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Detection of an estrogen derivative in two breast cancer
cell lines using a single core multimodal probe for
imaging (SCoMPI) imaged by a panel of luminescent
and vibrational techniques†

Sylvain Clède,abc François Lambert,abc Christophe Sandt,d Slavka Kascakova,e

Miriam Unger,f Etienne Harté,g Marie-Aude Plamont,h Rénette Saint-Fort,h

Ariane Deniset-Besseau,i Zoher Gueroui,abj Carol Hirschmugl,f Sophie Lecomte,g

Alexandre Dazzi,i Anne Vessièresh and Clotilde Policar*abc

3-Methoxy-17a-ethynylestradiol or mestranol is a prodrug for ethynylestradiol and the estrogen

component of some oral contraceptive formulations. We demonstrate here that a single core

multimodal probe for imaging – SCoMPI – can be efficiently grafted onto mestranol allowing its

tracking in two breast cancer cell lines, MDA-MB-231 and MCF-7 fixed cells. Correlative imaging studies

based on luminescence (synchrotron UV spectromicroscopy, wide field and confocal fluorescence

microscopies) and vibrational (AFMIR, synchrotron FTIR spectromicroscopy, synchrotron-based multiple

beam FTIR imaging, confocal Raman microspectroscopy) spectroscopies were consistent with one

another and showed a Golgi apparatus distribution of the SCoMPI–mestranol conjugate in both cell lines.
1 Introduction

There are nowadays many non-invasive techniques for cellular
detection of tagged molecules and uorescent tags are widely
developed. Vibrational spectroscopies are attractive for bio-
imaging,1–4 in the case of vibrational excitations in the IR, where
no photo-bleaching is induced,5 in contrast to what is observed
with organic uorophores in the visible or UV-range. IR-probes
or tags have been reported in the literature and they are mostly
metal-carbonyl units that show many advantages (stability
in the biological environment, intense absorption in the
1800–2200 cm�1 range which is the transparent IR window of
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Chemistry 2013
biological media).6 They are used for immunoassay7,8 and in a
few cases of cellular mapping using IR5,9�13 or Raman spec-
troscopy.14,15 The smaller the probe, the less modied the
physico-chemical properties of the molecule and its location in
biological tissues will be. This is why small IR-tags are attrac-
tive.16 Interestingly metal-carbonyl bearing specic ancillary
ligands with low p* orbitals are known to be luminescent.17,18 In
the case of the rhenium-centred probes, emission properties
allow their use in bio-imaging.19–26

Coupling IR and luminescence detection using metal-
carbonyl can then be envisioned. Indeed, we have recently
developed the concept of single core multimodal probe for
imaging – SCoMPI – which corresponds to a unique organo-
metallic complex showing complementary spectroscopic prop-
erties to achieve multimodal imaging in cells. As a proof of
principle, we have shown that a rhenium tris-carbonyl complex
with a 4-(2-pyridyl)-1,2,3-triazole (or pyta) ancillary ligand
endowed with luminescent and infrared properties allowed a
relevant bio-imaging correlative study using both modalities.12

In the present paper, we describe the investigation of the
cellular location of an estrogen derivative conjugated with a
metal-CO SCoMPI using correlative spectro-imaging. Estrogen
signaling, trafficking and targeting are highly regulated mecha-
nisms mediated by several factors. The rst to be described was
the a form of the nuclear estrogen receptors (ERa).27,28 In the late
1990s membrane-bound estrogen receptors were identied and
among them was the 7-transmembrane G protein-coupled
estrogen receptor GPR30.29 The cell lines studied here are the
Analyst, 2013, 138, 5627–5638 | 5627
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archetypal of breast cancer cell lines, namely MCF-7 and MDA-
MB-231. They express different ER proles since they are
respectively (ER+, GPR30+) and (ER�, GPR30+).30–35 There are
debates and controversies about GPR30's exact location36,37 and
several authors reported its main colocalization with the endo-
plasmic reticulum and/or the Golgi apparatus.35,38,39

Over the past thirty years several groups have worked on the
synthesis of labelled estrogens, seeking for relevant imaging of
estrogen receptors.40 Nuclear ER was successfully visualized by
using uorescent tetrahydrochrysen estrogens as labels in Cos-7
cells that express elevated levels of the receptor, but not in classic
ER positive breast cancer cells such asMCF-7.41Mapping studies
involved radio-labelling of estrogens with halogen isotopes (123I,
77Br, 18F),42–44 estrogen–radiometal complexes based on Tc(I)
radionuclides,45–47 intrinsic uorescence of estrogen-like mole-
cules48 or estrogens tagged with uorescent probes.49–55 Overall,
the nuclear location was expected but rarely observed, which
stresses the difficulty to visualize nuclear receptors, probably
because of their low concentration. Combination of techniques
in a multimodal approach would provide valuable cross-correl-
ative information.56 Multimodal probes with complementary
spectral properties, such as the SCoMPI we developed,12 are
relevant candidates to achieve this goal.

3-Methoxy-17a-ethynylestradiol or mestranol (MW 310.4)
(Scheme 1) is the estrogen component of some oral contracep-
tive formulations and a prodrug leading to its active metabolite
17a-ethynylestradiol.57,58 It was reported that bulky groups
could be introduced without modifying the binding affinity at
the 17a-position.59,60 It was tagged using click chemistry at
position 17 by a metal-CO SCoMPI bearing an azide (MW 534.9),
leading to 1 (MW 845.3). Using the bimodal properties of the
SCoMPI complex, several techniques based on luminescence
and vibrational spectroscopies were implemented to explore its
cellular distribution in MCF-7 and MDA-MB-231 breast cancer
cells through a correlative imaging approach.

Luminescence studies were performed using wide eld and
confocal uorescent microscopies as well as synchrotron radi-
ation UV spectromicroscopy (DISCO beam line, SOLEIL, Paris).
Vibrational imaging was performed using synchrotron-based
radiation FTIR with a raster scanning recording (SMIS beam
line, SOLEIL, Paris), synchrotron-based multiple beam FTIR
using a parallel recording with a focal plane array detector
(IRENI beam line, SRC Madison), confocal Raman (CBMN,
Bordeaux I) and AFMIR (CLIO centre, Paris-Sud university)
spectromicroscopies. These techniques were applied to track 1
in xedMCF-7 and/or MDA-MB-231 cells. All the mappings were
Scheme 1

5628 | Analyst, 2013, 138, 5627–5638
consistent with one another and in agreement with colocaliza-
tion of 1 with the Golgi apparatus.
2 Results and discussion
2.1 Synthesis and characterization of 1

Mestranol (Scheme1) bears a terminal alkyne in the17a-position
that can be used for Huisgen reaction and its copper-catalyzed
click version (CuACC)61,62 and thus was readily coupled to the
azide group from Re(CO)3Cl-pyta-C3N3. The two enantiomers of
the facial Re(CO)3Cl-pyta-C3N3 (ref. 63–65) were not separated
before coupling to the chiral mestranol, resulting in two diaste-
reoisomers. These two diastereoisomers, bearing the same facial
Re(CO)3Cl-pyta moiety, are expected to show similar IR and
luminescence properties. Indeed, as expected for a (pyta)Re(CO)3
central core, three bands are observed in the IR-spectrum in the
1800–2200 cm�1 range and a unique large MLCT band in the
UV-visible absorption spectrum. In addition, the 1H and 13C
NMR signal sets are very similar for the two diastereoisomers.60

The diastereoisomeric mixture was used without any separation
and will be referred to as conjugate 1 (Scheme 1).

