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Abstract: The formation of highly organized metal-DNA structures has significant implications in bioinorganic chemistry,
molecular biology and material science due to their unique properties and potential applications. In this study, we report
on the conversion of single-stranded polydeoxycytidine (dC15) into a Pd-DNA supramolecular structure using the
[Pd(Aqa)] complex (Aqa=8-amino-4-hydroxyquinoline-2-carboxylic acid) through a self-assembly process. The resulting
Pd-DNA assembly closely resembles a natural double helix, with continuous [Pd(Aqa)(C)] (C=cytosine) units serving
as palladium-mediated base pairs, forming interbase hydrogen bonds and intrastrand stacking interactions. Notably, the
design of the [Pd(Aqa)] complex favours the interaction with cytosine, distinguishing it from our previously reported
[Pd(Cheld)] complex (Cheld=chelidamic acid). This finding opens possibilities for creating heteroleptic Pd-DNA
hybrids where different complexes specifically bind to nucleobases. We confirmed the Pd-DNA supramolecular
structural assembly and selective binding of the complexes using NMR spectroscopy, circular dichroism, mass
spectrometry, isothermal titration calorimetry, and DFT calculations.

Introduction

The integration of DNA into the fabrication of
supramolecular assemblies has led to a groundbreaking era
in the advancement of nanomaterials.[1–4] Notably, significant
attention is focused on advancing metal-DNA systems,
wherein the metal entities are precisely arranged along
specific sequences. This precision aims to construct dynamic
metal-DNA hybrids, gathering significant thought for their
potential to stimulate diverse applications.[5–9] In this con-
text, the possibility of scheduling specific sequences for
rational self-assembly through base pairs recognition has
made DNA an ideal candidate for building highly organized
functional systems at the nanoscale. Complementary DNA
strands (ds-DNA) are frequently employed for this task, but
single-stranded DNA (ss-DNA) can also serve as a template
to yield customized supramolecular systems.[10,11] In this

scenario, the binding of molecules to ss-DNA has tradition-
ally relied on intermolecular forces acting on the nucleo-
bases or phosphate groups, thus facilitating the assembly of
structures. In recent years, this field of research has
witnessed remarkable advancements, resulting in notewor-
thy outcomes.[12] However, the arrangement of metal entities
along ss-DNA has received comparatively less attention.
Building upon prior knowledge, our research has explored a
novel strategy for designing metal-DNA templated systems.
We employed specifically designed PdII-coordination com-
pounds endowed with a unique capability to bind nucleo-
bases along ss-DNA through both coordinating bonds and
Watson–Crick complementary hydrogen bonds.[13] While
some previous studies focused on the interaction of PdII-
coordination compounds with nucleobases at monomeric
level[14–16] or at single-nucleotide gap in double helixes,[17] our
strategy aims to precisely organize a continuous one-dimen-
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sional array of PdII ions and ligands along specific ss-DNA
sequences. It is noteworthy that these ligands can be
customized to create PdII complexes with tailored substitu-
ents, thereby enhancing their affinity for nucleobases and/or
introducing enhanced functionalities. The inherent moderate
strength of PdII coordination bonds ensures system stability
while allowing for self-correction interactions, guiding the
system towards a thermodynamically stable configuration.

We have previously shown that metal complex [Pd-
(Cheld)(CH3CN)] (Pd-Cheld) (Cheld=chelidamic acid)
self-assembles with a single-stranded polydeoxyadenosine
(dA15), resulting in the formation of a supramolecular Pd-
DNA hybrid structure.[13] Our current research focuses on
expanding this strategy to design and synthesize new metal
complexes capable of recognizing other nucleobases in
DNA sequences. Specifically, we are exploring competitive
designs of metal complexes to selectively bind to specific
bases, thereby paving the way for developing heteroleptic
metal-DNA hybrids.

