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A B S T R A C T

A series of PdII complexes with bis-(2-pyridylmethyl)glycine as a ligand of formula [PdX(bis-(2-pyridylmethyl)
glycine)] where X=Cl, Br, I were prepared and the effect of the halogen nature in the antitumor activity of eight
tumorigenic and one non-tumorigenic cell line was evaluated. The chloride derivative was further functionalized
with a transferrin receptor binding peptide, generating the first PdII based metallopeptide. Its antitumor activity
was also evaluated. However, among all the complexes, the chloride and iodine parent compounds showed the
lowest GI50 values in the panel evaluated, and lowest GI50 than cisplatin in several cell lines. In contrast, the
bromine derivative showed higher values of GI50 than chloride and iodine (around 30 – 50 μM). The same trend
was observed for the bovine serum albumin binding constant with higher values for iodine, chlorine, and
bromine in this order. In aqueous solution, the chloride is exchanged by water while the bromine and iodine are
not. DNA was evaluated as a target and showed no significative interaction for all the compounds. The results
suggest sulfur-rich proteins and not DNA as a target. This report represents the first PdII metallopeptide reported,
its evaluation in solution and antitumor activity. This work opens the possibilities for further functionalization of
PdII complexes and the importance of the halogen coordination in the design of novel metallodrugs.

1. Introduction

Metal complexes are chemically and structurally very versatile. The
nature of ligands chosen can provide a rich diversity of chemical,
electronic and kinetic properties. This versatile chemistry allows the
design of compounds that can target biomolecules and act in ther-
apeutics and diagnostics [1,2]. However, it is also recognized the poor
cell permeability of metal-based compounds and also their lack of se-
lective delivery to the sites of disease [3–5]. Among multiple strategies,
conjugation of metal complexes to peptides is a promising one to en-
hance their uptake properties, site-selective delivery and selective in-
ternalization [5]. The pioneering work of Lippard and co-workers on
the functionalization of PtIV complexes with peptides, rendering selec-
tive recognition to malignant cells expressing αvβ3 and αvβ5 integrins,
is an important example [6]. Several reports on the conjugation of cell-
penetrating peptides to RuII, OsII, ReI, and PtIV showed enhancement of
cell uptake [7–10]. Although this enhancement is not usually expressed
as an increase of in vitro activity when compared to the parent

compound, the efficiency is increased [11,12].
The transferrin receptor (TfR) is a transmembrane protein re-

sponsible for the iron homeostasis carried by transferrin (Tf) [13–16].
The transferrin receptor is an attractive target for anticancer com-
pounds as it is upregulated in the surface of cancer cells and it effi-
ciently internalizes transferrin and other peptides, called TfR binding
peptides [17–19]. The conjugation of anticancer drugs to Tf or TfR
binding peptides is a promising strategy to offset the side effects or
circumvent the resistance [20,21]. The highly used anticancer drug
doxorubicin was conjugated to Tf yielding a compound 3 and 10 fold
more cytotoxic than doxorubicin alone in sensitive and resistant cell
lines respectively [22]. Cisplatin chemically conjugated to the iron-
binding sites of Tf inhibits the growth of human adenocarcinoma in
vitro and in vivo [23]. The peptide HAIYPHRH, first screened by phage
display on cells expressing human TfR showed a high affinity for this
receptor (Kd ~ 109) and a different binding site from that of Tf [24].
The different binding site is advantageous because the endogenous Tf
does not inhibit the uptake of the peptide [25].
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Although peptide conjugation is an interesting strategy, their pre-
paration is challenging because of the chemical functionality of pep-
tides and the lability of metal complexes. Solid phase peptide synthesis
has been the most prominent method to obtain conjugates [26–28].
Ligands as tris-(2-pyridylmethyl)amine (tpa), N,N-bis(2-picolyl)amine
(bpa) or 2,2’-dipicolylamine (dpa) are very useful as they can be an-
chored to the peptide bound in the resin, cleaved and unprotected in
concentrated acid and, after purification, reacted with metal salts
[29,30].

The interest in the study of anticancer activity of PdII complexes
comes from the electronic and structural similarities to the PtII com-
plexes. However, their fast kinetics on ligand substitution reactions
turns the PdII complexes inactive and highly toxic [31,32]. Coordina-
tion of chelating, macrocyclic ligands, sterically hindered ligands in
trans geometry, and ligands with strong π receptor abilities demon-
strated to circumvent the lower activity and the intrinsic toxicity of PdII

complexes, as demonstrated by early in vivo studies [33–38]. Although
some PdII complexes present higher activity than their respective PtII

derivatives or cisplatin they did not present the demanding character-
istics to be a successful antitumor agent in the clinic. However, the
results have been encouraging researchers for the design of new PdII

anticancer drugs [31,39–41]. No reports of PdII complexes conjugated
to peptides or other biomolecules are found up to date. Furthermore,
we have investigated how the nature of the halogen coordinated affects
antitumor activity. Previous reports have demonstrated the coordina-
tion of iodine to metals can considerably affect antitumor activity.
Firstly, it was found in that replacement of the chloride ligands to give
the diiodide complex cis-[PtI2(NH3)2] completely vanished the activity
of the complex [42]. Since that report, there have been a few studies of
the effects of Cl–I substitutions on the activity of transition metal
complexes, although active trans PtII diiodide complexes bearing iso-
propylamine, dimethylamine or methylamine ligands have been re-
ported [43]. For RuII and OsII arene complexes the substitution Cl− to
I− improved activity and selectivity [44].

