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Liposomal formulation of a gold(in)
metalloantibiotic: a promising strategy against
antimicrobial resistancef
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A novel lipoformulation was developed by encapsulating cationic (SAC)-cyclometallated gold(i) complex
[Au(dppta)(N?Py-PZ-dtc)]* (AuPyPZ) in liposomes. The liposomal form of compound AuPyPZ has a bac-
tericidal action similar to that of the free drug without any appreciable effect on the viability of mamma-
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lian cells. Furthermore, the nanoformulation reduces metalloantibiotic-induced inhibition of hERG and
the inhibition of cytochromes, significantly decreasing the potential liabilities of the metallodrug. The
obtained metalloantibiotic liposomal formulation shows high stability and suitable properties for drug
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Introduction

Antimicrobial resistance (AMR) is a global health disaster that
is already killing 700 000 people a year, and it is predicted to
cause 10 million deaths per year by 2050 if the current situ-
ation is not improved.»* Antibiotics, which allowed us to treat
deadly bacterial infections and save many lives, are now
becoming less and less effective.>* When antibiotics fail to
work, it undermines the foundations of modern healthcare,
from joint replacements to chemotherapy, threatens to reverse
declines in mortality and morbidity from infectious diseases,
and poses potentially crippling financial effects.>®

Despite the clear need for more antimicrobial agents, such
drugs have not been forthcoming.”® There are currently only
42 antibiotic drugs in clinical development, which is clearly
not enough considering the current rate of AMR.’
Furthermore, a closer analysis of their structures reveals an
even more pressing problem: most of these compounds are
simply variations of well-known antibiotic families, meaning
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delivery, representing an effective strategy to fight against drug-resistant bacteria.

that bacteria will quickly develop resistance to these anti-
biotics.'® The only long-term solution is to develop new chemi-
cal classes of antibiotic drugs to replace the increasingly
ineffective ones.'’ Since these new generations of antibiotics
would have completely new structures, they would be insensi-
tive to existing resistance mechanisms and effective against
the most dangerous forms of antibiotic-resistant bacteria.'>
Most of the lead compounds in preclinical and clinical
antibiotic development share a common structural feature:
they are purely organic compounds. However, a radically new
approach that has emerged in recent years has been to explore
the antimicrobial properties of metal complexes, the so-called
metalloantibiotics.** Although yet to be advanced to clinical
trial stage, metalloantibiotics have several advantages over
purely organic drug candidates.'® The great diversity of ligand
types and geometries makes metal-based complexes very
useful to access a very little explored chemical space for drug
development, especially relevant for the design of new antimi-
crobials.'® Furthermore, metal-based complexes can provide
unique modes of action: ligand exchange or release, redox
activation and catalytic generation of toxic species (reactive
oxygen species, ROS), as well as depletion of essential sub-
strates, making them capable of abolishing enzyme activities,
disrupt membrane function or damage DNA." As recently
reported, metallodrugs display a 10-fold higher hit-rate
towards resistant pathogens compared to purely organic mole-
cules."® Among the metal-containing species, gold complexes
have attracted considerable attention for exploration as
metalloantibiotics.’>? This interest was sparked by the
potent antibacterial activity discovered in the FDA-approved
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Fig. 1 Gold metalloantibiotics.

drug auranofin (Aur, Ridaura™), a gold(1) complex in clinical
use since 1985 for the treatment of severe rheumatoid arthri-
tis (Fig. 1).>! Since then, a wide variety of gold(1) and gold ()
complexes have reported for their antibiotic potential.*?
However, despite the potential of gold complexes for anti-
microbial drug development, the clinical application of metal-
lodrugs poses some major challenges,”® including limited
aqueous solubility and short in vivo half-lives, resulting in
inadequate bioavailability and low accumulation at the thera-
peutic site.”* In addition, several metallodrugs exerted sys-
temic toxicity, mainly related to hepatic damage and cardio-
toxic effects.”>” A general strategy to overcome these limit-
ations focuses on the encapsulation of metallodrugs in nano-
technology-based formulations.?®*° Encapsulation systems
limit the interaction of the drug with healthy cells and create
a protective home for the drug, dramatically improving tox-
icity as well as the efficacy of the treatment.***!

Among the synthetic nanocarriers used to encapsulate metal-
lodrugs, liposomes are by far the most successful. Liposomes
have a morphology similar to that of cellular membranes: they
are spherical vesicles with an aqueous inner core surrounded by
lipid bilayers.** Liposomes are one of the first nanosized vehicles
used in drug delivery applications, as they can encapsulate
hydrophilic drugs in an aqueous core and hydrophobic deriva-
tives in the lipidic bilayer.**** Liposomes are therefore ideal
vehicles for the delivery of metallodrugs, and several studies has
been published so far, mainly dedicated to anticancer platinum
metallodrugs. In this regard, a liposomal formulation of cisplatin
(Lipoplatin®) has reached Phase III clinical trials.>*>” Liposomal
formulations for anticancer metallodrugs of ruthenium,**-°
iridium*®*' and gold*> have also received attention.

