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Fluorescent Si-rhodamines were modified to enable complexation
with the Re(l)- and %m™Tc(l)-tricarbonyl core. The corresponding
complexes exhibit suitable properties as bimodal imaging probes
for SPECT- and optical imaging in vitro. Importantly, the novel in
aqueous solution stable, functionalized Si-rhodamines retain
favourable optical properties after complexation (QY=0.09,
Aaps=654 nm, A.;,=669 nm in PBS) and show promising near-
infrared optical properties for potential in vivo applications
enabling bimodal scintigraphic imaging and optical imaging, e.g.
used in radio- and fluorescence-guided tumor resection.

Organic fluorophores are in high demand as imaging probes in
biomedical research.> 2 Optical dyes are generally used for
cellular staining, biomolecule characterisation or the
visualization of cellular and molecular processes in vivo.3> The
most extensively studied organic fluorescent dyes for
biological applications are fluorescein, squaraine-, BODIPY- and
cyanine-dyes (figure 1).- & At this time, the FDA approved
fluorophores indocyanine green (ICG) and 5-aminolevulinic
acid (5-ALA) are the most established compounds for
intraoperative surgical interventions.” These organic dyes
possess high molar extinction coefficients, large stokes shifts
and high quantum yields.? However, in exception of some
fluorophores with reduced molecular weight, most of the dyes
e.g. members of the FITC family, typically show limited optical
properties not compatible with in vivo applications due to their
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absorbance and emission in the visible part of the spectrum
since their absorbance and emission maxima interfere with the
natural absorbance of tissue and blood.® 811 |n contrast, NIR
dyes do not overlap with the absorbance of water and
haemoglobin, and provide low phototoxicity in cells and
tissue.® These advantages qualify near-infrared (NIR) dyes
particularly powerful for optical imaging. The indocyanine (Cy)
dye family provides a suitable alternative to bright, short wave
optical probes, as emission properties can be adjusted to NIR
compatibility by chain extension. However, indocyanines
exhibit decreased solubility in aqueous solution and are
sensitive to photobleaching, which can pose limitations to
their application.® Clearly, there is a need for optical probes
with small molecular footprint, necessary hydrophilicity for
biological applications and strongly red-shifted absorbance
and emission. In 2011 Nagano et al. developed the near-
infrared silicon rhodamines (SiR) with a maximal absorption
wavelength of Ags=646nm and an emission wavelength of
Aem=667nm (figure 1).5 12 13 Due to their optical properties in
the near-infrared wavelength region the SiR dyes exhibit
biocompatible characteristics: enhanced photostability and
water solubility, reduced autofluorescence, decreased light
scattering- and photobleaching properties.> 12,13
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Figure 1: Overview of prominent organic fluorescent dyes and chemical
étructures of fluorescein, squaraine-, BODIPY-, cyanine and silicon-rhodamine
yes.
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Molecular imaging methods with optical imaging probes are
used extensively for the visualization of cellular processes.3-
Although this method is considered to also provide high spatial
resolution in the um-scope and high sensitivity in vivo, the lack
of deep tissue penetration can be compensated by use of
complementary imaging techniques.’* Nuclear imaging
methods such as positron emission tomography (PET) and
single photon emission computed tomography (SPECT)-
imaging are suitable for this purpose due to their tissue
penetration characteristics and high sensitivity suitable for
whole body imaging.1> Conclusively the combination of optical
and nuclear imaging methods provides synergistic effects,
resulting in high spatial resolution and high tissue penetration
from the whole body to the subcellular level.1>17 Related to
this topic several small molecule based organic optical- and
nuclear imaging probes have been evaluated and reported.18
However fluorescent dyes including radiolabelled and
functionalized BODIPYs, cyanine or fluorescein-conjugated
imaging probes often show a low accumulation in tumors likely
because of their enhanced lipophilicity and high enrichment in
kidney or liver.17. 19-23 For this reason there is a need of small
molecule based water-soluble near-infrared absorbing and
emitting probes for bimodal imaging and subsequent
fluorescence-guided surgery.