In this work, we report for the first time the coordination of PdII to
bis-(2-pyridylmethyl)glycine (bpg). The fourth coordination site was
completed by halogens Cl, Br and I. The chloride derivative was con-
jugated to a transferrin receptor binding peptide (TrfR-pep) as de-
monstrated in Fig. 1. The antitumor activity and the interaction with
bovine serum albumin (BSA) and DNA were investigated. It was found
the halogen nature can change significantly the interaction with bio-
molecules and consequently changing the antitumor activity. The
conjugation turned the complex insoluble enough to affect its antitumor
activity.

2. Experimental

2.1. Materials and equipment

Ligand bpg was synthesized as previously described [45]. All che-
micals used in this work were reagent grade and used without further
purification. The metal complex K2[PdCl4] was acquired from Sigma
Aldrich. The elemental analyses (CHNS) were determined using a
Perkin-Elmer 2400 CHNS/O elemental analyzer. The electrospray io-
nization mass spectra (ESI-MS) in the positive and negative mode were
recorded with a Waters TQD Quattro Micro API or a Waters Xevo QTof
MS equipment. Infrared (IR) spectra were obtained by attenuated re-
flectance in an Agilent Cary 630 FTIR spectrophotometer in the wa-
venumber range of 600 and 4000 cm−1. The electronic spectra were
recorded with a Hewlett Packard 8453 instrument with a coupled
temperature controller Peltier unit. Solution 1H and 13C were acquired
on a Bruker Avance III 400 and 500MHz multinuclear spectrometer,
using tetramethylsilane as the reference for 1H and 13C NMR. Circular
dichroism spectra were obtained in a Jasco J720 spectropolarimeter.
Fluorescence experiments were conducted with an Agilent Cary Eclipse
fluorescence spectrophotometer with a temperature controller Peltier
unit and magnetic stirring, using a cuvette with 10mm optical path and
volume of 3mL. Single crystal data collection was performed with a
Bruker Apex II CCD diffractometer with graphite monochromator Mo
Kα (K=0.71703 Å) radiation. Accurate unit cell dimensions and or-
ientation matrices were determined by the least-squares refinement of
the reflections obtained by ɵ-χ scans. The data were indexed and scaled
with the ApexII Suite [APEX2 v2014.1-1 (Bruker AXS), SAINT V8.34A
(Bruker AXS Inc., 2013)]. Bruker Saint and Bruker Sadabs were used to
integrate and for scaling of data, respectively. The structure was solved
using the software OLEX2 and the refinement extended using the pro-
gram SHELXT [46,47]. The structure was refined using Direct Methods
implemented in the SHELXL by applying a full-matrix least-squares
technique on F2 [48]. All non‑hydrogen atoms were refined aniso-
tropically. The hydrogen atoms in the compound were added to the
structure in idealized positions and further refined according to the
riding model; molecular graphics. OLEX2 and Mercury 3.9 software was
used to prepare material for publication [47].

2.2. Synthesis of the complex [PdCl(bpg)]

The complex [PdCl(bpg)] was synthesized by adding 1mL of aqu-
eous solution containing 0.33mmol of the ligand bpg to 1mL of aqu-
eous K2[PdCl4] (100mg, 0.31mmol). Immediately, the red solution

Figure 1. The molecular formula of PdII complexes and conjugation represented by peptide sequence (red). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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turned yellow and after 30min stirring at RT a yellow solid pre-
cipitated. The solid was filtered and washed with cold water. The
complex was obtained as a yellow powder. Single crystals were ob-
tained by slowly evaporation of water. Yield: 51% Anal. calc. for
[C14H14ClN3O2Pd].(H2O): C 40.41; H 3.88; N 10.10; Found: C 40.40; H
4.03; N 9.96. 1H NMR (500MHz, DMSO‑d6): δ(ppm) 8.55 (dd,
Jm=0.8Hz, Jɵ= 5.8Hz, 2H); 8.18 (td, Jm=1.5Hz, Jɵ= 7.8Hz, 2H);
7.77 (d, J= 7.8Hz, 2H); 7.62 (d, J= 6.7Hz,2H); 5.55 (d, J= 16.2Hz,
2H); 5.83(d, J= 16.2Hz, 2H); 4.22 (s, 2H). 13C NMR (125MHz,
DMSO): δ (ppm) 174.1; 158.5; 149.0; 137.7; 123.3; 123.1; 60.4; 58.9.
ESI-MS (m/z): Monoisotopic mass: 397.9864 [PdCl(bpg)]+ (calc.
397.9890).

2.3. Synthesis of the complexes [PdX(bpg)] where X=Br and I

Complex [PdBr(bpg)] was synthesized by chloride exchange of
complex [PdCl(bpg)] adding AgNO3 (41.6mg, 0.24mmol) to a water
suspension of [PdCl(bpg)] (100mg, 0.25mmol) and stirring at dark for
24 h. After reaction time, the AgCl formed was removed by filtration
through Celite. To the yellow solution was added 5 times equivalent of
NaBr (127.5mg, 1.25mmol) and after 16 h yellow crystals precipitated.
Yield: 43% Anal. calc. for C14H14BrN3O2Pd·5H2O: C 31.57; H 4.54; N
7.89; Found: C 31.33; H 4.49; N 7.62. 1H NMR: (400MHz, D2O):
δ(ppm) 8.79 (s, 2H); 8.08 (t, J= 7.6Hz, 2H); 7.62 (d, J= 7.8Hz, 2H);
7.49 (t, J= 6.1Hz, 2H); 5.38 (d, J= 16.2Hz, 2H); 4.92 (d,
J= 16.0Hz, 2H); 3.84 (s, 2H). ESI-MS (m/z): Monoisotopic mass:
442.0268 [PdBr(bpg)]+ (calc. 441.9383).

