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Highly phosphorescent NACAN platinum(i)-
peptide nucleic acid conjugates: synthesis,
photophysical studies and hybridization
behavioury
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The synthesis of novel highly phosphorescent NACAN tridentate platinum(i)-complex-peptide nucleic
acid (PNA) bioconjugates was accomplished through the solid-phase approach. Melting temperature
measurements and circular dichroism spectroscopy studies demonstrated that these conjugates maintain
the PNA ability to recognize complementary ssDNA and ssRNA, though the length of the spacer between
the metal center and the PNA sequence affects their hybridization properties. Noteworthy, the conju-
gation of PNA to this family of Pt(1) complexes significantly enhanced the luminescent features of the
organometallic moiety, leading to increased quantum yields (82.8%, 107> M), even in the presence of
oxygen (48.6%, 107> M). An in vitro cytotoxicity study of Pt(i)-PNA conjugates on Hela cells showed no
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Introduction

Nucleic acid analogues have been proposed to mimic the
chemical features of natural DNA and RNA and to improve
their biological properties, including increased enzymatic re-
sistance and binding affinity towards complementary strands."
All these properties make nucleic acid analogues useful agents
in molecular biology, clinical diagnosis, and medical appli-
cations (e.g., gene therapy). Among them, peptide nucleic
acids (PNAs), proposed for the first time by P. Nielsen in
1991,% belong to one of the most promising classes of xeno-
nucleic acids in which the negatively charged (deoxy)ribose
phosphodiester skeleton of (DNA)RNA is replaced by the
achiral and neutral pseudopeptide backbone, composed of N-
(2-aminoethyl)glycine (aeg) units covalently linked to the
nucleobases through an amide bond. Because of their neutral
and unnatural backbone, PNAs show high specificity and stabi-
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significative effect on cell growth in the dark (1 pM for 72 h).

lity in interactions with complementary DNA or RNA strands,’
as well as great enzymatic stability towards nucleases and pro-
teases.” Moreover, the high chemical stability of PNAs allows
their easy manipulation and modification to improve and inte-
grate their biological properties (i.e., cell penetration, tissue
specificity and solubility in aqueous media).>® Thus, the PNA
chemistry takes on an important role in the development of
therapeutic agents, biosensors, and materials sciences.” In
particular, the conjugation of PNAs to luminescent coordi-
nation complexes represent an interesting approach to develop
multifunctional bioconjugates potentially with great interest
for biomedicine.® Indeed, luminescent transition metal com-
plexes display excellent optoelectronic properties. Their use as
tracers for bioimaging in cells and tissues is of particular inter-
est,” since their high emission efficiency and long lifetimes
allow for distinguishing their phosphorescence from the back-
ground autofluorescence of biological systems, which is an
important advantage over common organic compounds. In the
past, several studies have been reported on modified PNAs co-
valently linked to d® transition-metal complexes, including
complexes of Re(1)'® and Ru(u),"" where the organometallic
moieties act as low-toxicity luminescent markers for PNA, as
carriers for the internalization by living cells and as promoters
of specific PNA recognition mechanisms, such as the double-
duplex invasion. Conversely, very few examples of PNAs con-
taining d® platinum(u) complexes are present in the litera-
ture,'” and they are mainly focused on the use of cis-diammi-