Here, we used the click-to-chelate concept from Mindt et al. to
combine the single-photon emitter technetium-99m (physical
half-life of 6.02 hours and gamma energy of 141 keV) and the
near-infrared fluorophore silicon-rhodamine in one small
molecule for its further development for bimodal scintigraphic
and optical imaging, e.g. used in radio- and fluorescence-
guided intraoperative tumor resection.2% 2>

In order to incorporate °°MTc(l) onto the SiR dye, we used a
tridentate donor for the coordination of the ®*™Tc-tricarbonyl
core. The synthesis of the non-radioactive rhenium surrogate
complex 10 and the technetium-99m complex 11 was achieved
from 3-bromo-N,N-dimethylaniline (1) within seven steps
(Scheme 1).

An azido-functionalized Si-rhodamine 7 was converted by the
copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC) into
1,4-substituted 1,2,3-triazole and
subsequently complexed with rhenium(l) as a non-radioactive

the corresponding

surrogate for chemical characterization.

To obtain dye 7, we carried out the synthesis following the
modification of published procedures: the commercially
available 3-bromo-N,N-dimethylaniline (1) was converted
using the Blanc reaction to compound 2.26 Using a modified
procedure from Bertozzi et al., silicon-xanthone 3 was
synthesized with a yield of 52%.27 Xanthone 3 was converted
by nucleophilic addition with trimethylsilyl-(TMS) protected
anilines 5 to the amine-functionalized SiR 6.28

Subsequently, SiR 6 was converted to the corresponding
azide 7 with sodium azide. Formation of the corresponding
1,2,3-triazole-functionalized Si-rhodamine and subsequent
complexation with Re(l) and Tc(l) were inspired by the click-to-
chelate concept of Mindt et al.2* 22 Various attempts at the
copper(l)-catalyzed alkyne-azide click-reaction (CuAAC)
conditions were carried out using Fmoc-L-propargylglycine 8 to
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Scheme 1: Reaction pathway for the synthesis ofthe rhemumS|—rhodam|ne10
and the structure of the technetium-99m radiolabelled Si-rhodamine 11.

obtain the Fmoc-protected 1,4-disubstituted 1,2,3-triazole.
Reactions using conventional CuAAC conditions with copper(ll)
sulfate and sodium ascorbate were not successful; instead, we
used the copper(l) source Cu(MeCN)4PF¢ with tris((1-benzyl-4-
triazolyl)methyl)amine (TBTA) in methanol.?® This method gave
the Fmoc-protected product in 87% yield. Finally, the Fmoc-
group was removed using base-catalyzed deprotection in DMF
to obtain 9 with a yield of 68%. The usage of unprotected L-
propargylglycine as the alkyne source for the click reaction
gave triazole 9 in an 18% vyield only, possibly due to its
diminished solubility in methanol. As Rhenium(l) and
technetium(l)-complexes have often similar
properties, the rhenium complex 10 is considered as a suitable

chemical

non-radioactive surrogate for the chemical characterization of
the corresponding radioactive technetium-complex 11.30
Rhenium complex 10 was synthesized by complexation with
pentacarbonylchlororhenium(l) with a yield of 87% after HPLC
purification. The analytical HPLC showed a double peak signal
which probably indicates two different rotameric structures of
10 (ESI-figure 47) due to the restricted rotation of the aryl-aryl
axis from the Si-rhodamine backbone. The presence of
rotamers is further evidenced by the HR-ESI-MS data from the
double peak signal in HPLC, where one single mass of [M]*
with the correct isotopic pattern expected for 185/187Re s
observed. However only one set of chemical shift data was
observed via NMR for this double signal at room temperature
(ESI-figure 13/14).

