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Abstract

Purpose—Although copper (Cu) complexes have been investigated as anticancer agents, there 

has been no description of Cu itself as a cancer killing agent. A stealth liposomal Cu formulation 

(LpCu) was studied in vitro and in vivo.

Methods—LpCu was evaluated in prostate cancer origin PC-3 cells by a metabolic cytotoxicity 

assay, by monitoring reactive oxygen species (ROS), and by flow cytometry. LpCu efficacy was 

evaluated in vivo using intratumoral and intravenous injections into mice bearing PC-3 xenograft 

tumors. Toxicology was assessed by performing hematological and blood biochemistry assays, 

and tissue histology and Cu distribution was investigated by elemental analysis.

Results—LpCu and free Cu salts displayed similar levels of cell metabolic toxicity and ROS. 

Flow cytometry indicated that the mechanisms of cell death were both apoptosis and necrosis. 

Animals injected i.t. with 3.5 mg/kg or i.v. with 3.5 and 7.0 mg/kg LpCu exhibited significant 

tumor growth inhibition. Kidney and eye were the main organs affected by Cu-mediated toxicities, 

but spleen and liver were the major organs of Cu deposition.

Conclusions—LpCu was effective at reducing tumor burden in the xenograft prostate cancer 

model. There was histological evidence of Cu toxicity in kidneys and eyes of animals treated at 

the maximum tolerated dose of LpCu 7.0 mg/kg.
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INTRODUCTION

ROS are normal byproducts of metabolism and is usually kept under tight balance via 

intracellular redox reactions. ROS play a critical role in intracellular signaling and regulation 

of normal cellular processes (1). Most ROS are generated by the mitochondria during 
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metabolism of oxygen, but there is also evidence that NADPH oxidases contribute 

significant concentrations of ROS (2). Examples of ROS generated from oxygen are the 

superoxide anions (O2
−.), hydroxyl (.OH) free radicals, and hydrogen peroxide (H2O2), 

which is not a free radical but serves as an important source of ROS (3). Free radicals are 

atoms or molecules with unpaired electrons and are highly reactive. Excess ROS free 

radicals can cause intracellular damage by interacting with lipids and nuclear DNA, and can 

lead to denaturation or direct cleavage of proteins (3).

Of particular interest to us is the interaction between the un-reactive H2O2, which can cross 

biological membranes, with intracellular transition metals (such as Cu or iron) in what is 

known as the Fenton reaction (4); this reaction leads to the generation of highly reactive and 

cell damaging hydroxyl free radicals inside cells (5). ROS are present in various types of 

cancers at higher concentrations than in normal cells and such free radicals can play dual 

roles in cancer cell survival by stimulating cell proliferation and promoting tumorigenesis, 

destabilizing genes, and inducing adaptive responses (6); however, when the intracellular 

redox homeostasis of cancer cells is disturbed above a critical threshold, elevated 

concentrations of ROS can lead to significant disruptions in cellular processes and result in 

cell death (6).

Cu is a potential therapeutic transition metal for the generation of cytotoxic concentrations 

of ROS in cancer cells, and may potentially exhibit low side effects in normal tissues due to 

presence of various homeostatic mechanisms for import/export of Cu from the body. More 

specifically, several proteins have been identified that may play very important roles in Cu 

import and export in mammalian cells: copper transport protein CTR1 is a high affinity 

transporter protein found in the plasma membrane and in lysosomes/endosomes that is 

thought to be critical for the regulation and import of Cu into cells (7). Copper transport 

protein CTR2 is thought to be a low affinity transporter for the import of Cu and is 

predominantly also found in lysosomes/endosomes (7). Examples of Cu efflux transporters 

are the copper-transporting ATPase ATP7A which releases Cu into the bloodstream and 

copper-transporting ATPase ATP7B which releases Cu into the bile for excretion by the 

body. Both ATPases transport Cu into intracellular vesicles that fuse with the plasma 

membrane for indirect Cu release (7).

Drug delivery systems (DDS) such as liposomes can be utilized to formulate Cu. 

