence bands are very narrow, their intensity
is comparable to the background Raman bands. This makes it com-
plementary to less luminous compounds referred to as Raman tags.
Through several examples we show that the complex provides a
morphological context in otherwise unstained cells, thus acting as a
spectral-counterstaining agent.

In a typical cell-imaging scenario, a particular organic dye speci-
fically accumulates in the structures of interest, such as cell nuclei.
Sometimes, so-called counter-staining with another agent is addi-
tionally applied. The aim is either to make the already stained
structures, for example, chromosomes, better visible," or to stain
some of the other structures such as cell or tissue borders.” The
latter option provides a morphological context, facilitates naviga-
tion in the specimen, and helps to interpret the images.

Because the cell-imaging techniques are dominated by fluores-
cence microscopy, lanthanide(ur) probes have generated consider-
able interest owing to their unique electronic structure and
sensitivity.>”” Their luminescence technically belongs to a gray
zone between fluorescence and phosphorescence. It can be
greatly enhanced by surrounding the lanthanide core by suita-
ble ligands, generating a so-called antenna effect.’

Label-free imaging requires no staining and thus represents a
convenient alternative. Apart from phase-contrast microscopy®
and other optical-contrasting modalities, it includes Raman
microscopy (“chemical imaging’’) capable of identifying certain
chemical species in living cells based on their specific spectral
bands.’ However, as all molecules exhibit Raman scattering to
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some extent, many bands overlap, and useful signals can be
hidden in an unspecific background. This often makes naviga-
tion in Raman images so difficult that they cannot compete with
those generated by using either labelled antibodies in immuno-
cytochemical analyses, or recombinant fluorescent proteins such
as green, yellow or red fluorescent protein (GFP, YFP or RFP)
tagged to (co-expressed with) specific proteins in living cells."

It may thus be convenient to combine detailed chemical
imaging with staining. However, organic fluorescent dyes typi-
cally cannot be used to (counter)stain the specimen because
their emission bands are much broader and stronger than the
Raman ones. As a result, the Raman image is usually masked by
them, and only autofluorescence (typically weak and not very
specific) can be employed."’ Haematoxylin-eosin may also be
used but only without resins (mounting media)."

Compared to fluorescent probes, phosphorescent ones may be
more compatible with Raman microscopy. Indeed, a ruthenium-
based phosphorescent probe of this kind has been reported.’®
However, the spectral separation between the Raman and phos-
phorescence signals is too big to make the probe practically
usable, as they can hardly be detected simultaneously in com-
monly used spectrometers.

A very efficient way to circumvent the band-overlap problem
in Raman imaging is based on chemical species or groups
referred to as Raman tags. These are designed to generate strong
spectral lines in the ‘silent’ range (ca. 1800-2800 cm ') where
biomolecules typically do not generate a measurable signal.’* ™
The tags thus make it possible to follow the metabolism of
drugs, proteins, lipids, DNA or glucose in living cells."* For
example, alkyne-tagged deoxyuridine (an analogue of thymidine)
is incorporated into DNA only during its synthesis, and cell
proliferation can be monitored by Raman microscopy. Without
it, the attachment of the tag is only possible after fixing the cells,
i.e., live-cell imaging is ruled out."

The Raman tags may be viewed as a spectroscopic alternative to
their better known biological counterparts, the above-mentioned
recombinant fluorescent proteins.™ So far, only non-luminescent
Raman tags have been reported.”**® Their vibrational Raman

Chem. Commun., 2019, 55, 8329-8332 | 8329


http://orcid.org/0000-0002-6651-056X
http://orcid.org/0000-0002-5764-9308
http://orcid.org/0000-0003-1041-9676
http://orcid.org/0000-0001-8469-1686
http://orcid.org/0000-0002-0244-3046
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cc03139a&domain=pdf&date_stamp=2019-06-28
http://rsc.li/chemcomm

Communication

1000 cm-! 2000 cm-* 3000 cm-* 4000 cm!
562 nm 595 nm 633 nm 676 nm

Fig. 1 The dipicolinic acid based europium(in) complex (Eu-DPA) and its
luminescence bands in the Raman spectrum obtained at 532 nm excitation.
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Fig. 2 Freshly isolated human buccal epithelial cells. The Eu-DPA complex
mainly labels the nuclei (arrows). A typical luminescence/Raman spectrum
shown on the right was obtained at the spot marked “+". The boxed objects
are probably bacteria. Objectives, x10/0.25 (phase contrast) and x50/0.80
(all other images).

scattering is usually very weak compared to luminescence,
implying limited sensitivity in detecting intracellular structures
or chemical species.

Lanthanide probes have also been used to label living
cells®**?2° but to the best of the authors’ knowledge, none of
them has been demonstrated yet as suitable for Raman micro-
scopy. A frequently encountered problem is their instability in
the aqueous environment.

The aim of the present study is to explore the possibility of
combining luminescence and Raman microscopy, with the aid
of a water-soluble, dipicolinic acid-based europium(ir) complex
further referred to as “Eu-DPA”. As analysed elsewhere, Eu-DPA
luminescence bands observed in the Raman spectrum are intense,
narrow, and often outside the region typical for the vibrational
transitions (Fig. 1).>"%*

As shown in Fig. 2 and 3, in buccal epithelial and HeLa cells,
the Eu-DPA complex accumulated mostly in nuclei and nucleoli,
respectively, as verified by phase-contrast images. Slightly defo-
cused, contrast-optimized bright-field images could also be used
in Fig. 3.

