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a b s t r a c t

Two different luminescent rhenium complexes, having the general formula [Re2(m-Cl)2(CO)6(m-1,2-
diazine)] and containing two different diazine ligands, namely 4-(pyridazin-4-yl)-butanoic acid (Re-1)
and 8-(5-methylpyridazin-4-yl)-octanoic acid (Re-2), were prepared. Exploiting the presence of the
carboxylic acid moieties, both complexes were further covalently linked to a 20-mer oligomer (PNA1),
bearing a nucleobase sequence complementary to that of mature miR-21e5p (50-TCAACATCAGTCTGA-
TAAGCTA-30), as well as to a 20-mer oligomer (PNA2) used as a negative control bearing the sequence 50-
GTGTAACACGTCCTATACGCC-3’. The resulting four Re-PNA conjugates were characterized and used to
target miR-21 in the DU145 prostate cancer cell line. The conjugation with PNA did not perturb the
photoluminescence behavior of the organometallic fragments: emission from 3MLCT excited states,
centered in a range between 580 and 610 nm, was observed, with satisfactory photoluminescence
quantum yields (F¼ ca. 0.03e0.01, in aerated water/acetonitrile solution 1/1). Experiments of cell up-
take, performed with living prostate cancer cells showed that the length of the aliphatic linker between
the rhenium complex and the PNA sequence, strongly affects the cellular localization.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

PNAs are synthetic mimics of natural nucleic acids (DNA and
RNA) inwhich the neutral pseudo-peptide backbone, made of N-(2-
aminoethyl)glycine units, replaces the negatively charged sugar-
phosphate chain of nucleic acids [1]. PNAs show high chemical
stability and great resistance to both nucleases and proteases [2],
and, most importantly, they are able to recognize and bind in a very
high specific and selective manner DNA and RNA [3]. Thanks to
these unique features, PNA or their analogs can be designed and
synthesized with the aim to recognize and hybridize complemen-
tary sequences of mRNA, thereby inhibiting its translation in an
antisense strategy. Accordingly, several examples of PNAs were
found to be excellent candidates for biosensing applications [4],
and antisense or antigene therapy [5e7]. Among them, some PNAs
have been shown to be able to alter biological functions of micro-
RNAs, both in vitro and in vivo [8,9].
candro).
MicroRNAs (miRNAs) are a class of short non-coding RNAs (ca.
22 nucleotides in length) that play a key role in modulating gene
expression at post-transcriptional level [10]. To date, nearly 2.000
miRNAs have been discovered in humans, where they represent
one of the most abundant classes of regulatory genes [10,11].
miRNAs have been shown to regulate the life span of messenger
RNA by acting as negative regulators of gene expression [11]. MiR-
21e5p (has-miR-21e5p,MIMAT0000076, miRBase) has been one of
the most studied miRNAs in cancer [10]. It has been found to be
widely overexpressed in multiple cancers and though to play a
pivotal role in tumorigenesis [10]. In this context, it has been shown
that the inhibition of miR-21 by “antisense” oligonucleotides im-
pairs tumor growth and survival, interferes with the invading/
migrating capabilities of cancer cells as well as enhances their
response to conventional anti-cancer therapies [10]. This evidence
has contributed to identify miR-21e5p as an oncomiR and as a
suitable therapeutic target for anticancer inventions [10].

Synthetic antisense oligonucleotides (ASOs) are among themost
used tools to directly interfere with the expression of oncogenic
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miRNAs [11]. However, issues dealing with the delivery, stability
and specificity of ASOs are still needed to be addressed before
nucleic acid-based molecules will be fully exploited as therapeutic
agents. Specifically, natural oligonucleotides bearing the classical
phosphodiester backbone are susceptible to nuclease-mediated
degradation and are characterized by inadequate affinity (i.e. low
potency) for the target due to binding to similar sequences or to
proteins, thus resulting in off-target effects [11]. On the contrary,
the use of PNA as third generation antisense oligonucleotides has
several advantages as mentioned before.