This journal is © The Royal Society of Chemistry 2025
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nedichloroplatinum(u) (cis-platin). This is quite surprising,
taking into account that some platinum complexes, like
neutral N*C”N tridentate Pt(u) derivatives, prove to be optimal
candidates for biological applications, especially as promising
long-lived bio-imaging probes’*** or photosensitizers for
photodynamic therapy (PDT)."**¢ Moreover, they generally
display very high quantum yield and good cell permeability.
The unique photophysical features of these complexes,
especially those bearing a cyclometallated 1,3-di(2-pyridyl)
benzene structure (Fig. 1), contribute to their distinctive phos-
phorescence, making them useful for both in-depth bio-
imaging and PDT. When irradiated with light of the proper
wavelength, these complexes can produce singlet oxygen
in situ, and consequently damage or Kkill cells. The dual exploi-
tation as both a dye for bioimaging and a PDT sensitizer could
lead to the development of multifunctional compounds with
great potential in biomedicine. These properties, combined
with the low cytotoxicity and ability to penetrate cells localiz-
ing mainly in the nuclear region proved by some of them,
make N*C”N tridentate Pt(i1) complexes a transformative force
in developing light-based cancer treatments and advanced
imaging techniques. Furthermore, these cyclometallated Pt(u)
complexes can be easily prepared using straightforward and
well-defined procedures. The possibility to selectively functio-
nalize the ligand skeleton with different substituents allows
both the modulation of their photophysical properties and
covalent conjugation to relevant biomolecules, including pep-
tides suitable for targeted tumor therapy and theranostic
applications.*?

In this context, the conjugation of N*C~N tridentate Pt(u)
complexes to PNAs represents an unprecedented study toward
an innovative bioorganometallic system. This system could be
useful in diagnostics and gene therapy, thanks to the combi-
nation of the precise genetic targeting of PNAs with the afore-
mentioned advantageous characteristics of platinum
complexes.

Herein, we report the synthesis of two novel bioorganome-
tallic dipyridyl benzene Pt(u)-PNA conjugates, Pt1-PNA and
Pt2-PNA, formed by a model PNA decamer covalently linked to
the corresponding Pt1 and Pt2 complexes (Fig. 1). An in-depth
study of the hybridization of these conjugates with comp-
lementary DNA and RNA single strands has been performed
using UV-monitored melting temperature measurements and

Pt1-PNA:n =0
Pt2-PNA:n=2
PNA: GlyTCACTAGATG

Fig. 1 Structures of complexes Ptl and Pt2 and of the corresponding
Pt1-PNA and Pt2-PNA conjugates prepared in this study.
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circular dichroism spectroscopy. Limited data are present in
the literature regarding the interaction of oligonucleotides
with Pt(u) complexes featuring a cyclometallated tridentate
ligand, since most studies have focused on platinum com-
plexes similar to the cis-platin drug. Additionally, the photo-
physical properties of the Pt2-PNA conjugate have been investi-
gated and compared with those of the Pt2 complex using
absorption, excitation, and emission spectra. Finally, a prelimi-
nary in vitro evaluation of the Pt2-PNA toxicity in the dark has
been performed using the MTT assay.

Results and discussion
Design and synthesis of the Pt(u)-PNA conjugates

Two Pt(i1) complexes, Pt1 and Pt2, bearing benzoic and propa-
noic acid as anchoring groups, respectively, were selected for
this study. These complexes differ in the length of the -
(CH,),~ linker (n = 0 for Pt1 and n = 2 for Pt2) between the
metal center and the PNA oligomer, allowing investigation of
how the linker length affects the hybridization properties of
the corresponding Pt-PNA conjugates. The carboxylic groups of
Pt1 and Pt2 enabled covalent conjugation of the complexes to
the PNA through the amide bond formation with the terminal
amine group of the PNA sequence.

Pt1 complex was prepared according to the literature,'
while Pt2 was synthesized in 72% yield by the complexation
reaction between the tridentate ligand L (for the synthesis of
L, see Scheme S1, ESIf) with K,PtCl, in acetic acid at reflux
(Scheme 1).

Next, the model PNA decamer (NH,-GlyTCACTAGATG-H)
was prepared through manual solid-phase synthesis using
standard Fmoc/Bhoc (fluorenylmethyloxycarbonyl/benzhydry-
loxycarbonyl) chemistry.'* The Pt1-PNA and Pt2-PNA conju-
gates were synthesized by a three-step procedure starting from
the resin-supported PNA decamer SP-PNA with complexes Pt1
and Pt2, respectively (Scheme 2).