Complex [PdI(bpg)] was synthesized in analogous way to [PdBr
(bpg)] but with addition of KI (207.5mg, 1.25mmol) in the place of
NaBr. Complex [PdI(bpg)] was obtained as an orange solid. Yield: 65%
Anal. calc. for (C14H14IKN3O2Pd)I·2H2O: C 24.31; H 2.62; N 6.08;
Found: C 24.47; H 2.86; N 6.03. 1H NMR: (400MHz,D2O): δ(ppm) 9.25
(d, J= 5.6 Hz, 2H); 8.08 (t, J= 7.28Hz, 2H); 7.66 (d, J= 7.8Hz, 2H);
7.45 (t, J= 6.6Hz, 2H); 5.53 (d, J= 15.9Hz, 2H); 4.92 (d,
J= 15.9Hz, 2H); 3.82 (s, 2H). ESI-MS (m/z): Monoisotopic mass:
490.0091 [PdI(bpg)]+ (calc. 489.9250).

2.4. pKa determination by potentiometric titration

The pKa was determined by potentiometric titration. The burette
was calibrated and the NaOH solution was standardized by titration
with potassium acid phthalate using phenolphthalein as an indicator.
The concentration determined was 8.6 mmol. Three solutions of [PdCl
(bpg)] (0.342mM, 0.468mM and 0.645mM) were titrated with NaOH
8.6mM and the pH measured using a glass electrode and registered
each 50 μL addition. The three curves of pH×volume of NaOH were
plotted using Origin 9.0 and the pKa was determined using the CurTiPot
3.6.1. [49].

2.5. Halogen hydrolysis by 1H NMR

Three solutions of 600 μL containing 5mg of the complexes [PdX
(bpg)] where X=Cl, Br and I were prepared in D2O and placed in NMR
tubes. The 1H NMR spectra were acquired after 15min, 1 h and 20 h
from the preparation. The tubes were kept in a 25 °C bath for tem-
perature control during the intervals.

2.6. Spectroscopic analysis of DNA interaction with [PdCl(bpg)]

2.6.1. DNA preparation
An appropriate amount of calf-thymus DNA (CT-DNA) was dis-

solved in deionized water. It was dialyzed for 24 h, using a membrane
of 30,000 Da cut-off in a NaClO4 aqueous solution 10.0mM. The nucleic
acid concentration was determined by UV spectrophotometry in prop-
erly diluted samples, using the molar absorption coefficient
6600M−1 cm−1 at 260 nm [50]. The stock solution concentration used

in this work was determined as 1.46mM. The solution of CT-DNA gave
a ratio of UV absorbance at 260 and 280 nm>1.8, nm greater than
indicating that DNA was sufficiently free from protein.

2.6.2. Titration
Titration was performed using two cuvettes. In cuvette 1 (sample

cuvette), a stock solution of complex [PdCl(bpg)] was prepared in DMF
(9.31mM) and further diluted in PBS 10mM NaCl 50mM pH 7.4 for a
final concentration of 20 μM (final DMF volume was 0.215% (v/v)). In
cuvette 2 (blank cuvette) was added the same volume of pure DMF in
PBS 10mM NaCl 50mM pH 7.4. Two titrant solutions were used. In
cuvette 1, adequate volumes of stock solution 20 μM of complex with
and 1.00mM CT-DNA in PBS 10mM NaCl 50mM pH 7.4 were added to
obtain [DNA]/[compound] ratios from 0 to 4.1. In cuvette 2, was added
the same volumes of pure DMF (the same as added in the previous
solution) with and 1.00mM CT-DNA in PBS 10mM NaCl 50mM pH 7.4.
The spectra were acquired and the absorbance at 265 nm was followed
registered.

2.7. Interaction of [PdCl(bpg)] with pGEX-4T1 DNA plasmid

The DNA cleavage activity of the metal complex [PdCl(bpg)] was
studied by using agarose gel electrophoresis as described by Shahabadi
et al. [39]. Briefly, the plasmid DNA pGEX-4 T1 (100 ng) was dissolved
in PBS 10.0mM pH 7.4 and mixed with serial amounts (50 to 100 μmol)
of [PdCl(bpg)] in the same buffer solution containing 5% DMF. The
mixtures were incubated at 37 °C for 24 h and then mixed with the Gel
Loading Dye Purple (5 μL/sample, BioLabs). Each sample (20 μL) was
loaded into 0.8% w/v agarose gel/ethidium bromide. Electrophoresis
was undertaken for 90min at 110 V in tris-acetate-EDTA (TAE) buffer.
After electrophoresis, the gel was photographed under UV light.

2.8. Synthesis of bpg-TfRpep

Solid phase peptide synthesis with the fluorenyl-9-methoxycarbonyl
(Fmoc) methodology strategy was used to obtain the transferrin re-
ceptor binding peptide as previously described [51,52]. All the pro-
tected amino acids were purchased from Calbiochem-Novabiochem
(San Diego, CA, USA) and the synthesis was performed in an automated
simultaneous multiple solid phase peptide synthesizer (PSSM 8 system;
Shimadzu, Tokio, Japan). The final peptides were deprotected in TFA
and purified by semipreparative HPLC using an Econosil C-18 column
(10 μm, 22.5 x 250mm) and a two-solvent system: (A) trifluoroacetic
acid (TFA)/H2O (1:1000) and (B) TFA/acetonitrile (ACN)/H2O
(1:900:100). The column was eluted at a flow rate of 5mL/min with a
10 (or 30) - 50 (or 60)% gradient of solvent B over 30 or 45min.
Analytical HPLC was performed using a binary HPLC system from
Shimadzu with a SPD-10AV Shimadzu UV–vis detector, coupled to an
Ultrasphere C-18 column (5 μ, 4.6× 150mm) which was eluted with
solvent systems A1 (H3PO4/H2O, 1:1000) and B1 (ACN/H2O/H3PO4,
900:100:1) at a flow rate of 1.0mL/min and a 10–80% gradient of B1
over 20min. The HPLC column eluates were monitored by their ab-
sorbance at 220 nm. The molecular weight and purity of synthesized
peptides were checked by electron spray LC/MS-2010 (Shimadzu).
Subsequently, the ligand bpg was added in DMF solution in the con-
centration 40mM (1:10) and kept in a rotatory shaker for 24 h. The
product (bpg-TfRpep) was removed from the resin and the amino acid
deprotect by addition of concentrated trifluoroacetic acid. After pur-
ification, the bpg-TfRpep was characterized by MALDI-MS. m/z 1269
calc 1269.

