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The most widely developed techniques for bio-imaging are
those based on fluorescence spectroscopy. However, vibra-
tional spectroscopic techniques, including infrared (IR),
Raman, and CARS (coherent anti-Stokes Raman scattering),
are also valuable for bioimaging, and they are already in use
for the topological analysis of tissues.’? The IR probes
described in the literature, generally metal-carbonyl com-
pounds, show many advantages including stability in biolog-
ical environments and intense absorption in the 1800-
2200 cm™! region where biological samples are transparent.
Thanks to their specific IR signals, it is possible to detect
submicromolar concentrations of these probes quantita-
tively.”! Metal-carbonyl compounds have been used as
labels,* for immunoassays,” and as local pH probes!’
and in a few cases for cellular mapping, but always with
spatial resolution above several micrometers using FTIR!'” or
Raman microspectroscopy.'"'? In the case of vibrational
excitation in the IR, no photobleaching is induced, in contrast
to what is observed with organic fluorophores in the visible or
UV range. Moreover, IR tags are of small size, a further
reason why they are attractive.’”®! However in classical
optical microscopy, submicrometric resolution is not attain-
able in the IR range as the diffraction criterium imposes
resolution higher than A/2 (i.e. 2.5 um at A=2000 cm');*!
this is not suitable for intracellular mapping. But submicro-
metric resolution is possible using near-field techniques.!"*!”!

Photothermally induced resonance (PTIR) is a cutting-
edge near-field technique using a setup patented by Dazzi
etal.,'® in which an atomic force microscope (AFM) is
coupled with a tunable pulsed infrared laser!'”! to record
spatially resolved absorption measurements.'*2!l The AFM
tip is in contact with the sample (here a cell) which is
illuminated by a pulsed laser beam passed through a ZnSe
prism (see Figure 1a).”? The laser wavelength (1) is tuned to
an IR absorption band of a molecule and, when the laser pulse
occurs (see Figure 1b), the temperature increases locally with
local temporary deformations. The AFM tip detects these
local deformations and starts to oscillate (see Figure 1c). The
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Figure 1. a) Schematic view of the PTIR setup showing the ZnSe prism
and the cantilever of the AFM probing the sample. b) Laser pulse.

c) Oscillations and relaxation of the AFM cantilever; the temporary
thermal deformations of the sample are detected as excitement of the
eigenmodes of the AFM cantilever, which relaxes in a few hundred
microseconds (d = deflection of the tip).l'"?

maximum amplitude of this oscillation, which corresponds to
the PTIR signal, is proportional to the local absorbance
A(2).™) The resolution of this technique is that of the AFM
(ca. 20-50 nm),">*! thus allowing the subcellular IR mapping
of biological samples. For example, Dazzi et al. have success-
fully mapped a single air-dried E. coli cell by irradiation in the
amideI and IT wavelength bands (proteins)'®l and have also
located DNA from a virus inside E. coli by irradiation in the
phosphate symmetric band."” In both cases, the molecules
under investigation were endogenous concentrated cellular
components (proteins, DNA). The next challenge for this
technique is the identification and localization of exogenous
diluted compounds inside cells.

The organometallic conjugate 1, in which a
[(Cp)Re(CO);] unit is linked to a hydroxytamoxifen-like
structure (Figure 2),?! is robust in biological media and shows
intense CO bands; it has been selected to study cellular
uptake and distribution in breast cancer cells (MDA-MB-231)
using both transmission-IR spectroscopy for quantification
and PTIR spectroscopy for localization and imaging. Organo-
metallic compounds such as 1 are known to be lipophilic,*-**
thus ensuring good intracellular penetration.? In addition, 1
has been described to interact with estrogen receptors, thus
inducing the proliferation of hormone-dependent breast
cancer cells.*"
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Figure 2. a) FTIR spectrum of pure 1; b) FTIR spectrum of control
cells; ) FTIR spectrum of cells treated with 1 at a concentration

50 um; d) PTIR spectrum at the nucleus for a single cell treated with 1
(1 h, incubation concentration: 10 um), average incident power of the
laser: 30 m\W (see text for details).
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transparent in the region 1800-
2500 cm™'. Very clear signals cor-
responding to compound 1, with a
slight shift of the V,uym band to
1925 cm [ were observed in the
classical transmission FTIR spectrum (Figure 2¢), indicating
that 1 is present in the cells (for comparison see Figure 2b for
the FTIR spectrum of the control cells).

Using a calibration curve generated for 1 (see Figure S1 in
the Supporting Information), we quantified the amount of 1in
the cells. The signal at 2017 cm™ was used® as it is a unique
narrow v, IR band, while the signal at 1925 cm™! corre-
sponds to an envelope of two bands, with possible slight
shifts.’” The results obtained for three incubations (5 um,
10 pM, and 50 um) investigated in two separate experiments
are shown in Table 1 (see also Figures S2 and S3 in the
Supporting Information). In the range tested, the amount of 1
in the cells increases with the incubation concentration, which
indicates that uptake of 1 is not saturated even at 50 pum.

Table 1: Quantification of the amount content of 1 in a collection of cells
(ca. 50000 cells) by FTIR spectroscopy.?

Incubation concentration [um] Amount of 1 [mole per cell]

5 (3.14£0.2)x107"
10 (4.840.2)x10°"
50 (1841.8)x107"

[a] Determined from four measurements (see the Supporting Infroam-
tion for details).

