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ABSTRACT  

In this study, novel cupric-tirapazamine [Cu(TPZ)2]-liposomes were developed as an effective 

hypoxia-targeted therapeutic, which potentiated radiotherapy in a three dimensional (3D) 

prostate cancer (PCa) model. To overcome the low water solubility of the Cu(TPZ)2, a remote 

loading method was developed to efficiently load the lipophilic complex into different liposomal 

formulations. The effect of pH, temperature, PEGylation, lipid composition, liposome size, 

lipid: complex ratio on the liposome properties, and drug loading was evaluated. The highest 

loading efficiency was obtained at neutral pH, which was independent of lipid composition and 

incubation time. In addition, enhanced drug loading was achieved upon decreasing the 

lipid:complex molar ratio with minimal effects on liposomes’ morphology. Interestingly, the in 

vitro potency of the developed liposomes was easily manipulated by changing the lipid 

composition. The hydrophilic nature of our liposomal formulations improved the complex’s 

solubility, leading to enhanced cellular uptake and toxicity, both in PCa monolayers and 

tumour spheroids. Moreover, Cu(TPZ)2-loaded liposomes combined with radiation, showed a 

significant reduction in PCa spheroids growth rate, compared to the free complex or radiation 

alone, which could potentiate radiotherapy in patients with localised advanced PCa. 

 

 

 

   

 

 



1. INTRODUCTION 

 
Hypoxia is a fundamental feature of most solid tumours, recognised as a strong negative 

prognostic factor for treatment outcome [1]. Since hypoxia was proven to limit radiotherapy 

and chemotherapy's efficacy, several attempts have been aimed to restore tumour 

oxygenation before or during radiotherapy via red blood cell transfusion, erythropoietin 

administration, hyperbaric oxygen treatment and using oxygen mimetics [2]–[5]. Hypoxia is 

also considered a side effect of some cancer treatments, such as photodynamic therapy, anti-

angiogenic therapy, radiotherapy, and androgen deprivation therapy [6], [7], contributing to 

therapy resistance by inducing cell quiescence [8]. 

 

 Tirapazamine (TPZ) was the first hypoxia-activated pro-drug (HAP) in clinical trials [9], [10]. 

It is activated by intracellular reductases, producing toxic radicals that cause single- and 

double-strand DNA breaks under hypoxic conditions. TPZ is 30-300 times more toxic to 

hypoxic cells than other HAPs, thereby reducing toxicity to healthy tissues [11]. Studies have 

shown that the antitumor activity of TPZ could potentiate radiotherapy in several types of 

cancer by selectively killing radiation-resistant hypoxic cells. TPZ, in combination with different 

chemotherapeutic drugs like cisplatin, carboplatin, etoposide, paclitaxel and doxorubicin, has 

been utilised in various clinical trials to treat non-small cell lung cancer (NCT00006487, 

NCT00033410, NCT00006484, NCT00066742) [9], [10] cervical cancer (NCT00493376, 

NCT00098995, NCT00003369, NCT00262821) ovarian cancer (NCT00020696), head and 

neck neoplasms (NCT00174837, NCT00002774, NCT00094081) and hepatocellular 

carcinoma (NCT02174549, NCT03145558). However, its clinical efficacy in various cancer 

types has been controversial. Both pre-clinical and clinical studies have shown that the activity 

of TPZ is limited by its poor extravascular diffusion [12], [13], short blood half-life [14], [15], 

instability and rapid metabolism [16], [17], compromising its translational potential [18]–[20]. 

 



Our group previously revealed the superior in vitro hypoxia selectivity and potency of a cupric-

TPZ complex [Cu(TPZ)2], compared to free TPZ, in hormone-sensitive (LNCaP) and hormone-

independent (C4-2B) prostate cancer (PCa) cell lines [21], [22], where the highest activity  was 

observed in the hormone-independent C4-2B cell line [22]. We also reported the complex’s 

higher DNA binding, enhanced cellular uptake in prostate cancer (PCa) cell monolayers, and 

increased apoptosis in PCa spheroids [22]. The present study aimed to improve the Cu(TPZ)2 

solubility via loading into liposomes of different lipid compositions. The in vitro behaviour of 

Cu(TPZ)2-loaded liposomes was assessed in 2D and 3D PCa tumour models, and the efficacy 

of liposomal Cu(TPZ)2 in combination with radiation was evaluated in PCa spheroids. Overall, 

the engineered Cu(TPZ)2-loaded liposomes showed superior cellular uptake, and higher 

potency in 2D and 3D tumour spheroids than the free complex. In addition, our findings 

demonstrated the potential of our Cu(TPZ)2-loaded liposomes to enhance radiotherapy in 

PCa. 

 

2. EXPERIMENTAL SECTION 

2.1 Materials  

The phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-amino (polyethylene glycol)-2000] 

(DSPE-PEG2000) were a kind gift from Lipoid (Ludwigshafen, Germany). The 800, 200 and 100 

polycarbonate filters (Whatman) and PD-10 desalting columns, were purchased from GE 

Healthcare life Sciences (UK), and qEV size exclusion columns from iZon Science (UK). The 

4-(2 Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), sodium chloride (NaCl), 

ammonium sulphate [(NH4)2SO4], sodium citrate dihydrate, phosphate buffer saline (PBS) 

tablets, ethylenediaminetetraacetic acid - disodium salt dehydrate (EDTA-Na2·2H2O), copper 

(II) chloride (CuCl2), cholesterol (Chol), trypan blue solution (0.4% in PBS), poly-D-lysine 

hydrobromide (mol wt. 70,000-150,000), resazurin sodium salt (powder 1g, BioReagent, 



suitable for cell culture), agarose (BioReagent, for molecular biology, low EEO) and 

tirapazamine (50 mg, ≥98% HPLC) were obtained from Sigma (UK). Laboratory reagent 

dimethyl sulfoxide (DMSO), chloroform (HPLC grade, stabilized with amylene), methanol 

(HPLC grade), ethanol (absolute 99.8+ %), tris hydrochloride, advanced RPMI-1640 were all 

obtained from Thermo Fisher Scientific (UK). GlutaMAX™ supplement 200 mM, penicillin-

streptomycin solution liquid (10000 units/ml), trypan blue stain (0.4%) and Dulbecco’s PBS 

(1X) were from Invitrogen Gibco® Life Technologies (UK). Heat inactivated new-born foetal 

bovine serum (FBS) was obtained from First Link (UK). Hydrochloric acid (HCl, 37%) and 

isopropanol were from VWR (UK). The PCa cell line C4-2B was purchased from M. D. 

Anderson Cancer Center (University of Texas, USA).  Milli-Q water (ddH2O) was prepared 

using a water purification system (Millipore Corp., UK). 