2.9. Synthesis of [PdCl(bpg-TfRpep)]

Purified bpg-TfRpep (15mg, 12 μmol) was dissolved in deionized
water (1mL). K2PdCl4 (4mg, 12 μmol) was previously dissolved in
deionized water (0.5 mL) and the both solutions were mixed. The
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mixture was stirred at 16°C for 24 h, a pale-yellow powder was isolated
and characterized. ESI-MS (m/z): 685.7621 [Pd(bpg-TfRpep)]2+ (calc.
685.7640), 739.7118 [Pd(bpg-TfRpep)+Pd]2+ (calc. 739.7090),
758.6944 [Pd(bpg-TfRpep)+ PdCl]2+ (calc. 758.7048), 775.6879 [Pd
(bpg-TfRpep)+PdCl2]2+ (calc. 775.6851).

2.10. Peptide hydrolysis of [PdCl(bpg-TfRpep)]

To evaluate the solution stability of the peptide in the complex ESI-
MS was followed with time after incubation of [PdCl(bpg-TfRpep)] in
aqueous solution at 37 °C. The samples were sprayed immediately using
a final concentration of ∼100 μM. Data were acquired in positive mode.
Samples were diluted with a methanol/water (1:1) solution and directly
infused at a flow rate of 40 μL/min. The source temperature was
maintained at 150 °C throughout. The solution at t=0, 24 and 48 h was
monitored by ESI-MS under the same conditions.

2.11. Interaction of [PdX(bpg)] and [PdCl(bpg-TfRpep)] with Bovine
Serum Albumin (BSA)

An aqueous solution containing 20 μM BSA was titrated by succes-
sive additions of adequate volumes of complex [PdCl(bpg)] solution
7.40mM, [PdBr(bpg)] solution 7.90mM, [PdI(bpg)] solution 9.85mM
and [PdCl(bpg-TfRpep)] solution 6.00mM to final concentrations in the
range of 0 to 96 μM. Fluorescence spectra were measured at 298 K in
the range of 300 – 450 nm at the excitation wavelength of 280 nm.

2.12. Antiproliferative assay

The antiproliferative activity of [PdX(bpg)], where X=Cl, Br, I and
[PdCl(bpg-TfRpep)] was evaluated against nine human tumor cell lines
[glioblastoma (U251), prostate cancer (PC-3), breast cancer (MCF7),
doxorubicin resistant high-grade ovarian serous adenocarcinoma (NCI-
ADR/RES), renal cell carcinoma (786-0), large cell lung carcinoma
(NCI-H460), high-grade ovarian serous adenocarcinoma (OVCAR-03),
rectosigmoid adenocarcinoma (HT-29), and chronic myelogenous leu-
kemia (K562)] and one non-tumorigenic human keratinocyte (HaCaT).
The tumor cell lines were provided by Frederick Cancer Research &
Development Center, National Cancer Institute, Frederick, MA, USA,
while the non-tumor cell line HaCaT (human keratinocyte) was pro-
vided by Dr. Ricardo Della Coletta (University of Campinas, UNICAMP,
Brazil).

Stock cultures were grown in 5mL of Roswell Park Memorial
Institute (RPMI) 1640 (Gibco®, USA) supplemented with 5% fetal

bovine serum (Gibco®, USA) at 37 °C in 5% CO2 with a 1% peni-
cillin:streptomycin mixture (Vitrocell®, Brazil; 1000 U/mL:1000mg/
mL) (complete medium). Stock solutions of complexes [PdX(bpg)] and
[PdCl(bpg-TfRpep)] were prepared in DMSO (5mg/mL) followed by
serial dilution on complete medium affording the final concentrations
of 0.25, 2.5, 25 and 250 μg/mL. Doxorubicin (final concentrations of
0.025, 0.25, 2.5 and 25 μg/mL in complete medium) was used as po-
sitive control.

Cells in 96-well plates (100 μL/well, inoculation density: 3.5 to
6×104 cell/mL) were exposed to the four concentrations of the com-
plexes and doxorubicin (100 μL/well) in triplicate, for 48 h at 37 °C and
5% of CO2. Before (T0 plate) and after the sample addition (T1 plates),
the cells were fixed with 50% trichloroacetic acid (50 μL/well), and the
cell proliferation was determined by the spectrophotometric quantifi-
cation (540 nm) of the cellular protein content using the sulforhoda-
mine B assay. The GI50 values (concentration that inhibits 50% of cell
growth) were determined through sigmoidal regression using Origin
8.0 software (OriginLab Corporation, USA) [53–55].