Unfortunately, unmodified PNAs display very low cellular up-
take [12], and this feature still constitutes an important drawback
towards the effective use of PNAs in therapy [13e15]. One of the
strategy to overcome this problem is the conjugation of PNA to
metal complexes [16,17]. Among them, rhenium complexes have
been used as PNA carrier. Some examples of mononuclear rhenium-
PNA conjugates have been reported in the literature [18e21], but
only two of them concerned luminescent complexes [22,23]. 188Re
was selected as the therapeutic radionuclide because of its attrac-
tive properties for radiotherapy. It is a generator-based nuclidewith
a half-life of 17 h and an average b-energy of about 2MeV.
Furthermore, diagnostic 99mTc and therapeutic 188Re form a so-
called “matched pair” of radionuclides showing similar coordina-
tion properties. Very recently, some 99mTc-labelled PNAs have been
reported and used in the active tumor pre-targeting approach for
therapeutic purposes [24]. Besides these studies, we also reported
that dinuclear Re(I) complexes could be used as low-toxicity
luminescent tag for PNA labelling [25,26]. These complexes
belong to the recently reported family of dinuclear rhenium com-
plexes, which are characterized by two “Re(CO)3” moieties, joined
by a substituted bridging diazine ligand and two anionic ancillary
ligands. They display intense emission (photoluminescence quan-
tum yields up to 0.5) in the range 550e620 nm, originating from
triplet metal-to-ligand-charge transfer excited states 3MLCT
[27,28]. Due to these interesting properties, some of them have
been also successfully used as new, simple, chemically robust, and
easy-to-synthetize platform for different carbohydrate ligands,
affording novel luminescent glycosylated materials [29,30], and
17a-ethinylestradiol bioconjugates [31].

Some Re-PNA decamers have been synthesized and successfully
tested in cell imaging experiments, showing efficient cell uptake in
living cells with different kinetics and localization depending on
the sequence of PNA [25,26]. The high photoluminescence quan-
tum yield of the dinuclear rhenium complex bound to PNA allows
to obtain images at very low concentration with a consequent
reduction of the possible cytotoxicity due to the presence of the
metal complex.

It is interesting to note that in these dinuclear rhenium com-
plexes, having an idealizing Cs symmetry, the six CO ligands give
rise to a peculiar four-band pattern in the IR spectrum [28]. These
intense CO absorption IR bands could be employed as probe in
vibrational spectroscopy. The development of IR probes is a real
challenge in the emerging field of the imaging as it involves no
electronic transition and no photobleaching is induced, and many
metal-carbonyl complexes are attractive candidates due to their
strong absorption in the mid-IR transparency window of the cell
(2200�1800 cm�1 range) [32e34].

In this paper, we further extend this study by the development of
dinuclear Re-based used as imaging agents with two aims: i) to
examine the relationship between variations in the molecular struc-
ture and cellular localization; ii) to test the Re-PNA conjugates as
therapeutic agents. Herein, we describe the synthesis and the char-
acterization of four novel conjugates (1e4, Chart 1), in which two
selected PNA sequences corresponding to an anti-miR-21 (PNA1) and
to a negative control oligomer (PNA2) were conjugated to dinuclear
rhenium complexes Re-1 and Re-2 (Chart 1).
The two different dinuclear rhenium complexes Re-1 and Re-2,

containing one or two alkyl chains on the diazine ligand utilized in
this study, led us to obtain compounds 1, 2 and 3, 4 respectively.
This has been done in order to modulate spectroscopic features of
conjugates 1e4. Indeed, complex Re-2, which contains two alkyl
substituents in the 4 and 5 positions of the diazine ring, exhibits a
hypsochromically shifted emission with a higher quantum yield
and longer lifetime compared to the analogous mono-substituted
complex Re-1. We have also undertaken preliminary in vitro cell
imaging and uptake studies on DU145 prostate cancer cells to
assess the potentiality of the new Re-PNA conjugates as antisense
tools towards miR-21e5p as oncomiR target.