In this work, we report the synthesis and character-
ization of complex [Pd(Aqa)(DMSO)] (Pd-Aqa) (Aqa=8-
amino-4-hydroxyquinoline-2-carboxylic acid) and demon-
strate its capability to bind to cytosine resulting in the
formation of Pd-mediated base pair [Pd(Aqa)(Cyt)] (Cyt-
Pd-Aqa) (Cyt=1-methylcytosine). Furthermore, we demon-
strate that these palladium-mediated base pairs can be
prepared on a single-stranded 15mer deoxycytidine (dC15) to
yield a Pd-DNA helical supramolecular structure. This
system comprises continuous Cyt-Pd-Aqa base pairs organ-
ized similarly to canonical base pairs in DNA double helix.
Notably, the PdII ions are successfully accommodated
throughout the double-stranded structure, forming a contin-
uous one-dimensional (1D) metal array (Scheme 1). In
addition, we performed competitive binding assays using
circular dichroism (CD) titration experiments and isother-
mal titration calorimetry (ITC) measurements to demon-
strate the preferential binding of Pd-Aqa to cytosine

compared to Pd-Cheld. This strategy, using metal complexes
complementary to bases, offers exciting possibilities for
developing advanced metal-DNA supramolecular hybrids
that can be personalized by selecting specific DNA sequen-
ces and complementary metal complexes, allowing for
rational customization of their structure and properties.

Results and Discussion

The complex Pd-Aqa was synthesized in solution by reacting
equimolar amounts of Pd(NO3)2 and the Aqa ligand. The
formation of the complex was confirmed by 1H NMR
spectroscopy and ESI-MS spectrometry. The changes in the
NMR (DMSO-D6) spectrum provided a means to follow the
formation of the complex (Supp. Info., Figure S1–S2). In the
presence of increased amounts of PdII ions, the Aqa
spectrum shifted downfield, indicating the interaction of the
metal ions with the ligand. Upon adding one equivalent of
PdII only signals for a distinct species were observed, with no
signals for the free Aqa ligand, in agreement with the
complete formation of Pd-Aqa complex. The solution was
subjected to analysis using ESI-MS spectrometry (positive
mode), showing a mass-to-charge ratio (m/z) peak of
386.9630 Da and providing clear evidence for the formation
of the complex [Pd(Aqa)(DMSO)]+H+ with a theoretical
mass of 386.9635 Da (Supp. Info., Figure S3). This result
also revealed the deprotonation of the amino group upon
coordination of the PdII ions, resulting in the formation of a
neutral Pd-Aqa complex.

The Pd-Aqa design was conceived to promote the
formation of cytosine-complementary hydrogen bonds along
with a central Pd-coordination bond with the cytosine-N3
atom. This strategic design aims to facilitate the formation
of a stable Pd-mediated Cyt-Pd-Aqa base pair, mimicking
the natural Watson–Crick arrangement (Scheme 2a). Con-
sequently, we investigated the formation of Cyt-Pd-Aqa
complex by following the reaction between Pd-Aqa and Cyt.
The reaction was monitored using 1H NMR spectroscopy by

Scheme 1. Schematic representation of the self-assembly reaction
between oligonucleotide dC15 and complex Pd-Aqa, outlining the
proposed structure for the Pd-DNA hybrids.

Scheme 2. Schematic representation of the formation of palladium-
mediated base pairs a) [Pd(Aqa)(Cyt)] (Cyt-Pd-Aqa) and b) [Pd(Cheld)-
(Cyt)] (Cyt-Pd-Cheld). (DMSO, dimethylsulfoxide; ACN, acetonitrile.)
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adding controlled amounts of Pd-Aqa to Cyt (Supp. Info.,
Figure S4–S5).