3. Results and discussion

3.1. Single crystal X-ray diffraction characterization of [PdCl(bpg)] and
[PdBr(bpg)]

The X-ray structure determination of the complexes [PdCl(bpg)]
and [PdBr(bpg)] showed they have a similar coordination geometry.
Also, they share the same monoclinic C2/c space group. The detailed
cell parameters, as well as the deposit number at Cambridge
Crystallographic Data Centre (CCDC), are presented in Table 1. The
ORTEP views with atom labeling of [PdCl(bpg)] (Fig. 2a) and [PdBr
(bpg)] (Fig. 2b) show the PdII ion coordinated in distorted square-
planar geometry to the three nitrogen atoms present in the tripodal
ligand and the fourth coordination site occupied by the halogen atom.
The tridentate ligand causes the angle distortion with N1-Pd-N3 and
N2-Pd-N3 around 84° for both complexes. These angles were very co-
herently with [Pd(dien)L]n+ and [Pd(terpy)L]n+ complexes, where
dien= diethylenetriamine and terpy= terpyridine [56–59]. The bond
distances are very similar for both complexes, except by the Pd-X which
is 2.3057(4) Å for chloride and 2.4257(2) Å for bromide. The carbox-
ylate is uncoordinated and deprotonated and consequently, the units
are neutral in both complexes. The carboxylate participates in a net of
hydrogen bonds with the water molecules very similar in both com-
plexes. A table with selected bond distances and angles for [PdCl(bpg)]
and [PdBr(bpg)] can be found in Table S1. The X-ray structure for

Table 1
Structural data from the single-crystal XRD of the C14H15XN3O2Pd·3.5(H2O) HO complex, where X can be Cl or Br.

Molecular formula C14H14ClN3O2Pd·3.5(H2O)·HO C14H14BrN3O2Pd·3.5(H2O)·HO

Formula weight (gmol−1) 478.19 522.65
λ (Mo, Kα, Å) 0.71073 0.71073
Space Group C2/c C2/c
Crystal system Monoclinic Monoclinic
a (Å) 28.5040 (18) 28.438 (3)
b (Å) 8.8442 (5) 8.9417 (8)
c (Å) 14.7150 (9) 14.8244 (14)
β (ο) 102.157 (1) 100.981 (2)
V (Å3) 3626.4 (4) 3700.6 (6)
Z 8 8
T (K) 150 150
Dx (mgm−3) 1.752 1.876
F(000) 1936 2080
Reflections collected/unique 36,802/4496 40,856/5645
Data/restraints/parameters 4496/0/337 5645/0/337
R1;wR2 [I > 2r (I)] 0.020, 0.049 0.017, 0.043
Diff. peak and hole (e/Å3) 0.59, −0.54 0.61, −0.58
Goodness of fit in F2 1.02 1.03
CCDC deposition number 1871564 1871558
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complex [PdI(bpg)] could not be determined because crystals obtained
were not suitable for diffraction, in the CHN analysis we observed a
pattern that indicates the presence of KI in the solid, suggesting the
structure to be [PdI(bpgK+)]I, where K+ ion stabilizes free carboxylic
group and iodide stabilizes the complex charge.

3.2. Synthesis and spectroscopic characterization in solution

The 1H NMR spectrum of [PdCl(bpg)] in d6-DMSO is presented in
Fig. S1. The main evidence of coordination was the split of the signal of
hydrogen 5 in two duplets, assigned as 5 and 5′ which was observed as a
singlet in 4.38 ppm in the spectrum of the uncoordinated ligand. The
coordination causes the loss of equivalence of hydrogen 5 due to the
square planar geometry imposed by the metal. Moreover, the lower
field shift of the signals assigned to the hydrogens 6 by 0.67 ppm agrees

with the coordination of the amine group. The lower field shift of the
hydrogen 1 by 0.10 ppm suggests coordination of the picolyl groups to
PdII. The singlet observed in 3.15 suggests water coordination to the
metal due to the halogen exchange. This observation was further con-
firmed by the signal splitting and secondary signals in the spectrum of
[PdCl(bpg)] acquired in D2O as can be seen in Fig. 3.

The complexes [PdBr(bpg)] and [PdI(bpg)] presented clean spectra
in D2O solution (Fig. 3) compared to [PdCl(bpg)], demonstrating no
halogen hydrolysis in these two complexes. Therefore, the character-
ization of them was performed in aqueous solution. The split of hy-
drogen 5 is also observed for all the complexes in D2O, confirming the
coordination. The coordination of different halogens affects the che-
mical shifts, especially of hydrogens 1. In the uncoordinated ligand,
hydrogen 1 was found in 8.75 ppm, in [PdBr(bpg)] this signal was
shifted to 8.79 ppm and in [PdI(bpg)] it was shifted to 9.25 ppm.

Figure 2. ORTEP view of the crystal structure of a) [PdCl(bpg)] and b) [PdBr(bpg)], assymetric unit, elipsoids represent probability level of 50%.

Fig. 3. 1H NMR spectra of compounds bpg and [PdX(bpg)] where X=Cl, Br, I in D2O. The ligand bpg structure with hydrogen numbering is shown for the
assignment of the signals.
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3.2.1. Mass spectrometry
The complexes were characterized in solution by mass spectrometry

(Fig. S2). The spectrum of [PdI(bpg)] showed the molecular ion as a
monocharged ion [PdI(bpg)+H+] with monoisotopic mass 488.0187
in agreement with the calculated isotopic pattern. Similarly, the ion
[PdBr(bpg)+H+] is observed centered in m/z 440.0315 and [PdCl
(bpg)+H+] in m/z 395.9896. Interestingly, no chloride replacement is
observed by mass spectrometry in the experimental conditions per-
formed.

3.2.2. Halogen hydrolysis
As halogen hydrolysis is an important step in the mechanism of

metal-based compounds, the halogen hydrolysis of [PdCl(bpg)] was
further investigated. In Fig. S3 it is presented the 1H NMR spectra of
[PdCl(bpg)] acquired in different time points. The [PdCl(bpg)] pre-
sented exchange in D2O solution, evidenced by the presence of lateral
signals in the 1H NMR spectrum acquired after 15min of dissolution.
The integrals did not change with time confirming the equilibrium was
fast established in solution. After 20 h, NaCl was added to the solution
and the spectrum acquired, showing a decrease of the lateral signals
and a shift in the hydrogen signals. These set of data demonstrated
there is an exchange of chloride ligands by water to some extent. The
spectrum in the presence of KOD has no lateral signals as the basic
condition forces the total exchange of the chloride ligand by hydroxide
(Fig. S4). In the case of [PdBr(bpg)] and [PdI(bpg)] no exchange was
observed in D2O (Fig. 3).

