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A B S T R A C T

The development of novel metallodrugs needs to be investigated against several criteria: (i) whether the met
allodrug remains intact and what species are present at different pH levels, (ii) the stability of the drug in serum 
and its components, (iii) a proposed mode of action (MOA), such as its interaction with DNA, and (iv) monitoring 
its binding to human serum albumin (HSA), the most abundant blood protein responsible for transporting many 
exogenous compounds. Here, Ni(II), Pd(II) and Pt(II) chelates of a tetradentate 1,3-bis(((E-1H-pyrrol-2-yl) 
methylene) amino) propan-2-ol ligand, H2 L, were intended to be assessed for their stability at varying pH’s 
and in human serum. . However, only PdL and PtL were sufficiently stable and resisted demetallation. Thereafter, 
we aimed to delineate how the identity of the stable d8 metal ion impacts the compound’s affinity for calf thymus 
DNA (ctDNA). The data acquired indicates that only PdL bound to ctDNA with a Ka 0.114 (± 0.02) × 104 M 
through intercalation confirmed by UV-LD spectroscopy and in silico molecular dynamic (MD) simulations. 
Finally, we found that PdL binds to HSA in a 2:1 ratio occupying both major drug binding sites on the protein 
with a Ka ~6.56 ×103 M–1 at 37 ◦C. The thermodynamics reflect enthalpically driven ligand uptake, hinging 
mainly on London dispersion forces (metal ion dependent), along with general multi-site binding (i.e., 2 PdL per 
HSA). Although far- and near-UV CD spectroscopy indicated that the optically inactive ligands negligibly perturb 
the secondary and tertiary structure of HSA, substantial induced CD (ICD) spectra were recorded for the protein- 
bound ligands and could be simulated by hybrid QM:MM TD-DFT methods. This study highlights a step-by-step 
guide in going about physical biochemistry and in silico methods to analyse novel drugs.

1. Introduction

Schiff base compounds, particularly pyrrole-imine derivatives, have 
attracted significant attention in pharmaceutical applications due to 
their pronounced cytotoxicity, inherent bioactivity and facile synthesis 
[1–8]. These versatile pharmacores can coordinate various transition 
metal ions of different oxidation states [9,10], forming stable chelate 
complexes [11]. Examples include structurally characterised Co(II/III) 
[12–15], Rh(I/III) [16–19], Ir(III) [20], Ni(II) [21–23], Pd(II) [24,25], 
Pt(II) [26–28], Cu(II) [29–32], Ag(I) [33] and Au(III) [34] complexes. 
The nature of the Schiff base and centrally incorporated metal affects the 
activity profile and such compounds have subsequently found use in 
host of biological applications [3,11,35], including anti-inflammatory 
[36], antibacterial [37], antifungal [38], antiviral [39], antioxidant 
[40], antimalarial [41], and notably DNA binding [42], antitumor [43] 

and anticancer agents [40,44].
The ability of d8 Schiff base imine metal complexes to target DNA has 

emerged as promising potential cancer therapeutics due to their ability 
to target DNA. The planar geometry of these complexes facilitates 
intercalation into DNA, disrupting replication and transcription pro
cesses crucial for tumour growth [45]. Clinically established Pt(II) 
complexes, such as cisplatin, have demonstrated clinical efficacy in 
treating various cancers [46]. However, limitations associated with 
resistance and toxicity [47] have spurred research into novel d8 Schiff 
base imine metal complexes. For example, Pt(II) complexes bearing 
pyrrole-imine Schiff base ligands have shown promise in inhibiting DNA 
replication and inducing apoptosis in cancer cells [48,49]. Similarly, Ni 
(II) [37,50] and Pd(II) [51–54] complexes featuring salicylaldimine or 
quinoline-imine Schiff bases have exhibited potent anticancer activity 
through DNA binding and modulation of cellular signaling pathways.
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Palladium(II) complexes have emerged as promising metallodrug 
candidates, exhibiting structural similarities to platinum-based com
pounds and demonstrating encouraging in vitro cytotoxicity. Further
more, these complexes have been found to possess significant biological 
activity, including anti-HIV, antifungal, and anti-tumour properties [6]. 
Notably, palladium complexes exhibit fewer side effects compared to 
cisplatin, making them attractive alternatives for therapeutic applica
tions. The coordination geometry of Pd(II) chelates is consistently 
square planar, with the palladium centre coordinated to four ligands. 
Strategic modification of the coordination sphere through judicious 
ligand selection enables precise tuning of the complex’s properties. 
Specifically, the incorporation of nitrogen- and sulfur-donor ligands has 
been shown to enhance the stability and reactivity of Pd(II) complexes 
[55]. The potential of Pd(II) complexes as anticancer agents has been 
elucidated, with certain complexes exhibiting cytotoxic effects towards 
cancer cells. The purported mechanism of action involves interaction of 
the complex with DNA, resulting in inhibition of cell growth and 

proliferation [56]. Additionally, Pd(II) complexes have demonstrated 
promise as antimicrobial agents, expanding their therapeutic potential 
[57].

In addition to interacting with DNA, pyrrole-based metallodrugs 
have exhibited an affinity for Human Serum Albumin (HSA). As the most 
abundant plasma transport protein [58], HSA plays a pivotal role in 
pharmacokinetics and pharmacodynamics, influencing the solubility, 
stability, and bioavailability of these metal complexes [59,60]. HSA is 
heart-shaped structure, comprising 585 amino acids [61], binds a broad 
spectrum of pharmaceutical compounds and steroids [62] at Sudlow’s 
sites I and II (Scheme 1) [63–65]. HSA’s accumulation in tumours [66], 
facilitated by passive targeting and albumin-binding proteins like 
SPARC (secreted protein acidic and rich in cysteine), enables 
tumour-specific uptake [67]. The use of HSA as a metallodrug carrier is 
therefore gaining attention, leveraging its biocompatibility, biodegrad
ability, non-immunogenicity, long circulation time, and physical sta
bility [68,69]. Approved formulations like Abraxane [70] demonstrate 

Scheme 1. (a) X-ray structure of HSA bound to diflunisal (redrawn from PDB code 2BXE [62]) illustrating the two main small molecule binding sites, Sudlow’s site I 
and Sudlow’s site II. The protein secondary structure elements are depicted schematically, coloured by domain, and labelled with Roman numerals and Arabic letters. 
H atoms (calculated positions) were added to both bound diflunisal molecules and Trp-214 to enhance their visualization. (b) Structures of the bis(pyrrole-imine) 
ligand H2 L (1,3-bis(((E-1H-pyrrol-2-yl) methylene) amino) propan-2-ol) and a schematic synthesis procedure for the square planar d8 metal ions relevant to this 
work; NiL, PdL, and PtL.
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HSA’s potential as a drug delivery system for anticancer agents, 
including paclitaxel [71], docetaxel and doxorubicin [72]. Elucidating 
the binding of metallodrugs to HSA is crucial for understanding their 
pharmacodynamic and pharmacokinetic profiles [59], and exploiting 
the enhanced permeability and retention effect of tumour tissue for 
targeted therapy.

As such, the versatility of d8 Schiff base imine metal complexes offers 
fertile ground for designing next-generation cancer therapeutics with 
improved efficacy and reduced side effects. In this study, we synthesised 
1,3-bis(((E-1H-pyrrol-2-yl) methylene) amino) propan-2-ol) and its 
corresponding isoelectronic (nd8) square-planar chelates of Ni(II), Pd(II) 
and Pt(II) Scheme 1. Spectroscopic methods (fluorescence and UV-CD 
spectroscopy) were used to probe the binding of PdL by DNA and HSA 
under physiological conditions to gauge how the metal complex in
teracts with these macromolecules. Finally, in silico methods were used 
to corroborate the spectroscopic experimental data.