Conjugates involving metal-carbonyl complexes and
estrogen derivatives are reported in the literature45,46,60,65–67 but,
as far as we know, they were never used for infrared imaging.
We previously showed that the rhenium tris-carbonyl moiety
was reliable for sub-cellular IR-imaging5,11 using the strong
infrared absorptions of CO stretching (E and A1-bands in C3v

symmetry, respectively at 1915 cm�1 and 2025 cm�1).68 It should
be noted that the triple bond stretching vibration in the
mestranol is far weaker than that of the CO in 1 and hence
inappropriate for cellular imaging (see Fig. S2†). Rhenium-pyta
tris-carbonyl complexes are luminescent upon excitation in
a metal-to-ligand charge transfer (MLCT) broad band from
320–350 nm that deexcites at ca. 510 nm.69–71 As previously
described,12 this luminescence can be used for sub-cellular
mapping. The spectral characteristics of 1 in IR and lumines-
cence are shown on Fig. 1 (B and C frames, trace 3). It was
shown to be lipophilic, with a log Po/w of 5.7 (see Section 3.1),
which is higher but close to the value for mestranol alone (4.7).57

This lipophilicity value remains yet in the range of analogous
compounds dedicated to estrogen receptor targeting.53,72,73
2.2 Biological assays and effect of the temperature on
cellular uptake

The in vitro effect of 1 on both hormone dependent (MCF-7) and
hormone independent breast cancer cells (MDA-MB-231) was
studied aer 5 days of culture. On MCF-7 cells 1 shows a strong
estrogenic proliferative effect at 1 mM (142% of the control) and
even at the low concentration of 10 nM (157% of the control).
This effect is almost identical to that with 1 nM of estradiol
(174% of the control) and is consistent with the estrogenic effect
of mestranol at 10 nM.74 These results indicate that despite the
presence of a bulky substituent at the 17a-position of estradiol,
the complex is still able to interact with the estrogen receptor.
This is not really surprising, as we have previously shown that
the 17a-position of estradiol is almost the only position in the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 SR-UV-SM and SR-FTIR-SM (Sections 3.7 and 3.8). Single MDA-MB-231 cell
incubated with 1 (25 mM, 1 h), fixed and air-dried. (A) Bright field image, scale bar:
10 mm. Green pixels: intensity for the integral of the band of luminescence
emission (450–550 nm) recorded by SR-UV-SM after excitation at 350 nm. (B) (1)
and (2) SR-FTIR-SM spectra recorded respectively at locations 1 and 2 inside
the cell, (3) FTIR spectrum of pure 1 (see Section 3.12 and Fig. S2†). (C) (1) and
(2) SR-UV-SM spectra recorded respectively at locations 1 and 2 inside the cell,
(3) luminescence emission after excitation at 350 nm of a solution of 1 at 10�4 M
in a DMSO : water (1 : 9) mixture.
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steroid that is able to accommodate bulky substituents.59 In
MDA-MB-231 cells 1 is toxic but in rather high concentrations
(IC50 ¼ 4.6 mM � 1.8).

The cellular uptake of the unconjugated probe Re(CO)3Cl-
pyta-C3N3 (see Scheme 1) was studied by uorescence micros-
copy and synchrotron radiation UV spectromicroscopy and was
almost insignicant (not shown), which suggests that the
mestranol moiety is involved in the uptake of 1. The uptake of 1
was also further examined at 4 �C, a temperature that abolishes
active transport mechanisms75 and where only passive diffusion
occurs,22,76,77 and compared with uptake at 37 �C. Quantication
of the cellular uptake was performed by determining the mean
perinuclear uorescence intensity per cell aer incubation with
1 at 25 mM, at 4 �C or at 37 �C (see Section 3.6). Internalization of
1 was observed at 4 �C but this represented only 11% of the
uptake at 37 �C (Fig. S3-le†). These results were compared with
the uptake of the compound Re(CO)3Cl-pyta-C12N3 that we
previously described.12 This compound was shown to display a
log Po/w of 7.3 (the same method as that used for 1). Interest-
ingly, Re(CO)3Cl-pyta-C12N3 displays an uptake at 4 �C repre-
senting 54% of the uptake at 37 �C (Fig. S3-right†). This
indicates that 1 enters cells by active transport to a larger extent
than Re(CO)3Cl-pyta-C12N3 that does not bear the mestranol
moiety, and suggests further that the penetration of 1 involves
the mestranol moiety and its recognition.

In the following, we describe spectromicroscopy analyses of
either MCF-7 or MDA-MB-231 breast cancer cell lines incubated
with 1 under the same conditions (25 mM, 1 h, 37 �C) using
several luminescent and IR imaging techniques. Note that most
of the images were recorded with cells xed and then air-dried,
conditions required for IR-mapping. In two cases, the cells were
xed and then slides weremounted. Conditions are indicated in
the gure captions and Sections 3.4 and 3.5.
This journal is ª The Royal Society of Chemistry 2013
2.3 Synchrotron UV and IR spectromicroscopies (SR-UV-SM
and SR-FTIR-SM)

Fig. 1 shows SR-FTIR-SM and SR-UV-SM analyses of a single
MDA-MB-231 cell incubated with 1. The advantage of the
synchrotron-based light is the highly focused beam hence
allowing to record spectra at the subcellular level. At location 1,
an intense luminescence emission of 1 obtained by excitation at
350 nm was recorded (Fig. 1C, trace 1). The spectrum matched
with that of the pure compound in solution (Fig. 1C, trace 3). At
location 2, a very weak signal was recorded (Fig. 1C, trace 2). To
generate a map of 1, the luminescent band obtained by excita-
tion at 350 nm was integrated from 450 to 550 nm and Fig. 1A
shows the location of 1 as green pixels the intensity of which
corresponds to the integration values. A similar location was
observed using the IR signals of 1 (E and A1-bands, respectively
at 1915 and 2025 cm�1) which were stronger where the lumi-
nescence signal was the highest (Fig. 1B, traces 1 and 2).