The NMR (DMSO-D6) spectra demonstrated that the
Cyt signals gradually vanished while a new set emerged
when Pd-Aqa was present. Interestingly, at equimolar
quantities, the spectrum revealed the splitting of the signals,
indicating the formation of two different molecular species.
This was significantly evident from the observation of two
different doublets for the Cyt-H5 proton at 5.97 and
5.87 ppm, and two singlets for the Aqa-H3 proton at 7.10
and 7.07 ppm. Additionally, new peaks emerged at 9.38,
8.65, 8.59, and 8.15 ppm, differing from the spectra of the
free molecules. To gain further insights into these findings,
we conducted NH-HSQC NMR experiment and H NMR at
variable temperatures. The HSQC NMR experiment
([D6]DMSO) facilitated the assignment of amino group
hydrogen peaks, revealing that the peaks at 9.38 and
8.15 ppm can be associated with one amino group, while
those at 8.65 and 8.59 ppm correspond to a different one
(Supp. Info., Figure S6). The latter can be attributed to the
amino group of a non-coplanar Cyt-Pd-Aqa arrangement
formed in a smaller proportion. Similar findings were
observed for the amino protons in the non-coplanar complex
[Pd(Cheld)(Cyt)] (Cyt-Pd-Cheld), as described below. The
splitting and downshift of this amino group are explained by
the restricted rotation of the C-NH2 bond upon Pd-binding
at the Cyt-N3 atom. In contrast, the signals from the other
amino group may be attributed to a more prevalent co-
planar Cyt-Pd-Aqa arrangement, given their distinct separa-
tion at 9.38 and 8.15 ppm, respectively. This observation
suggests the formation of a hydrogen bond with the
carboxylic group of the Aqa ligand, leading to the subse-
quent downshift of one of the protons (at 9.38 ppm). The
1H NMR spectra at variable temperatures provided addi-
tional evidence of the variable structural arrangement of the
complex (Supp. Info., Figure S7). As the temperature
increased, the spectrum gradually simplified, and the signals
related to the amino proton groups shifted and converged
into broader signals, disappearing from the downfield region
at high temperatures. Remarkably, the original NMR
spectra reappeared after cooling the sample back to room
temperature. This solution behaviour can be explained by
the varied configurations Cyt-Pd-Aqa can adopt. The
organizational diversity arises from the rotational dynamics
of the (Cyt)N3-Pd bond, a process influenced by the
presence of intramolecular hydrogen bonds between the
keto and amino groups of cytosine and Aqa unit. This
situation prompts the Cyt-Pd-Aqa to adopt two conforma-
tions, including a more stable co-planar configuration
stabilized by the formation of hydrogen bonds. However,
the system also allows deviating from this coplanarity,
leading to an equilibrium between conformations, as
revealed by the NMR experiments. To date, our attempts to
obtain crystals of Cyt-Pd-Aqa suitable for X-ray diffraction
analysis have been unsuccessful. Alternatively, we employed
density functional theory (DFT) calculations as an alter-
native approach to studying the Cyt-Pd-Aqa molecular
arrangement. The DFT studies revealed the formation of a
co-planar arrangement between the units, which was stabi-

lized by forming intramolecular hydrogen bonds (Aqa-
O···H2N-Cyt, dO� H 1.606 Å, <O� H� N 158° ; Aqa-NH···O-Cyt,
dH� O 2.108 Å, <N� H� O 118.3°) (Figure 1a). This co-planar
configuration remained unchanged regardless of the initial
dihedral angle between the units. Additionally, single-point
structures resulting from incremental rotations of the
cytosine ligand in 10° steps were calculated. The outcomes
consistently demonstrated that the Cyt-Pd-Aqa complex
achieves maximum stability at a dihedral angle of 0 degrees,
emphasizing a clear preference for a co-planar conformation
(Supp. Info. Figure S17).

Further investigations using ESI-MS spectrometry un-
equivocally confirm the formation of the Cyt-Pd-Aqa base
pair, as indicated by the m/z peak found at 433.0081 Da
corresponding to the [Pd(Aqa)(Cyt)]+ complex (Supp. Info.
Figure S8).

After preparing and studying the formation of Cyt-Pd-
Aqa base pairs, we investigated the formation of a
supramolecular Pd-DNA system. Toward this purpose, we
performed a self-assembly reaction between the pentade-
camer homopolymer dC15 and complex Pd-Aqa. The
reaction was initially followed by circular dichroism titration
measurements.

The CD spectrum of free dC15 exhibited a pattern with
an intense positive and negative Cotton effect centred at
288 nm and 265 nm, respectively (Figure 2). Upon the
controlled addition of Pd-Aqa, the CD profile underwent
significant changes. The intensity of the original bands
decreased and shifted, while a new induced band (ICD)
emerged at 375 nm corresponding to the absorption of the
Cyt-Pd-Aqa complex (Supp. Info., Figure S10), thus indicat-
ing the binding of Pd-Aqa to the oligonucleotide. The
alteration in the CD profile stabilizes with a slight excess of
more than one equivalent of Pd-Aqa per cytosine base, with
a substantial transformation occurring for the 290 nm band
when reaching an equivalence of one complex per cytosine
base (Figure 2, insets). Notably, the bands maintained a
similar sinusoidal shape throughout the experiment despite
intensity variations. These results provide strong evidence