3.2.3. pKa determination
The solution structure of the complexes is pH dependent, mainly

because of the presence of an uncoordinated carboxylic group. The ti-
tration curve presents two inflections, one at pH 5.10 and another in
pH 8.42. A distribution plot is shown in Fig. 4. One inflection represents
the carboxylic deprotonation, and the pKa was determined as 4.65. As
we know by NMR analysis, exchange of the chloride ligand in the
complex [PdCl(bpg)] was observed. The second inflection is respective
to water deprotonation as indicated in the distribution diagram and the
pKa was 6.81 in agreement with the 1H NMR in KOD solution.

Due to the lower solubility of [PdBr(bpg)] and [PdI(bpg)] it was not
possible to acquire the pKa for these complexes.

3.3. Synthesis and characterization of Tf binding peptide-metal complex
conjugate, [PdCl(bpg-TfRpep)]

The ligand bpg was designed to maintain the carboxylic acid un-
coordinated after complexations reaction with a metal ion. In this work,
the free carboxylic acid was used for the conjugation of a transferrin
receptor binding peptide of sequence HAIYPHRH, of the monoisotopic
mass of 1029.53 Da, named here TfRpep. The peptide was synthesized
by Fmoc solid state automated synthesis. Subsequently, the ligand (bpg)
was added in excess to the resin under TBTU activation. After cleavage
of the resin, side chains deprotection and HPLC purification the bpg-
TfRpep was characterized by MS showing the molecular ion mono-
charged in m/z 1269. The coordination of PdII was performed by adding
K2[PdCl4] in aqueous solution to the bpg-TfRpep, forming a pale yellow
precipitate, which was collected, washed and characterized by ESI mass
spectrometry. The spectrum of [PdCl(bpg-TfRpep)] showed the ions [Pd
(bpg-TfRpep)]2+ and [Pd(bpg-TfRpep)+H]3+ with monoisotopic
mass 685.7621 and 457.5201 in agreement with the calculated isotopic
pattern. We also observed the likely presence of PdCl4 because of
fragments with m/z 739, 757 and 775 that were attributed to ions [Pd
(bpg-TfRpep)+ Pd]2+ [Pd(bpg-TfRpep)+ PdCl]2+ and [Pd(bpg-
TfRpep)+ PdCl2]2+.The spectrum is shown in Fig. S5.

3.4. Antiproliferative assay

Nine tumorigenic cell lines from the National Cancer Institute 60
panel (NCI-60) were selected for the study of antiproliferative activity
of the complexes [PdCl(bpg)], [PdBr(bpg)], [PdI(bpg)] and [PdCl(bpg-
Tf-peptide)]. Except by renal cell adenocarcinoma (786‐0) and non-
tumorigenic HaCaT cell lines, all of them were reported to overexpress
TfR [17]. Doxorubicin was selected as a positive control. Cisplatin was
previously evaluated and reported here for comparison. The growth
inhibition to achieve 50% (GI50) of the compounds is reported in
Table 2.

The compounds [PdI(bpg)] and [PdCl(bpg)] presented very similar
antiproliferative profiles. The complex bearing iodine presented slightly
lower GI50 values in comparison to [PdCl(bpg)] but the same trend
according to the cell line. In comparison to cisplatin, the complex [PdI
(bpg)] presented significantly lower GI50 values in the colon (HT-29),
ovarian (OVCAR-3) and prostate (PC-3). Important to notice, that

Fig. 4. Fractional composition diagram (distribution curves) for the [PdCl(bpg)] complex.
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neither chloride analog nor cisplatin had high activity at HT-29 (colon)
cell line, which shows that our iodide complex does not have cross-
resistance with cisplatin. In terms of selectivity [PdI(bpg)] showed the
highest selectivity index in comparison to the other compounds eval-
uated for the K562 leukemia cells, however, analysis of the anti-
proliferative curves (Fig. S6) shows that [PdI(bpg)] does not increase its
cytotoxicity with concentration presenting abrupt decrease of cell via-
bility in higher concentrations. On the other hand, [PdCl(bpg)] presents
cytotoxicity directly proportional to the concentration, which suggests
a more selective behavior than [PdI(bpg)]. The selectivity index of the
other compounds is not significant. Changes in the monodentate ligand
(halogen) can modify the cellular uptake and accumulation pathways
involved in the first stages of drug action. This leads to variations in the
cellular distribution of the drug and, in turn, to different apoptotic
pathways being triggered because of cellular compartmentalization,
hence determining differences in IC50 values [41,44].

The conjugation of TfR-pep to the [PdCl(bpg)] increased the GI50 to
higher levels (no activity) and the selectivity was not improved.
Previous studies show that some extent of increase in inhibitory (IC50)
and growth concentrations (GI50) after conjugation. Lipard and co-
workers observed a ten times increase in the inhibitory concentration of
[PtIVCl2(NH3)2(succinate)(suc-CTX)] in comparison to cisplatin. On the
other hand, the conjugation of RGD and NGR peptides rendered se-
lective recognition to malignant cells by binding αvβ3 and αvβ5 in-
tegrins to the cells expressing aminopeptidase-N [6,60]. The conjuga-
tion of receptor-binding peptides, octreotide, and RGD, to ruthenium
and platinum photoactivated compounds caused a decrease in the cy-
totoxic activity compared to its parent complexes, however, presented
selective phototoxicity in the SK-MEL-28 melanoma cancer cells over-
expressing the desired receptor [9,61,62]. The conjugation of the OsII

arene anticancer complex to cell penetrating peptides did not improve
the cytotoxic activity of the parent metal complex in cancer cells, but it
significantly enhanced its cellular uptake and DNA binding [63,64]. As
we can see in the examples cited it is not necessarily expected an im-
proved in the values of IC50 and GI50 by conjugation, though it is ex-
pected an improvement in the selectivity of the complexes.