Formulation of a drug into a DDS can improve pharmacokinetic and pharmacological 

effects of the drug (8). Liposomes possess several advantages for encapsulation of the salt 

form of Cu. They can be easily fabricated to various sizes depending on desired in vivo 

behavior, are preferable for encapsulation of hydrophilic or amphiphilic small molecules, 

and can be easily modified for PEGylation or incorporation of a targeting ligand (9). The 

size of a liposome plays a very important role in prolonging circulation in vivo. It has been 

reported that liposomes averaging 100 nm in diameter have remarkably longer circulation 

times in rat blood compared to larger-sized liposomes (10). This prolonged circulation has 

been suggested to be due to small liposomes passing through fenestrations present in the 

hepatic sinusoidal endothelium of the liver (11), enabling them to evade phagocytosis by 

Kupffer cells. In the absence of targeting ligands, most DDS of appropriate size can 

preferentially target malignant tissues over normal organs by taking advantage of the 
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Enhanced Permeability and Retention (EPR) effect (12). The EPR effect depends on the 

defective and leaky blood vasculature and poor lymphatic drainage of tumor tissues for 

extravasation of nanoparticles into the tumor area, typically absent in normal vasculature. 

Although Cu complexes have been synthesized as anticancer agents (13, 14), the potential 

therapeutic effect of Cu itself has not yet been investigated. The mechanism of action for 

different Cu complexes varies. A Cu complex bearing a 3-formylchromone 

thiosemicarbozone ligand inhibited PKB (an Akt protein) activity and caused NF-κB 

inactivation in K-ras mutant human pancreatic COLO-357 cancer cells, leading to 

significant tumor reduction in an established orthotopic animal model of pancreatic cancer 

(15). Another study reported on two isatin-Shiff base Cu complexes with pro-apoptotic 

activity. Interestingly, the extent of apoptosis induced in SH-SY5Y neuroblastoma cells 

correlated with intracellular Cu uptake (16). Although highly potent, these novel Cu 

complexes suffered from poor water solubility and bioavailability, which could significantly 

limit their pharmaceutical development.

Here, a stealth liposomal formulation of Cu (LpCu) was prepared and its anticancer 

properties in relation to metabolic toxicity, ROS production, and cell death mechanism were 

characterized in cultured PC-3 prostate cancer cells. The antitumor efficacy of the 

formulation was evaluated in a PC-3 xenograft tumor mouse model. Tissue distribution of 

Cu, histology, and hematologic analyses in animals are also reported.

MATERIALS AND METHODS

Materials

Copper chloride (CuCl2), copper sulfate pentahydrate (CuSO4·5H2O), bicinchoninic acid 

disodium salt hydrate (BCA), resazurin sodium salt and tert-butyl hydroperoxide (TBHP) 

were purchased from Sigma-Aldrich (St. Louis, MO). Dipalmitoylphosphatidylcholine 

(DPPC), dipalmitoylphosphoethanolamine-N- [methoxy(polyethylene glycol)-2000] 

ammonium salt (DPPE-PEG2000) and cholesterol were purchased from Avanti Polar Lipids 

(Alabaster, AL). Dulbecco’s Modified Eagle Medium (DMEM), Dulbecco’s phosphate 

buffered saline (DPBS), Hank’s balanced salt solution (HBSS), fetal bovine serum (FBS) 

and 1% penicillin/streptomycin were purchased from Cellgro (Manassas, VA). The 

fluorescent dye 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) was purchased from 

Life Technologies (Grand Island, NY). DC protein assay kit was purchased from BIO-RAD 

(Hercules, CA). For flow cytometry, Annexin V-FITC apoptosis detection kit I containing 

propidium iodide was purchased from BD Biosciences (San Jose, CA). Alanine 

aminotransferase (ALT), aspartate aminotransferase (AST) and creatinine (Cr) ELISA kits 

were purchased from MyBioSource (San Diego, CA). All other chemicals were reagent 

grade or better.

Preparation of Stealth Liposomal Cu (LpCu)

Stealth liposomes were prepared by the hydration-extrusion method by incorporating 5% 

PEGylated lipids (DPPE-PEG2000) into the total phospholipid concentration (17). Briefly, 

lipid mixtures of DPPC, cholesterol and DPPE-PEG2000 at a molar ratio of 80:50:4 (µmol) 

were dissolved in chloroform and the solvent was evaporated on a rotary evaporator under 
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vacuum. Non-PEGylated liposomes were prepared without the addition of DPPE-PEG2000. 

Next, 100 mM (or other concentrations) of CuCl2 (or CuSO4) solution was used to hydrate 

the thin film of lipids that formed on the wall of the round bottom flask, while rotating in a 

55 °C water bath for 30 minutes. The resulting multilamellar vesicle (MLV) suspension was 

subjected to three freeze-thaw cycles before being extruded 11 times through a 100 nm 

polycarbonate membrane filter (Whatman, Springfield Mill, UK) via a Mini-Extruder Set 

(Avanti Polar Lipids) to generate large unilamellar vesicles (LUVs) encapsulating the Cu 

salt. Residual un-encapsulated Cu was removed by size exclusion chromatography by 

passing the suspension through a desalting PD-10 column (GE Healthcare, Waukesha, WI) 

and eluting with either ddH2O (for short-term storage and in vitro experiments) or 0.9% 

sodium chloride (for in vivo administrations into mice). Saline liposomes were prepared by 

encapsulating normal saline solution instead of CuCl2 solution.