To address the global shortage of effective antibiotics, our
research group is dedicated to the development of novel anti-
biotic classes based on Au(m) complexes. It was recently
reported the synthesis of a series of cationic (dppta)Au(i) com-
plexes (dppta = N,N-diisopropyl-P,P-diphenylphosphinothioic
amide«”C,S) with °S,S-dithiocarbamate (dtc)
ligands (AuDTC) displaying potent antibacterial
against methicillin-resistant S. aureus (MRSA).**

These promising results indicate that the gold(m) (C*S,
S”S)-cyclometallated center could be used as a scaffold to
develop new classes of antibiotics. However, these metalloanti-
biotics present a very low aqueous solubility, considerable cyto-
toxicity in hepatic cell lines and potential cardiotoxicity, which
have hampered its clinical application.

auxiliary
activity
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Herein we report the synthesis and chemical and biological
characterization of a (C*S, $*S)-cycloaurated gold(m) dithiocarba-
mate complex with improved properties. Furthermore, the
encapsulation of this gold(m) complex in liposomes was investi-
gated. The obtained liposomal formulations were physico-chemi-
cally characterized and subsequently analyzed for their antibac-
terial activity, toxicity and relevant pharmacological properties.

Results and discussion

Synthesis and chemical characterization of [Au(dppta)(N>Py-
PZ-dtc)|PFs complex

In the search for structures with improved features for liposo-
mal encapsulation, we focused our attention on dithiocarba-
mate ligands with a pendant 2-pyridine ring. The target (C*S)-
cyclometallated gold(m) complex was synthesized using estab-
lished procedures with minor modifications.** Thus, overnight
reaction of Au(dppta)Cl, complex (AuDPTA) with 4-(pyridin-2-
yl)piperazine-1-dithiocarbamate sodium salt in methanol for
12 hours at room temperature and subsequent addition of
aqueous KPF; afforded the corresponding [Au(dppta)(N*Py-PZ-
dtc)]PFs complex (AuPyPZ) in 74% yield (Scheme 1).

The complex was characterized by 'H, "*C{'H} and *'P{'H}
NMR, IR, X-ray and HRMS. Complex formation with the dithio-
carbamate ligand was confirmed by the upfield shift in the
characteristic signal of the H ortho relative to Au (from &y 8.47
to 7.84 ppm) in the "H NMR. On the other hand, the *'P NMR
spectra of AuPyPZ display a significant downfield shift from &p
68.2 to 74.6 ppm. The **C NMR resonance for the NCS, carbon
appeared at ¢ 195.0 ppm, the signals corresponding to the
pyridine ring at ¢ 107.0, 113.7, 138.7, 149.5 and 157.8 ppm
and the quaternary carbon directly attached to the Au(m)
center in the dppta ligand at 6¢ 144.7 ppm (Ypc 27.9 Hz). The
band in the IR spectra at 1527 cm™" is attributed to the deloca-
lized dithiocarbamate NCS, system, while the band around
840 cm™' is due to the PF¢~ anion. The formation of the
desired complex is further supported by the ion [M]" observed
in mass spectrometry (calculated for C,gHzsAuN,PS;":
751.1421; found: 751.1414). The lack of fragmentation indi-
cates appreciable stability, and is consistent with other gold(ur)
complexes containing dithiocarbamate ligands.

Slow vapour diffusion of hexane into a concentrated chloro-
form solution of AuPyPZ gold(u) complex gave crystals suitable

2Py\N/\ II\IiPrz "] PFs
Ph_ NP, K/N S Ph—p_§
/ MeOH 5~
Al N/\
CI/ i aq. KPFg K/N N\
|
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Scheme 1 Synthesis of  [Au(dppta)(N?Py-PZ-dtc)IPFg

(AuPyPZ).

complex
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Fig. 2 Molecular structure of complex AuPyPZ. Ellipsoids are shown at
50% probability. Hydrogen atoms, chloroform molecule and PFg ion are
omitted for clarity.

for X-ray diffraction. The molecular structure is shown in Fig. 2,
and the most significant bond lengths and bond angles are
given in Table 1. The unit cell contains the two enantiomers of
chiral phosphorous-containing complex AuPyPZ; one of the
enantiomers is omitted in Fig. 2 for clarity. Diffraction studies
revealed a mononuclear compound where the dithio ligand is
¥>-S,S’ coordinated to the gold centre; however, the S2-Aul and
S3-Aul involved distances are 2.377 A and 2.235 A, respectively,
and this difference is attributed to the stronger ¢rans influence
of the C¢H, aromatic ring compared to that of the S = P moiety.
The bite angle of the dithiocarbamate ligand is 74.63°, which is
in agreement with the values reported in the literature for
related dithiocarbamate complexes.****