2. Experimental

2.1. Materials and instrumentation

Rhenium(I) complexes Re-1 [25] and Re-2 [31] were synthesized
as previously reported. The PNA oligomers were prepared by solid-
phase synthesis (SPS) using the commercially available Boc/Z-
protected PNA monomers (ASM Research Chemicals GmbH,
Hannover, Germany). Polystyrene beads carrying 4-
methylbenzhydrylamine hydrochloride salt groups (MBHA resin,
0.63mmoL/g) was purchased from VWR International, and it was
downloaded to 0.2mmoL/gwith the Boc-thymine PNAmonomer for
PNA1, and with the Boc/Z-guanine PNA monomer for PNA2, ac-
cording to the literature [35]. Polypropylene one-way syringes (4 or
8mL), used as reaction vessels for the manual SPS, were purchased
from Alltech Associates Inc. (Lokeren, Belgium). All reactions on
solid-phasewere performed using amechanical shaker at 500 r/min.
The reverse-phase RP-HPLC purifications were performed on an
Agilent 1200 Series system, equipped with DAD analyzer, using the
semi-preparative column DISCOVERY® BIO WIDE PORE C18
(25 cm� 10mm, 10 mm) at a flow rate of 3mL/min. Solvent A (0.1%
TFA inwater) and solvent B (0.1% TFA in acetonitrile) were used in a
linear gradient of 10e50% (0e30min) with detection by UV at 260
and 280 nm. The reverse-phase RP-HPLC analyses of the purified Re-
PNA conjugates were performed using the analytical column DIS-
COVERY® BIOWIDE PORE C18 (15 cm� 4.6mm, 5 mm) at a flow rate
of 1mL/min. Solvent A (0.1% TFA inwater) and solvent B (0.1% TFA in
acetonitrile) were used in a linear gradient of 5e100% (0e60min)
with detection by UV at 260 and 280 nm. MALDI-TOF MS spectra
were recorded with a Bruker Daltonics Omniflex, equipped with a
pulsed nitrogen laser (337 nm), operating in reflector mode (20 kV)
with positive polarity, and using sinapinic acid as the matrix.

2.2. Synthesis of Re-PNA conjugates

2.2.1. General procedure for the synthesis of resin-supported PNA
oligomers 5 and 6

The resin-supported PNA oligomers 5 and 6 were prepared
manually by solid-phase synthesis in a one-way syringe (8mL)
equipped with a frit at the bottom. The MBHA resin (100mg,
0.2mmoL/g, 0.02mmol), downloaded with the proper monomer,
was swollen in CH2Cl2 for 40min, and the Boc group of the
anchored monomer was removed by the treatment with a mixture
of TFA/m-cresol 95/5 (3mL, twice for 4min). The resin beads were
then washed with CH2Cl2, NMP, and then with a solution of DIPEA
5% in CH2Cl2. In an Eppendorf tube, a solution of DIPEA (10 eq,
0.2mmol, 35 mL) and the Boc/Z protected monomer (5.3 eq,
0.106mmol) in NMP was added to a solution of HATU (4.8 eq,
0.096mmol, 36mg) in NMP, and the resulting mixture was shaken
for 2min. The activated acid was then transferred to the resin, and
shaken for 2 h. The resin was washed with NMP, and treated with a
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mixture of Ac2O/pyridine/NMP (1:25:25, twice for 2min, capping
step). The cycle (Boc-deprotection, coupling, and capping) was
repeated for each PNA monomer until the completion of the
sequence. To verify the oligomerization outcome, some resin beads
were washed with TFA, and then shaken with a mixture of TFA/
TFMSA/thioanisole/m-cresol 6/2/1/1 (300 mL, 1.5 h). The resin was
filtered off and washed with TFA. The filtrate was concentrated, and
cold Et2O was added to precipitate the PNA oligomer as a colorless
solid. Centrifugation of the slurry gave the product, which was
washed with Et2O and dried to afford the crude PNA oligomers
whose MALDI confirmed their identity.