 

2.2 Liposome preparation 

Liposomes with different melting points (Tm) (DOPC Tm= -17°C, DPPC Tm= 41°C, DSPC Tm 

=51°C) were prepared using the lipid film hydration method [23]. Briefly, Lipid mixtures of 

DOPC:Chol:DSPE-PEG2000, DPPC:Chol:DSPE-PEG2000, DSPC:Chol:DSPE-PEG2000 (95:50:5 

molar ratio), DOPC:Chol, DPPC:Chol and DSPC:Chol (100:50 molar ratio)  were dissolved in 

chloroform:methanol (4:1 v/v) in 25 mL (DOPC- and DPPC-based formulations) and 250 mL 

(DSPC-based formulation) round-bottom flasks. The organic solvents were then removed 

under vacuum for about 40 minutes at 45°C for DOPC, and 40 minutes at 60°C for DPPC and 

DSPC, while rotating at high speed (BÜCHI Labortechnik AG, Switzerland). The lipid film was 

then flushed with a gentle stream of N2 to remove residual traces of organic solvent and 

hydrated with HBS (20 mM HEPES, 150 mM NaCl, pH 7.4), 250 mM (NH4)2SO4 (pH 5.5), or 

300 mM Na-citrate (pH 5.5) to achieve a final phospholipid concentration of 5 mM. The formed 

multilamellar vesicles (MLVs) were placed in a water bath for 40 minutes at 55°C and vortexed 

every 10 minutes to ensure complete hydration of the lipid. MLVs were then extruded through 

polycarbonate filters with different pore sizes; 800 nm (5X), 200 nm (15X) and 100 nm (11X), 

using a mini extruder at 60°C (Avanti Polar lipids, AL USA) to obtain small unilamellar vesicles 



(SUVs). Liposomes were left to stabilise and anneal overnight at 4°C. Phospholipid 

quantification was carried by Stewart’s assay, as previously established [24].  

 

2.3 Remote loading of Cu(TPZ)2 into liposomes  

Cu(TPZ)2 complex was prepared as described previously [22]. Liposomes were hydrated with 

either 250 mM (NH4)2SO4 (pH 5.5), 300 mM Na-citrate (pH 5.5) or HBS (pH 7.4) and, following 

extrusion and annealing, were incubated with Cu(TPZ)2 complex at different lipid: complex 

molar ratios (140:1 to 20:1). The incubation was carried out at 20, 37 or 55°C and for different 

durations ranging from 30 minutes to 6 hours. Non-encapsulated Cu(TPZ)2 was removed 

using PD-10 desalting column. Loading the complex into liposomes using passive 

encapsulation resulted in poor EE (<10%) and low drug concentration (< 8 µM) (data not 

shown). This was attributed to poor solubility of the complex, and its loss on the extrusion 

filters. Bilayer encapsulation was not used due to the dissociation of the complex in the 

presence of chloroform. 

For in vitro studies, empty liposomes and the free complex were sterilised using 0.2 µm filters. 

The purification step was also carried out on a Class II biosafety cabinet, using sterilised 

buffers and a PD-10 desalting column. The purified liposomes were stored at 4°C for further 

physicochemical characterisation and quantification of the drug content via HPLC. 

 

2.4 Particle size and ζ-potential measurements 

Dynamic light scattering (DLS) was used to measure the hydrodynamic mean diameter and 

the polydispersity index (PDI) of empty and Cu(TPZ)2-loaded liposomes. The scattered light 

intensity of the solution at 173° was determined using a Malvern Zetasizer Nano ZS (Malvern, 

UK, He-Ne laser). Samples were placed in plastic disposable cuvettes (Thermo Fisher 

Scientific, UK) and equilibrated at 25°C, after appropriate 1:100 dilution in ddH2O. A total of 

three measurements were performed and the average hydrodynamic size and PDI were 

determined. The Ζ-potential (ζ-potential) of the prepared liposomes was measured as particle 

electrophoretic mobility by means of laser microelectrophoresis in a thermostated cell (folded 



capillary zeta cell, model DTS1070, Malvern UK). Samples were prepared after appropriate 

dilution (1:10) in ddH2O and six measurements were performed to enhance signal-to-noise 

ratio. The results were expressed as mean ± S.D of triplicate samples. 

 

2.5 Liposome encapsulation efficiency (EE) and drug loading 

The quantification of loaded Cu(TPZ)2-liposomes was carried out using a modified protocol for 

reverse phase HPLC [25]. Liposome samples before and after purification were diluted (1:10) 

in methanol/isopropanol (80:10, % v/v) adjusted to pH 2. The separation was carried out using 

an Agilent technology 1200 series HPLC system, with a G1367B automated sample injector 

(20 µL sample injected); equipped with a Phenomenex® Luna Phenyl-Hexyl column (100 mm 

x 4.60 mm, 5 µm beads). The mobile phase consisted of 22% methanol in water and was 

delivered isocratically at a flowrate of 1.0 mL/min. Absorbance of the column effluent was 

monitored using a 270 nm Diode Array Detectors (DAD G4212A/B). The quantification of 

Cu(TPZ)2 was calculated using a pre-determined standard curve (Y = 58.33x + 55.15, 

R2=0.9996). Cu(TPZ)2 encapsulation efficiency and drug loading  were determined as 

described below: 

EE (%)= 
Concentration of encapsulated Cu(TPZ)2 after purification

Concentration of Cu(TPZ)2  before purification
× 100 

 

DL (%)= 
Concentration (µM) of encapsulated Cu(TPZ)2  

Total concentration of lipid (µM)
 × 100 

 

For drug loading, lipid concentration was corrected according to results obtained by Stewart 

assay (ca. 4.5 mM lipid). 

 

2.6 Cryo-Transmission electron microscopy 

Morphological characterisation of empty and Cu(TPZ)2-loaded DOPC liposomes prepared at 

different lipid-to-complex molar ratios: 1:0, (empty); 140:1, 60:1, 20:1, was carried out using 

Cryo-TEM. A drop of 5 µL of the sample was deposited on Quantifoil R 2/1 200 mesh holey 

carbon-coated copper grids. The excess solution was removed by blotting for 3 seconds in 



80% relative humidity using an automatic plunge freezer (EM GP2, Leica Microsystem), 

followed by immediate vitrification using liquid ethane (-175°C). Vitrified samples were cryo-

transferred to the microscope and imaged using a JEOL JEM-3200 FSC TEM while 

maintaining specimen temperature at -187°C.  

 

2.7 Release studies 

Conventional release studies using a dynamic dialysis method were not suitable due to the 

interaction of the complex with the dialysis membrane (data not shown). Therefore, Cu(TPZ)2-

loaded liposomes at a 60:1 lipid-to-complex ratio (20 µM TPZ content) were incubated in a 

total of 12 mL  HBS or HBS:FBS (1:1, v/v) in a 15 mL centrifuge tube (Fisher Scientific, UK) 

at 37°C, with gentle shaking (70 rpm). At specific time points, 0.5 mL was withdrawn and 

purified using a qEV size exclusion column to separate the free complex, Cu(TPZ)2-loaded 

liposomes and serum proteins. PD-10 column did not allow the separation of the liposomes 

from the serum proteins (data not shown). The liposome sample was eluted from the column 

with 1 mL HBS, and the two liposomal fractions were collected and pooled. The purified 

liposomes were collected and diluted (1:2) in methanol/isopropanol (80:10, % v/v), adjusted 

to pH 2 to dissociate the complex, and analysed by HPLC as described above. Cu(TPZ)2 

concentrations, were corrected for any dilutions used and calculated using a pre-determined 

standard curve (Y = 58.33x + 55.15, R2=0.9996). The encapsulation efficiency was determined 

for each time-point (t), and percentage of release was calculated as follows: 

Release t (%) = 100 - [(EE t0 / EE ti)*100] 

 

2.8 Cell culture 

C4-2B cells were cultured as monolayers in Corning® CellBIND® 75cm3 canted-neck tissue 

culture flasks (Fisher Scientific, UK), and maintained in Advanced RPMI-1640 (1x) medium 

supplemented with 10% heat inactivated FBS, 1% penicillin/streptomycin and 1% GlutaMax. 