The metallacycle is slightly displaced from planarity, with
the phosphorus atom pointing out the plane with a torsion
angle S1-P1-C18-C13 of 26.23°. Still, the value of the four-
coordinate geometry index (z; = 0.10) is close to the ideal
square planar geometry (z, = 0).*°

In a biomedical context, a truthful chemical characteriz-
ation requires not only an unambiguous description of the
structure but also of the purity. Regardless of development
stage, purity assessment is critical whenever chemistry is
linked with biological activity and therapeutic application.
Impurity analysis in a drug should include organic impurities
and inorganic impurities.”” Organic impurities for AuPyPZ
complex were analyzed by quantitative NMR (qQNMR) using
1,3,5-trimethoxybenzene as internal reference,*® indicating
high purity (>99.5%) and an impurity level below the accepted
limits.*® On other hand, inorganic impurities were assessed by
ICP-MS, considering the most relevant class 1 elemental impu-
rities (Cd, Hg, Pb) and also Sn, as the preparation of the start-

Table 1 Selected bond lengths (A) and bond angles (°) with estimated
standard deviations in parentheses for AuPyPZ complex

Bond lengths

Aul-S1 2.3229(13) Au1-52 2.3772(13)
Au1-83 2.3347(11) Au1-C13 2.0625(5)
Bond angles

S1-Au1-C18 91.10(1) C13-Aul-S2 173.02(1)
S2-Au1-S1 95.89(5) C13-Au1-S3 98.50(14)
S2-Au1-S3 74.63(5) S1-Au1-S3 169.84(5)

This journal is © The Royal Society of Chemistry 2024
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Table 2 ICP-MS determination of inorganic impurities
ICH Q3D
elemental
impurities Limit® (ppm)
Element  Class Oral  Parenteral  Inhaled Found (ppm)
Pb 1 0.5 0.5 0.5 0.13
cd 1 0.5 0.2 0.3 0.00
Hg 1 3 0.3 0.1 0.06
Sn 3 600 60 6 2.80

“ Allowed limit assuming 10 g day or less dose of the drug product.

ing complex involves a Sn-Au transmetallation step. The con-
centration of elemental impurities is in all cases below the
accepted limits for any route of administration, as shown by
the results compiled in Table 2.%°

Chemical and biological stability of gold(m) complex AuPyPZ

The presence of a phosphorous atoms in the (C*S)-cyclometal-
lated ligand allows rapid and non-destructive assessment of
the stability of the gold(u) metallo-complex by *'P{'"H} NMR.
To investigate the stability of AuPyPZ under physiological con-
ditions, a solution of the complex in DMSO-ds was treated
with phosphate buffer saline (PBS), heated to 37 °C and moni-
tored by *'P{"H} NMR over 48 h. No significant deviation of
the chemical shift of the phosphorous signal was observed
over time, indicating that both dppta and dtc ligands are suit-
able for stabilizing gold(um) under physiological conditions

(Fig. 3).

100 50 0 -50 2100 -150

Fig. 3 *'P{"H} NMR spectra of AuPyPZ in 0.5 mL of (CDs),SO/PBS (1:1)
(a) at t = 0; (b) after heating at 37 °C for 24 h; (c) after heating at 37 °C
for 48 h.
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Fig. 4 >'P{*H} NMR NMR spectra of AuPyPZ in 0.5 mL of (CD3),SO/PBS
(1:1) (a) at t = O; (b) after addition of ag. GSH (5 equiv.).

Despite the promising biological profile of gold(m) com-
plexes, their application in pharmacology has been limited by
their ability to oxidize biologically relevant molecules. If the
metallic centre is not adequately stabilized, Au(u) complexes
can be easily reduced to Au(i)/Au(0) in the presence of thiol
containing amino acids. This reaction not only results in the
loss of the chemical integrity of the complex, but also in the
oxidation of sulfur-containing proteins. In fact, the oxidation
of thiol containing amino acids by metal ions has been
studied for decades because of their important role in both
protein structure and function.’® One of the most abundant
thiol-containing peptide in biological systems is the tetra-
peptide glutathione (GSH, -y-Glu-Cys-Gly), present at mM con-
centrations in mammalian cells. To determine the redox stabi-
lity of AuPyPZ complex in the presence of biological reduc-
tants, the behaviour of the complex in the presence of GSH
was studied. A solution of complex AuPyPZ in DMSO-ds and
PBS was treated with an excess of GSH. The *'P NMR spectra
of the resulting solution showed that the metallo-complex
maintained its chemical integrity (Fig. 4).