Encapsulation Efficiency of Cu in Liposomes

A modified colorimetric assay was used to determine Cu concentration in the liposomal 

suspension (18). Briefly, an aliquot of sample (1–5 µl) was dissolved in 20 µl methanol and 

diluted with ddH2O (~1 ml) to release encapsulated Cu from liposomes. Next, Cu2+ was 

reduced to Cu+ with ascorbic acid and 1 ml of 0.2 mM BCA was added to the solution 

(forming a stable purple complex with Cu+). The absorption of the samples were measured 

at 562 nm with a SpectraMax Plus absorbance microplate reader (Molecular Devices, 

Sunnyvale, CA) and readings were fit to a standard linear calibration curve to calculate the 

concentration of Cu encapsulated in liposomes. Encapsulation efficiency (EE) was 

calculated by the following equation:

For example, when 1 ml 100 mM CuCl2 was used to rehydrate lipids, 2 ml LpCu suspension 

was obtained after eluting the suspension through the PD-10 column, for a Dilution Factor 

(DF) of 2. For 100 mM CuCl2, the final Cu encapsulation level was found to be 9.65±0.35 

mM, as measured by the colorimetric assay (Table 1), and therefore the EE calculated was 

19.3±0.7%.

Characterization of LpCu

A Zetasizer Nano ZS (Malvern Instruments, UK) was used for dynamic light scattering 

(DLS) and zeta-potential measurements. The cumulant diameters of samples were calculated 

by the Stokes-Einstein equation (automatically calculated by instrument software) and are 

reported as Z-average diameters. The instrument also generated a polydispersity index (PDI) 

for each sample, indicative of the particle size distribution. Zeta-potentials were measured 

with U-shaped disposable capillary cells. Three separate measurements were conducted for 

each formulation and results reported as mean ± standard deviation (MEAN±SD). Colloidal 

stability of LpCu in pure serum was assessed by incubating 0.1 ml LpCu formulations in 3 

ml FBS at 37 °C for up to 48 hours and monitoring particle size distribution of samples with 

DLS at 0, 24 and 48 hour time points.

In Vitro Release Studies

A 1 mL aliquot of various LpCu suspensions were sealed in dialysis membranes (MWCO 

10,000) and dialyzed against 1000 mL of 0.9% NaCl solution at 4 °C, 25 °C and 37 °C. The 
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outer solution was refreshed every 12 hours to mimic sink conditions. A 10 µl aliquot of 

LpCu from each formulation was removed from the dialysis bag at the indicated time points, 

to assay for Cu concentration (via the colorimetric assay). Results reported are the average 

of triplicate experiments.

Cell Metabolic Viability Studies

The PC-3 human prostate cancer cell line was obtained from American Type Culture 

Collection (ATCC, Rockville, MD). Cells were cultured at 37 °C/5% CO2 in DMEM 

supplemented with 10% (v/v) heat-inactivated FBS, 2 mM L-glutamine, 100 U.I./ml 

penicillin and 100 µg/ml streptomycin. Cells were seeded into 96-well plates at a density of 

5000 cells per well and allowed to adhere for 24 hours prior to the cytotoxicity assay. Cell 

viability was measured by a resazurin-based metabolic assay (19). Specifically, after 24 

hours of exposure to Cu or LpCu, 10 µl resazurin PBS solution (440 µM) mixed with 90 µl 

of antibiotic-free DMEM containing 10% FBS were added to each well and incubated for 2 

hours. The fluorescence in each well was read with a SpectraMax Gemini EM microplate 

reader (Molecular Devices, Downingtown, PA) by excitation at 560 nm and emission at 590 

nm. Readings from wells without cells were used as blanks. The reading taken from control 

cells (only medium added) or Econtrol represented 100% cell viability and sample viability 

was calculated as Esample/Econtrol×100%. Since resazurin is non-toxic to cells, the medium 

was substituted with fresh antibiotic-free, serum containing-DMEM and incubated at 37 °C 

for another 24 hours prior to measuring cell viability at the 48 hour time point (measured 

again via the resazurin assay).