2.2.2. General procedure for the synthesis of Re-PNA conjugates
1�4

The resin-supported PNA 5 or 6 (50mg, 0.2mmoL/g, 0.01mmol)
was transferred into a one-way syringe (4mL) equipped with a frit
at the bottom, and swollen in CH2Cl2 for 40min. The terminalN-Boc
protecting group was removed by the treatment with a mixture of
TFA/m-cresol 95/5 (1.5mL, twice for 4min), and the resin beads
were sequentially washed with CH2Cl2, NMP, and then with a so-
lution of DIPEA 5% in CH2Cl2. In an Eppendorf tube, a solution of
DIPEA (10 eq, 0.1mmol, 17 mL) and the rhenium(I) complexes Re-1
or Re-2 (5.3 eq, 0.053mmol) in NMP was added to a solution of
HATU (5 eq, 0.05mmol, 19mg) in NMP, and the resulting brown
mixture was shaken for 2min. The activated acid was then trans-
ferred to the resin, and shaken for 2 h. The resin was thoroughly
washed with NMP and CH2Cl2. The Re-PNA conjugates were then
cleaved from the resin using a mixture of TFA/TFMSA/thioanisole/
m-cresol 6/2/1/1 (1mL, twice for 1 h). The collected filtrates were
first concentrated before being precipitated with cold Et2O. The
pale-yellowsolidwas centrifuged,washedwith cold Et2O, and dried
under vacuum. The crude Re-PNAconjugateswere purifiedwith RP-
HPLC, and characterized with MALDI-TOF mass spectrometry.

Re-PNA conjugate 1: MALDI-TOF MS (m/z) calcd for
C229H276Cl2N118O65Re2, 6164.7, found: 6168.0 [MþH]þ, 6139
[M�CO]þ, 6099.1 [M�2Cl]þ, 5826.3 [M�Re(CO)3Cl2]þ, 5555.2
[M�Re2(CO)6Cl2]þ. HPLC: tR¼ 24.2min.

Re-PNA conjugate 2: MALDI-TOF MS (m/z) calcd for
C228H276Cl2N116O67Re2, 6156.7, found: 6157.7 [MþH]þ, 6088.0
[M þ He2Cl]þ, 5817.5 [M þ H � Re(CO)3Cl2]þ, 5547.2 [M þ H �
Re2(CO)6Cl2]þ. HPLC: tR¼ 26.5min.

Re-PNA conjugate 3: MALDI-TOF MS (m/z) calcd for
C234H286Cl2N116O65Re2, 6234.2, found: 6235.0 [MþH]þ, 6207.6
[MþHeCO]þ, 6166.9 [MþHe2Cl]þ, 5895.0 [MþH� Re(CO)3Cl2]þ,
5625.5 [M þ H � Re2(CO)6Cl2]þ. HPLC: tR¼ 27.2min.

Re-PNA conjugate 4: MALDI-TOF MS (m/z) calcd for
C233H286Cl2N116O67Re2, 6226.8, found: 6226.8 [M]þ, 6199.7
[M þ HeCO]þ, 6158.2 [M þ He2Cl]þ, 6129.2 [M�COe2Cl]þ, 5887.7
[M þ H � Re(CO)3Cl2]þ, 5616.8 [M�Re2(CO)6Cl2]þ. HPLC:
tR¼ 27.6min.

2.3. Biological studies

Human prostate cancer cells (DU145) were purchased from the
American Type Culture Collection (ATCC® HTB-81, Rockville, MD).
Cells were cultured in Roswell Park Memorial Institute 1640 me-
dium (Lonza Milano S.r.l., Treviglio, Italy) supplemented with 10%
fetal bovine serum and maintained in a logarithmic growth phase
at 37 �C, 5% CO2 in humidified atmosphere. The uptake of Re-PNA
conjugates was assessed on DU145 cells seeded in 6-well plates
(1� 105 cell/well), incubated at 37 �C for 24 h, and subsequently
exposed to 10 mmol L�1 of the compounds, diluted at the appro-
priate working concentration from a 1mmol L�1 stock solution in
dimethyl sulfoxide just before use. After a 2-h incubation at 37 �C,
cells were washed three times with PBS and incubated for up to
20 h in complete medium. The uptake of Re-complexes was
monitored by fluorescence microscopy (Nikon Eclipse E600 mi-
croscope, Nikon Instruments S.p.A., Firenze, Italy) on living cells
using a Fluorescein-5-isothiocyanate (FITC) filter. Images were ac-
quired by ACT-1 software (Nikon) and processed by Adobe Photo-
shop Image Reader 7.0.