2. Results and discussion

2.1. Metal chelates synthesis and spectroscopic characterisation

The hydroxy pyrrole Schiff base ligand, H₂L, was synthesised 
straightforwardly by refluxing 1,3-diamino-2-propanol with pyrrole-2- 
carboxaldehyde (1:2) in ethanol [73]. Subsequent metalation of H₂L 
with hydrated nickel(II) and palladium(II) acetate salts in a 1:1 molar 
ratio, using methanol or ethanol as solvents, yielded isostructural Ni(II) 
and Pd(II) complexes (Scheme 1). The Pt(II) complex was synthesised 
using previously reported methods [73]. All metal complexes were pu
rified via recrystallization and characterised by X-ray crystallography, 
revealing a novel crystal structure for PdL and a new structure for the 
previously reported NiL complex.

NMR spectroscopy. Recrystallized Schiff base complexes were used 
for spectroscopic characterization (Figs. S2–S11†). The 1H NMR and 
electronic spectra for PdL are primarily presented and assigned in Fig. 1
to highlight the salient spectroscopic features of this class of compounds. 
The 1H NMR spectrum of PdL (Fig. 1a) confirms coordination of the 
imine and pyrrole nitrogen’s to the PdII ion by the tetradentate hydroxy 

Fig. 1. Spectroscopic characterization and structural assignments for PdL. (a) Proton NMR spectrum (298 K, 400 MHz, DMSO‑d6). Labelled structure of PdL (top left) 
is a low temperature structure of the complex with the thermal ellipsoids rendered at 35 %, while the H atoms have an arbitrary radius. (b) Electronic spectrum of 
PdL recorded in acetonitrile. The TD-DFT calculated spectrum scaled (ε and λ) to best match the experimental spectrum is shown with selected transition assignments 
(band width = 2500 cm–1, fwhm). The HOMO and LUMO frontier MOs are shown. A full list of transition assignments is given in Table S1.

S. Sookai et al.                                                                                                                                                                                                                                  Journal of Molecular Structure 1334 (2025) 141880 

3 



bis(pyrrolide-imine) chelate. Characteristic features that highlight this 
are the disappearance of the pyrrole NH proton at 11.34 ppm and the 
imine proton (N=C–H) resonates at 7.93 (PdL) upfield from H2 L (8.07 
ppm). Notably, the imine proton (N=C–H) resonates as a singlet at 7.93 
ppm in DMSO‑d6, exhibiting a downfield shift relative to NiL (δH = 7.60 
ppm) and an upfield shift compared to PtL (δH = 8.20 ppm). A sys
tematic trend emerges among the 1H NMR chemical shifts of the imine 
proton across the d8 metal ions, following the order: 3d (Ni) < 4d (Pd) <
5d (Pt). This trend suggests that the principal quantum number of the 
metal ion influences the shielding effect on the imine proton of the 
organic ligand framework, with increased electron density contributing 
to upfield shifts. Specifically, London dispersion forces (LDF) are 
implicated in the observed shifts, indicating a dependence on the metal 
ion centre’s electronic properties [74,75].

The imine proton of NiL in Fig. S2 resonated at δH 7.60 ppm in 
DMSO‑d6, exhibiting an upfield shift of δH 0.31 ppm of the same com
plex in CDCl3 (δH 7.29 ppm) [76]. This observation highlights the sig
nificant impact of solvent polarity on proton chemical shifts in this class 
of metal Schiff base chelates. Further insights into the solution-state 
structure of PdL were gained from its 1H NMR spectrum. Two notable 
features were (i) a sharp doublet corresponding to the hydroxyl proton 
(h, Fig. 1a) (ii) distinct splitting patterns for the methylene protons in 
the ligand’s alkyl bridge. The sharp hydroxyl proton signal indicates that 
intermolecular hydrogen bonding is reducing solvent-induced exchange 
broadening.

Electronic spectroscopy. The experimental UV–vis spectrum of PdL is 

presented in Fig. 1b and was assigned by analysis of the DFT-calculated 
spectrum of the PdII chelate. The DFT calculated electronic spectrum of 
PdL, which excludes vibronic transitions, is in fairly good agreement 
with the experimental UV–vis spectrum after application of a 30 nm red- 
shift correction to the band energies wavelength and a 4.1 factor scaling 
of the intensities of the experimental data (ε-values). The visible band at 
395 nm is the first excited electronic state and is assigned to the HOMO 
→ LUMO transition. The transitions are flanked by two shoulders at 376 
and 410 nm, respectively, which are the corresponding transitions to the 
first excited vibrational level of the excited state. The energy of the DFT 
calculated first excited state at 369 nm 24 kJ mol–1 higher in energy. 
Analysis of the molecular orbitals (MOs) involved in the transitions of 
the first excited state indicated that it was composed of 80 % 1[Pd(4dyz), 
π → Pd(4dxy), π* characteristic. The unoccupied MO are a mixture of 
metal-ligand wave function. The slightly more intense shoulder at a 
higher energy transition (329 nm) consisted of two major transitions 
H–3 → LUMO (38 %) and H–1 → L+1 (42 %). The far UV-region had the 
highest energy transition at 298 nm ε = 1.58 ×104 M–1 cm–1 (experi
mental) corroborated with the 297 nm peak from the DFT calculated 
peak. The major MO transitions here were H–10 → L+2 and H–2 → L+7. 
These are low energy HOMO and high energy LUMO, furthermore the 
transitions are metal based and have mainly σ* character. Therefore, the 
298 nm band is π → σ* character. Both transitions are significantly 
MLMLCT character (metal–ligand-to-metal–ligand charge transfer). The 
detailed electronic spectra for NiL and PtL have been previously re
ported [73,76].

Fig. 2. (a) Labelled view of the low-temperature X-ray structure of NiL. One of the three independent molecules (molecule C) in the asymmetric unit is illustrated. (b) 
View of the asymmetric unit of the crystal structure of NiL with the three independent molecules forming an H-bonded trimer. (c) Labelled view of the low- 
temperature X-ray structure of PdL. One of two independent molecules in the asymmetric unit (molecule A) is illustrated. (d) View of the asymmetric unit of the 
crystal structure of PdL with the two independent molecules forming an H-bonded trimer with ethanol. Thermal ellipsoids are rendered at 35 % for all molecules and 
Hydrogen atoms are drawn as spheres with an arbitrary radius.
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Single crystal X-ray diffraction (SC-XRD). The low temperature X-ray 
structures of NiL (crystallised with disordered water molecules) and 
novel PdL have been delineated and are presented in Fig. 2. Crystallo
graphic data and refinement details are provided in Table S1 and 
Fig. S13. NiL crystallised in the triclinic space group P-1 (Table S2) and 
is structurally similar to the low temperature X-ray structure of the 
compound excluding ordered water molecules (Fig. S13) [76]. PdL also 
crystallised in the triclinic space group P-1. NiL contained three mole
cules and three ordered water molecules in the asymmetric unit (ASU), 
while PdL contained two molecules and an ethanol in the ASU, respec
tively. Both the NiII and PdII ions adopts the expected square planar 
geometry within the tetradentate chelate, as expected (Fig. 2a and c). 
However, the sum of the angles around the metal ion centres deviates 
slightly from the ideal value of 360◦, with average values of 352.48 
±0.8◦ for NiII and 352.12 ±0.7◦ for PdII. This deviation is consistent 
with the constraints imposed by the chelate rings of the ligand. The 
slightly non-planar conformations of the metal complexes mainly indi
cate non-bonded crystal packing interactions and the formation of 
discrete, stacked dimers.