Cell cultures were maintained in a humidified chamber (BB15 CO2 incubator, Thermo Fisher 

Scientific UK) at 37°C, 21% O2 (normoxia) and 5% CO2.  

For hypoxic conditions a previous protocol was adapted [26]. Experiments were carried out in 

a modular hypoxic incubator (Incubator chamber Billups Rothenberg inc, MIC-101) which was 

sterilized using 70% ethanol followed by 15 minutes of UV light exposure.  The culture medium 

was degassed using a gas mixture of 1% O2, 5% CO2, and 94% N2 (BOC, UK) for 1-2 hours. 

To ensure minimal oxygen fluctuations, the chamber was re-flushed twice a day and at every 

endpoint of the experiment. 

 

2.9 Cell uptake study 

C4-2B cells (M. D. Anderson Cancer Center, USA) were seeded in 12-well plates (1×105 

cells/well, 1 mL/well). The next day, 10 µM of TPZ as Cu(TPZ)2 or DOPC-Cu(TPZ)2 liposomes 

were added to 400 µL of media to the cells, and incubated for up to 24 hours at 37°C. At the 

end of the study, the supernatant was aspirated and discarded, and the cells were washed 

twice with PBS, and detached from the plates using a scraper. Finally, the cells were 

resuspended in PBS, and immediately acquired on the cytometer (BD FACSCalibur™, 

Becton, Dickinson and Company, UK) using the FL2 channel, λem = 585 nm. At least 10,000 

cells were counted for each sample, and experiments were performed in triplicate. Flow 

cytometry data was generated using BD CellQuest Pro software. Data was presented as MFI 

fold-change normalised to complex-treated cells. Values represent mean ± SD. 

 

2.10 In vitro cytotoxicity studies in 2D models 

C4-2B cells were seeded at densities of 1.1x104 cell/well on pre-coated poly-D-lysine (100 

µg/mL) 96-flat bottomed well plates (Triplered, UK), and allowed to adhere for 24 hours under 

normoxic or hypoxic conditions. Next, Cu(TPZ)2-loaded liposomes (60:1, lipid-to-complex 

ratio) were diluted in cell media at varying concentrations (0.02 up to 40 µM equivalent TPZ 

content) and the cells were treated for 48, 72 and 96 hours. Empty liposomes with equivalent 



lipid content and 10% DMSO were used as controls. At the end of each time point, the 

supernatant was removed, cells were gently washed with PBS and replenished with 200 µL 

of fresh media. 20 μL of resazurin solution (400 µM) were then added to each well and 

incubated for 4 hours, at 37°C to determine cell viability. Fluorescence intensity (FI) was 

measured using a BMG microplate reader (FLUOstar Omega, BMG Labtec) at 544 nm 

excitation and 590 nm emission. Values were corrected by subtracting FI of the media alone. 

The average percentage cell viability for each drug concentration was expressed as mean ± 

S.D of six replicates of three independent experiments (n=3) and calculated by normalising 

the FI values to the untreated cells using the following equation: 

Cell Viability (%) =
FI treated

FI control
 ×100 

 

2.11 In vitro cytotoxicity in 3D models 

C4-2B spheroids were cultured as previously described by our group [22]. Briefly, C4-2B 

spheroids were generated using the liquid overlay technique [27]. 5x103 cells/well were 

seeded onto sterile, 1% agarose pre-coated 96-well flat-bottomed plates (NuncTM Delta 

Surface plate, Sigma-Aldrich, UK). Plates were gently shaken to bring the cells closer together 

and encourage the formation of a single spheroid. 3D cultures were maintained in normal 

culture conditions in a humidified chamber at 37°C and 5% CO2.  To maintain culture, the old 

media was replenished every two days by removing 100 μL and replacing it with fresh media, 

taking care not to disturb the spheroids. At day 5 of culture, spheroids were incubated with 

increasing doses of Cu(TPZ)2-loaded liposomes (60:1, lipid-to-complex ratio, TPZ content: 

0.02 up to 20 µM) and treated for 48, 72 and 96 hours, using 10% DMSO as a positive control. 

At the experiment endpoint, spheroids were gently washed with PBS 1X and pre-treated with 

EDTA (10 mM) for 30 minutes, with gentle shaking (70 rpm), then replenished with fresh 

media. 20 µL of resazurin solution was then added and spheroids were incubated overnight, 

at 37°C, to determine cell viability. The average percentage cell viability for each drug 

concentration was expressed as mean ± S.D of six replicates of at least two independent 



experiments (n≥2) and calculated by normalizing the FI values to the untreated cells, as 

described above. 

2.12 Radiation treatment in 3D models 

C4-2B spheroids (5x103 cells/well seeded onto sterile, 1% agarose pre-coated 96-well flat-

bottomed plates (NuncTM Delta Surface plate, Sigma-Aldrich, UK) were maintained in normal 

culture conditions in a humidified chamber at 37°C and 5% CO2 to obtain spheroids with a 

mean diameter of ~500 µm after 5 days of incubation. Then cells were exposed to different 

concentrations of Cu(TPZ)2, DOPC-Cu(TPZ)2 or DSPC-Cu(TPZ)2 for a further 24 h. The next 

day, cells were irradiated with varying (0-10 Gy) X-ray dose from a 160 kVp X-ray source using 

a dose rate of 0.77 Gy/min (Faxitron CP-160, Arizona USA). 24 hours later, drug treatments 

were gently washed and replenished with fresh media. To maintain spheroids culture, the 

medium was replenished every two days by removing 100 µL and replacing it with fresh media. 

Spheroids growth was monitored using a bright-field spheroid imager (Cell3iMager Neo) for 

up to 22 days. At least 12 spheroids were analysed for each treatment condition. Changes in 

diameter were analysed over time by calculating the fold-change increase respect to the 

spheroid volume prior to the treatment. The growth rate (m) was calculated as the slope of the 

curve determined by linear regression analysis. 

(
Diameter ti

Diameter t0
) = (𝑚)𝑡𝑖 + 𝑛 

 

Diametert0: diameter (µm) of the spheroids before the treatment. Diameterti: diameter (µm)of 

the spheroids at the corresponding time-point.  

 

2.13 Statistical analysis 

Two-way Analysis of variance (ANOVA) followed by Tukey multiple comparisons post-hoc 

tests were performed when three or more groups of data were analysed. P-values < 0.05 were 

considered significant and statistical differences amongst groups were estimated and 

appropriately denoted in text and figure captions. The IC50 values for inhibition were 

determined by nonlinear regression analysis of the data fit to a four-parameter equation. All 



analyses and graphs were generated using GraphPad Prism version 7.0 (GraphPad Software, 

La Jolla California USA). 