In the case of [PdCl(bpg-TfR-pep)] values were too high, and the
selectivity index is not significant. The hypotheses for this behavior are
i) insolubility causing precipitation in the culture medium ii) hydrolysis
of the peptide in the culture medium, and iii) the effect of the free
carboxylic acid increase the antiproliferative activity. The insolubility
in the culture medium can be observed in the antiproliferative curves
(Fig. S6). The decrease of cell viability in the lower concentrations
followed by an increase in the higher concentrations suggest in-
solubility of the compound in the culture media. The hydrolysis was
also evaluated and is reported in the next section, however, no sig-
nificant hydrolysis was detected. Therefore, the precipitation is the

most probable hypothesis the GI50 values might be overestimated.

3.5. Peptide hydrolysis of [PdCl(bpg-TfRpep)]

The hydrolysis of the peptide in solution was qualitatively evaluated
by mass spectrometry after incubation of the complex [PdCl(bpg-
TfRpep)] in water for 24 h and 48 h at 37 °C. After 24 h we observed the
appearance of a monocharged signal at m/z 1080 and the double
charged at m/z 540 representing the hydrolysis of two terminal amino
acids, histidine, and arginine (Fig. S7). This signal is not observed in the
spectrum of [PdCl(bpg-TfRpep)] at immediate acquisition after dis-
solution. After 48 h the relative abundance of this signal increased
significantly. The signal at m/z 399 representing [PdCl(bpg)] is ob-
served with a very low relative abundance in the initial spectrum (time
zero) and not a significative increase is observed after 48 h. The signals
observed for [PdCl(bpg-TfRpep)] previously discussed is observed
without significative changes. This analysis allows us to say that the
hydrolysis is not a significative effect and the conjugate is stable in
aqueous solution.

3.6. DNA interaction

The interaction with DNA of the complex [PdCl(bpg)] was eval-
uated by spectroscopic titration with CT-DNA according to classical
methods [65,66] and electrophoretic mobility of pGEX-4T1 plasmid
[67,68]. The first technique can monitor variation in the double helix
structure. Hypochromism can be intercalation or electrostatic interac-
tion. The extent of hypochromism is commonly consistent with the
strength of intercalative interaction and is quantitatively determined by
an intrinsic binding constant (Kb). [66,68,69] Hyperchromism is re-
lated to breaks of the secondary structure and is usually confirmed by
the electrophoretic mobility, which is very sensitive to strand breaks.
The pGEX-4T1 plasmid presents three forms with very distinct elec-
trophoretic mobility on an agarose gel. The slower migration is ob-
served for the relaxed circular form (RCF), followed by partial super-
coiled (SCP) and then supercoiled form (SCF), which is the fastest.

Fig. 5 shows the results of DNA interaction in both, spectroscopic
(Fig. 5a) and the electrophoretic mobility (Fig. 5b) methodologies. The
Kb was determined by the Eq. (1)

= +DNA DNA K[ ]/( ) [ ]/( ) 1/ ( )a f b f b b f (1)

where [DNA] is the concentration of CT-DNA in base pairs, εa is the
apparent extinction coefficient obtained by calculating Aobs/[complex],
εf corresponds to extinction coefficient of the complex in the free form,
and εb refers to the extinction coefficient in the bound form.

The results show no significant complex interaction with DNA. The
Kb is lower than the usual Kb for intercalative interactions, usually in

Table 2
Concentration in μM of the complexes required to promote 50% of cell proliferation inhibition (GI50).

Compounds Growth Inhibition 50% (GI50)

Cell linesa

U251 MCF-7 NCI-ADR/RES 786-O NCI-H460 PC-3 OVCAR-03 HT-29 K562 HaCat

Doxo 0.0478 <0.046 0.294 <0.046 <0.046 0.423 0.258 0.478 <0.046 <0.046
Cisplatin [55] 4.27 7.23 8.30 3.73 0.600 8.70 10.7 17.0 8.07 3.80
[PdI(bpg)] 5.80 6.07 5.47 5.17 15.0 5.58 6.52 7.05 0.858 12.6
[PdBr(bpg)] 32.0 39.0 45.3 44.9 31.7 49.8 43.6 46.7 37.2 31.4
[PdCl(bpg)] 6.76 8.29 4.87 6.93 13.7 7.31 7.11 28.6 3.16 11.6
[PdCl(bpg-TfRpep)b 196 196 196 196 83.2 196 196 196 196 196

a Tumorigenic human cell lines: U251 (glioblastoma), MCF-7 (breast), NCI-ADR/RES (resistant ovarium), 786–0(renal cell adenocarcinoma), NCI-H460 (Non-
small lung), PC-3 (prostate), OVCAR-03 (ovarian), HT-29 (colon), K562 (leukemia). Non-tumorigenic human cell line: HaCaT (keratinocyte).
b Values might be overestimated.
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the order of 105M−1 [66,70,71]. No shifts were observed in the band,
suggesting that the interaction is not significant. Electrophoretic mo-
bility assay showed that the complex is not able to cleave the DNA,
confirming that the DNA is not a target for these complexes.