In particular, the N-terminal Fmoc protecting group was
removed from SP-PNA with a solution of piperidine in
1-methyl-2-pyrrolidinone (NMP). The free amine group of
SP-PNA was then reacted with the -COOH group of Pt1 or Pt2
to form the amide bond using O-(7-Aza-1H-benzotriazole-1-yl)-
N,N,N,N-tetramethyluronium hexafluorophosphate (HATU) as
condensing agent and N-ethyldiisopropylamine (DIPEA) as the
base in NMP for 2 hours (Scheme 2). Finally, the cleavage of
the conjugates from the resin under acidic conditions using

d

KoPtCl,
ACOH, A, 24 h
72%
L Pt2

Scheme 1 Synthesis of complex Pt2.
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1,1, 1

(@Q-PNA—NHFmoc

SP-PNA
PNA: GlyTCACTAGATG

Pt1-PNA:n=0
Pt2-PNA:n=2

i) piperidine (20% in NMP); ii) Pt1 or Pt2, HATU, DIPEA, NMP, 2h;
iiiy TFA/m-cresol, 1.5 h

Scheme 2 Synthesis of conjugates Pt1-PNA and Pt2-PNA.

trifluoroacetic acid (TFA) provided yellowish crude Pt1-PNA
and Pt2-PNA conjugates, which were purified by reverse-phase
high-performance liquid chromatography (RP-HPLC). The
identity and purity of both conjugates were established by
high-resolution electrospray ionization mass spectrometry
(HRMS-EST') and RP-HPLC analyses.

Melting temperature and circular dichroism spectroscopy
studies

We recorded melting profiles of platinum-PNA conjugates to
examine how platinum(u) affects the thermal stability of
duplexes formed between the PNA and the complementary
DNA and RNA (Table 1 and Fig. S1t). The unconjugated PNA
sequence, GIlyTCACTAGATG, without the Pt(u)
(unPNA), was included for comparison.

The melting profiles of single-stranded DNA (ssDNA) and
single-stranded RNA (ssRNA) confirmed the absence of self-
duplexes (no T, was observed). In contrast, unPNA exhibited a
T of 41.5 + 0.4 °C, which can be attributed to its partial self-
complementarity and the known ability of PNA to form either
anti-parallel or parallel duplexes with complementary
sequences.” The Ty, values of unPNA with ssDNA and ssRNA
aligned with the previously reported literature data (51.8 =
0.9 °C and 54.8 + 0.9 °C, respectively).'®

An increase in T,, was observed for both Pt2-PNA and Pt1-
PNA alone. Specifically, Pt2-PNA showed a T, increase of
20.7 °C (Ty, = 70.2 £ 1.0 °C), while Pt1-PNA exhibited an even

complex

Table 1 Melting temperatures of oligonucleotides in 10 mM phosphate
buffer with 20 mM NaCl (pH 7), at 4 uM concentration (alone or in 1:1
ratio). The T,, errors are SD from six measurements

Oligonucleotides Tn/°C

unPNA 41.5+0.4
unPNA/DNA 51.8+ 0.9
unPNA/RNA 54.8+0.9
Pt2-PNA 70.2 +£1.0
Pt2-PNA/DNA 60.8 £ 2.0
Pt2-PNA/RNA 49.1+0.4
Pt1-PNA >80
Pt1-PNA/DNA Not determinable
Pt1-PNA/RNA Not determinable
unPNA/Pt2 41.6 + 1.2
unPNA/DNA/Pt2 49.3 + 2.3
unPNA/RNA/Pt2 52.1+2.3
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greater increase of more than 30 °C (T,, > 80 °C). The conju-
gation of Pt2 to PNA led to higher T, when Pt2-PNA formed a
duplex with the complementary DNA strand (60.8 + 2.0 °C) but
slightly lower Ty, with the RNA strand (49.1 + 0.4 °C). For Pt1-
PNA, determining the melting temperatures with DNA and
RNA strands proved challenging, as the curves lacked an inflec-
tion point. This indicates that Pt1-PNA/DNA and Pt1-PNA/RNA
duplexes do not adopt a dominant stable structure. To further
understand the behavior of the platinum complexes in the
presence of single-stranded PNA or PNA heteroduplexes with
complementary oligonucleotides, melting temperatures were
also measured with Pt2 alone. The results suggested that the
platinum complex does not influence the thermal stability of
unmodified PNA duplexes with DNA and RNA when it is not
covalently connected to the PNA strand.