3. RESULTS 

 

3.1 Preparation and characterisation of Cu(TPZ)2- loaded liposomes 

Three liposomal formulations with different melting temperatures were prepared, namely; 

DOPC:Chol:DSPE-PEG2000, DPPC:Chol:DSPE-PEG2000, DSPC:Chol:DSPE-PEG2000  

(95:50:5 molar ratio). The lipid film was hydrated with 250 mM (NH4)2SO4 (pH 5.5), 300 mM 

Na-citrate (pH 5.5) or HBS (pH 7.4), followed by extrusion. The external buffer was then 

exchanged with HBS (pH 7.4), and preformed liposomes were incubated with Cu(TPZ)2 at 

140:1 lipid-to-complex molar ratio, at 37-55°C for 30 minutes to 6 hours, followed by 

purification using size-exclusion chromatography (Scheme 1). Our results showed that all 

prepared Cu(TPZ)2-loaded liposomes, regardless of the lipid composition and the hydration 

buffer used exhibited small hydrodynamic sizes (160-180 nm), low PDI (<0.1), and slightly 

negative ζ-potential  (<-13 mV) (Table S1). The highest encapsulation efficiency (EE) (80-

90%) was achieved with liposomes hydrated with HBS (pH 7.4) and incubated at 55°C (Figure 

1A & B). Hydrating liposomes with acidic buffers resulted in lower EE (Figure 1A) due to the 

dissociation of the complex, as an evident yellow colour was observed during the purification 

step (data not shown). No differences were observed in the EE using incubation time longer 

than 5 minutes (Figure S2 A-C). The effect of PEGylation and liposomes size on Cu(TPZ)2 

loading was also investigated, where PEGylated liposomes exhibited higher EE compared to 

non-pegylated liposomes (Figure S2 D). Furthermore, the lower EE observed in small 

liposome strongly emphasises the importance of the size of the liposomal aqueous core for 

the complex loading (Figure S2 E).  Our findings indicated that PEGylation affects the complex 

loading, most probably due to improved solubility of the complex, thus increasing its liposomal 

encapsulation. Previous molecular modelling studies reported that PEG is able to eliminate 

water from the lipid head group, aiding with solubility of hydrophobic compounds and their 



partitioning through the lipid bilayer [28], [29]. In conclusion, all Cu(TPZ)2-loaded formulations 

were prepared using PEGylated liposomes hydrated with HBS (pH 7.4) buffer, extruded 

through 200 nm filters, and incubated with the complex for 30 minutes at 55°C. 

 

Figure 1 

 

Following optimising the loading conditions, liposomes were incubated with increasing 

concentrations of the complex. Table 1 summarises the hydrodynamic size, PDI, ζ-potential, 

and EE of the three Cu(TPZ)2-loaded liposomes; DOPC-Cu(TPZ)2, DPPC-Cu(TPZ)2, and 

DSPC-Cu(TPZ)2. A slight size increase in DOPC-Cu(TPZ)2 liposomes was observed following 

the complex loading up to 60:1 lipid-to-complex molar ratio (126.9 ± 8.08 nm vs 140.3 ± 2.71 

nm). The PDI also increased from 0.096 ± 0.02 to 0.23 ± 0.033. At lower lipid-to-complex 

ratios, liposome size and PDI continued to increase, reaching the highest values at 20:1 lipid-

to-complex ratio, with an average hydrodynamic diameter of 181.8 ± 4.64 nm and PDI of 0.35 

± 0.037, suggesting liposome agglomeration or aggregation in presence of high drug content. 

For all the ratios tested, no significant change in ζ-potential was observed. More promisingly, 

EE was not adversely affected by increasing complex content, which was maintained above 

65%, with maximum efficiency achieved at 60:1 lipid-to-complex molar ratio (84.53 ± 9.22 %). 

Similar results were obtained with rigid DPPC-Cu(TPZ)2 and DSPC-Cu(TPZ)2 liposomes; 

however, the size increase was more subtle, indicating higher stability of the loaded 

liposomes. Our results also showed that reducing lipid-to-complex ratios (200:1 to 20:1) 

resulted in an increase in complex loading efficiency (0.05- 4.41%) (Figure 1C) and 

encapsulated complex content (up to 192.31 µM) (Figure 1D), with no significant differences 

between the formulations tested. In agreement with the quantitative results, the pink colour 

intensity of the complex increased using lower lipid-to-complex ratios (Figure 1E, Figure 

S1B), indicating the high complex content in the liposomes. 

Table 1 



 

Finally, structural elucidation of DPPC-Cu(TPZ)2 prepared at different lipid to complex ratios 

(140:1, 60:1 and 20:1) was carried out using Cryo-TEM. No significant morphological and size 

differences were observed between loaded and empty liposomes (Figure 2); however, some 

agglomeration/aggregation (as indicated with white arrows) were observed in DOPC-

Cu(TPZ)2 (20:1), which is in agreement with the DLS results (Table 1). 

 

Figure 2 

 

3.2 Sustained release of Cu(TPZ)2-loaded liposomes 

Cu(TPZ)2-loaded liposomes at 60:1 lipid-to-complex molar ratio were chosen for the release 

studies due to their excellent drug encapsulation, and size stability, as described above (Table 

1). Our results showed that all three liposomal formulations exhibited an initial burst release 

(~20-30%) of Cu(TPZ)2 at 37°C in HBS (Figure 3A), which could be attributed to Cu(TPZ)2 

adsorbed at the liposomal surface. This was then followed by a zero order release kinetic [< 

40% of Cu(TPZ)2] for a period of 48 hours; indicating good stability of the drug carriers under 

these conditions, with no statistically significant differences between the formulations tested. 

Next, we analysed the release profile in HBS:FBS (1:1, v/v) (Figure 3B) mimicking the 

biological milieu. Interestingly, these results supported the previous findings in HBS, where an 

initial burst release of the drug was obtained for all formulations but at higher levels due the 

destabilizing effect of the serum proteins [30]–[32]. Unexpectedly, the most rigid DSPC-

Cu(TPZ)2 formulation exhibited the fastest burst complex release (ca. 50% in the first hour) 

compared to DPPC-Cu(TPZ)2 (17.79%, p<0.0001), and DOPC-Cu(TPZ)2 (31.49%, p<0.0001). 

In contrast, the fluid DOPC-Cu(TPZ)2 liposomes showed the slowest release (ca. 40% in the 

first hour). This slower release profile of DOPC-Cu(TPZ)2 was maintained over the initial 5 

hours of release and DPPC-Cu(TPZ)2 surpassed the other formulations, showing the highest 

drug release at 1 and 3 hours with a characteristic first order release kinetic (p<0.0001). 



Furthermore, an extended-release profile was observed with all formulations (60-80% drug 

release over 48 hours). In conclusion, the complex release in serum was highly influenced by 

the composition of the liposomes, which could affect the efficacy of the formulations in vitro 

and in vivo. 

Figure 3 

 

Finally, we analysed the long-term stability (4°C) of our Cu(TPZ)2-loaded liposomes by 

evaluating size change and the complex leakage (Table S2). Over 4 weeks, DOPC-Cu(TPZ)2 

liposomes showed marked increase in size (140.3 ± 2.72 nm to 178.9 ± 4.63 nm) and PDI 

(0.139 ± 0.03 to 0.349 ± 0.107), with about 30% reduction in drug retention (week 0: EE=83.39 

± 1.56 %,  week 4: EE=53.95 ± 0.71 %). Following a similar trend, DPPC-Cu(TPZ)2 liposomes 

exhibited increased size (171.8 ± 0.89 nm), narrow PDI (0.137 ± 0.02), and displayed high 

drug retention (week 0: EE= 80.32 ± 3.71 %, week 4: EE=54.19 ± 2.02%). In contrast, DSPC-

Cu(TPZ)2 liposomes maintained an acceptable size (147.2 ± 1.45 nm) and narrow PDI (0.132 

± 0.05), with the highest drug retention (week 0: EE=85.47 ± 1.40%, week 4: EE=69.96 ± 1.36 

%). In summary, all Cu(TPZ)2-loaded liposomal formulations, prepared at 60:1 lipid-to-

complex molar ratios, were ideal for further in vitro assays, due to their biocompatible size, 

PDI, good EE, sustained release profile and adequate long-term stability. 