A comparison of the proton H-NMR data of the ligand 9 and
the corresponding rhenium complex 10 indicates a downshift
of signals following complexation, correlating well with
previous published results (ESI-table 3).24 29

This is further evidenced by the IR-data of complex 10, which
shows the well-defined and characteristic stretching frequency
of CO bound to the rhenium core at wv=2022 and 1889 cm™?
(ESI-figure 44). The optical properties of all Si-rhodamine
derivatives were determined in various solvents and are

This journal is © The Royal Society of Chemistry 20xx
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shown in Table 1. With exception of 6 all other compounds
show characteristic absorption- and emission properties in the
NIR-region between 650nm and 675nm. The molar
absorptivity of the SiRs in methanol is somewhat higher than
in aqueous solution, and slightly decreases as the degree of
substitution of the Si-rhodamines increases. The lowest molar
absorption
rhenium complex 10, presumably by competing absorbance
and emission from a metal-to-ligand charge-transfer (MLCT)
band of the rhenium(l) complex; however, no further efforts
were made to elucidate the source of observed change in
molar absorptivity; comparable reduction of molar absorption
coefficients following rhenium complexation with different
fluorophores has been reported by others elsewhere.31-33

coefficients were obtained for the

Table 1 Optical properties of the synthesized Si-rhodamines and the Re-complex 10.
Excitation was performed at A= 650 nm.

Solvent Aabs, max Aem Emax (>
1 -1
6 MeOH 653 nm - 91900 M cm -
-1 -1
PBS (pH =7.4) 651 nm - 77300 M cm -
E
7 MeOH 651 nm 670nm 156500 M cm 0.18
11
H20/EtOH (5%) 651 nm 670nm 123700 M cm 0.10
1 -1
PBS (pH = 7.4) 651nm  671nm 99000 M cm 0.12
1 -1
9 MeOH 655nm 672nm 79900 M cm 0.13
1 -1
H2O/EtOH (5%) 653 nm 671nm 73890 M cm 0.10
-1 -1
PBS (pH =7.4) 655nm  672nm 79900 M cm 0.13
11
10 MeOH 654nm 672nm 63900 M cm 0.14
11
H20/EtOH (5%) 654nm 674nm 22100 M cm 0.10
1 -1
PBS (pH =7.4) 654 nm 669nm 39100 M cm 0.09
a) T T T T
1,04 |—— Absorption 110
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c
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g
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Figure 2: a) Normalized UV/VIS/NIR-absorption and emission spectrum of the
rhenium complexed Si-rhodamine in water/ethanol (5%) with an excitation
wavelength of 650 nm. b) IVIS-imaging of 10 in PBS/EtOH (5%) with different
concentrations to receive the optimal amount of fluorophore for future in
vitro/in vivo experiments. The samples were excited with a wavelength of
640 nm and the emission was recorded at a wavelength of 710 nm.

The stokes shifts for all the dyes in methanol, PBS and
H,O/EtOH (5%) remain comparable and small (15-20 nm),
arising from a small and negligible change in dipole moment
between the ground state and the excited state of the SiR

This journal is © The Royal Society of Chemistry 20xx
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fluorophores. With exception of the non-fluorescgnt aming; 6.
the quantum yields remain between 13PI8%0iHRMEDATEAS Y=
13% in aqueous solution, respectively.

Figure 2a shows the absorption and emission spectra of the
rhenium complex 10 in water/ethanol (5%).

The spectra show a maximum in absorbance at 654 nm and
emission at 674 nm (excitation wavelength: 650 nm).
Surprisingly, there is no significant change in quantum yield in
H,O/EtOH (5%) between the ligand 9 and the
rhenium complex 10 (both at @®~=10%) while the molar
absorption coefficient decreases dramatically from 73,890 to
22,100 M'cm . The NIR-dyes 9 and 10 compare well to the
FDA approved fluorescent dyes 5-aminolevulinic acid (5-ALA),
protoporphyrin IX (PPIX; @r=8%) or the NIR-fluorophore
indocyanine green (ICG; ®r=9%) with respect to optical
properties and solubility.”

Photobleaching experiments of the synthesized dyes 6, 7, 9
and 10 by irradiation with a wavelength of 650 nm from a
xenon lamp in H,O/EtOH (5%) for two hours showed a high
photostability of these compounds distinctive for Si-
rhodamines and comparable to the photostable cyanine dye
Nile Blue (ESI-figure 31).3% 35> The dye 9 shows a very high
photostability (4% degradation) whereas SiR 10 has only a
decrease of 15% in absorption after two hours irradiation.