Overall, these results demonstrate that the platinum com-
plexes covalently linked to the PNA strands affect the thermal
stability of the duplexes formed with complementary
oligonucleotides.

This effect likely stems from the planar geometry of the
complexes, possibly enabling their intercalation between
nucleobases and disrupting stacking. This notably impacts
duplexes involving Pt1-PNA, likely because their direct connec-
tion to PNA forms a more rigid structure that restricts the con-
formational flexibility of Pt1. Conversely, in Pt2-PNA, the -
(CH,),- spacer makes the platinum complex more flexible and
prone to intercalation. Intercalators are known to influence T,
by either increasing or decreasing thermal stability."” Indeed,
Pt2-PNA shows high duplex stabilization with DNA, though
not with RNA. Furthermore, platinum complexes can cross-
link DNA, coordinating with the N7 of purines replacing the
labile Cl-atom, potentially affecting duplex stability through
nucleobase bonding.'® A single example of a PNA conjugated
to a cisplatin-based moiety has demonstrated that platinum-
bearing PNA cross-linking with complementary DNA stabilizes
the duplex.'®® In the present study, given the variety of nucleo-
bases available for platination, different products may be gen-
erated, each melting at distinct temperatures. This could
explain why the Pt1-PNA duplexes lack an inflection point
indicative of a single dominant complex between the Pti-
modified PNA and complementary oligonucleotide.

Interestingly, a subtle structural variation in the platinum-
PNA conjugates, such as the addition of two methylene groups
in the linker, led to markedly different thermal stabilities of
PNA when paired with complementary DNA or RNA strands.

To delve deeper into the structural characteristics of the
duplexes, circular dichroism (CD) spectra of the examined oli-
gonucleotides were recorded (Fig. 2).

The CD spectra of ssDNA and ssRNA displayed character-
istic bands for nucleic acids in helical forms, with positive
bands appearing around 225 nm and 280 nm for DNA, and
slightly shifted towards shorter wavelengths for ssRNA. The
CD profiles of unPNA paired with complementary DNA and
RNA aligned with those documented in the literature for the
same sequences."® The profile of the unPNA/DNA helix exhibi-
ted maxima at 225 nm, 265 nm, and 285 nm, and a minimum

This journal is © The Royal Society of Chemistry 2025
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— ssDNA

—— unPNA+DNA
—— Pt2-PNA+DNA
— Pt1-PNA+DNA
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B) 15 — ssRNA
unPNA+RNA
10 Pt2-PNA+RNA

— Pt1-PNA+RNA

50 270

CD [mdeg]
o

Wavelength [nm]

Fig. 2 CD spectra of 4 uM solutions of either free DNA (A) and RNA (B)
or with complementary PNAs and Pt-PNA conjugates in a 1:1 ratio.

at 240 nm, while the unPNA/RNA duplex showed a shift of the
band below 260 nm. The CD analysis of Pt2-PNA and Pt1-PNA
with complementary DNA and RNA revealed a red-shift of the
bands and a decrease in their amplitude, indicating a struc-
tural alteration of the helix in the presence of the platinum
complexes. Specifically, cross-linking may perturb the overall
geometry of the duplex and affect base stacking, leading to a
reduced CD signal.*®

The formation of cross-links may also perturb the helical
structure, resulting in the red shift of the positive band at
265 nm.'®* Thus, both Pt2-PNA and Pt1-PNA can form helical
structures with their complementary nucleic acid strands,
although in altered conformations compared to helices
formed by unmodified PNA.