 

3.3 Enhanced cellular uptake of Cu(TPZ)2-loaded liposomes 

To assess if encapsulating the hydrophobic Cu(TPZ)2 complex into liposomes improves its 

cellular uptake, we utilised the intrinsic fluorescence of the complex [22], and monitored its 

cellular uptake using flow cytometry. Figure 4 depicts the fold change in the mean 

fluorescence intensity (MFI) of C4-2B cells incubated with DOPC-Cu(TPZ)2 compared to cells 

incubated with an equivalent concentration of the free complex. Interestingly, DOPC-Cu(TPZ)2 

liposomes significantly improved the cell uptake of the complex, resulting in an almost 2-fold 



increase in the MFI after 24 hours of incubation, indicating higher cellular uptake of the DOPC-

Cu(TPZ)2 liposomes, which could translate into higher in vitro efficacy. 

Figure 4 

 

3.4 Cu(TPZ)2-loaded liposomes enhance complex toxicity in PCa monolayers and 

spheroids.  

Following the cellular uptake study, we evaluated Cu(TPZ)2-loaded liposomes toxicity in PCa 

cells. In these experiments, C4-2B monolayers were incubated under normoxia or 1% hypoxia 

with free complex, DOPC-Cu(TPZ)2, DPPC-Cu(TPZ)2, and DSPC-Cu(TPZ)2 liposomes for 48, 

and 120 hours (Figure S3). Cell viability was assessed using resazurin assay, and the IC50 

values of Cu(TPZ)2-loaded liposomes incubated under hypoxic conditions were determined 

and summarised in Figure 5. At 48 hours, DPPC-Cu(TPZ)2  (11.92 ± 1.034 µM, p<0.0001) 

and DSPC-Cu(TPZ)2  (14.15 ± 1.075 µM, p<0.0001), depicted quicker activity, compared to 

the Cu(TPZ)2 complex (IC50=29.92 ± 1.06 µM). In contrast, DOPC-Cu(TPZ)2 showed a 1.67-

fold higher IC50 (49.48 ± 1.03 µM, p<0.0001) compared to the free complex (Figure 5A). These 

toxicity results could be attributed to the enhanced cellular uptake of the Cu(TPZ)2-loaded 

liposomes, combined with faster complex release from DPPC-Cu(TPZ)2 and DSPC-Cu(TPZ)2, 

compared to DOPC-Cu(TPZ)2. Promisingly, as the incubation progressed to 120 hours, all 

three liposomal formulations showed a significant improvement in their cytotoxicity (Figure 

5B), and DSPC-Cu(TPZ)2 exhibited the highest potency (IC50: 6.197 ± 1.032 µM, p<0.0001). 

It is worth mentioning that no toxicity was observed in cells treated with Cu(TPZ)2-loaded 

liposomes and incubated under normoxia (Figure S3, left panel). Furthermore, no reduction 

in cell viability was observed in cells treated with unloaded liposomes at lipid concentration 

equivalents the ones used with Cu(TPZ)2-loaded liposomes under both normoxia (Figure S4, 

left panel) and 1% hypoxia (Figure S4, right panel) and up to 96 hours, confirming that the 

observed toxicity was complex-mediated. 

Figure 5 



 

Next, to assess the activity of our developed Cu(TPZ)2-loaded liposomes, C4-2B spheroids 

were incubated with increasing doses of the free complex and Cu(TPZ)2-loaded liposomes for 

up to 72 hours. IC50 values for free complex, DOPC-Cu(TPZ)2 and DPPC-Cu(TPZ)2 are shown 

in Figure 5C. Contrary to the monolayer results, DOPC-Cu(TPZ)2 (IC50: 21.59 ± 3.262 µM, 

p<0.0001) and DPPC-Cu(TPZ)2  (21.9 ± 3.133 µM, p<0.0002) showed higher potency than 

the free complex (41.78 ± 5.67 µM). More promisingly, higher activity was obtained 72 hours 

post-incubation, where DOPC-Cu(TPZ)2 (IC50: 8.52 ± 1.429 µM, p<0.0018) and DPPC-

Cu(TPZ)2 (6.08 ± 1.682 µM, p<0.0003), exhibited ca. 3- and 4.17-fold increased potency, 

respectively, compared to free Cu(TPZ)2 (25.38 ± 3.78 µM). This could be attributed to 

enhanced liposomal interactions and penetration within the spheroid models, compared to the 

lipophilic complex that interacts with the periphery of the spheroids, which potentiates the 

complex activity [33]–[35]. Surprisingly, contrary to the monolayer results, the IC50 value for 

DSPC-Cu(TPZ)2 could not be determined in this 3D model since 50% cell viability could not 

be reached within 72 hours of incubation (data not shown). 

 

3.5 Cu(TPZ)2-loaded liposomes potentiate the toxicity of X-ray radiation in PCa 

spheroids 

Hypoxia is known to limit the efficacy of radiotherapy in cancer [36]. Thus, to assess the 

efficacy of our liposomal formulations in combination with radiotherapy, C4-2B PCa spheroids 

with a diameter of ~500 µm, were incubated with 10 µM of total TPZ as free Cu(TPZ)2, DOPC- 

Cu(TPZ)2 or DSPC-Cu(TPZ)2 liposomes for 24 hours followed by X-ray irradiation at a single 

dose of 7 or 10 Gy. Non-irradiated (0 Gy) spheroids were used as a control. The changes in 

spheroid diameter were monitored using a bright-field spheroid imager for up to 22 days post-

treatment, as a direct measure of their growth. Figure 6 depicts the growth rate calculated as 

the slope of the curve determined by a linear regression analysis of the diameter change 

curves (Figure S5). 



Figure 6 

 

At the early stage of the treatment (day 0-11) it was evident that non-treated spheroids 

irradiated with 7 or 10 Gy exhibited slower growth rates calculated as the changes in diameter 

(µm) over this period of time (Δd / Δt) (~30 µm/day and 20 µm/day, respectively) than 

unirradiated spheroids (0 Gy, ~60 µm/day) (Figure 6, top panel), indicating the efficacy of 

radiation in our PCa spheroid model. In absence of radiation (0 Gy), all Cu(TPZ)2-treated 

groups showed almost 50% reduction in the growth rate compared to the control spheroids, 

confirming TPZ activity in all hypoxic spheroids. Promisingly, combining TPZ formulations with 

a single radiation dose of 7 or 10 Gy, significantly slowed down spheroids’ growth compared 

to the spheroids treated only with irradiation alone; however, no significant changes were 

observed between formulations combined with the same dose of radiation. 