Fig. 2 shows SR-FTIR-SM and SR-UV-SM mappings of 1
obtained from a single MCF-7 cell incubated with 1. An IR-map
was generated;11,12 as previously described, the absorbance of a
given IR-band was integrated—see limits of integration indi-
cated in gure captions—and colored pixels are those showing
more than 80% of the maximum integration value. These
colored areas will be referred to as hot spots—see also Fig. S4†
for a mapping with the full range of integrated absorbance
values. Showing IR hot spots superimposed on the bright eld
image enables a clear comparison between IR and luminescent
imaging on the same cell.

The IR-map using the E-band of 1 (Fig. 2b) matched with that
of the luminescence signal of 1 (Fig. 2d). Interestingly, as
previously discussed, the nucleus can be located without any
trackers using CH3 and CH2 IR-bands;78 the ratio of the CH3

asymmetric stretching band and the CH2 asymmetric stretching
band is the highest at the nucleus and the lowest in the lipid-
rich organelles including the Golgi apparatus and the endo-
plasmic reticulum. Fig. 2a shows in blue the hot spot of the
CH3/CH2 ratio, which thus corresponds to the nucleus. Fig. 2c
hence indicates a perinuclear location of 1.
2.4 Confocal Raman microspectroscopy and imaging

MDA-MB-231 cells incubated with 1 were also analysed by
confocal Raman microspectroscopy (see Section 3.10). The
Raman spectrum of 1 in the solid state is shown in Fig. 3d (top
black trace) and in Fig. S5.† The characteristic vibrational
modes of the Re(CO)3 moiety were observed at 1915 cm�1 and
2032 cm�1.12 Additional bands from 1 are observed between 400
and 1800 cm�1, assigned to the stretching or the bending
modes of the C]C, N]N, C–C and C–N bonds. An optical
image of an MDA-MB-231 cell incubated with 1 is shown in
Fig. 3a. The Raman image based on the CO stretching intensity
gave the location of 1 in the same cell (Fig. 3b). Since CO-bands
are weaker in Raman spectroscopy than in infrared spectros-
copy it can be useful to take into account the other character-
istic Raman bands of 1. The determination of the distribution of
1 was thus improved using the Hierarchical Cluster Analysis
(HCA).79 A mask was selected based on the characteristic
Analyst, 2013, 138, 5627–5638 | 5629
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Fig. 2 SR-FTIR-SM and SR-UV-SM (Sections 3.7 and 3.8). A single MCF-7 cell incubated with 1 (25 mM, 1 h), fixed and air-dried. Scale bar: 10 mm. Pixel size 3 � 3 mm2.
Hot spots of the integral of IR bands: (a) CH3/CH2 ratio (using the CH3 asymmetric stretching band from 2986 to 2948 cm�1 and the CH2 asymmetric stretching band
from 2948 to 2897 cm�1), (b) E-band (1940–1879 cm�1), (c) overlay CH3/CH2 + E-band. Integration of the band of luminescence (d) (450–550 nm) recorded by SR-UV-
SM after excitation at 350 nm. Note that the bright field image in (d) was collected on a different microscope compared to those in (a–c).

Fig. 3 Confocal Ramanmicrospectroscopy (Section 3.10). A single MDA-MB-231 cell incubated with 1 (25 mM, 1 h), fixed and air-dried. Scale bars: 4 mm. (a) Bright field
image, the red frame corresponds to the measured area, (b) Raman image of the integration of the CO stretching band at 1926 cm�1, (c) results of the HCA analysis, (d)
Raman spectrum of 1 in the solid state, and (e) cluster average spectra from HCA results (the trace color corresponds to the area in (c)).
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vibrational bands of 1 (Fig. S5†) and the HCA process was per-
formed with ve cluster areas in the mapping. Fig. 3c displays a
color representation of the HCA calculated cluster areas. The
average spectrum of each cluster area resulting from the HCA
uses the same color code (Fig. 3e). The bottom black spectrum
shows no signicant band, as expected due to the location out
of the cell; it mainly reveals characteristic bands of the glass
slide where the cells grew. From cyan to green, an increase in
intensity in the CO bands was observed, showing an inhomo-
geneous distribution of 1 inside the cell. Raman signals of 1
were weak in the blue and cyan parts of the cell, but higher in
the red and green parts of the cell, indicating an accumulation
of 1 in the red and green areas. It is noteworthy that in the
average cluster spectra of the red and green parts, not only the
CO stretching can be observed but also other characteristic
bands of 1 at 1627 cm�1, 1590 cm�1, 1000 cm�1, 755 cm�1,
648 cm�1 and 500 cm�1 (see stars in Fig. 3e) can be observed. As
expected, none of the bands was observed in the analysis of the
control cell (Fig. S6†). This distribution is consistent with that
obtained with the other imaging techniques, showing that 1 can
be mapped by Raman spectroscopy.
Fig. 4 FTIR average spectra recorded with IRENI (Section 3.11) on single MDA-
MB-231 cells, fixed and air-dried. (1) Single cell incubated with 1 (25 mM, 1 h); (2)
single control cell. Amide I and CO ester bands appear respectively at 1650 and
1735 cm�1.
2.5 Synchrotron-based multiple beam FTIR imaging

Fig. 4 shows the FTIR average spectra of a control (trace 2) and
an incubated MDA-MB-231 cell with 1 (trace 1) in the region
5630 | Analyst, 2013, 138, 5627–5638
2150–1600 cm�1. Specic absorption bands of 1 are observed at
1915 cm�1 (E-band) and 2025 cm�1 (A1-band). The spectra
demonstrate the detection of 1 inside a single MDA-MB-231 cell
using an IRENI set-up. In order to determine the distribution of
1, IRENI images were developed by integration of the individual
absorption bands of interest. In Fig. 5 visible images and
intensity distributions of amide I, E- and A1-bands of a control
cell (series A) and an incubated cell (series B) are displayed (see
Section 3.11 for integration parameters). Chemical images of
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Synchrotron-basedmultiple beam FTIR imaging (Section 3.11). Visible and FTIR images based on the integration of specific absorption bands. Scale bars: 10 mm.
(A) A single MDA-MB-231 control cell. (B) A single MDA-MB-231 cell incubated with 1 (25 mM, 1 h). See Section 3.11 for integration parameters. Constant scaling of the
contour colors has been applied for each band, with red/purple equivalent to high/low absorption intensity. All cells were fixed and air-dried.