Photophysical characterization of Pt2 and Pt2-PNA conjugate

The photophysical properties of the promising Pt2-PNA conjugate
have been deeply investigated by registering absorption, exci-
tation, and emission spectra, and by measuring their absolute
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quantum yield (QY) and lifetimes in water solution, to compare
them with those of Pt2 recorded in dichloromethane (CH,Cl,)
solution. Although Pt2 is not soluble in water, it is important to
underline that emission profile of N*C*"N-Pt complexes recorded
in CH,Cl, and that obtained from DMSO/water solution shows
negligible differences, thanks to a similar nature of the emitting
excited state for the two compared conditions, as previously
reported by some of us.”

The absorption spectra of Pt2 and Pt2-PNA in CH,Cl, and
water solutions at different concentrations are shown in
Fig. S2 and S10,f respectively, while Table 2 contains the
salient photophysical data. Complex Pt2 shows an intense
absorption band at 250-320 nm with a molar absorption
coefficient (¢) between 17 300 and 20 700 M~* cm™", which can
be attributed to intraligand 'n-rn* transitions of the N~C N
ligand by analogy with related Pt(i1) complexes.* In addition, a
less intense band (¢ > 5700 M~" cm™") is observed at around
350-450 nm, which is associated with charge-transfer tran-
sitions concerning the cyclometallated ligand and the metal.
Interestingly, as the concentration of the complex increases up
to 1.3 x 10~* M, we do not observe the formation of new bands
due to aggregates of the complex, as also confirmed by the lin-
earity in the absorbance vs. concentration graph, which
follows the Lambert-Beer law, see Fig. S3.}

Complex Pt2-PNA displays an absorption spectrum charac-
terized by a very intense absorption band at 260 nm (& = 68 700
M~ em™), which can be mainly attributed to the absorption
of the decamer moiety,”® and a weaker absorption band (¢ =
5300 M~' cm™") at around 350-420 nm that is due to charge-
transfer transitions of the cyclometallated ligand and the
metal in analogy to the related Pt2 complex (Fig. 3).

An increase of the concentration of Pt2-PNA up to 1 x 107>
M leads to the appearance of a new band at lower energy at
430-500 nm, ascribed to the formation of dimeric/aggregate
species as confirmed by a deviation from the Lambert-Beer
law (see Fig. S117).

Emission spectra of compounds Pt2 and Pt2-PNA in
deaerated CH,Cl, and water solutions at different concen-
trations are shown in Fig. S4f and Fig. 3, respectively. At
diluted concentrations, Pt2 shows an intense and highly struc-
tured band in the yellow-green region with emission maxima
at 499 and 534 nm. Pt2-PNA displays similar highly structured
bands, which are however slightly blue-shifted at 492 and
523 nm. These emission spectra originate from states of pri-

Table 2 Photophysical data of Pt2 and Pt2-PNA in CH,Cl, and water solution, respectively

Compound A abs nm71 (8/103 M71 Cmil) Concentration/M j-max, em/nm QYbefore FPT/% QYafter FPT/% Tav/us

Pt2 290 (17.3) 1.0x10°° 499, 534 3.9 76.5 7.76 +0.03“
380 (6.0) 1.0x107° 499, 534 3.0 55.0 6.42 + 0.02°
410 (5.7) 5.0 x107° 499, 534, 695 2.9 51.0 2.82 +0.01¢

Pt2-PNA 260 (68.7) 6.0 x107° 492, 523 54.6 87.1 16.9 +0.1°
326 (7.7) 1.0x107° 492, 523, 640 48.6 82.8 16.8 + 0.1”
380 (5.3) 8.2x107° 492, 526, 644 37.3 59.7 16.3 +0.2°

@ Jex =374 NM — Aoy = 499 nm. © Ay = 374 nm — Ay = 492 nm.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Normalized absorption (black) and emission (red, green, and
blue) spectra in H,O for Pt2-PNA. Emission spectra with i¢x = 375 nm
after the FPT cycles.

marily ligand centered *n-rn* transitions of the monomeric
species.