NiL and PdL exhibit Metal–Npyrrole distances of 1.898(19) and 
2.011 (16) Å, respectively, while the Metal–Nimine distances were 
marginally longer (~0.1–0.4 %), measuring 1.907 (18) and 2.013 (16) Å 
for NiL and PdL, respectively. Longer Ni–Nimine bond lengths are 
typical for Ni(II) bis(pyrrolide-imine) chelates and has been previously 
reported for similar Ni(II) bis(pyrrolide-imine) Schiff base chelates [76, 
77]. Interestingly, despite the presence of the ordered water molecules 
within the ASU data for the literature structure of NiL [76], which has 
mean Ni–Npyrrole and Ni–Nimine distances of 1.902(5) and 1.909(5) Å, 
respectively, the coordination group bonds are equivalent (within 1σ) to 
those determined at previously and is in agreement with the other NiII 
bis(pyrrolide-imine) chelates reported, [76,77] where the coordination 
group distances ranged from 1.877(4)–1.902(5). PdL was novel and 
could most suitably be compared to the low temperature structure of Pd 
(PrPyrr) [78]. Interestingly, the Pd–Nimine distances were longer than 
the Pd–Npyrrole distances for PdL while for Pd(PrPyrr) Pd–Npyrrole 
distances were longer than the Pd–Nimine distances. Selected bond 
lengths and bond angles are summarised in Table 1.

The ASU of NiL consists of three independent molecules that are 
linked to each other by hydrogen bonds (Fig. 2b), forming a trimeric 
supramolecular structure. The trimer was observed previously the re
ported structure of the ligand [76] and for the isoelectronic and iso
structural Pt(II) derivative[73]. The non coordinated aliphatic hydroxy 
group facilitates as both a hydrogen bond acceptor and donor, which 
results in the formation of a six-membered H-bonded ring system 
(Fig. 2b). The trimeric supramolecular structure of NiL H-bonding 
lengths were 27 % shorter (2.021 ±0.07 Å) than the previously reported 
structure [76] (2.749 ±0.002 Å) and 8 % shorter than the Pt(II) 
analogue (2.18 ±0.01 Å) [73].

The ASU of PdL consisted of two mononuclear palladium complexes 
hydrogen bonded with an ethanol molecule. This resulted in an 

interesting supramolecular framework analysis account for an inter
esting role of ethanol through O⋅⋅⋅H interactions in assembling the 
complex units (Fig. 2d). The ethanolic-OH of the crystallised solvent and 
non-coordinated aliphatic-OH of the ligand backbone in PdL interacts 
very prominently through intermolecular O⋅⋅⋅H bonding 1.974 Å 
(ethanol⋅⋅⋅PdLwhile PdL O⋅⋅⋅H bonding distances were 2.014 Å leading 
to a dimeric framework (Fig. 2d).

2.2. Complex speciation

pH Speciation. The UV–Vis spectra of 50 µM solutions of PdL (pH 
3.6–11.8) are presented in Fig. 3a. Across this pH range, a minimal 
decrease in absorbance was observed of 0.03, with the absence of iso
choric points. These spectral changes were initially monitored at 369 nm 
and plotted as a function of pH (Fig. S18) and thought to be PdL ⇌ Pd 
[(H2O)L at a pKa value of 8.6 ±0.15. However, the TD-DFT calculated 
UV–vis spectra of Pd[(H2O)L did not match that of PdL indicating that 
PdL did not undergo a speciation reaction as a function of pH and the 
only species present was PdL (at all measured pH’s, and throughout this 
study). The drop in absorbance of 0.03 is attributed to the dilution of PdL 
in the constant ionic strength buffer with HCL.

The PtII ion was previously reported [73] to be complexed with H2L, 
along with two other bis(pyrrolide-imine) ligands. All three Pt(II) 
complexes showed stability in an aqueous environment. This may be 
attributed to the fact that Pt(II) typically forms stronger metal-ligand 
bonds due to its higher effective nuclear charge compared to Pd(II), 
resulting in platinum complexes being more resistant to pH changes. In 
contrast, palladium complexes, due to their relatively weaker 
metal-ligand interactions, may be more susceptible to ligand hydrolysis 
(pyrrole, in this case) under similar conditions. Finally, NiL was not 
sufficiently stable and rapidly demetallated (Fig. S17).

Stability in serum. The stability of early-stage investigational drugs is 
important for a variety of reasons, such as if the drug will remain intact 
in vivo for a reasonable period to interact with the intended biomolecule 
target. Several metal drug candidates including cisplatin (Pt(II)), NAMI- 
A (Ru(II)), and Auranofin (Au(I)), has been reported undergo ligand 
exchange reactions, which causes the drug to interact with biomolecules 
as a simpler ionic metal species [79,80]. Both PdL (Fig. 3) and PtL [73] 
are stable over prolonged periods in an aqueous environment but have 
not been evaluated in serum. Therefore, the stability of PdL and PtL in 
human plasma was evaluated in vitro as a function of time by spectros
copy in the UV–visible region (Fig. 4). The absorbance maximum of each 
metal chelates had increased from 0 h to 3 h. This is likely due to the 
binding of the metal chelates to biomolecules within the human plasma, 

Table 1 
Selected mean crystallographic structural parameters for Ni[(OH)Pyrr] and Pd 
[(OH)Pyrr].

Bond distances (Å) Ni[(OH)Pyrr] Pd[(OH)Pyrr]

Metal–Npyrrole 1.898(19) 2.0109(16)
Metal–Nimine 1.907(18) 2.013(16)
C=N 1.288(3) 1.295(3)
​ ​ ​
Bond angles (◦) ​ ​
NpyrroleMetal–Npyrrole 105.4(2) 102.7(17)
Nimine–Metal–Nimine 93.15(8) 95.57(7)
cis–Npyrrole− Metal–Nimine 84.21(8) 80.74(7)
trans–Npyrrole− Metal–Nimine 175.78(8) 176.1(7)
C–Npyrrole–C 113.5(2) 107.1(17)
C–Nimine–C 118.9(19) 121.7(16)

Parenthesis indicate standard deviation on the last significant figure. Fig. 3. (a) UV-visible spectra of PdL recorded as a function of pH at 37 ◦C.
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Fig. 4. Stability of (a) PdL and (b) PtL measured in human plasma. UV–visible spectral changes for both metal complexes (40 μM) recorded in a solution of human 
blood plasma diluted with phosphate buffer (50 mM KH2PO4, pH 7.50, 1:4 ratio) as a function of time.

Fig. 5. (a) The UV–vis absorption spectra of PdL (50 µM) and (b) the change in the absorbance at 366 nm of PdL as a function of [ctDNA] fitted to the Hill model. The 
reaction was carried out in KH2PO4 (5 % (v/v) acetonitrile, 50 mM, pH 7.5) and after sequential additions of ctDNA (final [ctDNA] = 42 μM bp) the Hill fits were used 
to calculate the binding constants and stoichiometric ratios for the binding of PdL to ctDNA. Error bars indicate standard deviation of triplicate data. (c) The CD 
spectrum of 100 µM of ctDNA at increasing PdL concentrations in KH2PO4 (5 % (v/v) acetonitrile, 50 mM, pH 7.5) at 37 ◦C. The maxima and minima from 210 to 277 
nm represent ctDNA and the 400 nm band represents an induced CD band due to the interaction of PdLwith ctDNA. (d) The LD spectrum of 100 µM ctDNA at 
increasing PdL concentrations in KH2PO4 (5 % (v/v) acetonitrile, 50 mM, pH 7.5) at 37 ◦C. The minimum at 260 nm represents ctDNA and the 350–450 nm 
broadened band represents an induced PdL LD spectrum.
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such as DNA and human serum albumin [81]. Therefore, the metal 
chelates are now present in a more lipophilic environment and there are 
better band wavelength resolution (Fig. 4).

Both the Pd(II) and Pt(II) Schiff base chelates remained intact and 
unchanged for the first 5 h, there were no chemical changes such as bond 
dissociation or metal ion release were detected over the period. After 
which, there was a gradual decrease in band intensity throughout both 
the spectra. There were no isosbestic point formed or the formation of 
new bands. This indicates that demetallation did not occur but poten
tially the metal Schiff base chelates begun being hydrolysed (likely at 
the imine bond). Once the imine bond is hydrolysed, hydrolysis of the 
Schiff base chelate is enhanced, this is likely why hydrolysis occurred 
after 5 h [82,83]. The kinetics of the reaction could not be delineated 
from the current data set, as there was an increase in absorbance of the 
complex after 5 h, however, clearly from the UV–vis spectra we can 
deduce that t1/2 will be greater than 12 h. This is comparable to drugs 
currently in circulation such as paclitaxel which has a reported plasma 
half-life of 6.54 ±1.43 h [84]. It should be highlighted at 24 h the band 
intensities do decrease to below 0 in some cases, this is attributed to 
precipitation of the complexes with the serum and potential increase in 
the turbidity of the serum solution.