Fig. 6 MCF-7 breast cancer cell incubated with 1 (25 mM, 1 h), fixed and air-dried. Scale bar: 10 mm. AFMIR imaging (Section 3.9): (a) topography of the cell recorded
with the AFM (maximum of altitude 2.2 mm; cell outline drawn in gray), (b) AFMIR mapping of the E-band of 1 (laser tuned at 1920 cm�1); fluorescence imaging
(Section 3.6): (c) bright field image merged with nucleus staining (DAPI, blue) and luminescence signal of 1 (green).
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replicate measurements of control and incubated cells are
shown in Fig. S7.† The contour colors vary between red and dark
violet, where red indicates the highest and dark violet indicates
the lowest value of the band integration. For better comparison
of the chemical images, constant scaling of the contour colors
has been applied as a visualization tool for each individual
functional group for displaying the differences of the control
and incubated cell. Based on the chemical images of the cell
incubated with 1 (Fig. 5, series B), it can be seen that 1 was
heterogeneously distributed in the cell and localized in regions
of low amide absorption or partly overlaid with the amide-rich
region that can be assigned to the nucleus.80 The IRENI results
were thus in agreement with the previous luminescence and IR
ndings, pointing out a perinuclear distribution of 1.
2.6 Correlation between AFMIR and uorescence imaging

MCF-7 cells grown on thin CaF2 slides and incubated with 1
were mapped using both AFMIR (see Section 3.9) and uores-
cence microscopy on the same cells. The AFMIR signal upon
irradiation in the E-band of 1 is shown in Fig. 6b.

This mapping does not correspond to all the topographic
bulges recorded by the AFM tip (Fig. 6a). Interestingly the
AFMIR signal for 1 matches with the luminescence signal of 1
(Fig. 6c, green). The nucleus was stained with DAPI (Fig. 6c,
This journal is ª The Royal Society of Chemistry 2013
blue) and the mapping clearly shows that 1 has a perinuclear
location.

Overall all these imaging techniques point out a perinuclear
localization of 1 both in MDA-MB-231 and MCF-7 cell lines. To
better characterize this location, we performed colocalization
experiments using uorescence microscopy.
2.7 Colocalization studies

Fig. 7 shows the colocalization experiments between 1 (green), a
Golgi tracker (BODIPY-TR C5-ceramide, red) and DAPI (blue) in
MDA-MB-231 and MCF-7 cell lines. Comparison of Fig. 7-A1
with A2 and B1 with B2 clearly showed an accumulation of 1 in a
region outside the nucleus in both cell lines. This observation
was conrmed by confocal microscopy (Fig. 8). It was also in
agreement with the exclusion of the region with high CH3/CH2

ratio obtained in IR studies (Fig. 2c). Colocalization with the
Golgi tracker was clearly shown in Fig. 7A2, A3 and B2, B3,
with very high quantitative coefficients for both cell lines
(Table 1).81,82

The observation of a strong proliferative effect induced in
MCF-7 cells with a low concentration of 1 (see Section 3.2)
demonstrated that 1 was recognized by nuclear estrogen
receptors, known to be responsible for this proliferative effect.83

However, the amount of nuclear estrogen receptors is known to
Analyst, 2013, 138, 5627–5638 | 5631
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Fig. 8 Confocal fluorescence microscopy (Section 3.6). A single MDA-MB-231
cell incubated with 1 (25 mM, 1 h). All cells were fixed and slides were mounted.
Confocal images of 1 (green) and DAPI (blue): (a) along the z-axis and (b) along
the x-axis (clockwise rotation of 90� along the y-axis from (a) to (b)).

Fig. 7 Colocalization studies (Sections 3.5 and 3.6). (A) TwoMCF-7 breast cancer cells incubated with 1 (25 mM, 1 h): (A1) bright field image (scale bar: 10 mm) and the
nucleus stained with DAPI (blue), (A2) 1 in green, (A3) Golgi tracker in red. (B) Four MDA-MB-231 breast cancer cells incubated with 1 (25 mM, 1 h): (B1) bright field
image (scale bar: 10 mm) and the nucleus stained with DAPI (blue), (B2) 1 in green, (B3) Golgi tracker in red. All cells were fixed and slides were mounted.

Table 1 Quantitative analysis of the colocalization between 1 and the Golgi
tracker in Fig. 7

Pearson's
coefficient
(�1 < x < 1)

Overlap
coefficient
(0 < x < 1)

Intensity
correlation
quotient (0 < x < 0.5)

A2 and A3 0.90 0.95 0.35
B2 and B3 0.95 0.94 0.41
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be very low, actually in the range of a picomole per mg of DNA,84

which can explain why 1 was not detected in the nucleus with
the techniques used here, due to limits in the detection sensi-
tivity, as previously pointed out by Rickert et al.52

Images obtained in Fig. 7 were very similar to those from the
literature35 for the localization of GPR30 in MCF-7 and MDA-
MB-231 cells showing a perinuclear distribution. Several groups
reported that GPR30 is mainly found in the internal
membranes85 with a predominant expression in the endo-
plasmic reticulum86 or the Golgi apparatus.38,39 The purpose
here was not to solve this controversy and at that point, we
cannot exclude a non-specic localisation of the labelled
mestranol 1. However, this multimodal approach allowed us to
obtain information from independent imaging techniques
about the intracellular main location of 1. The convergent
results obtained are clearly in favour of accumulation of 1 in the
Golgi apparatus in both cell lines.
5632 | Analyst, 2013, 138, 5627–5638
3 Experimental section
3.1 Synthesis and characterization

Sodium azide (5 g, 7.7 � 10�2 mol) and 3-bromopropan-1-ol
(Br(CH2)3OH, 5 g, 3.6 � 10�2 mol) were dissolved in water
(50 mL) and heated at 60 �C overnight. Aer cooling to r.t.,
3-azidopropan-1-ol was extracted with CH2Cl2 (3� 100 mL). The
organic fractions were combined and dried over anhydrous
sulfate magnesium and evaporated to dryness. The yield was
quantitative.

3-Azidopropan-1-ol was directly added (1 g, 9.7 � 10�3 mol)
with 2-ethynylpyridine (1 g, 9.7 � 10�3 mol) to a mixture of
CH2Cl2 (5 mL) and water (5 mL) at r.t. Sulfate copper(II) penta-
hydrate (250 mg, 1.0 � 10�3 mol) and sodium ascorbate
(500 mg, 2.0 � 10�3 mol) were then added. Aer overnight
stirring, water (10 mL) and CH2Cl2 (10 mL) were poured into the
mixture. The product was extracted with CH2Cl2 (2 � 30 mL),
the organic fractions combined, dried over anhydrous sulfate
magnesium and evaporated to dryness. Silica gel column
chromatography with CH2Cl2 : MeOH (from 1 : 0 to 95 : 5) gave
4-(2-pyridyl)-1,2,3-triazole-(CH2)3-OH (1.6 g, 7.8 � 10�3 mol,
80% yield) as a white solid. In the following, this product is
referred to as pyta-(CH2)3-OH.