As the concentration of the solutions is increased, a new
broad structureless emission band arises at lower energy with
maxima at 695 and 644 nm for Pt2 and Pt2-PNA, respectively.
The new bands at lower energy can be ascribed to the emission
from bi-molecular emissive excited states (excimers and/or
aggregates) of the N*C"N-Pt(u) moiety, as previously reported
for related complexes.?'” In particular, the band at 695 nm
of Pt2 originates from excimers emission, as evidenced by the
recorded excitation spectra in which the profiles at 500 and
700 nm are perfectly superimposable (see Fig. S51); since exci-
mers do not have a ground state. Instead, the band at 644 nm
of Pt2-PNA can be predominantly attributed to aggregate emis-
sion, although the presence of excimers cannot also be ruled
out. The presence of aggregate has already been noted in the
absorption spectra and is also confirmed by the different pro-
files in the excitation spectra at 492 and 640 nm.

The luminescence quantum yield (QY) of Pt2 and the conju-
gate Pt2-PNA in dilute deaerated solutions are respectively 76.5
and 87.1%. Even if the measurements were carried out in
different solvents (CH,Cl, vs. H,0), it can be noticed that the
QY is in any case higher for the Pt2-PNA than for the Pt2 alone
(see Table 2). Interestingly, the QY value for Pt2-PNA surpris-
ingly remains high even in the presence of O, (54.6%), differ-
ently from Pt2 (3.9%) and previously reported complexes®® in
which the QY in air-equilibrated solution was efficiently
quenched. This difference is probably due to the steric hin-
drance provided by the PNA chain, which limits the interaction
of the complex with oxygen. As the concentration of com-
pounds Pt2 and Pt2-PNA is increased, the QY decreases. This
behavior is related to the presence of excimers and/or aggre-
gates characterized by less emissive excited states than the
unimolecular ones.

Lifetime measurements of Pt2 and Pt2-PNA in deaerated
CH,Cl, and water solutions at different concentrations are
shown in Fig. S13-S16 and S16-S20, respectively.

3318 | Dalton Trans., 2025, 54, 3314-3322
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For complex Pt2 in dilute solution, the excited state decay at
the maximum emission wavelength (499 nm) follows a mono-
exponential kinetic with 7 = 7.76 + 0.03 us, which decreases at
2.82 + 0.01 ps as the concentration is increased up to 5.0 x
107> M. At this concentration, the emission decay at 700 nm
becomes bi-exponential due to the presence of excimers (see
Fig. S97), and following the article of J. B. Birks et al,”* we
have determined an excimer formation time of 1.79 + 0.05 ps
and an excimer decay time of 2.55 + 0.06 ps.

The lifetime of Pt2-PNA at the maximum emission wave-
length (492 nm) follows a mono-exponential kinetic only for
the diluted solution with a r = 16.9 + 0.1 ps. By increasing the
concentration, lifetimes become bi-exponential due to the
presence of aggregates and excimers with a z,, = 16.3 £ 0.2 ps
for the most concentrated solution (8.2 x 107> M).

Preliminary in vitro cytotoxicity study of Pt2-PNA

The MTT assay (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetra-
zolium bromide) is a widely used technique to assess cell via-
bility and proliferation. This method is based on the reduction
of yellow tetrazolium salt (MTT) to purple formazan by mito-
chondrial enzymes of metabolically active cells. The amount of
formazan produced is proportional to the number of live cells.
HeLa cells were seeded in a 24-well plate at the appropriate
density (9.5 x 10? cells per well to ensure exponential growth
for 4 days) and incubated for 24 hours at 37 °C with 5% CO, to
allow cell adhesion. After the initial incubation, cells were
treated with Pt2-PNA (0-0.1 pM-1 pM) or relative vehicle
(DMSO 0.05%-0.5%) for 24, 48 or 72 hours (Fig. 4). After incu-
bation, 100 pl MTT solution (5 mg mL™" in PBS) was added to
each well, and cells were incubated for 3.5 hours at 37 °C with
5% CO, to allow MTT reduction to formazan by live cells. After
incubation, the supernatant was carefully removed and 500 pL
of MTT solvent (4 mM HCI, 0.1% Nonidet P-40 in isopropanol)
was added to each well and the plate was gently shaken for
15 minutes to ensure complete dissolution of the formazan.
Absorbance at 590 nm was read using an EnSight Multimode
Plate Reader (PerkinElmer). The cytotoxicity assay confirmed
that the presence of the Pt-PNA conjugate does not affect the
condition of eukaryotic cells.