Intracellular ROS Production

Intracellular concentrations of ROS were quantified with the pro-fluorescent substrate 

H2DCFDA (20). Briefly, PC-3 cells were seeded into 96-well plates at a density of 25,000 

cells per well and allowed to adhere for 24 hours. Afterwards, cells were incubated with 100 

µl of 25 µM H2DCFDA in DPBS buffer for 30 minutes. The cells were washed with DPBS 

to remove extracellular H2DCFDA prior to addition of the formulations (suspended in 10% 

FBS/DMEM). The oxidizing agent TBHP was added to wells at a final concentration of 100 

µM and was used as the positive control. LpCu and CuCl2 were added to wells at a final 

concentration of 122 and 154 µM respectively; concentrations chosen corresponded to 

respective IC50 as determined by the metabolic cell viability studies. Intracellular cleavage 

and oxidization of the pro-fluorescent substrate H2DCFDA into its active fluorescent form 

2’,7’-dichlorofluorescein (DCF) correlates directly with intracellular levels of ROS. The 

fluorescence intensity was measured (Ex/Em = 485/535 nm) at 1.5, 6, 24 and 48 hour time 

points following addition of Cu or LpCu. At each time point, total protein concentration was 

also measured for each well using the BIO-RAD DC protein assay kit; resulting 

fluorescence readings normalized to total protein concentrations are reported for the 

different treatment groups.

Cell Death Mechanism Study with Flow Cytometry

PC-3 cells were seeded in 60 cm2 cell culture dishes and incubated at 37 °C/5% CO2 for 24 

hours. Cells were then treated with either 122 µM LpCu or 154 µM CuCl2 (at their IC50), or 

PBS as the negative control. After 48 and 72 hours of incubation with the formulations, both 
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dead and live cells were collected, washed with PBS, and resuspended in binding buffer (10 

mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a final concentration of 

1×106 cell/ml. Next, 1×105 cells were stained with the Annexin V-FITC apoptosis detection 

kit I by incubating at room temperature for 15 minutes. Then, 400 µl binding buffer was 

added to each sample and the cells were analyzed with a FACSCalibur flow cytometer. The 

data was analyzed with FlowJo® software (version 10.0.6).

Antitumor Efficacy

PC-3 cells were allowed to reach 70% confluence on 60 cm2 plastic tissue culture plates 

before harvesting. Approximately 1×106 cells suspended in 100 µl HBSS were inoculated 

subcutaneously into the right flanks of 8-week-old male athymic nude mice (Harlan 

Laboratories, Indianapolis, IN). When tumors reached a size of about 50 mm3, animals were 

randomly divided into two groups (n=6) and administered either a solution of LpCu at 3.5 

mg/kg or normal saline by i.t. injections; mice were treated every four days for a total of 

three doses. In another set of animal experiments, PC-3 tumor-bearing nude mice were 

randomized into five groups (n=5 or 6) and administered LpCu at 3.5 mg/kg, LpCu at 7 

mg/kg, CuCl2 at 3.5 mg/kg, saline in liposomes, or saline by i.v. injections every four days 

for a total of three doses. Animals that displayed signs of severe acute toxicities (weight 

loss, hunched posture, and/or reluctance to move) were promptly euthanized prior to 

collection of blood and tissue samples. All tumors were measured daily with a caliper and 

tumor volume was calculated as an ellipse by using the following formula: volume = π × 

abc/6, where a, b and c are the orthogonal diameters of tumor. Animal body weights were 

also monitored daily to assess for evidence of acute toxicities. All animal experiments were 

performed in accordance with the guidelines and protocols approved by the University of 

Wisconsin-Madison’s Institutional Animal Care and Use Committee.

Blood Analysis, Histology, Tissue Cu Concentration and Distribution

At the end of the antitumor efficacy study, animals injected i.v. with LpCu formulations 

were euthanized by carbon dioxide inhalation, and blood and serum samples were collected. 

Complete blood counts were obtained with a VetScan HM2 system. ALT, AST and Cr 

serum concentrations for all animals were initially analyzed with respective ELISA kits by 

following manufacturer protocols, but unfortunately ELISA kits did not give results in 

standard units so samples within the same treatment groups were pooled and sent in for 

analysis by the Clinical Pathology Laboratory of the Veterinary Medical Teaching Hospital 

at the University of Wisconsin-Madison.

Several different organs were collected for histology and tissue analysis. For histology: lung, 

brain, liver, spleen, kidney, eye and tumor tissues were fixed in 10% buffered formalin 

solution, processed for histology by sectioning at 5 µm, and stained with hematoxylin and 

eosin. Microscopic images were acquired on an Olympus BX-51 microscope. Tissue slides 

were analyzed by a diagnostic pathologist at WVDL.