To assess the expression levels of miR-21, total RNAwas isolated
using Qiagen RNeasy Mini kit (Qiagen, Hilden, Germany) and
digested with 20 U RNase-free DNase. miR-21 expression levels
were analysed using TaqMan® microRNA Assay (Thermo Fisher
Scientific, MA, USA) specific for the mature forms of miR-21e5p
(Assay ID 000397) and mir-21e3p (Assay ID 002438), according to
the manufacturer's instruction. Amplifications were run on the
7900HT Fast Real-Time PCR System (Applied Biosystems, CA, USA).
Data were analysed by SDS 2.2.2 software (Applied Biosystems). If
not otherwise specified, data have been reported as relative
quantity (RQ) of miR-21 amounts in treated (100 nmol L�1 for 48 h)
vs. untreated cells (calibrator sample) using the 2�DDCt method [36],
where Ct represents the threshold cycle. RNU48 snRNA (P/N
4427975) was used as normaliser during the analysis.

The intracellular fate of the conjugate 3was evaluated in a time-
dependent manner by cell-imaging on DU145 cells (2� 105) grown
on glass coverslips and exposed up to 24 h to 10 mmol L�1 of the
PNA conjugate. At the end of treatments, cells were washed in cold
PBS and fixed in 4% formaldehyde/PBS for 15min. Cell imaging was
performed using a confocal laser scanning microscope (TCS SP8 X,
Leica Microsystems GmbH, Mannheim, Germany). The internalized
compound was excited by a Light Laser with excitation and emis-
sion wavelengths of 405 nm and 430e550 nm, respectively. Nuclei
were counterstained with the far-red DNA stain DRAQ5™ Fluo-
rescent Probe (Thermo Fisher Scientific), according to the manu-
facturer's instruction. The images were acquired using a HC PL APO
63X/1.4 oil immersion objective and a pinhole set to 1 Airy unit.
Digitalized images were processed by Adobe Photoshop 7.0.1.

3. Results and discussion

3.1. Design of Re(I)ePNA oligomers 1�4

Two different dinuclear rhenium complexes, namely Re-1 and
Re-2 (Chart 1) were selected as starting suitable complexes for the
synthesis of Re-PNA conjugates 1e4. The two complexes differ in
the number and length of alkyl substituents on the diazine ligand:
Re-1 complex bears only an alkyl chain of four carbon atoms, while
Re-2 complex has an additional methyl group adjacent to an alkyl
chain of eight carbon atoms. This could bring to tune the photo-
physical behavior and the cellular uptake of the conjugates 1e4.

From a synthetic point of view, the presence of the terminal
carboxylic acid group on both complexes Re-1 and Re-2 is funda-
mental for the covalent attachment of the metal complex to PNA,
through an amide bond formation with the terminal free amino
group on the PNA sequence.

Complex Re-1 was already widely used as a luminescent probe
for PNA labelling [24,25], while the complex Re-2 has been con-
jugated to an antimiR-221 PNA sequence only very recently [33].
We reasoned that Re-2 could exhibit a hypsochromically shifted
emission with a higher quantum yield and longer lifetime
compared to the analogous mono-substituted complex Re-1
[27,28]. Both the diazine ligands were synthesized using the pre-
viously reported two-step procedure involving an inverse-electro-
nedemand DielseAlder cycloaddition reaction between the
electronepoor 1,2,4,5-tetrazine and the appropriate functional-
ized alkynes with N2 loss [38].

Following our previously reported procedure [25,31], complexes
Re-1 and Re-2 were obtained in good yield as air-stable yellow



Fig. 1. A) Schematic representation ofmiRNAbiogenesis. The 100e1000 nucleotide-long primarymiRNA transcript (pri-miRNA) is processedwithin the cell nucleus into a 70 nucleotide-
long miRNA precursor molecule (pre-miRNA) that bears a typical hairpin (stem-loop) structure. The pre-miRNA is then exported into the cytoplasm where it undergoes a processing
into amiRNA:miRNA* duplexwhich eventually leads to themature, active form of themiRNAduring amaturationprocess involving themiRISC complex. The reportedmiRNA sequences
and accession numbers are from miRBase 22.1 (http://www.mirbase.org/); B) Chemical structure of PNA sequences; C) Quantification of basal (endogenous) miR-21e5p and -3p
expression levels in DU145 cells by real-time RT-PCR. Data have been reported as 2�DCt and represent mean value± s.d. from at least three independent experiments.