Pyta-(CH2)3-OH (1 g, 5 � 10�3 mol) and 4-toluenesulfonyl
chloride (950 mg, 5 � 10�3 mol) were dissolved in CH2Cl2.
The solution was cooled with an ice bath and potassium
hydroxide (1.12 g, 2 � 10�2 mol) was poured into the
mixture that remained at 0 �C for 3 h under stirring. Ice
(30 g) was added and the tosylated compound was extracted
with CH2Cl2 (2 � 100 mL), the organic fractions combined,
dried over anhydrous sulfate sodium and evaporated to
dryness. Silica gel column chromatography with
CH2Cl2 : MeOH (99 : 1) gave pyta-(CH2)3-OTs (1.6 g, 4.5 �
10�3 mol, 90% yield) as a white solid.

Pyta-(CH2)3-OTs (2.9 g, 8.1 � 10�3 mol) and sodium azide
(1.65 g, 2.5 � 10�2 mol) were dissolved in DMF (50 mL) and
heated at 70 �C overnight. Aer cooling to r.t., pyta-(CH2)3-N3

was extracted with Et2O (2 � 30 mL). Organic fractions
were combined, dried over anhydrous sulfate magnesium and
evaporated to dryness. The yield was quantitative. See the ESI†
for the atom numbering.
This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3an00807j


Paper Analyst

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

01
3.

 D
ow

nl
oa

de
d 

on
 9

/2
0/

20
24

 1
2:

08
:4

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Pyta-(CH2)3-N3
1HNMR (CDCl3, 250MHz) d (ppm): 8.47 (1H, d, J

¼ 4.5 Hz, 60-pyH), 8.10 (1H, s, 50 0-triazH), 8.06 (1H, d, J ¼ 8.0 Hz,
30-pyH), 7.67 (1H,m, 40-pyH), 7.12 (1H,m, 50-pyH), 4.42 (2H, t, J¼
6.4 Hz, CH2), 3.29 (2H, t, J ¼ 6.7 Hz, CH2), 2.11 (2H, m, CH2).

Pyta-(CH2)3-N3
13C NMR (CDCl3, 62.5 MHz) d (ppm): 150.10,

149.37, 148.46, 136.99, 122.95, 122.35, 120.23, 47.99, 47.33,
29.48.

Rhenium pentacarbonyl chloride (500 mg, 1.4 � 10�3 mol)
and pyta-(CH2)3-N3 (360 mg, 1.6 � 10�3 mol) were dissolved in
toluene (20 mL) and heated for 3 h at 70 �C. A precipitate was
formed when cooled to r.t. Filtration led to a yellow solid of
Re(CO)3Cl-pyta-(CH2)3-N3 (178 mg, 3.4 � 10�4 mol, 25% yield).
The conjugation with the tricarbonyl-chloro-rhenium core
through the pyta ligand provided a stereogenic metal centre.64

Re(CO)3Cl-pyta-(CH2)3-N3 was obtained as a racemic mixture.
See the ESI† for the atom numbering.

Re(CO)3Cl-pyta-(CH2)3-N3
1H NMR (CDCl3, 250 MHz) d (ppm):

9.02 (1H, d, J ¼ 5.4 Hz, 60-pyH), 8.41 (1H, s, 50 0-triazH), 8.00 (1H,
m, 40-pyH), 7.87 (1H, d, J ¼ 7.8 Hz, 30-pyH), 7.48 (1H, m, 50-pyH),
4.57 (2H, t, J ¼ 6.9 Hz, CH2), 3.47 (2H, t, J ¼ 6.1 Hz, CH2), 2.25
(2H, m, CH2).

Re(CO)3Cl-pyta-(CH2)3-N3
13C NMR (acetone, 75 MHz) d (ppm):

153.07, 149.49, 148.77, 140.16, 126.13, 125.31, 122.46, 49.46,
48.01, 29.29.

Re(CO)3Cl-pyta-(CH2)3-N3 (178 mg, 3.4 � 10�4 mol) and 3-
methoxy-17a-ethynylestradiol (or mestranol) (100 mg, 3.2 �
10�4 mol) were dissolved in a mixture of CH2Cl2 (5 mL) and
water (5 mL) at r.t. Sulfate copper(II) pentahydrate (8 mg, 3.2 �
10�5 mol) and sodium ascorbate (13 mg, 6.5 � 10�5 mol) were
then added. Aer overnight stirring at r.t., water (10 mL) and
CH2Cl2 (10 mL) were poured into the mixture. The product was
extracted with CH2Cl2 (2 � 30 mL), the organic fractions
combined, dried over anhydrous sulfate sodium, and evapo-
rated to dryness. Silica gel column chromatography with
AcOEt : acetone (from 1 : 0 to 7 : 3) gave 1 (180 mg, 2.1 � 10�4

mol, 66% yield) as a pale yellow solid.
Because of the facial coordination geometry of theRe complex

and the chirality of the steroid substituent, a mixture of diaste-
reoisomers was formed, in a 1 : 1 ratio. Attempts to separate
these two isomers by chromatography were unsuccessful, as
reported in the literature for a similar derivative.63

HPLC purity was checked with a Dionex C18 analytical
column. Using a CH3CN : H2O (0.1% TFA) mixture from 2 : 3 to
1 : 0 in 30 minutes, retention times of the two diastereoisomers
of 1 were 14.89 and 15.01 minutes (7 : 3 for CH3CN : H2O). They
were not isolated separately and the integration of both peaks is
>95% of the whole chromatogram (see Fig. S1†).

We report below 1H and 13C NMR signals for the diastereo-
isomeric mixture. The integrations for 1H NMR signals are given
for the two diastereoisomers. The sign “*” indicates protons
with different chemical shis in the two diastereoisomers and
the indices a and b refer to the two diastereoisomers. The major
shis are noticed for 1H present on carbons 50 0 (ca. 8.6 ppm) and
1300 (ca. 7.6 ppm) from the triazol rings. See the ESI† for the
atom numbering.

1 1H NMR (CDCl3, 300 MHz) d (ppm): 8.95–8.93 (2H, da (J¼ 4.2
Hz) and db ( J ¼ 4.5 Hz), 60-pyH*), 8.69 and 8.64 (2H, sa and sb,
This journal is ª The Royal Society of Chemistry 2013
50 0-triazH*), 7.99–7.92 (4H, m, 40 and 30-pyH*), 7.62 and 7.60
(2H, sa and sb, 130 0-triazH*), 7.43–7.39 (2H, m, 50-pyH*), 7.08
(2H, d, 1-ArH, J¼ 8.6 Hz), 6.63 (2H, dd, 2-ArH, J¼ 8.6 Hz, J¼ 2.7
Hz), 6.60 (2H, d, 4-ArH, J ¼ 2.7 Hz), 4.53 (4H, m, -(CH2)-triaz),
4.42 (4H, m, -(CH2)-triaz), 3.75 (6H, s, 19-CH3), 2.82 (4H, m,
6-(CH2)), 2.60 (4H, m, 70 0-(CH2)), 2.35 (2H, m), 2.13 (4H, m, -CH2-,
-CH-), 1.94 (6H, -CH2-, -CH-), 1.65–1.30 (12H,m, -CH2-, -CH-), 1.03
(6H, s, 18-(CH3)), 0.68 (2H, m, -CH2-).