MTT assay
(Abs 590 nm)

Vehicle Pt2-PNA Vehicle Pt2-PNA

Control DMSO0 0.05% 0.1pM DMSO0 0.5% 1um

TO Day 1 m Day 2 mDay 3

Fig. 4 MTT assay on Hela cells line after incubation with Pt2-PNA
(0.1 pM—1 uM) for 24, 48 or 72 hours.

This journal is © The Royal Society of Chemistry 2025
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Experimental section
Synthesis of complex Pt2

In a Schlenk tube, a solution of 3,5-dipyridin-2-ylphenylpropio-
nic acid L (50 mg, 0.16 mmol) and K,PtCl, (82.2 mg,
0.198 mmol, 1.2 eq.) in acetic acid (4 mL) was heated at reflux
(120 °C, oil bath) for 48 hours under argon atmosphere. The
reaction was then cooled to room temperature, and water was
added to precipitate the complex. The solid was washed with
methanol and subsequently with diethyl ether, affording Pt2
(62 mg, 72%) as a green powder.

"H-NMR (400 MHz, DMSO-d¢) &: 12.11 (bs, 1H, ~COOH),
9.11 (d, J = 5.8, J(*°°Pt) = 38 Hz, 2H, CH), 8.21 (ddd, J; = 1.5
Hz, J, = 7.7 Hz, J; = 8.6 Hz, 2H, CH), 8.10 (d, J = 7.6 Hz, 2H,
CH), 7.70 (s, 2H, CH), 7.55 (ddd, J, = 1.4 Hz, J, = 5.8 Hz, J; =
7.7 Hz, 2H, CH), 2.87 (t, ] = 7.4 Hz, 2H, CH,), 2.67 ppm (t, J =
7.4 Hz, 2H, CH,).

*C-NMR (100 MHz, DMSO-d;) 5:174.30 (C=0), 167.01 (Cg),
158.83 (C,), 151.75 (CH), 140.84 (CH), 136.51 (C), 125.46
(CH), 124.50 (CH), 120.76 (CH), 118.57 (C,), 35.75 (CH,),
31.49 ppm (CH,).

HRMS (ESI") m/z: [M — H]~
533.0393; found, 533.0399.

HRMS (ESI*) m/z: [M + Na]" caled for C;oH;5N,0,C1"*°PtNa,
557.0364; found, 557.0378; [M — Cl — H + Na]" caled for
C10H14N,0,"?°PtNa, 520.0601; found, 520.0614; [M — CIJ*
caled for C;oH;5N,0,"%°Pt, 498.0781; found, 498.0796; [M — CI
— CH,COOH]" caled for C;,H;,N,"°Pt, 439.0643; found,
439.0656.