Figure 1. a) Two views for the DFT geometry-optimized structure of
[Pd(Aqa)(Cyt)] (Cyt-Pd-Aqa). b) Two views for the X-ray structure of
[Pd(Cheld)(Cyt)] (Cyt-Pd-Cheld), with atoms represented by
ellipsoids.[18] Atom colour code: grey, carbon; white, hydrogen; blue,
nitrogen; red, oxygen; cyan, palladium. Hydrogen bonds are repre-
sented by black dashed lines.
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for the formation of a helical dC15-(Pd-Aqa)15 hybrid
structure that closely resembles a DNA double helix. The
structure is characterized by a continuous stack of Cyt-Pd-
Aqa base pairs, reminiscent of the previously observed with
dA15-(Pd-Cheld)15 base pairs.[13] The similarity in the struc-
tural features observed in both cases suggests a consistent
and reproducible self-assembly process involving cytosine-
complementary Pd-Aqa complexes and dC15 fragment,
yielding a well-defined dC15-(Pd-Aqa)15 supramolecular
structure.

ESI-MS analysis further supports the formation of the
proposed structure, as evidenced by the mass spectra
obtained using dC15 and a two-fold excess of the complex
per base. The spectra reveal the presence of the dC15-(Pd-
Aqa)15 hybrid, alongside the occurrence of other hybrids
containing a slight deficit or excess of bound complexes
(Figure 3 and Supp. Info. Table S2). The presence of addi-
tional bound complexes can be attributed to the reasonable
binding of palladium complexes to the cytosine amino
group, as elucidated in previous studies.[19,20]

Considering all previous experimental data, we con-
ducted density functional theory (DFT) calculations on a

dC12-(Pd-Aqa)12 supramolecular hybrid to evaluate its
optimal geometry. The initial starting geometry consisted of
a dodecamer oligonucleotide dC12 (instead of dC15), repre-
senting the minimum length required to complete a helix
turn while simultaneously optimizing the computational
demands for the calculation. Subsequently, Pd-Aqa complex
was bound to each base pair via Cyt-N3 atom, maintaining a
co-planar arrangement between the units as described
previously. Sodium cations were introduced into the system
to address the ionic phosphate groups. Additionally, water
molecules were strategically positioned near the donor and
acceptor atoms to simulate an aqueous environment. The
DFT-optimized geometry structure unveils a double-helix
configuration, composed of one strand consisting of dC12

and the other strand comprising stacked PdII complexes,
each bound explicitly to the Watson–Crick faces of the
cytosine bases (Figure 4). As a result, the system forms a
continuous array of Pd-mediated base pairs, with the PdII

ions stacking throughout the central axis of the double helix
The resemblance of this arrangement to a natural DNA

double helix is noticeable. The Pd-mediated base pairs are
stacked on top of each other with a Pd···Pd distance falling
within the range of 3.083–3.232 Å. The base propeller twist
angles of the base pairs range from 7.42–21.3° (excluding
terminal base pairs), allowing hydrogen bonds formation
between the Cyt and Aqa units. The structural similarities
observed in dC12-(Pd-Aqa)12 system are comparable with
our previously studied dA12-(Pd-Cheld)12 system and under-
score the consistency and reproducibility of our method-
ology to form supramolecular Pd-DNA-based assemblies.

Notably, the different molecular designs of our herein-
reported Pd-Aqa complex and our previous Pd-Cheld
complex offer an exciting opportunity for nucleobases to
discriminate between the complexes, which could open the
door to creating tailor-made heteroleptic metal-DNA sys-
tems. To demonstrate this concept, we investigated the
relative preference of Pd-Aqa and Pd-Cheld to bind to Cyt
and dC15.

Figure 2. CD titration spectra of dC15 upon adding controlled amounts
of Pd-Aqa. Insets: Ellipticity changes at 265, 290, and 375 nm as a
function of equivalents of Pd-Aqa added. Conditions: 2 μM dC15, 0 to
120 μM complex (in DMSO), 100 mM NaClO4, 5 mM MOPS buffer
pH 6.8. Note: 1 equivalent means one PdII complex per base.