1 13C NMR (CDCl3, 75 MHz) d (ppm): 197.17 (C^O), 196.03
(C^O), 188.82 (C^O), 157.55 (3-C), 154.22 (1200-C), 153.04
(60-pyC), 149.14 (20-pyC), 148.87 (400-triazC), 139.64 (40-pyC),
137.95 (5-C), 132.58 (10-C), 126.15 (1-C), 125.99 (50-pyC), 123.84
(50 0-triazC), 122.60 (1300-triazC), 122.49 (30-pyC), 113.91 (4-C),
111.52 (2-C), 82.34 (17-C), 55.21 (19-C), 49.20 (-CH2-triaz), 48.70
(14-C), 47.46 (13-C), 46.60 (-CH2-triaz), 43.43 (9-C), 39.54 (8-C),
38.12 (12-C), 33.14 (16-C), 29.99 (6-C), 29.77 (700-C), 27.39 (11-C),
26.30 (7-C), 23.46 (15-C), 14.30 (18-C).

HRMS+ (ESI): calcd for ReC34H37O5N7ClNa ([M + Na]+): m/z
868.1987. Found: m/z 868.2021.

Log Po/w of 1 was estimated by HPLC chromatography
following the recommendations of Minick87 and Pomper88 using
a C-18 silica column (Kromasyl, Interchrom) and uracil as an
internal reference. Organic and aqueous phases were used in
several proportions (n ¼ 5). The organic portion of the mobile
phase was composed of methanol containing 0.25% (v/v)
1-octanol. The aqueous portion was prepared from octanol-
saturated water containing 0.02 MMOPS buffer, and 0.15% (v/v)
n-decylamine, and adjusted to pH 7.4. We found: log Po/w (1) ¼
5.7 and log Po/w (Re(CO)3Cl-pyta-C12N3

12) ¼ 7.3.
3.2 Biological assays

MDA-MB-231 and MCF-7 breast cancer cell lines obtained
from the Human Tumour Cell Bank were used for the
experiments. Cells were maintained in monolayer culture in
DMEM with phenol red/Glutamax I, supplemented with 9%
of decomplemented fetal calf serum and 0.9% kanamycin, at
37 �C in a 5% CO2 air humidied incubator. For prolifera-
tion assays, cells were seeded in 24-well sterile plates with
1.5 � 104 cells of MDA-MB-231 and 3 � 104 cells of MCF-7
in 1 mL of DMEM without phenol red, supplemented with
9% of fetal calf serum desteroided on dextran charcoal,
0.9% Glutamax I and 0.9% kanamycin, and grown for 24 h.
The following day (D0), 1 mL of the same medium con-
taining 1 dissolved in DMSO was added to the plates (nal
volumes of DMSO: 0.1%; 4 wells for each condition). Aer
three days (D3), the incubation medium was removed and 2
mL of fresh medium containing 1 was added. At D3, D4, D5
and D6, the protein content of each well was quantied by
methylene blue staining as follows. Cell monolayers were
xed and stained for 1 h in methanol with methylene blue
(2 mg mL�1), and then washed thoroughly with water. Two
milliliters of HCl (0.1 M) was then added, and the plate was
incubated for 1 h at 37 �C. Then the absorbance of each
well was measured at 655 nm with a Biorad microplate
reader. The results are expressed as the percentage
of proteins versus the control. The estrogenic activity (on
Analyst, 2013, 138, 5627–5638 | 5633
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MCF-7) and cytotoxicity (IC50 on MDA-MB-231) were both
determined at D5. Experiments were performed at least in
duplicate.
3.3 Nature of the slides

Glass slides were used for wide eld and confocal uorescence
imaging and Raman microspectroscopy. Calcium uoride
(CaF2) slides (purchased from Crystran) were used for
synchrotron radiation FTIR (SMIS and IRENI, 1 and 0.2 mm
thick) and UV spectromicroscopies (DISCO, 0.2 mm thick).
These 0.2 mm thin CaF2 slides are useful windows for multi-
modal imaging as they are transparent from 190 nm to 10 mm; it
is then possible to study the same cell by both UV-visible and IR
techniques (see Fig. 1, 2 and 6).
3.4 Cell culture for imaging

Both control and treated cells were processed in a similar way.
They were seeded on slides (deposited in 35 � 10 mm Petri
dishes) in order to reach conuency aer 48 h of incubation at
37 �C under an atmosphere of 95% air/5% CO2. The nature of
the slides for each imaging technique is described in Section
3.3. The medium was removed and fresh growth medium (2 mL
DMEM without phenol red and supplemented as in Section 3.2)
was added to each ask of control cells. In the case of treated
cells, 2 mL of a solution of 1 in fresh growth medium (25 mM
prepared from a 5 � 10�3 M stock solution in DMSO) were
added. The cells were incubated at 37 �C under an atmosphere
of 95% air/5% CO2 for 1 h. The medium was then removed and
the cells were washed twice with phosphate buffered saline
(D-PBS, 1�, 2 mL). The cells were xed with 4% para-
formaldehyde (1.5 mL) for 8 minutes at room temperature and
washed once with D-PBS (1�, 2 mL) and once with pure water
(2 mL). Slides were air-dried for IR-imaging and mounted using
the Vectashield solution (H-1000, Vector Laboratories) just aer
the last water washing for luminescence imaging.
3.5 Fluorescent organelle staining

For colocalization of the Golgi tracker (BODIPY TR C5-ceramide)
and 1, the experiment was performed as follows: growth
medium (DMEM without phenol red and supplemented as in
Section 3.2) was removed and cells were incubated at 4 �C with
BODIPY TR C5-ceramide complexed to BSA (B-34400, Invi-
trogen) (2.7 mM in growth medium for 30 minutes). The
mediumwas then removed and the cells were washed twice with
cold phosphate buffered saline (D-PBS, 1�, 2 mL). 2 mL of a
25 mM solution of 1 in fresh growth medium (prepared from a
5 � 10�3 M stock solution in DMSO) were then added. The cells
were incubated at 37 �C under an atmosphere of 95% air/5%
CO2 for a period of 1 h. The medium was then removed and the
cells were washed twice with phosphate buffered saline (D-PBS,
1�, 2 mL). Cells were xed with 4% paraformaldehyde (1.5 mL)
for 8 minutes at room temperature and washed once with D-PBS
(1�, 2 mL) and once with pure water (2 mL). Slides were
mounted using the Vectashield solution (H-1000, Vector Labo-
ratories). The nuclei were stained with DAPI (Invitrogen, 15 nM
5634 | Analyst, 2013, 138, 5627–5638
in water) directly on xed cells, when slides were on the
microscope motorized stage.