Fig. 2. A) Representative photomicrographs showing the internalization of Re-PNA conjugates 3 and 4 assessed in living DU145 cells by fluorescence microscopy. Images were
captured 20 h after 2 h exposure to 10 mmol L�1 of conjugates. Untreated cells at the same time point were used as control for PNA internalization. The upper panels show bright
field images. Magnification� 10; Scale bar: 50 mm; B) Quantification of miR-21e5p (dashed bars) and -3p (white bars) expression levels in DU145 cells treated for 48 h with
100 nmol L�1 of Re-conjugates 1e4. Data have been reported as RQ and represent mean values ± s.d. from at least three independent experiments. *P < 0.05; **P< 0.01; C)
Representative photomicrographs showing the kinetics of 3 internalization assessed by confocal microscopy in DU145 cells exposed for 2 h to 10 mmol L�1 of the conjugate. Nuclei in
the images captured at 24 h were counterstained with the far-red DNA stain DRAQ5™ Fluorescent Probe, according to the manufacturer's instruction. Magnification� 63; Scale bar:
5 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Chart 1. Structure of Re-PNA conjugates 1e4 and Re(I) complexes Re-1 and Re-2 used in this study.
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solids by refluxing [Re(CO)5Cl] with 0.5 equivalents of the corre-
sponding 1,2-diazine in toluene solution.

These two complexes have been conjugated to two different PNA
sequences to give the four biorganometallic conjugates 1e4 (Chart
1), able to target oncomiR-21 as therapeutic target in the DU145
prostate cancer cell line. In particular, we designed and synthetized
a 20-mer oligomer (PNA1) bearing a nucleobase sequence com-
plementary to that of mature miR-21e5p (50-TCAACATCAGTCTGA-
TAAGCTA-30, Fig. 1B [39]), as well as a 20-mer oligomer (PNA2) used
as a negative control PNA and bearing a sequence (50-GTGTAA-
CACGTCCTATACGCC-30) with no significant homology with any
known transcript within the human genome (Fig. 1B).

3.2. Synthesis of Re(I)ePNA oligomers 1�4

At the onset of this study, the two resin-supported PNA oligo-
mers 5 and 6 (Scheme 1) were synthesized manually on methyl-
benzhydryl amine (MBHA) polystyrene resin using standard Boc/Z-
based solid-phase synthesis (SPS) [35], and the commercially
available Boc/Z-protected PNA monomers, in which the terminal
amino group on the backbone is protected with a tert-butylox-
ycarbonyl (Boc) group, while the amino groups on the nucleobases
are protected as benzyloxycarbonyl (Z) derivatives. To verify the
efficiency of the oligomerization process, a small amount of both
resins 5 and 6 was treated with a mixture of TFA/TFMSA/thio-
anisole/m-cresol, and the presence of cleaved oligomers antimiR-21
Scheme 1. Synthesis of Re
PNA1 and negative control PNA2 was confirmed by MALDI-TOF MS
analyses (see Figures S1 and S2, Appendix A-Supplementary Data).

Having secured good access to the resin-supported PNA 5 and 6,
we initially focused our attention on the synthesis of Re-PNA con-
jugates 1 and 2 using the complex Re-1 under experimental con-
ditions very similar to those optimized by our group to efficiently
conjugate Re-1 complex to PNA decamers [26].

More in detail, as reported in Scheme 1, the N-terminal Boc
protecting groups of 5 and 6was removedwith amixture of TFA/m-
cresol, and the corresponding free amine groups of resin-supported
PNA oligomers were reacted with the carboxylic group of the Re-1
complex in the presence of HATU as condensing agent and DIPEA as
base in NMP for 2 h, to form the amide bond.