In vitro biological evaluation

In vitro antibacterial activity of gold(m) complex AuPyPZ was
screened using a panel of 21 strains belonging to six different
bacterial species representing clinically important microorgan-
isms included in the WHO critical pathogens list (Table 3 and
ESI Table S1}). These bacterial strains have been selected
among the most representative Gram-positive and Gram-nega-
tive bacteria causing important clinical infections and taking
into account their resistance profile. AuPyPZ displayed the
highest selective activity towards Gram-positive pathogens,
especially against multidrug-resistant strains of S. aureus
(MRSA), with a minimum inhibitory concentration (MIC) value

15208 | Dalton Trans., 2024, 53, 15205-15214
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of 0.5 mg L™'. For all S. aureus and S. epidermidis strains
tested, complex AuPyPZ showed higher inhibitory efficacy than
clinical antibiotics ciprofloxacin (CIP) or tobramycin (TOB).
Such preference for Gram-positive strains has already been
described for gold complexes, including those belonging to
this chemical class. Most Gram-negative pathogens showed
moderate MIC values (4 mg L™ for S. maltophilia, 16 mg L™
for P. aeruginosa, 8 mg L™" for E. coli and K. pneumoniae). The
highest efficacy compared to reference antibiotics was found
for multidrug-resistant A. baumannii (MRAB), with MIC values
of 2 mg L7, which are lower than those of CIP and TOB.
Particularly relevant is the activity shown against A. baumannii
AbCr17, a pan-resistant strain that shows resistance even to
last resort antibiotics such as colistin (ESI, Table S17).

Considering the potential of AuPyPZ as a therapeutic anti-
microbial agent, we evaluated the in vitro toxicity profile on
tumor and non-tumor eukaryotic cell lines from liver tissue.
The in vitro cytotoxicity results show an ICs, value of 1.48 uM
(1.33 mg L") on the tumor cell line Hep G2, whereas the tox-
icity profile using the non-tumor cell line THLE-2 was slightly
less favorable with an ICs, value of 1.12 uM (1.00 mg L™%).
Overall, these results point to an acceptable but narrow thera-
peutic window, with a Therapeutic Index (TI) in the range of
2-4 for S. aureus and S. epidermidis.

Early assessment of absorption, distribution, metabolism
and excretion (ADME) properties and safety is critical, not only
to guide the initial selection of a drug lead and avoid failures
in later stages of development, but also to establish bench-
marks against which subsequent drug optimizations can be
evaluated. Considering the previous information from other
metallodrugs, we decided to evaluate three critical parameters:
water solubility, potential cardiotoxicity and cytochrome
inhibition.

Oral ingestion is the most convenient route of drug delivery
due to its ease of administration, cost effectiveness, and
patient comfort.>> However, a major challenge in the design of
oral dosage forms of metallodrugs lies in their low bio-
availability, mainly related to low solubility. This is the case for
many gold metallodrugs, whose poor water solubility has ham-
pered their pharmaceutical use.’® The water solubility determi-
nation of AuPyPZ was performed by turbidimetric measure-
ment, showing intermediate to low solubility (11-33 pM).

One of the main reasons for drug withdrawal or drug label
revision is drug-induced sudden cardiac death associated with
QT prolongation in the electrocardiogram. Inhibition of the
hERG (human ether-a-go-go related gene) potassium channel is
the most common mechanism responsible for drug-induced QT
interval prolongation in humans; therefore, testing the inter-
action of a compound with the hERG potassium channel is
crucial to assess the safety of a drug. Several gold-based drugs
showed significant inhibition of the hERG potassium channel,
indicating a potential risk for cardiac problems.>* AuPyPZ was
tested as an hERG potassium channel inhibitor, displaying an
ICs, value of 6.2 pM. As drugs with an ICs, < 10 uM are classi-
fied as potentially cardiotoxic, AuPyPZ is below safe limits, indi-
cating a potential risk for sudden cardiac death.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Minimal inhibitory concentrations (MICs) obtained for AuPyPZ complex

MIC (mg L)
Entry Bacterial species® No. tested strains AuPyPZ CIP TOB
1 MRSA (MDR clinical) 4 0.5 32->128 2->128
2 MSSA (ATCC 25923) 1 1 0.5 0.5
3 S. epidermidis (MDR clinical) 3 1 128 0.25-32
4 P. aeruginosa (MDR clinical) 2 16 0.5->128 1->128
5 P. aeruginosa (ATCC 27853) 1 16 1 1
6 S. malthophilia (MDR clinical) 2 4 4-64 4->128
7 E. coli (MDR clinical) 1 8-16 >128 >128
8 E. coli (ATCC 25922) 1 8 0.25 0.25
9 A. baumanii (MDR clinical) 3 2 >128 64->128
10 A. baumanii (ATCC 19606) 1 2 0.5 1

“MDR, multidrug-resistant bacteria; ATCC, American Type Culture Collection.

Another relevant parameter to determine the safety of a
drug compound is the inhibition of cytochrome P450
(CYP450) enzymes, as this is the most common mechanism
leading to drug-drug interaction. For early assessment, the
inhibition of cytochrome CYP3A4 is used as a reference. In
this regard complex AuPyPZ shows a moderate inhibition of
CYP3A4, with an ICs, value of 3.57 pM (3.20 mg L™).