3.6 Fluorescence imaging and study of the effect of
temperature on cellular uptake

In-cell uorescence imaging of 1 was performed using an IX71
(Olympus) microscope equipped with a CCD (Orca-ER, Hama-
matsu, Corporation, Sewickley, PA) and X60 (Plan Apo, NA 1.42)
objective. 1 was detected using an appropriate lter set (excita-
tion D350/50x; beam splitter 400DCLP; emission HQ560/80m;
Chroma Technology) and excited using a Hg lamp (100 W)
attenuated by a neutral density lter (ND-1). The DAPI-stained
nucleus was located using a DAPI lter set (excitation D350/50x;
beam splitter 400DCLP; emission D460/50m; Chroma Tech-
nology) and theBODIPY-stainedGolgi using aTexasRedlter set
(excitationET560/40x; beamsplitter T585LPXR; emissionET630/
75m; Chroma Technology). Microscope settings and functions
were controlled using Simple PCI soware (Hamamatsu). Image
analysis was performed using ImageJ Soware and Simple PCI
soware. Colocalization coefficients81,82 were calculated using
ImageJ plugin Colocalization Indices. Confocal uorescence
imageswere takenonaZeiss LSM710 confocalmicroscopeusing
an X63 (NA 1.40) objective and 405 nm laser excitation. 3D
reconstruction of the z-stacks was made with ImageJ soware.

To study the effect of temperature on the cellular uptake of 1,
MDA-MB-231 cells were incubated for 1 h either at 37 �C (T1) or
at 4 �C (T2) with a solution of 1 at 25 mM (solution previously
cooled to 4 �C for the T2 experiment). The medium was then
removed and the cells washed twice with D-PBS (1�, 2 mL). In
the case of T2, this step was performed at 4 �C with cold D-PBS.
Cells were then xed with 4% paraformaldehyde (1.5 mL) for 8
minutes at room temperature and washed once with D-PBS (1�,
2 mL) and once with pure water (2 mL). Slides were mounted
using the Vectashield solution (H-1000, Vector Laboratories)
just aer the last water washing for luminescence imaging. Two
independent experiments were performed, each one in dupli-
cate. A series of snapshots using the adequate lter set to
monitor 1 (see above) was recorded. For each image, the mean
perinuclear luminescence intensity per cell corrected for the
background was determined (using ImageJ soware). For the
three conditions (control/incubation of 1 at 4 �C/incubation of 1
at 37 �C), mean values and error bars were calculated over a
large number of cells, respectively 85, 263, 289 (Fig. S3-le†).
For the compound Re(CO)3Cl-pyta-C12N3 that we previously
described,12 the same protocol was used, using the same lter
set as its luminescent properties are identical to 1. For the three
conditions (control/incubation at 4 �C/incubation at 37 �C),
mean values and error bars were calculated over a large number
of cells, respectively 85, 248, 247 (Fig. S3-right†).

3.7 Synchrotron radiation FTIR spectromicroscopy (SR-
FTIR-SM)

Spectra were recorded at the SMIS beamline (Synchrotron
SOLEIL, Saint Aubin, France) which exploits the edge and
bending radiation of a bendingmagnet.89 Spectra were recorded
in transmission mode on a Nicolet Continuum XL microscope
This journal is ª The Royal Society of Chemistry 2013
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(Thermo Fisher) equipped with a 50 � 50 mm2 liquid nitrogen
cooled MCT/A detector, a 32X/NA 0.65 Schwarzschild objective,
a Prior XYZmotorised stage, and coupled to a Nicolet 5700 FTIR
spectrometer (Thermo Fisher) equipped with a Michelson
interferometer and a KBr beam splitter. The confocal aperture
was set at 6 � 6 mm2 and the microscope was operated in semi-
confocal mode. Spectra were recorded with 200–250 scans at 6
cm�1 resolution in the 1040–3700 cm�1 range. Maps were
recorded by raster scanning the cells with steps of 3 mm in X and
in Y with 180–250 scans at 6 cm�1 resolution in each square.
Chemical maps were created with the Omnic soware (Thermo
Fisher) by measuring and plotting the integral of specic bands
(in Fig. 2, the following integration limits were used, E: 1940–
1879 cm�1, amide I: 1724–1584 cm�1, CH3 asym.: 2986–2948
cm�1 and CH2 asym.: 2948–2897 cm�1 for the CH3/CH2 ratio).
Pixels showing more than 80% of the maximum value for an
IR-band are referred to as hot spots and are shown in Fig. 2. The
complete mappings with the full range of integration values are
presented in Fig. S4.†
3.8 Synchrotron radiation UV spectromicroscopy
(SR-UV-SM)

Spectra were recorded at the DISCO beamline (Synchrotron
SOLEIL, Saint Aubin, France). CaF2 thin slides (see Section 3.3)
with xed cells were deposited onto an inverted glycerin
immersion objective (X40 Ultrauar, CARL ZEISS). Excitation
was provided by the fully tuneable excitation from a bending
magnet at Synchrotron SOLEIL90 (350 nm excitation with a
0.2 nm bandpass). Rastering of the sample allows us to record
(x,y,l,I) maps with 3 � 3 mm2 pixel size, with 100–120 s acqui-
sition time per spectrum. The uorescence emission spectrum
of the selected pixels was recorded by a spectrograph.91
3.9 AFMIR

AFMIR is an emerging and cutting-edge near-eld technique92

using an AFM (Atomic Force Microscope) and a tuneable
infrared pulsed laser to record spatially resolved absorption
measurements.93–95 The AFM tip is in contact with the sample
that is illuminated by a pulsed laser beam through a ZnSe
prism. The laser wavelength is tuned to an IR-absorption band
of the molecule of interest and when the laser pulse occurs, the
temperature increases with local temporary deformations.
The AFM-tip detects these local deformations and starts to
oscillate. The maximal amplitude of this oscillation, which
corresponds to the AFMIR signal, is proportional to the local
absorbance.96 This technique has a resolution from 100 nm
to 20 nm (ref. 97) thus allowing sub-cellular IR-mapping of
biological samples.98 Here we used thin CaF2 slides (see
Section 3.3) laid on the upper surface of the ZnSe prism with
paraffin oil in between to make a good optical contact and
avoid evanescent waves in the air gap. The AFM was a FlexAFM
from the Nanosurf company, and the tuneable laser source was
the free electron laser CLIO (French Free Electron Laser facility
based in the Laboratoire de Chimie Physique at the Université
Paris-Sud at Orsay).
This journal is ª The Royal Society of Chemistry 2013
3.10 Confocal Raman microspectroscopy and imaging