3. DNA binding

The d8 Schiff base imine metal complexes in this study were designed 
to target DNA as potential early-stage investigational compounds for 
cancer treatment. In this study, we did not have pharmacological data 
confirming that PdL can penetrate the cell membrane. However, low- 
resolution fluorescence microscopy images of a PdL analogue contain
ing a PtII ion instead of PdII suggest that the chelate may enter the 
mitochondria [85]. Additionally, several other studies have reported 
metal Schiff base chelates that can permeate the cell membrane [86–88]. 
Based on previous literature ligand H2 L chelating with AuIII was shown 
to target DNA as a therapeutic agent [89]. However, only PdL and PtL 
proved to be sufficiently soluble and stable for these actions. The H2L 
ligand of the metal complexes has a planar structure and is anticipated 
that the compound will bind to and intercalate into the ctDNA. This was 
tested by measuring the binding affinity (Ka), for PdL and PtL to calf 
thymus DNA (ctDNA) through UV-visible spectroscopic titrations. 
Fig. S14 indicated that PtL was not able to bind to the ctDNA. However, 
the MLCT absorption maximum band for PdL at 368 nm were moni
tored, and changes in the electronic spectrum at this wavelength indi
cated the interaction of PdL with ctDNA (Fig. 5). The highest obtained 
ratio of [ctDNA]:[PdL] before the end point was reached (i.e., precipi
tation of PdL), was 1:3.6.

The UV–vis spectrum in Fig. 5a indicates both hypochromism and 
hypsochromic (4 nm) as a function of PdL concentration. This is likely 
due to π–π* stacking interactions (vide infra) between the planar PdL 
and the base pairs of ctDNA. The blue shift suggests that PdL is posi
tioned in a more apolar environment (i.e., indicating binding to DNA) 
and that there is a breakage of hydrogen bonds, that stabilise the sec
ondary structure of ctDNA’s double helix. The decrease in absorbance at 
368 nm during the titration with ctDNA was fitted to the Hill model [90] 
yielding a R2 value of 0.998 (Fig. 5b). This was used to delineate the 
affinity of PdL to ctDNA and was quantified by calculating the mean 
binding constant (Ka) from three independent experiments: 0.114 (±
0.02) × 104 M–1.

Typically, the binding affinity of intercalating compounds are lower 
than those of groove binders, and are below 105 M–1 [91,92]. The Ka for 
PdL (104 M) is lower than that of the ethidium bromide (Ka 1.5 ×106 M) 
the classical intercalating molecule. However, the is within the same 
camparable range as other reported square-planar palladium(II) inter
calators [93–95]. The closest complex we can compare PdL to is with the 
AuIII analogue of the complex [89], which had a binding constant of 1.45 
×104 M–1. This is 10 fold-higher than PdL and highlights the importance 
of the cationic metal ion centre.

The conformational changes of ctDNA in the presence of PdL was 
analysed using UV-CD spectroscopy (Fig. 5c). The native B-form DNA 
displays four principal transition bands at 210 nm, 220 nm, 244 nm, and 
277 nm, respectively, which are indicative of its double-helical B- 
conformation [96,97]. The bands at 220 nm and 277 nm are associated 
with base stacking, while the bands at 210 nm and 244 nm are related to 
the helicity of DNA [96,98]. Upon the introduction of PdL to B-form 
DNA (ctDNA), the intensities of the 277 and 220 nm bands were mini
mally influenced by the ligand, while the 244 nm minima UV-CD, 
reduced as a function of PdL concentration. The result corroborates 
the hypochromic (4 nm) reported in Fig. 5a, indicating that PdL dis
rupted the hydrogen bonding network of ctDNA’s secondary structure. 
Furthermore, the lack of peak changes indicate that ctDNA was not 
altered from B-form to A-form DNA as the characteristic 244 (B-form) 
maxima diminished in intensity and did not red-shift to A-forms DNA 
characteristic maxima at 263 nm [99].

The CD spectrum Fig. 5d indicates an interesting phenomenon be
tween 400 and 450 nm, known as an induced circular dichroism (ICD) 
[100–103]. This occurs when an achiral molecule (PdL) binds to a 
macromolecular chiral host (ctDNA). This results in PdL perturbation, 
resulting in a net non-zero rotational strength, hence the emergence of a 
CD signal, referred to as ICD [102].

UV-LD was used to delineate the mode of binding of PdL to ctDNA 
[104]. The experiments were conducted in KH2PO4 buffer ((5 % (v/v) 
acetonitrile, 50 mM, pH 7.5), with 100 µM ctDNA and varying con
centrations of PdL (0–300 µM). The LD spectrum of ctDNA exhibited a 
strong negative signal at 260 nm, attributed to the nucleotides (purine 
and pyrimidine base pairs) [104] of ctDNA. Upon the addition of PdL, 
there was a concentration-dependent increase in the amplitude of the 
260 nm minima (Fig. 5d), suggesting enhanced DNA rigidity (i.e., DNA 
stiffening) and implying either an elongation and/or increased rigidity 
of the double-helical DNA. This result indicates that the DNA is inter
calated and subsequently unwound (Fig. 5d) [105–107].

Additionally, an induced dichroic signal was detected between 350 
and 450 nm (Fig. 5d inset). At this wavelength range, there is no 
contribution from DNA base pairs; only the chromophore PdL absorbs in 
this region. Since PdL is isotropic and cannot be oriented in the flow 
field, the presence of the ICD signal corroborates the ICD signal in Fig. 5c 
(UV-CD) and indicates that PdL forms a molecular complex with ctDNA, 
becomes oriented, and intercalates into DNA. The ICD signal, being 
below the plane of native ctDNA, further confirms that PdL and was 
replicated with ethidium bromide (Fig. S15).

3.1. Molecular docking and molecular dynamic simulations

Theoretical ligand docking studies were employed using Glide XP to 
determine the binding mode of PdL to DNA. Two DNA X-ray structures 
were used; PDB: 425D (2.80 Å) [108] and PDB: 4E1 U (0.92 Å) [109], for 
flexible ligand docking. It should be noted that ligand docking provides 
only an approximation as to how a ligand may bind to and interact with 
DNA. The major parameter elucidated from ligand docking are the 
docking scores, which typically do not correlate quantitatively with 
experimental binding or thermodynamic data (Ka or ΔG values) [110,
111]. This is because ligand docking does not try to emulate a physical 
reaction between the incoming ligand and macromolecule. Hence, only 
qualitative comparisons can be made from docking scores. In our case 
we aim to determine if Glide XP docking scores corroborates our 
experimental data and shows PdL intercalating with DNA

The key results are that two PdL bind to the oligonucleotide, this is 
expected since DNA has repeating AT and GC regions, therefore multiple 
potential binding sites may host the incoming ligand with similar af
finity. It should be highlighted that since the PDB structures of DNA are 
rigid and have been crystallised in the presence of either a groove binder 
(PDB: 425D) or an intercalator (PDB: 4E1 U), the binding scores for 
complex PdL were solely used as a theoretical approach to support 
experimental data.
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Glide XP docking of PdL to the oligonucleotide revealed that the 
complex has a preference for PDB 4E1 U (intercalating oligonucleotide) 
(Table 2) as it exhibits a more favourable ΔGbind score as compared to 
PDB 425D The lowest best docked ΔGbind score was in fact higher than 
the highest best docked score ΔGbind score from PDB: 4E1U. The result 
corroborates the experimental data (vide supra), which indicates that 
PdL is an intercalator of DNA. Furthermore, the Glide XP docking data 
suggests that PdL may bind and intercalate at the central 5′-AT-3′ step of 
the oligonucleotide (Fig. S16), though with a relatively low Glide 
docking score (ΔGbind = –5.30 kcal/mol). As expected the AT cluster 
sites are the preferred binding locations, because they have been shown 
to exhibit the lowest binding energy [112].