Synthesis of Au(m)-loaded liposomes

Despite achieving positive results in the antibacterial efficacy
of the gold complex, its practical application is constrained by
its limited bioavailability and safety concerns. In this regard,
encapsulation proved to be a suitable strategy to improve bio-
availability and cardiotoxicity of gold metallodrugs.’”>®
Among all nanotechnological solutions for drug delivery, lipo-
somal encapsulation is the most widely used strategy to
improve the bioavailability of water-insoluble drugs and miti-
gate drug-induced inhibition of the cardiac Ixg channel and
QTc prolongation.’” Consequently, we decided to investigate
the encapsulation of the gold(m) metallodrug AuPyPZ in lipo-
somes and its impact on biological properties.

For the preparation of the liposomal formulations loaded
with the AuPyPZ metalloantibiotic, the optimal conditions
were carefully investigated, selecting the best components to
preserve the structure of the encapsulated metallodrug and
achieve suitable nanoparticle size, drug loading and release
properties. In this regard, liposomes were prepared using thin
film hydration method.*® Phosphatidylcholine, 1-hexadecanol
and oleic acid in a molar ratio of 64/28/8 were dissolved in
ethanol for empty liposomes. In the case of loaded liposomes,
AuPyPZ metalloantibiotic was added to the solution. The
organic solvent was removed using a rotary evaporator at 50 °C
and decreasing the pressure for 45 minutes. Then, the residue

was hydrated with 3 mL of ultrapure water and sonicated in an
ultrasound bath for 3 minutes. The solution was then hom-
ogenised for 5 minutes at 11.000 rpm using a Micron hom-
ogenizer, obtaining a yellow solution of liposomes of bilayer
structure.

Characterization of the loaded and unloaded liposomes

Particle size, zeta potential, polydispersity index (PDI), and
encapsulation efficiency parameters of the investigated liposo-
mal systems are presented in Tables 4 and S2 (ESI).f

Particle size was determined by dynamic light scattering
(DLS), confirming a similar size between unloaded liposomes
and gold complex-loaded liposomes. Unloaded liposomes have
an average diameter of 185.0 nm =+ 19.1 while loaded lipo-
somes had an average diameter of 181.8 nm + 25.5. The poly-
dispersity index (PDI) is below 0.35, indicating that the size
distribution of liposomes is monodisperse.

Zeta potential analysis was performed by combining laser
Doppler velocimetry (LDV) and phase analysis light scattering
(PALS).>® LDV measurements are performed using a procedure
called “mixed mode measurement” (M3).°° Unloaded lipo-
somes exhibit a high negative value of —30.9 mV + 0.8,
whereas loaded liposomes exhibit a positive zeta potential of
9.54 mV + 1.22. The negative charge of unloaded liposomes
can be explained by the presence of oleic acid in the liposome
membrane. The gold complex in the liposome membrane
modifies this charge from negative to positive.

The efficacy of encapsulation (EE%) of AuPyPZ was deter-
mined by high-performance liquid chromatography with ultra-
violet/visible light detection (HPLC-UV/VIS). The amount of
free metallodrug was analyzed and the EE% was calculated by
comparison with the total concentration. The high value
found for the encapsulation efficiency (94%) shows that the

Table 4 Characterization of unloaded liposomes and liposomes loaded with AuPyPZ complex

Diameter (nm) PDI Zeta potential (mV) EE (%)
Unloaded 185.0 nm * 19.1 0.322 +£ 0.070 -30.9mV + 0.8 —
AuPyPZ loaded 181.8 nm + 25.5 0.246 + 0.023 9.54 mV +1.22 94% £ 2

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Stability in (a) size, (b) z-potential and (c) PDI of loaded and
unloaded liposomes over a week.

designed experimental procedure succeeded in incorporating
the drug almost completely in the lipoformulation.

Another important feature of liposomes is their stability over
time. Stability studies performed over a week (Fig. 5) demon-
strated that the liposomal formulations remained stable with
no observable clumps or precipitations. Measurements show
that there are minimal differences in size, PDI and z-potential
over the days measured.

Biological characterization and pharmacological profile of the
Au(m)-loaded liposomes

The antibacterial activity of the liposomal formulation was
studied in comparison with free gold(m) complex and
unloaded liposomes against bacterial strains of the Gram posi-
tive species of interest, S. aureus (MRSA and MSSA) and
S. epidermidis. As depicted in Table 5, unloaded liposomes had
no observable effects on bacterial cell viability. While for
S. aureus the liposomal formulation shows similar activity, for
S. epidermidis the MIC decreased 1-2 fold.