We also determined the limit of detection for optical imaging
using a conventional, small animal optical imaging scanner.
Specifically, we recorded an IVIS-image with different amounts
of rhenium complex 10 (figure 2b), indicating that 1 nmol of
the probe can be detected without difficulty. This value
compares well with the sensitivity of conventional optical
fluorophores employed for in vivo applications.3¢ The stability
of complex10 was assessed in aqueous solution. The
rhenium(l) dé-low-spin complex shows robust stabilities in
PBS/EtOH (5%) at room temperature and at 37 °C, with no
decomplexation observed after 24 hours (ESI table 1). Similar
results were observed in challenge experiments with
1 mM histidine in PBS/EtOH (5%) at 37 °C, where complex 10
did not show any decomposition after 24 hours either. The
high stability of 10 motivated us to pursue the synthesis for
the corresponding 2°™Tc-radiolabelled analogue.
Technetium-99m complexation experiments with ligand9
were performed under the conditions shown in figure 3a.
[#°mTc(CO)3(H20)3]* was synthesized in accordance with the
procedure of Alberto et al.37.38

complexed Si-rhodamine
synthesized by incubation of 87 nmol ligand 9 with 81.4 MBq
(2.2 mCi) [®®™Tc(CO)3(H,0)s]* for 1 hour at 75 °C in an aqueous
solution. The desired complex was isolated with a
radiochemical yield of 59%, a radiochemical purity greater
than 98% and a molar activity of 551 MBg/umol (3a). The
determination of the partition coefficient of 11 with the shake
flask assay showed a value for log Dyh-7.4= 1.11, indicating that
the complex 11 has increased lipophilic character.

The comparison of the retention times of Re-complex 10 (UV-
detection at 254 nm, R=12.5 min) and the technetium-99m-
complex (decay counts with y-detection, R=12.6 min)

The technetium-99m 11 was

J. Name., 2013, 00, 1-3 | 3
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confirms the identity of the desired final complex 11 (figure
3b).

Complex 11 was isolated using analytical HPLC and was
redissolved in PBS/EtOH (5%) to determine the stability in
aqueous solution. No additional peaks were observed,
indicating good compound stability even after six hours of
incubation. A serum stability test at 37 °C by incubation of 11
in human serum plasma showed high stability even after 24
hours analysed by Radio-TLC (ESI table 3).

0

a) o H
NH;
Nk
HOOC N X 5
I8 oc Lo N,

™ Te(CO)(HL0)]* N

O H2O/EtOH (5%), 75 °C, 1 h . l

RCY: 59% "
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Figure 3: a) Radiolabelling reaction of ligand 9 with a highly reactive
[®°™T¢(CO)3(H,0)3]*-complex in aqueous solution. b) Overview of the HPLC-trace
of Re-complex 10 as a non-radioactive surrogate [UV, 254 nm] with a retention
time of 12.5 min and the radio-HPLC-trace of the technetium-99m complex 11
[y-detector, radioactive counts] with a retention time of 12.6 min. 11 was
obtained in a radiochemical yield of 59% with a radiochemical purity of >98%
after purification on an analytical HPLC with deionized water and acetonitrile
containing 0.1% TFA each.

In conclusion, we here report on the first ®*™Tc-radiolabelled
small-molecule near-infrared Si-rhodamine fluorophore 11.
The novel, (radio)metal complexed fluorescent dyes 10 and 11
were successfully characterized. The technetium-99m and
rhenium complexed Si-rhodamines can be easily synthesized
and show excellent NIR optical properties, are stable under
physiological conditions, in PBS, as well as in challenge
experiments with histidine and additionally in human serum.
Fluorophore 11 has the potential to be further combined with
conventionally used, polydisperse 9™Tc-nanocolloids for
sentinel lymph node (SNL) detection. In a next step the here
presented and characterized non-targeted Si-rhodamines
10/11 will be further functionalized for their conjugation to
different binding vector molecules to explore their potential of
selective enrichment in (tumor) cells and tissues.
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