Following ligand docking of the PdL complex to the DNA oligonu
cleotide (PDB: 4E1 U), a 100 ns molecular dynamics (MD) simulation 
(Fig. 6) was conducted to assess the stability of the best Glide XP docking 
pose (Fig. S16). MD simulations provide valuable insights into the in
teractions between macromolecules and ligands over time, capturing the 
system’s dynamic behaviour and offering a more accurate reflection of 
physiological conditions. As shown in Fig. 6, the root-mean-square de
viation (RMSD) of PdL remains relatively stable throughout the simu
lation trajectory (deviating between 0.25–0.75 Å). However, the 
significance of the slight deviations in the ligand’s RMSD are highlighted 
in Fig. 6. At the start of the 100 ns simulation, two PdL molecules are 
bound to the oligonucleotide. PdL (1; black) is bound to DG(8) and DT 
(3), while the second metal complex (blue) is bound to DA(5), DC(10), 
and DG(3). GC pockets are higher in energy and often less favourable 
sites for molecules to bind and intercalate. Consequently, throughout 
the trajectory, both PdII chelates exhibit changes in their binding posi
tions (this can be visualised using MD, as MD forcefields allow for more 
dynamic interactions.

At 84 ns a minimum is reached between both PdII chelates and the 
DNA oligonucleotide and it is observed that both molecules are 
hydrogen bonded to the DT nucleic acids and no longer within a pocket, 
that was observed at 24 ns. Between 24 ns and 84 ns the minimal de
viations in the RMSD are attributed to the PdII chelates re-orientating 
into the DNA strand that has now being unwound due to intercalation 
from the PdL molecules. This insertion of both PdL residues into the 
oligonucleotide strands base pairs results in the displacement of the 
stacked base pairs and initiates DNA uncoiling [113]. At the end of the 
100 ns simulation, the DNA structure undergoes significant unwinding, 
disrupting the electrostatic interaction between PdL and the nucleic 
acids (Fig. 6). These MD simulation results are consistent with the 
experimental UV-LD data in Fig. 5d, where the increase in the 260 nm 
minimum amplitude indicates ctDNA unwinding in response to 
increasing PdL concentration. It should be noted that due to the limi
tations of the Maestro Suite (2022–4), DNA-specific RMSD and 
root-mean-square fluctuation (RMSF) values could not be calculated, 
requiring reliance on the trajectory output to infer ligand binding.

In our investigation, the correlation of data from spectroscopic 
binding experiments, UV-LD, UV-CD experiments, and computational 
studies on the interaction between PdL and DNA all corroborated that 
the primary mechanism of interaction is intercalation. MD simulations 
(Fig. 6) indicate that the OH moiety of PdL binds to pyrimidine base 
pairs via hydrogen bonding, while the pyrrole nitrogen interacts through 
electrostatic interactions. Finally, the purine base pairs form π–π bonds 

with PdL’s pyrrole rings. Therefore, we propose that the first binding 
state involves π–π bonding between PdL’s pyrrole rings and the purine 
base pairs, followed by hydrogen bonding and electrostatic interactions, 
ultimately leading to the intercalation of ctDNA. This intercaltions re
sults in the unwinding of ctDNA. Similar binding mechanisms have been 
previously reported for other Schiff base PdII complexes [114,115].

3.2. Fluorescence quenching measurements

The interaction of potential pharmaceutical compounds (PdL in this 
study) with plasma proteins is a key factor in determining their 
bioavailability [116]. Assessing plasma protein binding is essential 
when evaluating potential therapeutic agents. In particular, the inter
action of these compounds with human serum albumin (HSA), a vital 
transport protein in the circulatory system, is of significant importance. 
HSA can bind to a wide range of both endogenous metabolic compounds 
and externally administered drugs. This binding interaction plays a 
crucial role in regulating the concentration of free drug, thereby influ
encing its availability and activity within the body [117]. The intrinsic 
fluorescence for a protein can be quenched by different mechanisms, 
namely static, dynamic, or a combination of both. The protein in this 
study HSA, has a single Trp residue (Trp-214, λex = 295 nm) located in 
Sudlow’s site I that is responsible for most of the protein’s intrinsic 
fluorescence emission [118]. The quenching of the intrinsic emission 
spectrum of HSA (310–450 nm) was investigated by the titration of 
varying concentrations of PdL into the protein and the emission 
maximum was observed at ~342 nm. The fluorescence intensity of HSA 
decreased monotonically as a function of PdL concentration (Fig. 7a). 
The fluorescence spectroscopic data indicates that PdL binds in close 
proximity to Trp-214 and alters the microenvironment around the flu
orophore and inducing a marked dose-dependent quenching of the 
intrinsic fluorescence of HSA [119,120].

PdL induced a blue shifts relative to the native protein of 5 ±0.2 nm, 
which reflects the development of a significantly less polar environment 
around Trp-214 after the PdII complex uptake [78]. The blue-shift 
observed here is in agreement with the similarly reported Pd(PrPyrr) 
molecule that induced a blue shift of 5.4 ±0.4 nm, when bound to HSA 
[78] and differs from the Pt(II) class of molecules with the same ligand 
which all induced red shifts relative to native HSA [73]. This highlights 
that for HSA, the wavelength of the fluorescence λem

max is dependent on 
the identity of the metal ion.

The observed blue shift in the fluorescence of the Trp fluorophore 
can be attributed to two main factors: (i) the orientational polarization 
caused by ordered water molecules located within 15–25 Å of the res
idue and (ii) the electronic polarization of the Trp indole ring itself. In 
the context of HSA•{complex}, the electronic polarization of Trp-214, 
influenced by the bound ligand, alongside the disruption of the or
dered water structure surrounding the chromophore, likely contributes 
to these shifts. This is especially relevant when considering the elec
tronic properties of PdL bound close to the lone Trp-214 residue in the 
protein. The direction of the shift whether blue or red will depend on the 
orientation and the distance between the ligand’s dipole moment and 
the transition dipole moment associated with the lowest energy 1A1 to 
1La transition of Trp’s indole ring [119]. This transition is characterised 
by transient charge migration from the pyrrole to the benzene ring of the 
chromophore. Ultimately, the specific binding configuration of the 
ligand within subdomain IIA of HSA will determine both the sign and 
magnitude of λem

max.

3.3. Fluorescence quenching mechanism

Stern-Volmer model. Fluorescence quenching is normally described 
by the Stern-Volmer (SV) equation (Eq. (1)) [121]. 

I0
/
I = 1 + KSV [Q] = 1 + kqτ0[Q] (1) 

Table 2 
Summary of GLIDE XP docking scores and selected interaction energy parame
ters for DNA targets prepared from ligand-free structures derived from PDB 
codes 425D (biased towards groove binding), 4E1 U (biased towards inter
calating). The docking runs were truncated to report only the top-scoring ligand 
pose for each ligand. All energies are in units of kcal mol− 1.

PDB Binding site residues XP Gscore Glide Energy

PDB:425D AT –4.21 –26.23
PDB: 4E1U AT –5.30 –34.53
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where I0 is the fluorescence intensity of ligand free HSA (PdL in this 
work) and I is the fluorescence intensity of HSA in the presence of PdL. 
KSV is the Stern-Volmer constant (M− 1), [Q] is the molar concentration of 
the quencher, kq is the bimolecular quenching rate constant (M− 1 s− 1), 
and τ0 is the average lifetime of HSA fluorescence in the absence of any 
quencher (5.28 ±0.03 ns [122], 5.60 ±0.10 ns [123], 6.72 ±0.07 ns 
[124]; mean = 5.87 ±0.76 ns). SV plots recorded as a function of tem
perature and [PdL] are presented in Fig. 7b. The plot indicates the 
average of triplicate results of the mean fluorescence ratio recorded at 
each dose of PdL complex. Typically, Eq. (1) is linear for a single 
dominant quenching mechanism, either dynamic or static, the SV plot 
for PdL is observed to follow a single dominant quenching mechanism. 
Notably, the KSV values of PdL decreased with increasing temperature, 
consistent with a static quenching mechanism.