Table 5 Antibacterial activity of liposomal AuPyPZ

ICs (mg L™)

No.
Bacterial tested  Free Liposomal  Unloaded
Entry species strains AuPyPZ AuPyPZ liposomes
1 MRSA (MDR 4 0.5 0.5-1 >50
clinical)
2 MSSA (ATCC 1 1 1 >50
25923)
3 S. epidermidis 3 1 0.25-0.5 >50

(MDR clinical)
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Table 6 Cytotoxicity of liposomal AuPyPZ

ICso (mg L)

Free Liposomal Unloaded
Entry Cell line AuPyPZ AuPyPZ liposomes
1 Hep G2 (tumoral, 1.33 >50 >50
liver)
2 THLE-2 (non- 1.00 >50 >50
tumoral, liver)
3 CCD-1064-sk 0.86 >50 >50

(tumoral, skin)

In view of the excellent antibacterial activity of the metal-
loantibiotic-loaded liposomes, in vitro toxicity was next investi-
gated. Considering that S. aureus and S. epidermidis are respon-
sible for most of the diagnosed resistant skin infections and
that liposomal formulations are especially useful for topical
use, cell viability for both skin and liver cells was investigated.

As depicted in Table 6, unloaded liposomes have no appreci-
able effect on cell viability for any of the cell lines studied.
Surprisingly, the liposomal metalloantibiotic formulation also
has no effect on cell viability, in contrast to the relatively low
ICs, values obtained for the free metallodrug for all liver and
skin eukaryotic cell lines studied. Even though the antibacterial
activity is similar to that of the free drug in most cases, the
steep decrease in cytotoxicity results in an optimal Therapeutic
Index for the metalloantibiotic liposomal formulation.

Furthermore, liposomes ameliorate metalloantibiotic-induced
inhibition of hERG, significantly decreasing the cardiac liability
of the metallodrug. Thus, AuPyPZ-loaded liposomes display a 26
+ 2% inhibition of hERG at a maximum concentration of
1.12 pM. Cytochrome inhibition is also improved by encapsula-
tion, as the metalloantibiotic-loaded liposomes show low
CYP3A4 inhibition (27 + 5% inhibition at a maximum concen-
tration of 1.12 pM).

Conclusions

A novel lipoformulation was developed by encapsulating cat-
ionic (S”C)-cyclometallated gold(m) complex [Au(dppta)(N*Py-
PZ-dtc)]" (AuPyPZ) in liposomes. Under the investigated experi-
mental conditions, liposomes with high loading efficiency
(~94%) of structurally preserved metallodrug were obtained.
The gold(m)-loaded liposomes show high stability and particle
size and zeta potential values suitable for drug delivery. While
the encapsulation had no observable effects on bacterial
activity compared to the free drug, a steep decrease in the cyto-
toxicity of the gold(u) metalloantibiotic was observed, result-
ing in an optimal Therapeutic Index for the liposomal formu-
lation of the metalloantibiotic. Furthermore, the liposomes
ameliorate the metalloantibiotic-induced inhibition of hERG
and the inhibition of cytochromes, thereby significantly
decreasing the potential liabilities of the metallodrug. The
development of this novel metalloantibiotic liposomal formu-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt01867b

Open Access Article. Published on 28 August 2024. Downloaded on 8/1/2025 6:59:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

lation broadens the perspective of using gold(ur) metallodrugs
to combat bacterial resistance.

Experimental section
General experimental procedures

All reagents were obtained from commercial suppliers and
used without further purification. NMR spectra were recorded
on Bruker Avance III HD 300 (*H 300.13 MHz; *C 75.47 MHz;
3P 121.49 MHz). All chemical shifts () are given in parts per
million (ppm) and referenced to the residual solvent signal as
internal standard. The following abbreviations are used to
indicate the multiplicity of signal: s - singlet, d — doublet, t -
triplet, q - quartet, hept - heptet. High Resolution Mass
Spectra (HRMS) were recorded on an Agilent Technologies LC/
MSD-TOF and HP 1100 MSD spectrometer using electrospray
ionization. IR spectra were recorded in neat form on a Jasco
FT/IR-4700 spectrophotometer and, and vy, values are given
in ecm™" for the main absorption bands.