At the later stage of the treatment (day 11-22), non-treated, non -irradiated spheroids exhibited 

a slower growth rate (~20 µm/day) compared to the early stage of the treatment (~60 µm/day) 

(Figure 6, bottom panel; Figure S5, right panel), which could be explained by their larger 

size, as already observed by others [37]. In contrast, all Cu(TPZ)2-treated spheroids without 

radiation showed faster growth rates due to their small size. Interestingly, both DOPC-

Cu(TPZ)2  and DSPC-Cu(TPZ)2 liposomes significantly reduced spheroid growth rate 

compared to radiation alone or in combination with the free Cu(TPZ)2, where the reduction in 

spheroid growth rate was radiation dose-dependent (Figure 6, bottom panel). These data 

represent a superior radiosensitization performance of both Cu(TPZ)2-loaded liposomes 

compared to the free complex. This effect could be attributed to an improved stability and 

cellular uptake along with a sustained release profile which increases the efficacy of 

radiotherapy in PCa. 

 

4. DISCUSSION 



TPZ is a well-established and clinically advanced HAP, known for its superior hypoxia 

selectivity [38]. However, a recent randomised clinical trial, for cervical cancer (Phase III), 

using radiation and cisplatin, resulted in no overall survival rate or benefit of chemo-

radiotherapy with TPZ [18]. Similar disappointing results were reported with other HAPs [39], 

[40], attributed to the hypoxia heterogeneity between patients, which highlights the importance 

of personalizing these treatments, using clinical hypoxia markers to standardise patient 

selection for relevant hypoxic tumours [40]. Furthermore, this translational failure of TPZ has 

been mainly attributed to its poor pharmacokinetics, decreased cellular uptake and limited 

tissue penetration [18], which could be overcome using drug delivery systems. Recently, 

different approaches have been developed to deliver TPZ, combined with other therapeutics, 

using covalent conjugation [13], [41] or nanoparticle encapsulation [34], [35], [42]–[45]. In 

these studies, TPZ encapsulation efficiency varied (2.4 – 77.41%) [13], [34], [41], [42], [44]–

[46], but generally resulted in loaded drug quantities < 300 µM, with the best results obtained 

using transferrin-TPZ (1:6) chemical conjugate (ca. 300 µM TPZ) [13]. Interestingly, despite 

the apparent low drug quantities, all these studies showed remarkable potentiation of TPZ 

activity, when used with other treatment modalities. Broekgaarden and co-workers were the 

first to report the encapsulation of TPZ in cationic liposomes, as a co-adjuvant therapy for 

photodynamic therapy (PDT) [46]. Their results showed an overall EE of 2.4% for TPZ in 

liposomes, which resulted in ca. 24 µM of TPZ [46]. In the present work, we report a novel 

approach to load TPZ into liposomes using copper-complexation (Cu(TPZ)2). Promisingly, the 

encapsulation efficiency of all our liposomal formulations, regardless of the lipid composition, 

was consistently high (>60%) with a total TPZ of ~400 µM, which demonstrates a 16-fold 

increase in the amount of encapsulated TPZ reported by others [46]. 

 

A range of remote loading methods have been reported to encapsulate therapeutics into 

liposomes [47].  An ion-gradient method has been used to remotely load drugs into liposomes 

with high encapsulation efficiency (>90%). The development of liposomes containing metal-

drug complexes has mainly focused on complexation occurring inside the liposome core [48]–



[51]. To date, cupric ions have been encapsulated into liposomes to drive doxorubicin (Dox) 

[48], topotecan [50] and mitoxantrone [52] loading. Copper ions have also successfully 

permeated the lipid bilayer and remotely loaded into chelator-containing liposomes, even in 

the absence of ion transported enhancers [53], [54]. Herein, we developed an alternative 

approach by remotely loading a preformed copper complex into different liposomal 

formulations. In contrast to Dox, where a pH-gradient is required [55], [56], our Cu(TPZ)2 

complex showed the maximum loading efficiency at neutral pH, using HBS pH 7.4 (Figure 

1A). The lower encapsulation efficiency observed using acidic intraliposomal pH (Figure 1A), 

could be attributed to complex dissociation [22], thus poor liposomal entrapment. The latter 

finding agrees with Kheirolomoom et al., where copper-Dox complexes showed higher stability 

at neutral pH compared to acidic conditions [48]. More interestingly, Cu(TPZ)2 loading 

behaviour into liposomes was similar to free cupric ions, which was not entirely temperature-

dependent (Figure 1B) [52], [54]. Nevertheless, the higher loading at 55°C could be attributed 

to the higher solubility and diffusion of the complex at a higher temperature, promoting its 

loading into liposomes. A similar trend was previously reported with unassisted loading 

methods of copper ions [53], [54]. Furthermore, the higher hydrophobicity of the complex (logP 

2.8) [22] could facilitate its bilayer permeation since the complex exhibited fast and high 

cellular uptake [22]. 

 

Our group previously reported the superior hypoxia selectivity and potency of Cu(TPZ)2 

complex compared to TPZ alone in C4-2B cells [22]. In the present work, these studies were 

extended in order to advance Cu(TPZ)2 biomedical applications by overcoming its limited 

water solubility via liposomal encapsulation. Promisingly, our Cu(TPZ)2 loaded-liposomes 

enhanced the complex cellular uptake (Figure 4) and its in vitro toxicity in 2D and 3D PCa 

models (Figure 5). Interestingly, the potency of the complex was fine-tuned by changing the 

liposome composition (Figure 5). For instance, both rigid DSPC- and DPPC-based 

formulations showed lower IC50 values in monolayers compared to the free complex, while 

unexpectedly, the fluid DOPC-based formulation had lower potency (Figure 5 A & B). These 



results could be explained by the Cu(TPZ)2 release profile differences, where the former 

formulations exhibited higher burst release compared to the slowly-releasing DOPC-based 

liposomes (Figure 3). However, further studies are warranted to elucidate their mechanism of 

toxicity in PCa monolayers.  Contrary to the simple PCa monolayer incubated under hypoxic 

conditions, both fluid and rigid liposomal formulations showed comparable toxicity and 

superior activity to the free complex in three-dimensional PCa, probably due to the deeper 

penetration of the liposomes within the tumour spheroids. This promising result demonstrate 

that loading the complex in a liposomal carrier improves its ability to penetrate complex 3D 

structures, replicating the avascular niche of the tumour hypoxic microenvironment and 

providing convincing evidence for likely efficacy in vivo or in patients. Targeting hypoxic areas 

of the tumour is specially challenging in cancer therapy.  Recently, liposomes were utilised in 

hypoxia-targeted chemotherapy. The hypoxic radiosensitiser-prodrug liposome proposed by 

Liu et al., had an average diameter of 170 nm measured by DLS [57], and the hypoxia 

responsive, tumour penetrating lipid nanoparticles proposed by Kulkarni et al., were 235 nm 

[58]. We believe that lowering the size of the formulation as shown in Table 1, could enhance 

the penetration into the tumour, and any improvement in the ability of the liposomes to deliver 

their loads deeper within the tumours will help diminish tumour regrowth and maximize the 

overall therapeutic index achieved. 

 

To date, all studies developing nanoparticles for TPZ delivery have focused on the strong 

combinatorial effects of small doses of TPZ with radiation [41], [43], PDT [42] and 

chemotherapy [13]; but failed to demonstrate any activity of TPZ-loaded nanoparticles alone. 