Figure 3. Deconvoluted ESI-MS spectrum recorded after incubation of
dC15 (50 μM) with the Pd-Aqa complex (1500 μM). a) Spectrum with
the experimental masses measured; b) spectrum indicating the species
found, where Pd means one equivalent of Pd-Aqa per cytosine base.

Figure 4. Left: DFT Geometry-optimized structure of dC12-(Pd-Aqa)12
showing the organization of the Pd-Aqa complexes along the structure.
Right: Hydrophobicity surface displaying the two different strands that
form the supramolecular structure (tan; dC12, blue; Pd-Aqa complexes).
Sodium counterions and hydration water molecules have been omitted
for clarity.
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Initially, we prepared the [Pd(Cheld)(Cyt)] (Cyt-Pd-
Cheld) complex to get insight into the structural character-
istics of this base pair (Scheme 1b), using 1H NMR and X-
ray diffraction. The NMR spectrum analysis for the reaction
between Pd-Cheld and Cyt showed the downshift of the
cytosine‘s protons and the splitting of the amino signal
(Supp. Info., Figure S9). These changes are consistent with
the binding of Pd-Cheld via the Cyt-N3 atom. The non-
appearance of signals at the lower field indicates the absence
of intramolecular hydrogen bonds, which contrasts with the
observations in complex Cyt-Pd-Aqa (vide supra). However,
in this case, it was possible to isolate Cyt-Pd-Cheld in a
crystalline form suitable for X-ray diffraction measurements
(Supp. Info. Table S1).[18] The molecular structure reveals
that the PdII ion adopts a trans-PdN2O2 square planar
geometry (Scheme 1b). The Cheld ligand binds to PdII in a
μ,k3-N10,O2,O4-coordination mode, while the Cyt binds
through its N3-atom located at the Watson–Crick face.
Notably, there is a significant deviation from the coplanarity
of the two ligands due to the repulsion between the keto
groups, resulting in an angle of 75.63° between the r.m.s.
planes of the Cyt and [Pd(Cheld)] units. This specific
arrangement is responsible for the absence of intramolecular
hydrogen bond formation between Cyt-amino and Cheld-
keto groups. Furthermore, DFT calculations utilizing single-
point structures derived from incremental rotations of the
cytosine ligand consistently highlight that the most stable
Cyt-Pd-Cheld structure deviates from coplanarity (Supp.
Info. Figure S17).

Subsequently, CD titration experiments were conducted
to follow the reaction between dC15 and Pd-Cheld and assess
the formation of supramolecular dC15-(Pd-Cheld)15 mole-
cules. The CD spectra showed that the addition of Pd-Cheld
to dC15 only causes variations in the intensity of both
positive and negative bands upon adding more than one
equivalent of Pd-complex per base (Supp. Info., Figure S11).

Moreover, these variations did not reach a stabilization
point, indicating a relatively weak interaction with the
oligonucleotide. It is worth noting that the complex Cyt-Pd-
Cheld does not absorb beyond 330 nm, so the appearance of
an ICD band is not expected upon the interaction (Supp.
Info., Figure S10). These results suggest a weaker interaction
of Pd-Cheld to dC15 than that observed for Pd-Aqa complex
described previously.

Then, CD competitive binding studies were conducted to
evaluate whether cytosine can discriminate between our Pd-
Aqa and Pd-Cheld complexes. In the first study, controlled
amounts of Pd-Aqa were added to a solution already
containing dC15 and Pd-Cheld in a 1 :1.3 ratio (Figure 5a and
Supp. Info., Figure S12). Before adding Pd-Aqa, the initial
CD spectrum exhibited the expected positive and negative
bands described before, thus indicating some degree of
interaction between Pd-Cheld and dC15. Upon adding Pd-
Aqa, these bands underwent intensity alterations, and a new
ICD band appeared at 370 nm. These changes stabilized
when one equivalent of the complex was present. The
resulting CD profile resembled the one previously observed
for dC15-(Pd-Aqa)15 (Figure 2). Based on these results, it is
evident that the Pd-Aqa complex can bind to dC15
independently of the presence of the Pd-Cheld fragment. In
contrast, no significant changes were observed when the CD
titration was reversed, i.e., when pre-formed dC15-(Pd-
Aqa)15 was titrated with Pd-Cheld (Figure 5b and Supp.
Info., Figure 13). This finding indicates that Pd-Aqa can
displace Pd-Cheld bound to dC15 but not the other way
around, suggesting a more specific and stronger binding
interaction between Pd-Aqa and dC15. In a final experiment,
an equimolar mixture of Pd-Cheld and Pd-Aqa was added
to a solution containing dC15 (Figure 5c and Supp. Info.,
Figure S13). Once again, the resulting CD spectra profile
supported the preferential formation of dC15-(Pd-Aqa)15.
This selectivity highlights the two complexes‘s distinct and