The final cleavage of both ReePNAs conjugates from the resin,
under standard acidic conditions, provided pale-yellow crude
products 1 and 2, which were purified by RP-HPLC using a semi-
preparative column C18. The purity and identity of purified oligo-
mers 1 and 2were evaluated by analytical HPLC andMALDI-TOFMS
analysis (see Figures S3�S6, Appendix A-Supplementary Data). The
same synthetic approach was also used for the synthesis of Re-PNA
conjugates 3 and 4, using in this case the preformed complex Re-2.
Also in this case, the conjugation of Re-2 complex to PNA1 and
PNA2 on the solid support was found to be successful, affording,
after the final cleavage and further HPLC purification, the conju-
gates 3 and 4 as pale-yellow solids, whose identity and purity were
confirmed by MALDI and analytical RP-HPLC (see Figures S7�S10,
-PNA conjugates 1�4.
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Appendix A-Supplementary Data).
It should be noted that, as previously observed for Re-1 com-

plex, Re-2 complex also displays a good stability toward strong
acidic conditions required by the Boc/Z strategy for the cleavage of
the PNA from the MBHA resin, and the simultaneous deprotection
of exocyclic amino groups of nucleobases.

3.3. Photophysical properties

The photoluminescence in the whole family of dinuclear Re-
diazine complexes originates from dp(Re)�p*(diazine) triplet
metal-ligand-to-ligand charge transfer excited states (3MLLCT)
[28,40]. Several arguments support this attribution: the solvent ef-
fect on the energy and on the intensity of the emission, the
quenching of the emission in the presence of O2 and the effect of the
diazine substituent on the emission energy [28]. In particular, the
position of the emission is not affected by the length of the alkyl
substituents, but only by their number. Accordingly, complexes
featuring diazine ligands containing two alkyl substituents in the 4
and 5 positions displayed absorption and emission bands blue-
shifted with respect to the mono substituted complexes. Indeed,
the second electro-donating alkyl chain on the diazine ligand in-
creases the energy level of the LUMO, raising in this way the
HOMOeLUMO gap and therefore the energy of the MLCT excited
states [27]. It is interesting to note that thanks to the presence of the
aliphatic chain that hamper the conjugation between biomolecules,
such as PNA [25,26,37], carbohydrates [29,30], and estradiol moiety
[31] and the Re-diazine moiety, the photophysical properties of bio-
conjugates are analogous to that of Re-diazine complex alone. In the
specific case of Re-PNA conjugates, neither the length nor the nature
of the PNA oligomer modify the photophysical behavior of the
conjugates. Actually, all the Re-1-PNA conjugates elsewhere
described display, in air equilibrated water/acetonitrile 1/1 solution,
photophysical features very similar to those of the parent Re-1 (lem
in the range 607e611 nm, F¼ 0.012e0.016) [25,26]. Moreover, we
have recently reported the photophysical properties of a Re-2-PNA
conjugate containing an antimiR-221 PNA sequence [37]. In this
case, upon optical excitation in air equilibrated water/acetonitrile 1/
1 solution, both Re-2 complex and Re-2-PNA show a broad emission
centered at 578 nm (F¼ 0.03), almost 30 nm blue-shifted with
respect to the emission of the corresponding Re-1 and Re-1-PNA
derivatives previously reported. This is in agreement with the
presence of the two alkyl substituents on the diazine ligand and the
higher photoluminescence quantum yield fairly follows the Energy
Gap Law [41]. For these reasons, we have not here performed the
photophysical characterization of the PNA conjugates 1e4 in that,
on the basis of the above considerations, we are confident that these
conjugates exhibit photophysical properties analogous to that of Re-
1 and Re-2.

3.4. Biological characterizations

In order to examine the potential applicability of the Re-PNA
conjugates 1e4 in living cells, cell-imaging studies were per-
formed using the commercially available prostate cancer (DU145)
cell line. Fluorescence microscopy analysis carried out on living
cells 20 h after the incubation of cells at 37 �C for 2 h in the presence
of 5 mmol L�1 of the conjugates revealed an intense and homoge-
nously distributed green fluorescent signal (Fig. 2A). This evidence
clearly indicates that both 3 and 4 conjugates were spontaneously
and efficiently taken up by DU145 cells, in keeping with our pre-
vious observations showing that other PNAs conjugated to Re-1 are
easily detected within cells [25,26].