Synthesis of [Au(dppta)(N>Py-PZ-dtc)]PFs complex

To a solution of AuDPTA complex (117 mg, 0.20 mmol) in
MeOH (6 mL), sodium 4-(pyridin-2-yl)piperazine-1-carbodithio-
ate (0.20 mmol) was added. The reaction mixture was stirred at
rt for 12 h and then saturated aqueous potassium hexafluoro-
phosphate was added and the mixture was stirred for 15 min.
After partial evaporation of the methanol, the resulting solid
was filtered and the residue was washed with water and diethyl
ether to afford desired AuPyPZ complex (133 mg, 74% yield) as
a yellow solid. HRMS (ESI") [M]" caled for C,sH;sAuN,PS;",
751.1421; found: 751.1414. IR (KBr, v cm™"): 555 (P = S), 840
(PFg), 1527 (NCS,). "H NMR (300 MHz, CD;CN) 6 1.18 (d, *Jun
6.8 Hz, 6H, H12), 1.28 (d, *J;1; 6.8 Hz, 6H, H12), 3.65-3.87 (m,
6H, H11, H13), 3.94-4.04 (m, 4H, H14), 7.342-7.47 (m, 1H, H5),
7.54-7.68 (m, 5H, H6, H, 9, H10, H18), 7.75-7.78 (m, 1H, H4),
7.81-7.88 (m, 1H, H3), 8.13-8.20 (m, 3H, H8, H16) ppm. *C
NMR (101 MHz, (CD3),CO) & 22.3 (d, */pc 3.0 Hz, C12), 23.5 (d,
*Ivc 3.6 Hz, C12), 44.59 (C14), 44.6 (C14), 49.8 (C13), 50.0 (C13),
51.6 (d, *Jpc 3.3 Hz, C11), 108.4 (C19), 115.1 (C17), 127.6 (d, Jpc
101.8 Hz, C7), 129.3 (d, */pc 12.3 Hz, C6), 130.5 (d, */pc 13.7 Hz,
C9), 133.4 (d, *Jpc 16.9 Hz, C5), 134.6 (d, *Jpc 11.9 Hz, C3, C8),
135.7 (d, Ypc 3.1 Hz, C4), 136.5 (d, Jpc 3.7 Hz, C10), 138.7
(C18), 139.8 (d, Ypc 124.2 Hz, C1), 144.7 (d, ¥Jpc 27.9 Hz, C2),
148.7 (C16), 159.0 (C15), 195.0 ppm. *'P NMR (121 MHz,
CD;CN) § —144.7 (sep, “Jpr 706.6 Hz), 74.6 ppm.

Crystallography

A crystal of compound AuPyPz was mounted on a glass fibre.
Data were collected on an Oxford Diffraction Xcalibur Nova
single crystal diffractometer, at room temperature and using
CuKa radiation. Images were collected at a fixed distance of
62 mm between the crystal and the detector using the oscil-
lation method, with a oscillation of 1.0-1.2° and variable
exposure time per image. The data collection strategy was cal-
culated using CrysAlis Pro CCD software,®" and data reduction
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and cell refinement were performed using CrysAlis Pro RED
software.’ An empirical absorption correction was applied
using the SCALE3 ABSPACK algorithm as implemented in
CrysAlis Pro RED software. Structures were solved using
ShelXT,** all structures were refined by full matrix least
squares against F* in ShelXL®>®* using Olex2.°® All non-hydro-
gen atoms were refined anisotropically, while all hydrogen
atoms were geometrically localized and refined using a riding
model. The structure shows some disordered fragments and
PFs molecules and the occupancies of the disordered group
were refined with their sum set to equal 1 and subsequently
fixed at the refined values. Restraints were applied to maintain
sensible thermal and geometric parameters. The X-ray crystal-
lographic coordinates for the structure reported in this study
have been deposited at the Cambridge Crystallographic Data
Centre (CCDC) under deposition number 2361824.F

Liposome preparation

Liposomes were prepared using a standard method. Initially, all
lipids were dissolved in methanol and combined in a round-
bottom flask. Gold complexes were dissolved in DMSO at 22 mg
ml~". The solvent was evaporated using a rotary evaporator at
50 °C and decreasing the pressure for 45 minutes. The lipid
film was hydrated by adding 3 mL of ultrapure water and gently
mixing. The resulting liposomal suspension was homogenized
for 5 minutes at 10 000 rpm using a Micra homogenizer.

High performance liquid chromatography with ultraviolet/
light detection (HPLC/UV-VIS)

Quantification of free gold complex was performed by high per-
formance liquid chromatography (HPLC). Reversed phase HPLC
analysis was performed with SHIMAZDU UFPLC equipped with
a reversed-phase column. The mobile phase consisted of 30%
citrate buffer 50 mM, pH 6 and 80% methanol at room tempera-
ture in an isocratic gradient at a flow 1 ml min™". The injection
volume was 10 pL and the total run time was set at 5 min. The
Au(mr) complex was detected at 220 nm using a UV/VIS detector.
All experiments were performed in triplicate.

Size and zeta-potential determination

Liposome sizes and zeta potentials were assessed at 25 °C
using a ZetasizerNano-ZS (Malvern Instruments Ltd, Malvern,
UK) equipped with a 633 nm He-Ne laser. Prior to measure-
ment, all samples were diluted with distilled water at a ratio of
1:100 v/v for size and 3:100 v/v for z-potential. The polydis-
persity index (PDI) was determined using the instrument’s
built-in software.

Encapsulation efficiency

To determine the encapsulation efficacy (EE%), free gold
complex was separated from liposomes using Vivaspin2 cen-
trifugal concentrators with MWCO of 30.000 (Sartorius AG,
Gottingen, Germany). One milliliter of the solution was added
to the Vivaspin2 and centrifuged for 30 min at 3000g. The free
Au(ur) complex that passed through the filter was analyzed by
HPLC.