From least-squares fits of Eq. (1) to the dose-dependence of I0 /I, the 
bimolecular fluorescence quenching rate constant for the HSA•{PdL} 
complex can be straightforwardly deduced from Eq. (2), with the re
ported τ0 value (vide supra). 

kq = KSV/τ0 (2) 

The values of KSV and kq determined here for the interaction of 
native HSA with PdL ~2 to ~10 times larger than, for instance, those 
reported for HSA interacting with berberine [125], epinastine hydro
chloride [126], primethamine and trimethoprim [127],. However, is 
similar to the isostructural PtL (KSV = 1.16 ×10–5 ±0.1 M–1; kq = 2.27 
×10–13 M–1 s–1 at 310 K) [101], and M(PrPyrr) (M = NiII, PdII or PtII), 
where KSV ranged from 1.34 to 2.52 ×10–5 M–1 and ranged kq =

2.28–4.30 ×10–13 M–1 s–1 at 310 K [78]. A comparison of the iso
structural complexes showed that the KSV for PdL > PtL. This is because 
PdL low-lying excited states overlapping the emission from Trp-214 are 
1(π–π*) excited states and two metal chelate species simultaneously bind 
to the protein, which statistically increases the quenching. PtL is phos
phorescent, and has a singlet excited state 1(π–π*) that relax by internal 
conversion and intersystem crossing to the lowest-energy emissive 
triplet excited state, 3(π–π*) [27,128].

Fig. 6. Molecular dynamic simulation (MD) over 100 ns of the best docked GLIDE XP structure of complex PdL binding to an oligonucleotide of DNA (PDB 4E1 U; 5′- 
D(CGGAAATTACCG)− 3′ bound with a cationic ruthenium complex [Ru(bpy)2(dppz)]2+) [109]. A large target grid was generated for ligand docking at the [Ru 
(bpy)2(dppz)]2+) site close to the centre of the DNA(with [Ru(bpy)2(dppz)]2+) removed), spanning 40×40×40 Å3, thereby facilitating a search of alternative binding 
packets radiating throughout the oligonucleotide. (a) The RMSD indicates that there is minimal fluctuation of complex PdL throughout the MD run, however, image 
docked poses of the fluctuation of PdL is presented bound within the best XP docked sites. Nucleic acid base pairs are colour coded Adenosine (red), Thymine 
(orange), Cytosine (purple) and Guanosine (green). RMSF and RMSD data of triplicate results is presented in Figs. S21 and S22.
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3.4. Ligand binding equilibrium constants

Changes in HSA fluorescence intensity as a function of [PdL] was 
used to calculate thermodynamic data for the binding equilibrium be
tween the PdII complex and HSA. The biophysical parameters that 
describe the ligand’s affinity for the protein (Ka) and the stoichiometry 
of the reaction (n) are delineated from a log plot of the emission data as a 
function of increasing PdL concentration (Eq. (3)) [129]. 

log
(

I0 − I
I

)

= logKa + nlog[Q] (3) 

where the intercept and slope of the curve give the affinity constant and 
stoichiometry, respectively. The data is summarised in Table 3. The 
results show that the affinity constant decreases with increasing tem
perature, consistent with a static quenching mechanism [130,131].

The value of logKa for the PdL chelate ranges from 4.45 to 3.82 
(288–310 K) and is akin to the product equilibrium constant β2, where 
logβ2 = logK1 + logK2. It is noteworthy that K1 and K2 for the reaction 
of HSA with PdL are unresolvable (distinct binding steps are not observed 
in the titration data, Fig. 7d). Furthermore, the binding of PdL is distinct 
and specific to PdL alone. The closest PdII complex to which we can 
compare its affinity is Pd(PrPyrr), with logKa = 5.5278. However, Pd 
(PrPyrr) was prone to hydrolysis at all pH levels, resulting in the removal 
of the pyrrole group from the PdII ion centre. The binding of Pd(PrPyrr) 
was therefore a result of the interaction between Pd(PrPyrr) and Pd 
(OH₂Pyrr). Thus, PdL is unique in that it does not undergo hydrolysis 
and is more stable than other imine PdII Schiff base chelates.

3.5. Thermodynamics of ligand binding

PdL had a linear van’t Hoff relationship, and the plot for triplicate 
measurements are given in Fig. 8a. Under non-standard conditions, the 
enthalpy change (ΔH), entropy change (ΔS), and Gibbs free energy 
change (ΔG), may be deduced from the temperature dependence of the 
affinity constants (Ka) using Eqs. (4) and (5): 

lnKa = −
ΔH
RT

+
ΔS
R

(4) 

ΔG = ΔH − TΔS (5) 

Table 4 summarises the thermodynamic data for reaction of the 

Table 3 
Stern–Volmer quenching constants (KSV), bimolecular quenching rate constants 
(Kq), and affinity constants (log Ka) for the interaction of PdL with HSA at 
different temperatures in 50 mM KH2PO4 buffer at pH 7.50.

Compoud T (K) Ksv (x105) Kq (x10 −

13)
logKa n

​ 288 1.62 (0.0085) 2.76 4.45 
(0.14)

1.21 
(0.01)

PdOH 298 0.94 (0.17) 1.60 4.10 
(0.22)

1.18 
(0.04)

​ 310 0.773 (0.05) 1.32 3.82 
(0.25)

1.10 
(0.05)

aKSV values were determined by fitting the data to nonlinear Eq. (2) to the data. 
bA mean excited state lifetime, τo, of 5.87(76) ns for HSA was used to calculate 
the bimolecular quenching rate constant, Kq. cThe estimated standard deviations 
of the least significant digits are given in parentheses.

Fig. 8. (a) Linear van’t Hoff plots for the reactions of PdL with HSA in 50 mM 
KH2PO4 buffer at pH 7.50. (b) Plot of the Gibbs-Helmholtz relationship (Eq. (9)) 
for the reaction of Pd[(OH)Pyrr] and different metal imine Schiff base chelates 
[73,78,132] binding to HSA at 298 K for comparison in 50 mM KH2PO4 buffer 
at pH 7.50. The straight line fit of the data gives R2 = 0.997 with a slope and 
intercept of –1. For all reactions, ΔG < 0. Error bars indicate the standard 
deviation of three independent results.

Table 4 
Thermodynamic parameters for the binding of PdL, by HSA in 50 mM KH2PO4 
buffer at pH 7.50.

Compound T (K) ΔG kJ mol–1,a ΔH kJ mol–1,a ΔS j K mol–1,a

​ 288 24.2 (2) ​ ​
PdL 298 23.4 (2) –46.3 (6) –76 (2)
​ 310 22.5 (3) ​ ​

a The estimated standard deviation are given in parentheses.

Fig. 7. (a) Emission spectra of HSA (4.0 μM) recorded as a function of the concentration of PdL at 298 K in KH2PO4 (50 mM, pH 7.50). (b) Stern-Volmer (SV) 
fluorescence intensity ratio plots for HSA (4.0 μM) recorded as a function of the concentration of PdL and temperature (50 mM KH2PO4, pH 7.50). Error bars are 
ESD’s based on the average of three independent determinations. (c) Double logarithm plot of the fractional change in fluorescence intensity for HSA (4.0 μM) 
recorded as a function of the concentration of PdL and temperature (50 mM KH2PO4, pH 7.50). Error bars are ESD’s based on the average of three independent 
determinations. The data are described by Eq. (3), which affords the affinity constant and stoichiometric coefficient for the reaction (Table 3).
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compounds of interest with HSA in KH2PO4 buffer. The reaction is 
exergonic [129], with ΔG ranging from − 24.2–22.5 kJ mol− 1 from 288 
to 310 K. The much ΔG is in a similar range to that reported for the Pt(II) 
cogner [73].