Figure 5. CD titration spectra and reaction Scheme for: a) formation of dC15:Pd-Cheld and subsequent addition of controlled amounts of Pd-Aqa, b)
formation of dC15:Pd-Aqa and subsequent addition of controlled amounts of Pd-Cheld, c) dC15 upon addition of an equimolar mixture of Pd-Cheld
and Pd-Aqa. Conditions: 2 μM dC15, 0–60 μM Pd-complex (in DMSO), 100 mM NaClO4, 5 mM MOPS buffer pH 6.8. Note: 1 equivalent means one
Pd-complex per base
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non-interchangeable binding behaviours to the dC15 mole-
cule.

To get more insight into the binding affinities of Pd-
Cheld and Pd-Aqa towards dC15, we conducted ITC experi-
ments to measure their binding affinities and investigate the
thermodynamics of these interactions (Figure 6 and Supp.
Info. Figure S15). For these experiments, we used cytidine
monophosphate (CMP) and dC15 and determined the
thermodynamic characteristic of the palladium-mediated
base pairs when they are formed isolated or along the
oligonucleotide strand.

The ITC data indicated that the binding affinity between
Pd-Aqa and CMP, as well as between Pd-Cheld and CMP,
are very similar. The thermodynamic characteristics por-
trayed as binding signature plots in Figure 6b provide an
understanding of these interactions (see also Supp. Info.
Table S3). Enthalpic and entropic factors positively contrib-
ute to the overall binding affinity (ΔG) but, notably, the
plots distinctly illustrate that the interaction with CMP leans
predominantly towards an entropic nature. The enthalpy
change (ΔH) upon binding to Pd-Aqa demonstrates a
somewhat more favourable outcome with respect to Pd-
Cheld.

However, since the overall binding affinities of the two
compounds for CMP are very similar, the slight enthalpy
distinction appears to be counteracted by an increased
binding entropy (~S) associated with Pd-Cheld, although
this difference is not significant within the error of the
measurements.

The slightly higher enthalpy observed for the binding of
Pd-Aqa to CMP could be attributed to the formation of
intrabase hydrogen bonds (see above). Nevertheless, these
hydrogen bonds make a relatively minor contribution to the
overall bond enthalpy due to the necessity of breaking initial
hydrogen bonds formed between the amino and keto groups
and water molecules. As a result, the primary energy

contribution of the binding arises from the entropy,
primarily driven by the release of water accompanying the
formation of the Pd-mediated base pairs.

The ITC binding curves for CMP were fitted with a
model considering independent and equivalent binding sites
(Supp. Info. Figure S15), yielding a binding stoichiometry of
approximately 0.5 :1 ratio (CMP:complex). These results
suggest that two metal complexes can bind to CMP, which
cannot be dismissed, given that the binding of two PdII

complexes to cytidine derivatives, via the N3 atom and the
amino group, has been documented.[20,21] On the other hand,
the ITC analysis using oligonucleotide dC15 revealed an even
higher binding affinity of Pd-Aqa compared to Pd-Cheld
(Figure 6). Like the interaction with CMP, both complexes
exhibit a slightly favourable binding enthalpy and a large
positive entropic energy contribution upon interaction with
dC15. However, although the binding enthalpy is more alike,
the entropic factor is now considerably higher for Pd-Aqa.
It is well-known that cytosine-rich sequences adopt highly
organized structures, even at pH 7, as observed in the CD
profile for dC15 in the absence of complex (Figure 2).[22–24]