To the best of our knowledge, only two studies reported the potency of TPZ-loaded 

nanoparticles with an IC50 of 140 µM at 96 hours (under 3% O2) for mesoporous silica 

nanoparticles [34], and 98 µM at 24 hours (under 2% O2) for biomimetic metal-porphyrinic 

nanoparticles [44]. The data presented here showed, for the first time, the therapeutic potential 

of Cu(TPZ)2-liposomes as a monotherapy, which could be translated into higher therapeutic 

efficacy in vivo and reduced systemic off-target effects, as reported with vinblastine-N-oxide 



liposomes [59]. However, further studies are required to determine our liposomal formulations 

pharmacokinetic profile and their anti-tumour activity in PCa as a single or combined 

treatment. 

 

Radiotherapy is the gold standard of care for patients with localised PCa [60]. TPZ has been 

used to potentiate X-ray radiation efficacy in a SCCVII carcinoma model and in three other 

mouse tumours models of varying hypoxic fractions [61], but no reports yet in PCa. Previously, 

TPZ was chemically conjugated to gold nanorods, where in vitro results generated a sensitizer 

enhancement ratio (SER) of 1.25 compared to gold nanoparticles (SER of 1.05), which 

enhanced radiotherapy efficacy and reduced its systemic toxicity [41]. In another study, TPZ 

was loaded into silica nanoparticles and used as a radiosensitizer to inhibit the replication of 

cancer cells after a single low dose of radiotherapy, resulting in higher therapeutic efficacy in 

HeLa-tumour bearing mice [62]. In contrast to the published studies using silica and gold 

nanoparticles, where TPZ loading efficiency was relatively low, which could increase the 

potential risk of toxicity upon dose escalation, we pioneered a simple way to efficiently load 

TPZ into long-circulating, and clinically approved liposomes. Herein, we demonstrated for the 

first time the potential of Cu(TPZ)2-loaded  liposomes in combination with radiotherapy in a 

PCa model. Promisingly, both DOPC- and DSPC-Cu(TPZ)2 liposomes showed similar 

biological activity in terms of decreasing PCa spheroids growth rate in combination with 

radiation, which was superior to radiation alone or in combination with the free complex 

(Figure 5), where the latter could be attributed to the limited solubility of the complex [22]. 

However, further studies quantitively analysing Cu(TPZ)2-liposomes accumulation in the 

spheroids via elemental analysis, confocal microscopy and flow cytometry analysis are 

necessary to provide a better understanding of the mechanism of toxicity in combination with 

radiotherapy. Moreover, additional work will be carried out to enhance the potency of our 

liposomes in PCa models by evaluating different radiation regimens in combination with our 

Cu(TPZ)2-loaded liposomes. 

 



5. CONCLUSION 

The pre-complexation of TPZ to copper led to the development of a successful remote loading 

method in physiological HBS without the need for pH gradients or ionophores. This metal-drug 

complex yielded high EE of TPZ in all conditions tested and in three different liposomal 

formulations while overcoming the complex limited water solubility. Cu(TPZ)2-loaded 

liposomes improved the complex cellular uptake in monolayer, resulting in enhanced toxicity 

in both PCa monolayers and spheroids models, compared to the free complex. Finally, 

combining X-ray radiation with Cu(TPZ)2-loaded liposomes significantly reduced PCa 

spheroids’ tumour growth rate, highlighting the potentials of our Cu(TPZ)2-loaded liposomes 

in potentiating radiotherapy in PCa. Future studies evaluating our liposomal formulations' 

safety and therapeutic efficacy in vivo as a single or combinatorial therapy are warranted. 
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Figures and Tables 
 

 

 

 

 
 
 
Scheme 1. Preparation of Cu(TPZ)2-loaded liposomes using a remote loading method. MLV: 
multilamellar vesicles. SUV: small unilamellar vesicles. 

  



 

Figure 1. Preparation of Cu(TPZ)
2
-loaded liposomes. Effect of (A) intraliposomal buffer 

prepared at 55°C, and (B) incubation temperature on Cu(TPZ)
2
 encapsulation efficiency 

(EE%) into DOPC:Chol:DSPE-PEG
2000

, DPPC:Chol:DSPE-PEG
2000

 and DSPC:Chol:DSPE-

PEG
2000

 liposomes (5 mM, 95:50:5 molar ratio). All liposomes were incubated with Cu(TPZ)
2
 

at 140:1 lipid-to-complex molar ratio for 30 minutes, and the EE% was determined by HPLC. 

Data points represent the mean ± SD of triplicate samples of two independent experiments 

(n=2). Statistical analysis: Two-way ANOVA multiple comparison with Tukey Post-test (**** 

p<0.0001, compared to 20 and 37°C counterparts). (C) Drug loading of Cu(TPZ)
2
, and (D) 



concentration of encapsulated Cu(TPZ)
2
 at various lipid-to-complex molar ratios. Liposomes 

were incubated with Cu(TPZ)
2
 at different lipid-to-complex molar ratio for 30 minutes at 55ºC, 

followed by purification. The loaded liposomes are abbreviated as DOPC-Cu(TPZ)
2, 

DPPC-

Cu(TPZ)
2, 

DSPC-Cu(TPZ)
2
, respectively. At specified time-points drug loading and complex 

content were determined by HPLC, as described in the methods. Data is expressed as mean 

± SD for triplicate samples of three independent experiments (n=3). (E) Representative image 

of DOPC-Cu(TPZ)
2 
loaded at different lipid-to-complex molar ratios.  



 
 
Figure 2. Morphological characterisation of DOPC-Cu(TPZ)

2 
liposomes. Cryo-TEM 

micrographs of DOPC-Cu(TPZ)
2
 liposomes at varying lipid-to-complex molar ratios: 1:0 

(empty), 140:1, 60:1, 20:1. Some liposome agglomerates/aggregates are indicated by white 

arrows. Scale bar 100 nm. 

  



 

 

Figure 3. In vitro release profile of Cu(TPZ)
2
-loaded into different liposomes. 

DOPC:Chol:DSPE-PEG
2000

, DPPC:Chol:DSPE-PEG
2000

 and DSPC:Chol:DSPE-PEG
2000

 (5 

mM. 95:50:5 molar ratio) liposomes were incubated with Cu(TPZ)
2
 at 60:1 lipid-to-complex 

molar ratio for 30 minutes at 55ºC, followed by purification. The loaded liposomes are 

abbreviated as DOPC-Cu(TPZ)
2, 

DPPC-Cu(TPZ)
2, 

DSPC-Cu(TPZ)
2
, respectively. The release 

profile of Cu(TPZ)
2
-loaded liposomes incubated at 37ºC in (A) HBS buffer pH 7.4 for up to 48 

hours, and (B) in presence of 50% serum for up to 5 hours. Right Inset: continuous release in 

serum over 48 hours. The release (%) was determined by HPLC, after liposome purification. 

Data points represent the mean ± SD of triplicate samples of two independent experiments 

(n=2) and were fitted to a two-phase kinetics association model. Statistical analysis: Two-way 

ANOVA multiple comparison with Tukey Post-test (** p<0.01 and **** p<0.0001, compared to 

DOPC; 
## 

p<0.01, 
### 

p<0.001 and 
#### 

p<0.0001, compared to DSPC). 

  



 

Figure 4. Cellular uptake of DOPC-Cu(TPZ)
2
. C4-2B cells (1x10

5
 cells/well) were seeded 

overnight in 12-well plates and incubated with 10 µM of TPZ as Cu(TPZ)
2
 or DOPC-Cu(TPZ)

2
. 