The enthalpy (ΔH) value for the reaction is –46.3 (6) kJ mol− 1, 
indicating it is exothermic; however, it is almost twice that of PtL –26.2 
(2.7) [73]. Since the main drug binding sites known are Sudlow’s sites I 
and II (subdomains IIA and IIIA) in the protein are mostly hydrophobic 
[133], the favourable heats of reaction suggest that there is minimal 
disruption of the protein’s ordered water or backbone structure and that 
LDF of attraction are mainly responsible for binding of the present li
gands in these sites. This notion is indeed confirmed by our molecular 
docking simulations (vide infra).

By using the Gibbs-Helmholtz relationship (Eq. (5)) with the exper
imental data (Table 4), the thermodynamics governing PdL uptake by 
HSA was delineated (Fig. 8b). Specifically, when TΔS/ΔG is plotted 
against ΔH/ΔG, a linear data fit is observed in the top right quadrant of 
the graph where ΔH < 0, consistent with enthalpic control of the re
action. Here, spontaneity is assured as changes in ΔH /ΔG are 
compensated for by commensurate changes in TΔS/ΔG. In Fig. 8b we 
compared the Gibbs-Helmholtz relationship of PdL with our previously 

reported Schiff base chelates [73,78,132]. Strikingly, all nine metal 
chelates followed a linear trend R2 = 0.997, however, only the group 10 
neutral metal complexes TΔS/ΔG and ΔH/ΔG increased together in the 
order: Ni(PrPyrr) < PdII(X) < PtII(X), which follows the increase in the 
principal quantum number for the metal ion (3d < 4d < 5d).

The trend suggests that the thermodynamics of metal chelate binding 
to HSA are influenced by the increasing electron density in the com
plexes, which naturally occurs as the size and polarizability (i.e., soft
ness) of the metal ion increase [134,135]. LDF of attraction in 
biomolecules significantly control the tertiary structure of the macro
molecule [136], and will increase in the order 3d < 4d < 5d [135] for 
this class of Schiff base pyrrolide-imine metal chelates, Fig. 8b demon
strates that LDF attraction governs the interaction of the current metal 
chelates with HSA largely by modulation of the ΔH term. The square 
planar AuIII chelates were the exception to the trend of the group 10 
neutral metal complexes. Even though they fitted the Gibbs-Helmholtz 
fit, it is likely that the overall negative charge on the complexes influ
enced their binding to HSA.

The ΔS of PdL binding to HSA was –76.4 JK–1 mol–1, significantly 
higher than that of PtL binding to HSA (18.5 jK–1 mol–1). This is likely 
influenced by two PdL molecules being present, which ultimately 

Fig. 9. (a) Plot of the far-UV CD spectra of native HSA and the protein incubated with saturating doses of PdL recorded at 310 K in 50 mM KH2PO4 buffer at pH 7.50. 
The plot is unsmoothed spectra at PdL doses ranging from 0 to 145 μM. Grey spectra indicate concentrations of 10, 20, 45 and 95 µM of PdL. Band minima are 
indicated. (b) Plots of the UV-visible CD spectra of native HSA (15 μM) and the protein incubated with a saturating dose (145 μM) of PdL were recorded at 310 K in 50 
mM KH2PO4 buffer at pH 7.50. Perturbations in the protein structure around Phe (250–270 nm), Tyr (~280 nm), and Trp (285–300 nm) residues may also be 
resolved in some difference spectra. Selected wavelengths in the UV CD spectrum are marked. Induced CD site displacement assay carried out by measuring the 
UV–vis CD spectrum of HSA (15 µM in 50 mM KH2PO4 buffer, pH 7.5) bound to PdL (15 µM). The site-specific markers warfarin (Sudlow’s site I) and ibuprofen 
(Sudlow’s site II) were titrated into the solution of HSA•2{PdL} in Parts (c) and (d), respectively, at concentrations of 0–180 µM or 0–450 µM. The assay identifies 
which probe drug or marker can displace the Pd(II) chelate from its target binding site and thus delineates the exact binding site of the metal chelate within the 
protein. The spectra were smoothed using a Lowess function (0.10 span) for clarity.
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displaces more ordered water molecules and results in a higher ΔS. 
Overall PdL binding thermodynamics here are similar data reported 
from microcalorimetry studies on drugs that target Sudlow’s site II, the 
binding of drugs such as benzodiazepines [137], ibuprofen [138], and 
phenothiazines by HSA [139], that had moderately negative ΔH (− 50 to 
− 75 kJ mol− 1) and ΔS values as well as sizeable Ka1 values ~105 M− 1 

[140]. Warfarin, which binds in Sudlows’s site [141] has broadly 
comparable thermodynamics [140] (logKa1= 5.15, ΔH = − 49 kJ mol− 1, 
ΔS = − 12 J K− 1 mol− 1) to ibuprofen (Sudlow’s site II, logKa1= 5.04, ΔH 
= − 67 kJ mol− 1, ΔS = − 34 J K− 1 mol− 1) indicating that assigning the 
specific binding site of PdL requires additional structural or spectro
scopic data.

Investigational equilibrium studies on HSA and PdL have been con
ducted and are reported in the ESI (Fig. S23) according to methods 
previously reported [142]. From the ICD competition assay and in silico 
methods (vide infra), we know that HSA binds to PdL in a 1:2 ratio. 
However, due to the poor solubility of PdL at concentrations above 
10-fold the concentration of HSA, we were unable to clearly elucidate 
the second binding constant or reach complete saturation of HSA 
(Fig. S23). Therefore, for the equilibrium HSA + PdL ⇌ HSA{PdL}, we 
calculated aKa of 0.40×104 M–1 and a Kd of 2.53×10–4 M at 310 K. The 
binding equilibrium allows us to calculate the dependence of HSA on 
PdL concentration. These calculations enabled us to determine the 
average number of PdL molecules bound to HSA, yielding a value of 1.2 

±0.05, which indicates that more than one PdL molecule binds to HSA 
and corroborates the UV–ICD studies.

3.6. UV-CD spectroscopy

Far-UV circular dichroism (CD) spectroscopy is a method typically 
employed to analyse changes in a protein’s secondary structure (i.e., 
α-helices, β-sheets, and random coils) upon small molecule binding 
[143,144]. The impact of PdL on HSA’s secondary structure was 
measured over the 186–260 nm range (Fig. 9a). The CD spectrum of HSA 
in the absence of Pd(II) complex displayed two minima at 209 (±1 nm) 
and 222 nm (±1 nm), which is characteristic of an α-helical rich protein 
(Fig. 9a). The electronic transitions for both minima are attributed to 
π–π* (209 nm) and n–π* (222 nm) excitations, respectively and the 196 
nm π–π* maxima [143]. All three transitions originate from the amide 
bonds of the peptide backbone [143,144].

The far-UV CD spectrum of HSA in the presence of PdL was similar to 
that of complex-free HSA, with only a minimal decrease in ellipticity 
(Fig. 9a) between 200 and 260 nm. However, the 196 nm maxima 
ellipticity had completely diminished. PdL exhibited moderately high 
binding affinities for HSA (Table 3), affecting CD intensity changes only 
around 196 nm. Overall, PdL minimally affected the overall secondary 
structure of HSA, even at concentrations as high as 145 µM.