Dalton Trans., 2024, 53,15205-15214 | 15211


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt01867b

Open Access Article. Published on 28 August 2024. Downloaded on 8/1/2025 6:59:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Liposome stability

To monitor liposome stability, changes in size, PDI, and zeta
potential were tracked during storage at 4 °C over a 7-day
period by measuring days 1, 4 and 7.

Antibacterial activity

The antibacterial activity was tested against a panel of MDR
strains of clinical origin. Methicillin-resistant Staphylococcus
aureus (MRSA) strains 162065-705, 163501-000, 161071-210 and
162058-967 are respiratory isolates from cystic fibrosis patients
at the Hospital Clinic of Barcelona (Barcelona, Spain).
Staphylococcus epidermidis a FG22014, FG03015 and FG14013
are wound isolates from the Hospital Clinic of Barcelona
(Barcelona, Spain). S. maltophilia strains 9510-524 and 895 are
respiratory isolates from cystic fibrosis patients at the Hospital
Clinic of Barcelona (Barcelona, Spain). P. aeruginosa strains
166097-953 and 30302995-242 are respiratory isolates from
cystic fibrosis patients at the Hospital Clinic of Barcelona
(Barcelona, Spain). E. coli strains E4, E8 and E11 were isolated
from the blood of patients in the Manhica District Hospital
(Manhica, Mozambique). Acinetobacter baumannii strains Ab177
and Ab210 were originally identified in 43 hospitals in Spain
during February-March 2010; they produce OXA-24 and 58-like
f-lactamases and are highly resistant to several clinical anti-
biotics. Acinetobacter baumannii Abcr17 is a cerebrospinal fluid
isolate from the Virgen del Rocio Universiy Hospital (Seville,
Spain). This is a pan-drug resistant strain, meaning that is non-
susceptibility to all agents in all antimicrobial categories,
including carbapenems. Laboratory reference strains of
S. aureus ATCC 29213, P. aeruginosa ATCC 27853, E. coli ATCC
25922, A. baumannii ATCC 19606 were used as the control wild-
type strains in this study. Identification of bacterial species was
confirmed by Matrix-Assisted Laser Desorption Ionization-Time
Of Flight (MALDI-TOF) mass spectrometry. Isolates were cul-
tured on Columbia sheep blood agar (Becton Dickinson,
Heidelberg, Germany) and incubated at 37 °C for 18 h.

The minimum inhibitory concentrations (MICs) of AuPyPZ
complex were determined in triplicate by the broth microdilu-
tion method recommended by the Clinical and Laboratory
Standards Institute (CLSI) in 96-well round-bottom microtiter
plates. Auranofin, a reference Au() metalloantibiotic, was
included for comparison. The assays were performed in
ISO-Sensitest broth (Oxoid, Madrid, Spain). The plates were
incubated at 37 °C and read after 18 h to check the absence of
turbidity. The same procedure was performed to determine the
MICs of unloaded and AuPyPZ-loaded liposomes. MIC values
were defined as the lowest concentration of the compound that
inhibited visible growth.

Citotoxicity

In vitro prediction of the hepatic safety of compounds was
carried out on liver-derived tumor and non-tumor lines and
skin-derived non-tumor lines. Human hepatic cancer cell line
HepG2 was obtained from the American Type Cultures
Collection (Ref: HB-8065, ATCC, Manassas, VA, USA) by the cell
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bank of Fundacién Medina (Granada, Spain). Human immor-
talized liver cell line THLE-2 was obtained from the American
Type Cultures Collection (Ref: CRL-2076, ATCC, Manassas, VA,
USA) by the cell bank of Fundacién Medina (Granada, Spain).
Human dermal fibroblast cell line CCD-1064Sk was obtained
from the American Type Cultures Collection (Ref: CRL-2076,
ATCC, Manassas, VA, USA) by the cell bank of Fundacién
Medina (Granada, Spain).

Cytotoxicity was evaluated using the MTT metabolic test.
Cells were seeded at a density of 10.000 per well in a 96-wells
plate and were incubated in a humidified atmosphere at 37 °C
with 5% CO, for 24 h. Solutions of AuPyPZ and AuPyPZ-loaded
liposomes were prepared at 25 mM in 100% DMSO and ana-
lyzed in an increasing dose curve from 100 to 0.2 pM. After
72 h of treatment, plates were treated with MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, ACROS
Organics) at 5 pg mL ™" in Minimum Essential Medium Eagle
(MEM) for 2 h. Then, DMSO was added to the plates to solubil-
izing the formazan crystals formed in viable cells and plates
were stirred for 5 minutes to homogenize the solution.
Absorbance was measured at 570 nm by Envision Multiplate
Reader (PerkinElmer), and ACs;, calculations were done using
GeneData Screener Software.
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