This fact can justify the low binding enthalpies compared to
higher entropy contributions. In this scenario, the relatively
small loss of conformational entropy produced by Pd-Aqa
binding could be compensated by the entropy associated
with desolvation processes occurring alongside stacking
events. It should be noted that, unlike the CMP studies, the
binding to the dC15 strand involves the formation of stacking
interactions between adjacent base pairs. The formation of
dC15-(Pd-Aqa)15 will exhibit more favourable stacking inter-
actions than dC15-(Pd-Cheld)15, owing to the larger aromatic
ring of the Aqa ligand, favouring the coplanarity of the rings
in the Cyt-Pd-Aqa base pairs compared to non-coplanar
Cyt-Pd-Cheld. These observations align with studies high-
lighting the importance of base-stacking interactions in
DNA duplex stability.[25]

Figure 6. a) Schematic representation illustrating the binding of dC15 with Pd-Cheld, and Pd-Cheld, resulting in the formation of the supramolecular
Pd-DNA hybrids. The Figure incorporates the titration plot versus the molar ratio of [Pd-complex]/[dC15], obtained from the ITC profiles (Supp. Inf.
Figure S14). b) The thermodynamic parameters (free energy, binding enthalpy and entropy factor) plotted for the binding of Pd-Cheld and Pd-Aqa
to CMP and dC15.
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The binding stoichiometry for dC15 is now closer to n=1,
suggesting that binding the binding of more than one PdII

complex to cytidine bases is more hindered in dC15 than in
free CMP (Supp. Info. Table S3).

The analysis of ITC data provided crucial insights into
elucidating the stronger affinity of Pd-Aqa for dC15
compared to Pd-Cheld, as also observed in the CD
competitive binding studies. This heightened affinity can be
ascribed not only to the ability of Pd-Aqa to form intrabase
hydrogen bonds with cytosine but also to its capacity to
induce the formation of more extensive stacking interac-
tions. These findings highlight the intricate interplay be-
tween the promotion of intramolecular hydrogen bonds and
the significance of stacking interactions in the design of
complementary nucleobase complexes. The latter is indis-
pensable for stabilizing these complexes along DNA strands.

Finally, as a proof of concept for the formation of
heteroleptic Pd-DNA systems, we obtained an ESI-MS
spectrum illustrating the interaction between Pd-Aqa and
Pd-Cheld with the oligonucleotide sequence 5’-d-
(CCCACACACC)-3’ d(C7A3), comprising a mixture of
cytosine and adenine, specifically, seven cytosine and three
adenine bases (Supp. Info. Figure S16). These preliminary
results indicate that adding equal amounts of the complexes
to d(C7A3) results in the binding of seven Pd-Aqa and three
Pd-Cheld complexes, aligning with the preferential binding
of the complexes to the nucleobases described herein.
Nevertheless, our group is conducting ongoing research and
additional experiments to deepen our understanding of this
process. We are optimistic that the findings presented here
will contribute to the advancement of Pd-DNA heteroleptic
systems.

Conclusion

This study establishes Pd-Aqa as a complementary nucleo-
base complex capable of engaging in self-assembly reactions
with polycytidine ss-DNA strands. These assemblies involve
the formation of consecutive planar palladium-mediated
base pairs, specifically Cyt-Pd-Aqa pairs, creating
supramolecular Pd-DNA assemblies that closely mimic the
double helix structure of natural DNA. This study‘s
significance is underscored by the extraordinary advantage
demonstrated by the purposefully designed Pd-Aqa complex
in binding with dC15. This complex exhibited a superior
affinity for engaging with dC15, surpassing the interaction
observed with the earlier complex, Pd-Cheld, designed for
complementary binding to adenine. These results under-
score the impact of precise design in augmenting the
discrimination capacity nucleobases for the binding of
specific complementary complexes. Such heightened selec-
tivity not only highlights the potential for creating hetero-
leptic Pd-DNA assemblies but also emphasizes the impor-
tance of strategic complex design and consideration of DNA
sequence. This marks a promising avenue for future
exploration in this field. From this result, our ongoing efforts
are centred on the investigation of the selective binding

properties of complementary nucleobase complexes to
DNA sequences encompassing different nucleobases.
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