The far-UV CD data were further analysed using JASCO Spectra 
Manager™ to calculate the percentage composition of the secondary 
structure elements present for the HSA• PdL adduct. The dominant 
secondary structure domains are α-helices (~56 %), turns (~11 %), and 
unordered coils (~32 %). It has been previously reported that the sec
ondary structure composition of HSA differs from that of native HSA in 

Fig. 10. (a) Comparison of the experimental ICD spectrum (Δθ) recorded for HSA•{Pd(OH)Pyrr} at pH 7.5 in 50 mM (KH2PO4) and the CD spectrum calculated using 
hybrid QM:MM TD-DFT simulations (CAM-B3LYP/SDD/GD3BJ:UFF) for the top-scoring docked pose of Pd(OH)Pyrr bound to both Sudlow’s site I and Sudlow’s site II 
(PDB code: 1HA2). The DFT-calculated spectrum of the best pose matches the experimental spectrum with great accuracy. (b) Structural model used for the TD-DFT 
simulations showing the location of both Pd(OH)Pyrr molecules bound within Sudlow’s sites I and II. (c) View of the metal chelate binding site containing the best 
pose of both Pd(OH)Pyrr and the closest amino acid residues interacting with the PdII chelates.
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the solid state [133] (68.5 % α-helix, 0 % β-sheet, 9.6 % turns, and 21.9 
% unordered coils; PDB code 1BM0 analysed with BeStSel [145]). 
However, the CD data present here is consistent with solution-state 
spectral decompositions previously reported [146–148]. It is widely 
accepted that increased subdomain mobility and overall thermal motion 
or disorder contribute to the reduction in α helicity [144,149].

The influence of PdL on the tertiary structure of HSA was investi
gated through near-UV CD spectroscopy (Fig. 9b). This probes the 
electronic structure of Trp (285–300 nm), Tyr (275–285 nm), and Phe 
(250–270 nm), and allows for the examination of conformational 
changes in the protein’s tertiary structure. The near-UV CD spectrum of 
HSA in the absence of any ligands typically shows two minima at 260 
and 280 nm and a maximum at 290 nm due to disulphide bonds and 
aromatic amino acids [150]. Perturbations between 250 and 310 nm 
provide insights into the conformational changes occurring in HSA. Trp 
residues have a higher quantum yield and lower symmetry compared to 
Phe and Tyr, therefore it is most sensitive to changes within the im
mediate microenvironment [151]. The three aromatic amino acid resi
dues have π → π* transitions (1La and 1Lb) and may be involved in π 
bonding. Furthermore, the π → π* transitions exhibit charge transfer 
characteristics, making them sensitive to dielectric changes in the 
chromophore microenvironment; consequently, variations in the sol
vent can influence these transitions [152]. Therefore, alterations in the 
near-UV CD spectrum can be correlated with tertiary structure changes 
for HSA in the presence of ligand binding or as a result of solvent 
exposure perturbing the aromatic residue’s microenvironment [153].

Near-UV CD spectra were recorded from 250 to 310 nm for HSA• PdL 
(Fig. 9b). The perturbation at 295-nm is attributed to the Trp 1Lb (0,0) 
band, while the overlapping Tyr and Trp bands are observed at 260–280 
nm (1La; solvated Trp) [154,155],. When PdL is bound to HSA, these 
marker perturbations exhibit a significant positive change in ellipticity 
with wavelength shifts of ± 2 nm. The perturbation alterations suggests 
that both Tyr and Trp are more solvent exposed and may be influenced 
by the electrostatic field of the Pd(II) complex. This accounts for the 
minor alterations in the secondary structure of HSA (Fig. 9a), i.e., the 
decrease in α-helicity around 196 nm.

To investigate the site-specific binding of PdL to HSA, an induced 
circular dichroism (ICD) site displacement assay was conducted. PdL 
was incubated with HSA in a KH₂PO₄ buffer (50 mM, pH 7.5), followed 
by titration with either warfarin (a Sudlow’s site I probe) or ibuprofen (a 
Sudlow’s site II probe). Since PdL is achiral, it does not produce a CD 
signal unless bound to a chiral macromolecular host, such as HSA. If 
warfarin or ibuprofen displaces PdL from its binding site, the ICD signal 
of PdL diminishes, indicating the metal chelate has returned to its 
achiral, unbound state in solution.

As shown in Fig. 9c, the ICD spectrum of the HSA•PdL complex was 
not completely diminished by the addition of warfarin, even at excessive 
amounts of warfarin (as high as 480 µM). Approximately 38 % of PdL 
was displaced from HSA’s Sudlow’s site I. Notably, the logKa value of 
PdLfor HSA is 5.43 at 310 K, which is comparable to that of warfarin for 
the protein (5.5). This indicates that Sudlow’s site I was one of the 
primary binding sites for the Pd(II) complex, but not the only one. At the 
highest warfarin concentration (480 µM), the appearance of the 
warfarin- induced CD peak at 306 nm was observed, signifying a 
HSA•warfarin adduct forming. In Fig. 9d, when ibuprofen was titrated 
into HSA• PdL there was a monotonic decrease in the ICD signal from 
PdL within HSA, which indicates the displacement of PdL by ibuprofen 
into the aqueous buffer and thus confirming that PdL bound in either 
one or both ibuprofen binding sites (subunits IIIA or between IIA and 
IIIA) [27].

The evidence collectively demonstrates that PdL and PtL, previously 
reported [73] prefer binding in Sudlow’s site II (subdomain IIIA). The 
data suggests that PdL preferentially binds to Sudlow’s site II, and once 
the site is saturated, excess ligand binds to Sudlow’s site I, since more Pd 
(II) chelates was displaced from Sudlow’s site II. Theoretical in silico data 
(ONIOM, TD-DFT simulations) provided corroborative information for 

the preferential binding of PdL within Sudlow’s site II of HSA by 
matching the key features of the experimental CD spectrum (Fig. 9). 
Despite compelling spectroscopic evidence, however, only X-ray or 
cryo-electron microscopy data can delineate the precise binding site(s) 
of PdL with absolute certainty.

Insights from DFT simulations. Based on our in silico docking data 
obtained, we used hybrid QM:MM TD-DFT simulations (ONIOM method 
[156]) to calculate the ICD electronic structures of HSA•2{PdL} with the 
Pd(II) chelates (Fig. 10) occupying both Sudlow’s sites I and II. The best 
two poses indicated that PdL binds to Sudlow’s site II and then Sudlow’s 
site I and was taken directly from the optimised Glide XP structure 
(Fig. 10) was assigned to the quantum mechanics (QM) layer. Amino 
acid residues from Sudlow’s site II were Ile-338, Lys-389 and Asp-340, 
while the amino acid residues from Sudlow’s site I were Lys-195, 
Trp-214, Arg-218 and Asp-451, all were added to the QM layer for the 
most accurate ICD spectrum calculation (Fig. 10a). HSA’s amino acid 
residues were simulated using MM (UFF [157]). The TD-DFT calculated 
ICD spectrum of HSA•2{PdL} strikingly resembled the key spectral 
features of the experimental ICD spectrum with only a 10 nm spectral 
wavelength correction. The simulations strongly indicate that PdL oc
cupies both Sudlow’s sites. Furthermore, the docking Fig. 10b and c 
highlight that PdL bound to Sudlow’s site I is in direct contact with 
Trp-214 and that can account for (i) FRET-based quenching of this 
amino acid and (ii) location of the ligand within 5.9–12 Å of at least one 
Tyr residue. This also supports the sphere of action model (vide supra).

4. Conclusions

PdL was found to be stable under physiological pH’s and had only 
undergone pyrrole dissociation above pH 8.6. Unlike its Ni(II) and Pt(II) 
congers PdL, was able to bind to DNA through intercalation as MOA. 
This was confirmed by spectroscopic methods (UV-LD-spectroscopy) 
and corroborated by theoretical MD simulations. Interestingly, this 
suggest that PdL has the potential to be an early-stage investigational 
therapeutic agent. Finally, PdL binding to HSA was investigated by 
complementary spectroscopic techniques to understand how the com
plex binds to the protein. It was found to quench HSA’s intrinsic Trp-214 
fluorescence of HSA via a static quenching mechanism. Furthermore, we 
report that two intact PdL complexes bind to HSA in Sudlow’s sites I and 
II. In silico data supported the notion (gleaned from spectroscopy) that 
two PdL molecules bound to HSA minimally perturbs the protein’s 
secondary structure. Finally, the induced CD spectra recorded for the 
metal chelates bound to HSA strikingly confirm uptake of the intact 
complexes.
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