The potential of Re-PNA conjugates for miR-21 inhibition was
hence assessed in DU145 prostate cancer cells, which are
characterized by elevated levels of endogenous miR-21e5p
compared to other PCa cell lines [39] and show little amounts of the
respective miRNA on the -3p arm (miR-21e3p) of the precursor
molecule (MI0000077, miRBase; Fig. 1C). Specifically, the amounts
of endogenous miR-21e5p were evaluated by real-time RT-PCR
after a 48 h exposure of DU145 cells to equimolar amounts
(100 nM) of 1�4 conjugates. Results showed that 1-treated cells
were characterized by a significant depletion (~50%; P< 0.01,
Fig. 2B) of mature miR-21e5p amounts with respect to cells
exposed to the 2-negative control conjugate (0.48± 0.04 and
0.99± 0.05 relative quantity (RQ) vs. untreated cells, respectively).
Notably, a significant reduction (P< 0.05) in the amounts of
endogenous miR-21e3p was also observed in cells exposed to 1
with respect to cells treated with an equimolar amount of 2 (RQ:
0.52± 0.04 and 0.80± 0.07, respectively; Fig. 2B). Conversely, 3-
treated cells did not show significant modulation in the expression
levels of both miR-21e5p and miR-21e3p in comparison to cells
exposed to an equimolar amount of the 4-negative control conju-
gate (Fig. 2B) as well as with respect to untreated cells. This evi-
dence would suggest that conjugate 1 likely acts as a miR-21
inhibitor by impinging on the processing of pre-miR-21 precursor
molecule (Fig. 1A) [42]. Importantly, no cytotoxicity was observed
in cells treatedwith up to 2 mmol L�1 each of the four Re-conjugates
(data not shown).

Our previous fluorescence microscopy analysis showed that
conjugate 3 was efficiently taken-up by living cells (Fig. 2A), thus
indicating that the unsuccessful modulation in the expression
levels of both miR-21e5p and -3p was not attributable to its poor
internalization. This evidence was further confirmed by confocal
microscopy analyses showing that 4 h after 2 h incubation at 37 �C
in the presence of 3 (10 mmol L�1), the conjugate was quickly taken-
up by cells and mainly localized within the cytoplasm (Fig. 2C).
However, 20 h later the cells were profoundly characterized by the
appearance of highly fluorescent granules (Fig. 2C). This observa-
tion would suggest that the permanence of the conjugate within
the cytoplasm may lead to the formation of PNA aggregates, likely
due to the presence of a long aliphatic chain in the Re-2 complex,
that impinge on the miRNA inhibitory activity of the conjugate.
Alternatively, it can be also hypothesized that the molecule may be
targeted to the endosome/lysosome compartment for possible
degradation, as previously observed in the same cell line exposed
to high concentration of a naked PNA targeting human telomerase
[43].

4. Conclusions

Fluorescence microscopy is one of the most widely used tech-
niques for the visualization of the cells and for studying biological
processes. Different fluorophores have been developed for this
purpose and, among them luminescent transition-metal complexes
have recently received an increasing interest in this field, even if
this area is still in its infancy. Therefore, this work, which describes
the development of dinuclear Re-based organometallic complexes
used as imaging agents, clearly indicate that: i) the Re-PNA conju-
gates are easily taken up by living cells thus showing that the Re(I)
complexes are indeed useful tools for the intracellular delivery of
PNA; ii) Re complexes may be exploited as fluorescent probes to
track the cell uptake of biologically relevant molecules. However,
our attempts to carefully design probes more performing from the
photophysical point of view, introducing two aliphatic substituents
on the diazine ligand, afford not trivial variations in uptake and
localization of the corresponding conjugates. The possible forma-
tion of intracellular aggregates or the targeting of the Re-PNA
conjugates 3 and 4, to endosome/lysosome compartment are
detrimental for exploiting their biological activity.
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On the contrary, experiments performed using conjugate 1
revealed that the PNA may act as miRNA inhibitor, likely due to
their capability to interfere with cytoplasmic processing of the
miRNA precursor molecules, opening the way to use the Re-PNA
derivatives as efficient antisense molecules in cancer diseases.
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