This preference for the nuclei seems to be one of the char-
acteristics of the Eu™ complexes. They internalize in nucleoli,"
do phosphorescent heavy-metal (non-lanthanide)*® and fluores-
cent ruthenium complexes.>* Our results demonstrate that some
structures outside the nuclei are also labelled by Eu-DPA, even
though much less prominently.
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Fig. 3 Live-stained Hela cells (post-fixed). At the top, luminescence/
Raman and bright-field images are shown, with spectra (to scale) recorded
from the nucleoplasm (N) and nucleolus (n). The nucleoli are marked by
arrowheads in the bright field images. At the bottom, the nucleus of
another cell is displayed in detail. Objectives, x50/0.80 (top panel), x60/
1.0 W (bottom panel except phase contrast) and x40/0.75 (phase contrast).

The affinity of the complex to nuclei and nucleoli will be the
subject of future research (including the use of highly specific
nucleolar dyes'®) as it may be medically relevant. For example, in
human buccal epithelial cells, an increased number of micro-
nuclei and adherent bacteria correlates with a higher incidence of
cancer.® In such tiny structures, a strong luminescence signal
would be instrumental even if partly masking smaller Raman
peaks, as in Fig. 2. As only certain structures inside the nucleoli of
HeLa cells seem to be labelled by Eu-DPA (c¢f: Fig. 3) the complex
may be labelling only a certain subset of chemical species present
in this organelle, possibly a major nucleolar protein fibrillarin.*®
Nucleolar compartmentalization has important implications for
regulation of RNA synthesis (transcription).>”

The intine of a pollen grain of juniper consists of two cells,
bigger vegetative and smaller generative. Judging by cell shape
and size, the complex probably stained the generative cell (Fig. 4)
while the Raman signal of the C-H stretching band highlighted
the vegetative cell, i.e., the luminescence and Raman signals are
complementary. In this particular case, they are also comparable
in magnitude; the luminescence line (615 nm) is as strong as the
main Raman (C-H stretching) band (630 nm). The Eu-DPA
concentration was 1.6 mM, which well documents the conve-
nience of the current protocol. For example, the Raman band of
a conventional alkyne deoxyuridine Raman tag is about two
orders of magnitude weaker.'®

In yeast, very little of the Eu-DPA complex was found inside
the cells themselves, and it was mostly highlighting the cell wall
and presumably also the periplasmic space (Fig. 5). This may be
attributed to preferential binding of the Eu-DPA complex to the
polysaccharide-rich cell-wall components or its inability to
cross the plasmalemma into the cytosol. At the very least, the
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Fig. 4 Hydrated pollen grains of juniper (Juniperus chinensis). The central
part strongly labelled by the Eu-DPA complex probably colocalizes with a
generative cell. Note complementary rendering by the closely separated
luminescence (615 nm) and Raman (630 nm) signals. The Raman band at
564 nm (~1100 cm™?%) may be assigned to polysaccharides present in high
amounts in pollen grains as storage substances. Objective, x50/0.80.

complex makes it easier to visualize the cell wall in the same
cell studied by Raman microscopy. This would be advantageous
especially if the cell wall itself is the object of investigation.>®
Cell wall thickness is an important parameter reflecting meta-
bolic conditions and possibly affecting drug uptake. It depends
on composition of the extracellular medium. In our case, the
cell wall is not discernible at all in a Raman image generated
from the main C-H stretching band at 630 nm (Fig. 5). Bright-
field images are of limited use here because the contrast in
them strongly varies with position of the focal plane. Likewise,
phase-contrast images suffer from so-called ‘halo’/shade-off
artifacts® preventing the correct visualization of structures close
to the cell border, unless inspecting very thin cells (Fig. 2), or
e.g. pseudopodia or lamellipodia.

A detailed assignment and discrimination of the luminescence
and Raman bands can be found, for example in our previous
study devoted to a water-insoluble europium(m) complex.>® We
also showed that identification of transitions in other lumines-
cent lanthanide compounds can be greatly enhanced by mag-
netic circularly polarized luminescence experiments." This was
demonstrated for many Nas[Ln(DPA);] complexes; Ln = Ce, Pr,
Nd, Sm, Eu, Tb, Dy, Ho, and Er.

The Eu-DPA complex itself was proposed to indicate the
structure of amino acids, oligopeptides and proteins. For this
purpose, the circularly polarized luminescence (CPL) compo-
nent of the spectra detected by means of Raman optical activity
(ROA) spectroscopy proved extremely useful.’>*° For example,
under 532 nm excitation, characteristic luminescence bands of
Eu(m) around 1900 cm ™' (°D, — “F;) and 2500 cm ! (°D, —
F,)*® were proposed as marker bands to detect small mole-
cules, as they do not overlap with the vibrational Raman signal
of most organic components. Similar compounds have been
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Fig. 5 Yeast cells (Candida albicans). As the Eu-DPA complex does not
readily enter the cytosol its luminescence mostly highlights the cell wall
marked by horizontal lines. A luminescence profile across one of the cells
is shown. The bright spot (®) in the Raman image is a lipid droplet
(spectrum not shown). Spectra are to scale. Objective, x60/1.0 W.

used to identify saccharides.*’* These studies convincingly

showed that the complex specifically interacts with individual
biomolecular species. In the future, specific binding, spectro-
scopic and toxicity properties of the lanthanide complexes will
be explored in living cells.

The data obtained with the Eu-DPA complex indicate that
simultaneous detection of luminescence and Raman signal
opens new possibilities in cell imaging. An important advan-
tage of using the europium(m) complex in Raman microscopy
lies in the inherently much stronger luminescence signal,
compared to that of vibrational Raman tags. For the samples
investigated in the present study, the water-soluble complex
provided a much needed morphological context in otherwise
unstained cells examined by Raman microscopy, and may be
viewed as a spectral-counterstaining substance. A weak point
may be that labelling by the complex is less specific, which can
be rectified in the future by designing suitable ligands targeted
to specific sites in living cells.
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