To map the distribution of 1 inside the cells using PTIR,
they were incubated with a 10 um solution of 1 for 1 hour,
then washed and deposited on a ZnSe prism; control cells
were processed in a similar way (see the Supporting
Information for details). The cells were initially located
using the AFM methods (see topography in color and black
contours showing the AFM topography in Figures 3 and 4)
and were then mapped using the PTIR setup at several
wavelengths. Figure 3 presents a series of images both for a
control cell and a treated cell.

We will first focus on the images recorded upon irradi-
ation at 1925cm™" and 2017 cm™! (IR bands of 1) and at
2200 cm™! (out of band). The control cell shows a weak PTIR
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Figure 3. Images of MDA-MB-231 cells. Top row: control cells; bottom row: cells treated with a 10 um
solution of 1 for 1 h at 37°C. a) AFM topography; b—f) PTIR mappings at different wavelengths, with the
AFM contours superimposed as black lines; the wavelengths correspond to the following bands:
phosphate (b), amide (c), tricarbonyl (d and €), and out of band (f).

signal at these three frequencies (Figure 3 d-f, top), which was
assigned to residual water (IR spectrum of water is shown in
Figure S4 in the Supporting Information). In the case of the
treated cell, a weak PTIR signal is recorded at 2200 cm™
(Figure 3 f, bottom) which was also assigned to the absorption
of residual water, and at 1925cm™' and 2017 cm™' (Fig-
ure 3d,e, bottom) clear PTIR signals were recorded. This is an
indication that 1 has been internalized. The mappings
recorded at the two bands from 1 correspond to each other,
further confirming that they are due to 1. Interestingly, the
cell showed an uneven distribution of the signals at 1925 and
2017 cm™~'—that is, an uneven distribution of 1, with one hot
spot—that is, a spot showing an intense PTIR signal, and cold
regions—that is, regions showing a weak signal or no signal.
This uneven distribution within the cells is of interest. The
presence of the organometallic moiety in the conjugate may
favor nuclear accumulation, as evidenced for some other
organometallic bioconjugates,”? and thus we decided to
examine nuclear localization. The nucleus was tentatively
located using irradiation at 1240 cm™' (antisymmetric PO,~
vibration) and at 1650 cm ' (amide I band), as high phosphate
and amide content is characteristic for the nucleus.™” A
region with a strong PTIR signal at 1240 cm™ and at
1650 cm ™! can be seen in Figure 3 for both the control and
the treated cells. In the case of the treated cell, the hot spot at
1925 cm™ and 2017 cm™ (Figures 3d,e, bottom) is co-local-
ized with the hot spot at 1240 cm™' and 1650 cm™' (Figur-
es 3b,c, bottom), strongly suggesting nuclear localization of 1.

PTIR can also be used for spectromicroscopy since a
spectrum can be recorded at a fixed location of the AFM tip
by tuning the laser frequency. This is of utmost importance for
validating the mapping images and for verifying that the
PTIR signals correspond to the molecule of interest and not
to background noise. High-resolution mappings were
recorded at the eastern region of the treated cell, in the
area determined to contain the nucleus (Figure 4). The
pattern of signals observed nicely match those from
Figure 3. Spectra were recorded over a large frequency
range (1200-2200 cm™") at spots A and B, which correspond
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Figure 4. Enlarged image of the nucleus of the treated cell and spectromicroscopy.

a) AFM topography. b,c) PTIR maps with the AFM contours superimposed as black
lines recorded at 1240 cm™' (b) and 1925 cm™' (c). d) PTIR spectromicroscopy with an
average incident power of 10 mW; spectrum at spot A in red, spectrum at spot B in
blue;, inset shows the region 1850-2050 cm™' region; the two ticks indicate the

position of the characteristic peaks of 1.

to a hot spot and a cold spot, respectively, for the signal at
1925 cm™! (Figure 4d). At spot A, a spectrum clearly showing
the band at 1925 cm™' was recorded, whereas at spot B no
such band was observed (see inset in Figure 4d). When we
increased the laser power and focussed on the 1800-2200 cm ™
region, a spectrum clearly displaying the two expected bands
at 1925 and 2017 cm™' was recorded at spot A. For compar-
ison, this spectrum is shown in Figure 2d together with FTIR
spectra recorded on a collection of treated cells, control cells,
and pure 1; the positions of the IR bands in all cases match
well. A spectrum in the region of the nucleus was also
recorded for the control cell and no signal in the 1800-
2200 cm ™! region was observed (see Figure S5 in the Support-
ing Information). These observations unambiguously indicate
that the PTIR signal observed at the nucleus is due to 1.

In conclusion, we report herein: 1) the successful detec-
tion and quantification of a metal-carbonyl compound in
whole cells by classical FTIR spectroscopy and 2) the first
mapping of an exogenous compound in single human cells
and in the cell nucleus by PTIR spectroscopy. These experi-
ments were performed after the cells had been incubated with
a 10 pm solution of 1. Since the IR signature of the metal-
carbonyl unit was used, the organometallic derivative did not
require any further tagging that might modify its physico-
chemical properties and hence its location. Moreover, PTIR
spectroscopy was used to localize the nucleus without the use
of any nucleus tracker. This is of utmost interest as PTIR is a
noninvasive technique that can be applied directly to single
cells. Thanks to this technique, nanometer resolution is now
attainable for label-free imaging using IR radiation, and
subcellular IR imaging is possible. More generally, the
development of metal-carbonyl IR probes may be of interest
for use in tagging other molecules for PTIR imaging, as they
are small stable units. We are currently working towards the
development of such probes for PTIR experiments.
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