3.7. BSA interaction

Human serum albumin (HSA) is the most abundant protein in the
blood plasma, acts as a carrier of molecules in the organism and plays
important role in the delivery of many pharmaceuticals to the sites of
disease [72]. It has been reported to be essential in the transport of
metallodrugs that usually occurs through a ligand exchange reaction
with cysteine-34, changing the structure of HSA and the structure of the

compound delivered. The Bovine Serum Albumin (BSA) is mostly used
in analyses due to the high structural homology to HSA. In addition,
BSA has two tryptophan residues, Trp-134 and Trp-212, whereas HSA
has a single tryptophan at position 214 [73]. The tryptophan confer to
BSA a strong fluorescence emission in solution at λem,max= 352 nm,
with λext= 295 nm. Interaction of compounds with BSA produces a
fluorescence quenching due to conformational changes [74]. The
fluorescence emission spectra of BSA with different stoichiometric ra-
tios of compounds were acquired (Fig. S8). The quenching was treated
by Stern-Volmer equations [75,76]. The values of the association con-
stant, apparent binding constant and number of interaction sites are
reported in Table 3.

The compounds present significant different binding constants to
BSA. The highest values were found for [PdI(bpg)] and [PdCl(bpg)],
around 106, unexpectedly, [PdBr(bpg)] and the conjugate complex
[PdCl(bpg-TfRpep)] presented values around 104 and 5× 103 respec-
tively, usually the large size of a drug molecule may have larger hy-
drophobic area which can interact with hydrophobic surface on the
protein molecule, so it was expected to observe an increasing binding
constant in the order [PdCl(bpg)] < [PdBr(bpg)] < [PdI
(bpg)] < [PdCl(bpg-TrfR-pep)] [77]. The ligand bpg presented no
significate interaction with K of order 102. The constants found are in
the same range reported for other metal compounds [76,78–80] and are
optimal as they are high enough (> 103) to bind BSA and sufficiently
low (<1015) to be released. The number of sites follows the same trend
with [PdI(bpg)] and [PdCl(bpg)] with a non-integer number around 1.5
while the other present one single site of interaction. This trend is si-
milar to the cytotoxicity, [PdI(bpg)] and [PdCl(bpg)] presented the
lowest GI50. It is important to highlight that BSA can also be a good
model for the interaction with sulfur-rich proteins, which can be a
biomolecular target for the complexes. Hence, we can hypothesize the
antiproliferative activity could be associated with the interaction with
proteins and not with the DNA as expected for square planar com-
pounds.

The competition between GSH and BSA and N-acetyl-cysteine and
BSA showed the complex [PdCl(bpg)] is not released from BSA by these
molecules in solution.

4. Conclusions

This work represents the first report on the preparation of PdII

metallopeptides. The obtained conjugated [PdCl(bpg-TfR-pep)] showed
high stability in diluted aqueous solution, however, it presents a lower
aqueous solubility when compared to the parent complex. This lower
solubility seems to be the cause for the very low cytotoxic activity
observed for this conjugated complex in nine tumorigenic and non-tu-
morigenic cell lines evaluated. The main evidence is the increase of cell
viability in higher concentrations of the compound. The free carboxylic
group seems to confer the solubility needed for the activity.
Interestingly and an intriguing trend was observed for the complexes
coordinated to different halogens. The chloride and iodine compounds
were cytotoxic while the bromine parent compound was not active.
From the cytotoxicity studies, we highlight the comparative results of
[PdCl(bpg)], [PdI(bpg)] and cisplatin in the cisplatin-resistant HT-29
cell line. The GI50 values were 28, 7 and 17 μM respectively, demon-
strating the [PdI(bpg)] has not cross-resistance with cisplatin. The trend
observed in the GI50 of [PdCl(bpg)], [PdBr(bpg)] and [PdI(bpg)] was
observed for the BSA binding constant. In aqueous solution [PdCl(bpg)]
readily exchange chloride while iodine and bromine do not show ex-
change in the evaluations performed. Therefore, the DNA binding was
evaluated for the chloride compound and no interaction was observed.
The evaluations suggest that DNA is not a target and sulfur-rich proteins
are targets instead. The differences observed among the series with
different halogens and technique to circumvent the lower solubility of
the conjugate complex [PdCl(bpg-TfR-pep)] is a subject for future in-
vestigations.

Fig. 5. a) Electronic absorption spectra of the complex [PdCl(bpg)] in the ab-
sence and presence of increasing amounts of CT-DNA. Arrows show the change
in the absorbance with respect to an increase in the DNA concentration (inset:
Plot of [DNA] vs [DNA]/(εa – εf) at 265 nm), b) Agarose gel showing the
electrophoretic mobility of PGEX-4 T1 DNA plasmid with two concentrations of
[PdCl(bpg)].

Table 3
BSA apparent binding constant (Kb), number of sites (n) and linear correlation
coefficient of the interaction of BSA and the compounds.

Compound Kb (M‐1×103) n R2

Bpg 0.536 0.814 0.9599
[PdCl(bpg)] 1140 1.392 0.9952
[PdBr(bpg)] 9.200 1.056 0.9956
[PdI(bpg)] 1280 1.443 0.9996
[PdCl(bpg-TrfR-pep)] 5.700 1.068 0.9973
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Abbreviations

bpa N,N-bis(2-picolyl)amine
bpg bis-(2-pyridylmethyl)glycine
BSA Bovine serum albumin
CT-DNA Calf Thymus DNA
dien Diethylenetriamine
Doxo Doxorubicin
dpa 2,2’-dipicolylamine
GSH Glutathione
HSA Human serum albumin
terpy Terpyridine
TBTU O-(benzotriazol-1-yl)-N,N,N’,N’-Tetramethyluronium tetra-

fluoroborate
tpa tris-(2-pyridylmethyl)amine
TfR Transferrin Receptor
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