caled for C,9H;,N,0,CI*°Pt,

General procedure for the synthesis of Pt1-PNA and Pt2-PNA
conjugates

The resin-supported SP-PNA (40 mg, 0.2 mmol g~*, 8 pmol)
was swollen in CH,Cl, for 40 min, then the terminal N-Fmoc
protecting group was removed by the treatment with a 20% v/v
solution of piperidine in NMP (twice for 8 min). To a solution
of the Pt1 or Pt2 (24 pmol, 3 eq.) and DIPEA (14 pL, 80 pmol,
10 eq.) in NMP a solution of HATU (9 mg, 24 pmol, 3 eq.) in
NMP was added, and the resulting mixture was shaken for
2 min. The activated acid of Pt1 or Pt2 was then transferred to
the resin and shaken for 2 h at room temperature. The resin
was washed with NMP and CH,Cl,, and the Pt-PNA conjugates
were cleaved from the resin treating with a mixture of TFA/
m-cresol (9/1, v/v) for 1.5 h. The collected filtrate was concen-
trated before being precipitated with Et,O. The yellow solid
was centrifugated, washed with Et,0, and dried under
vacuum. The crude Pt-PNA conjugates were purified by
RP-HPLC and characterized by HR-ESI' mass spectrometry.
Pt1-PNA conjugate: HRMS (ESI') m/z: found (calculated) for
C127H145Ng105,Pt: 1618.5743 (1618.5828) [M — Cl + HJ*,
1630.0677 (1630.0712) [M — Cl + NaJ**, 1079.3855 (1079.3911)
[M — Cl + 2H]**, 809.5413 (809.5448) [M — Cl + 3H]**. From the
deconvolution of the signal: [M - CI]' caled for
C127H148N6105,"°Pt, 3234.1477; found, 3234.1458. HR-ESI'
mass spectrum also displays signals related to multicharged
dimers and trimers and their sodium adducts (2157.4307,
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1623.5688, 1618.3242, 1387.6376, 1294.8596). RP-HPLC: t =
18.3 min.

Pt2-PNA conjugate: HRMS (ESI') m/z: found (calculated) for
C120H15,Ng1O3,Pt: 1632.0919 (1632.0940) [M — Cl + HJ*,
1088.3956 (1088.3984) [M — Cl + 2H]**, 1095.7225 (1095.7257)
[M — Cl + H + NaJ**, 816.5493 (816.5506) [M — Cl + 3H]*".
From the deconvolution of the signal: [M + H]" caled for
Ci29H15,Ng:03,Pt, 3262.1790; found, 3262.1736. HR-ESI" mass
spectrum also displays signals related to multicharged dimers
and trimers (2176.1160, 1958.9056, 1305.8730). RP-HPLC: ¢y =
17.1 min.

Conclusions

In conclusion, the conjugation of N*C~N tridentate Pt(u) com-
plexes Pt1 and Pt2 to a model PNA decamer was accomplished
through the amide bond formation on the solid phase. The
corresponding Pt1-PNA and Pt2-PNA conjugates were isolated
after the cleavage from the resin and the RP-HPLC purifi-
cation, thanks to the chemical stability of these tridentate
Pt(u) complexes under acidic cleavage conditions.

Melting temperature studies of PNA and Pt(i)-PNA conjugates
with complementary ssDNA and ssRNA confirmed duplex for-
mation. However, the Pt(u) complexes influence PNA recognition
to varying extents, depending on the linker length between Pt(u)
and PNA. Circular dichroism spectra indicated that the Pt(u) com-
plexes moderately affect the helical structure formed by PNA with
DNA and RNA. Together, T,,, and CD measurements provide
insights into how platinum complexes bearing cyclometallated
tridentate ligands interact with nucleic acids.

A detailed study of the photophysical properties of Pt2-PNA
conjugate demonstrated that the intrinsic photophysical fea-
tures of the platinum complex remained unaltered after the
conjugation with PNA, thereby preserving its functional integ-
rity. Notably, the quantum yield for Pt2-PNA was higher than
that of Pt2 (QY equal to 83 vs. 55%, respectively), and
remained high even in the presence of O, probably due to the
ability of PNA to protect the metal center by oxygen.

The in vitro preliminary MTT assay evaluating the cyto-
toxicity of Pt2-PNA showed no significative effect on cell
growth after 3 days of incubation in the dark, both at 0.1 pM
and 1 pM concentrations of the conjugate.

This work provides novel bioorganometallic PNA systems
with diverse favorable features (e.g., high phosphorescence in
solution, non-cytotoxicity) and opens many perspectives in
various domains of PNA chemistry. Future work will focus on
designing Pt(u)-PNA conjugates with dual-action capabilities
for the synergistic treatment of cancer or bacterial infections,
combining the precise genetic targeting of PNAs with the
unique photophysical and biological features of N*C*N triden-
tate Pt(u) complexes. To achieve these goals, further investi-
gation into cell uptake, internalization kinetics, and cellular
distribution of this class of bioconjugates with specific biologi-
cal targets will be needed to rationalize and design efficient
therapeutic agents.
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