Cell uptake was analysed using flow cytometry. The results are expressed as average ± SD 

(n = 3) of the relative MFI compared to the cells treated with Cu(TPZ)
2
. Statistical analysis was 

performed using Two-way ANOVA followed by Tukey post-test. * denotes significant 

differences in the uptake at different time points (* p<0.05, ** p<0.01, *** p<0.001). 

  



 

Figure 5. In vitro toxicity of Cu(TPZ)
2
-loaded liposomes in two dimensional and three- 

dimensional C4-2B cultures.  IC
50

 values in C4-2B prostate cancer cell line, following 

continuous exposure to Cu(TPZ)
2
 and Cu(TPZ)

2
-loaded liposomes (60:1, lipid-to-complex 

molar ratio), under hypoxic conditions (1% O2). Values were determined at (A) 48 hours and 

(B) 120 hours. Data was represented as mean ± SD of six replicates of three independent 

experiments (n = 3). Statistical analysis using Two-way ANOVA multiple comparison with 

Tukey Post-test was performed to compare multiple groups: (**** p<0.0001, compared to free 

Cu(TPZ)
2
; 

### 
p<0.001 and 

#### 
p<0.0001, compared to DOPC-Cu(TPZ)

2
 and

 $$$ 
p<0.001, 

$$$$ 

p<0.0001 compared to DPPC-Cu(TPZ)
2
). (C) C4-2B spheroids were incubated with different 

concentrations of free Cu(TPZ)
2
 and Cu(TPZ)

2
-loaded liposomes for 48 and 72 h, and IC

50
 

values, following continuous exposure to Cu(TPZ)
2
-loaded liposomes were calculated. Cell 

viability was assessed by the resazurin assay, with spheroids pre-treated for 30 minutes with 

EDTA (5 mM). Results were normalized to untreated control and expressed as mean ± SD for 

six replicates of at least two independent experiments (n≥2). IC
50

 values were determined by 

nonlinear regression analysis of the data fit to a four-parameter equation. Statistical analysis 

using Two-way ANOVA multiple comparison with Tukey post-test was performed to compare 

multiple groups: (**** p≤0.0001 compared to free Cu(TPZ)
2
). (GraphPad Prism version 7.0). 

  



 
 
Figure 6. Spheroid growth following Cu(TPZ)

2
-loaded liposomes and irradiation. C4-2B 

spheroids were incubated with 10 µM TPZ as Cu(TPZ)
2, 

and Cu(TPZ)
2
-loaded liposomes for 

24 hours then exposed to 7 or 10 Gy X-ray radiation doses. Drug treatments were removed 

24 hours after radiation and replaced with fresh media. Spheroids' diameters were measured 

to calculate the growth, and the results were expressed as growth rate of the spheroids after 

the treatment of control and irradiated spheroids. A total of 12 individual spheroids per 

condition were analysed in the experiment. Statistical analysis using Two-way ANOVA 

multiple comparisons with Tukey Post-test was performed to compare multiple groups. * 

denotes comparison vs. their respective control (* p<0.05, ** p<0.01, *** p<0.001) 
$
 denotes 

comparison vs Cu(TPZ)
2 
(
$ 
p<0.05, 

$$ 
p<0.01. (GraphPad Prism version 7.0). 

  



 

Table 1. Physicochemical properties of Cu(TPZ)
2
-loaded liposomes prepared at 

different lipid-to-complex molar ratios. DOPC:Chol:DSPE-PEG
2000

, DPPC:Chol:DSPE-

PEG
2000 

and DSPC:Chol:DSPE-PEG
2000

 (5mM phospholipid, 95:50:5 molar ratio) liposomes 

were prepared in HBS (pH 7.4) and incubated with varying lipid-to-complex molar ratios (200:1 

– 20:1) at 55°C for 30 minutes. The hydrodynamic size (Z-Ave), polydispersity, ζ-potential 

values, and EE% were determined for both empty (1:0) and Cu(TPZ)
2
-loaded liposomes 

(DOPC-Cu(TPZ)
2, 

DPPC-Cu(TPZ)
2, 

and DSPC-Cu(TPZ)
2
. Data was expressed as mean ± SD 

for triplicate samples of three independent experiments (n=3). 

 

Formulation 
Lipid:complex 

(mol:mol) 

Z-Ave 

(nm) 
PDI 

ζ-potential 

(mV) 
EE (%) 

D
O

P
C

-C
u

(T
P

Z
) 2

 

 

1:0 

 

126.9 ± 8.08 

 

0.09 ± 0.020 

 

- 11.3 ± 0.91 

 

N.A.* 

200:1 129.0 ± 5.35 0.13 ± 0.008 - 11.6 ± 0.24 68.39 ± 6.26 

140:1 131.8 ± 3.47 0.15 ± 0.024 - 10.9 ± 0.42 70.05 ± 5.82 

100:1 136.4 ± 6.34 0.15 ± 0.026 - 11.7 ± 0.77 67.93 ± 5.69 

60:1 140.3 ± 2.71 0.23 ± 0.033 - 10.9 ± 0.61 84.53 ± 9.22 

40:1 147.4 ± 2.86 0.25 ± 0.031 - 11.2 ± 0.54 76.04 ± 2.71 

20:1 181.8 ± 4.64 0.35 ± 0.037 - 13.4 ± 0.63 70.61 ± 10.39 

D
P

P
C

-C
u

(T
P

Z
) 2

 

 

1:0 

 

136.2 ± 7.19 

 

0.04 ± 0.008 

 

- 9.69 ± 0.74 

 

N.A.* 

200:1 138.4 ± 5.99 0.07 ± 0.030 - 10.2 ± 0.81 75.14 ± 11.10 

140:1 138.3 ± 7.23 0.06 ± 0.024 - 10.3 ± 0.28 70.48 ± 8.08 

100:1 139.1 ± 5.79 0.07 ± 0.020 - 10.7 ± 0.57 72.96 ± 11.76 

60:1 135.5 ± 2.38 0.19 ± 0.029 - 9.69 ± 0.74 70.52 ± 9.26 

40:1 149.7 ± 6.30 0.26 ± 0.016 - 9.81 ± 0.51 78.84 ± 8.44 

20:1 150.9 ± 7.90 0.35 ± 0.086 - 12.5 ± 0.76 87.41 ± 2.04 

D
S

P
C

-C
u

(T
P

Z
) 2

 

 

1:0 

 

136.9 ± 5.03 

 

0.05 ± 0.013 

 

-8.25 ± 0.32 

 

N.A.* 

200:1 137.3 ± 3.73 0.07 ± 0.024 - 9.91 ± 0.49 67.16 ± 3.10 

140:1 137.9 ± 2.72 0.05 ± 0.011 - 8.66 ± 0.43 59.60 ± 1.34 

100:1 139.3 ± 3.81 0.07 ± 0.017 - 10.2 ± 0.44 68.83 ± 2.19 

60:1 140.7 ± 1.92 0.11 ± 0.020 - 10.3 ± 0.70 71.13 ± 5.21 

40:1 145.9 ± 8.74 0.21 ± 0.037 - 10.7 ± 0.55 85.23 ± 9.18 

20:1 165.0 ± 6.88 0.29 ± 0.067 - 10.7 ± 0.58 81.45 ± 3.57 

 
 

* Not applicable. 
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