Raman spectra were recorded using a WITec (Ulm, Germany)
Alpha300RS confocal Raman microscope. The excitation wave-
length of 532 nm was provided by a frequency-doubled Nd:YAG
laser. The beam was focused on the sample using an Olympus
(100�/0.95 NA) objective, and the power at the sample was close
to 1 mW. The sample was located on a piezoelectrically driven
microscope scanning stage, with a x, y resolution of 5 nm, and a
z-resolution of 2 nm. The integration time for each spectrum
was 2 s. A spectrum was recorded every 1 mm along the x and y
directions. The image resulted in about 625 (25 � 25) spectra
and 1250 s total acquisition time.
3.11 Synchrotron-based multiple beam FTIR imaging

The synchrotron-based multiple beam FTIR imaging instru-
ment called IRENI, as recently implemented at the Synchrotron
Radiation Center (Stoughton, Wisconsin, USA), couples a
synchrotron source extracting an entire bending magnet of
radiation to a FTIR microscope (Bruker Hyperion 3000) equip-
ped with a FPA detector (128 � 128 pixels).99,100 The imaging
system extracts 12 beams from a bending magnet. A set of
mirrors creates a bundle of a 3 � 4 beam matrix that is able to
illuminate 96 � 96 pixels of a FPA detector, where each pixel
corresponds to 0.54 � 0.54 mm2 area of the sample. Thus,
several thousands of individual FTIR spectra are collected
concurrently for a 52 � 52 mm2 sample area within a few
minutes allowing rapid, high spatially and spectrally resolved
chemical imaging and thereby providing chemical images of
the investigated sample area. The lateral spatial resolution
achievable with this wideeld imaging approach is equivalent
to or is better than the confocal geometry employed at tradi-
tional synchrotron beamlines when the effective sample area
evaluated with dening apertures is larger than 1 mm2.101 For the
present investigations, FTIR data were collected in transmission
mode as hyperspectral cubes (x, y, Abs(n)) using a 74� objective
(NA ¼ 0.65) and a 15� condenser (NA ¼ 0.65). The size of the
FPA detector was 64 � 64 pixels and simultaneously 4096 single
FTIR spectra were recorded corresponding to 34 � 34 mm2

area with a pixel resolution of 0.54 mm. The FTIR data were
obtained over the range of 3800–1000 cm�1 and were generated
from co-adding 128 scans at 4 cm�1 spectral resolution.
The following integration parameters were used in Fig. 5 and
S7† (with straight baselines from the integration endpoints):
amide I: 1680–1612 cm�1, E: 1932–1890 cm�1 and A1: 2033–
2013 cm�1. The resulting spectra and FTIR imaging data were
evaluated by using homemade soware IRidys (https://
www.IRidys.com, accessed December 2012 4th) running under
IGOR Pro 6.22.
3.12 FTIR spectra acquisition

Spectra were recorded on a Perkin Elmer Spectrum 100 equip-
ped with an ATR sampling accessory and analysed using Perkin
Elmer Spectrum soware. The FTIR spectra of a thin lm of 1
obtained aer evaporation of a solution of 1 in methanol and of
mestranol as a solid are shown in Fig. S2.†
Analyst, 2013, 138, 5627–5638 | 5635
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3.13 UV-visible absorption and luminescence emission in
vitro

Solutions of 1 in different organic solventswere studied in quartz
cuvettes with a Varian Cary 300 Bio UV-Visible Spectrophotom-
eter. Spectral analysis was performed using Cary Win UV so-
ware. A Jasco FP-8300 Spectrouorimeter (with Spectra Manager
soware) was used to monitor emission properties of 1.
4 Conclusion

In the intricate context of the estrogen receptor location, we
report here the successful multimodal imaging of mestranol
coupled with a single rhenium-pyta carbonyl bimodal core
using a large set of spectroscopic techniques. Luminescent and
vibrational properties of the SCoMPI enabled the detection of 1
inside xed MCF-7 and MDA-MB-231 breast cancer cells. 1
displays estrogenic activity, suggesting the targeting of nuclear
estrogen receptors. At that point, the presence of 1 at low
concentrations in the nucleus cannot be excluded, but there is a
clear accumulation in a perinuclear location evidenced by
several independent imaging techniques. Further colocaliza-
tion studies using a uorescent Golgi tracker clearly showed
colocalization of 1 with the Golgi apparatus in both cell lines.
However non-specic accumulation in the Golgi that could play
the role of a reservoir cannot be excluded, especially when the
nuclear estrogen receptors are found to be in low concentra-
tions. What is signicant is that the images obtained from these
independent techniques consistently depict accumulation
inside the Golgi apparatus.

These results clearly demonstrate that SCoMPIs are relevant
low-molecular weight and easy-to-conjugate probes, enabling
the gathering of reliable information from independent
imaging techniques. By exploiting the different capabilities of
the various techniques i.e. high lateral resolution in uores-
cence or micro-Raman imaging, photo-bleaching-free synchro-
tron-based micro-FTIR using raster scanning or focal plane
array detection, and high resolution in AFMIR, this LRe(CO)3
probe is a valuable tool for answering biology-related questions
concerning locations with versatile constraints.

This multiple capability of a single probe is an asset as
several questions can be addressed by its unique conjugation
with a biomolecule.
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Université Pierre et Marie Curie Paris 6, Université Paris-Sud
and Université de Bordeaux. These institutions are gratefully
acknowledged for their nancial support. In addition, ENS is
acknowledged for SC's PhD fellowship, the Groupe Français de
Chimie Bio-inorganique is acknowledged for SC's international
fellowship for experiments at SRC, and CNRS is acknowledged
for nancial support in the context of programme PCV prise de
risque. We thank the SOLEIL committee for beamtime and
nancial support in the conduct of experiments at SOLEIL
(project 20111026) and the CLIO committee for beamtime for
AFMIR experiments. This work is based on research conducted
at the IRENI beamline the construction and development of
which was supported by the U.S. National Science Foundation
under award MRI-0619759. This work was supported by the U.S.
National Science Foundation under grant CHE-1112433. The
Synchrotron Radiation Center is primarily funded by the
University of Wisconsin-Madison with supplemental support
from facility Users and the University of Wisconsin-Milwaukee.

Notes and references

1 S. G. Kazarian and K. L. A. Chan, Analyst, 2013, 138, 1940–
1951.

2 L. M. Miller and P. Dumas, Biochim. Biophys. Acta,
Biomembr., 2006, 1758, 846–857.

3 H. Amrania, A. P. McCrow, M. R. Matthews, S. G. Kazarian,
M. K. Kuimova and C. C. Phillips, Chem. Sci., 2011, 2, 107–
111.

4 M. K. Kuimova, K. L. A. Chan and S. G. Kazarian, Appl.
Spectrosc., 2009, 63, 164–171.

5 C. Policar, J. B. Waern, M. A. Plamont, S. Clède, C. Mayet,
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