For Cu concentration and distribution studies, liver, spleen, kidney, eye and tumor tissues 

from animals within the same treatment groups were pooled and sent to WVDL for 
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elemental analysis by ICP/MS to quantify Cu levels in the different organs. Results reported 

are based on wet weight of the tissue.

Statistical Analyses in Animal Studies

In the antitumor efficacy studies, data are presented as mean ± standard error of the mean 

(MEAN±SEM). A two-way ANOVA was used to compare tumor growth rates by evaluating 

the statistical difference between treatment and control groups; a p < 0.05 was considered 

statistically significant. Prism 5 software (GraphPad, San Diego, California) was used for all 

analyses and graphs.

RESULTS

Preparation of LpCu

Formulations of LpCu, two Cu salts CuCl2 and CuSO4 at concentrations ranging from 100 

to 500 mM were investigated (Table 1). The EE for both Cu salts was very similar, with 

values ranging from 19–21% regardless of the salt form or initial Cu concentration. All the 

formulations were prepared by the hydration-extrusion method and had similar narrow size 

distributions with PDI < 0.1. The formulations were characterized by mean diameters of 

about 148 nm with PDI of 0.075 for CuCl2 and 146 nm with PDI of 0.069 for CuSO4. 

Similarly, the zeta-potential of all the formulations ranged from −6 to −10 mV after 

PEGylation and was slightly negative due to presence of the DPPE-PEG2000 on the 

liposomal surface (DPPE contains an anionic head group). Due to the high aqueous 

solubility of Cu salts, Cu ions distributed evenly both within and outside of liposomes 

regardless of the initial Cu concentration. As a result, the EE of Cu was mainly determined 

by the internal aqueous capture volume of liposomes, which is dependent on lipid 

composition, size, morphology and lamellarity (21). For example, for 134 µmol of total 

lipids utilized in each liposomal preparation and an average EE of 20%, approximately 0.2 

of every 1.0 ml aqueous volume was entrapped by liposomes; dividing the encapsulated 

volume by the mole quantity of lipids resulted in a unit capture volume of 1.5 µl/µmol for 

the formulations. This unit capture volume estimate is in agreement with other reported 

values for LUVs (21).

Physical Characterizations

The colloidal stability of LpCu in pure serum was assessed by incubating liposomes in FBS 

at 37 °C and monitoring for signs of aggregation by DLS for up to 48 hours (Table 2). 

Immediately after incubation, the mean diameter of liposomes encapsulating CuCl2 

averaged 163 nm with PDI of 0.171 and 168 nm with PDI of 0.159 for CuSO4; the larger 

PDI indicated wider size distributions. The diameters were also slightly larger than those 

dispersed in aqueous media (Table 1) and the differences were most likely due to the 

adsorption of serum proteins onto the liposomal surface in spite of the presence of PEG. The 

mean diameter for liposomes encapsulating CuCl2 and CuSO4 after 24 hours of incubation 

was 160 nm with PDI of 0.175 and 166 nm with PDI of 0.163 respectively. The mean 

diameter for liposomes encapsulating CuCl2 and CuSO4 after 48 hours was 162 nm with 

PDI of 0.180 and 167 nm with PDI of 0.169 respectively. There was no aggregation or 

Wang et al. Page 7

Pharm Res. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



dramatic changes in the size distributions for the formulations when incubated in pure serum 

at 37 °C.

In vitro release properties of LpCu were evaluated at 4 °C, 25 °C and 37 °C. The in vitro 

release study was conducted using various concentration of Cu in liposomes; final Cu 

concentrations encapsulated ranged from about 10–50 mM for both CuCl2 and CuSO4 

(based on EE of 100–500 mM initial Cu solutions, Table 1). The release profiles of Cu from 

LpCu, for both Cu salt forms, were independent of the encapsulated Cu concentration. When 

dialyzed at 4 °C, ca. 4% Cu was released after 72 hours and < 7% released after two weeks 

(only release data for the first 3 days is shown in Fig. 1); when LpCu samples were stored in 

glass vials at 4 °C instead of being dialyzed against 0.9% NaCl solution, Cu release was < 

1% after two weeks (data not shown). At 25 °C, the release of Cu from LpCu was < 20% 

after 72 hours of dialysis against 0.9% NaCl. The release of Cu from liposomes at 37 °C 

proceeded at a much faster rate, with an approximate time to 50% release (t1/2) of about 30 

hours and 95% release after 72 hours. The release profiles and half-lives were nearly 

identical for all the formulations at all concentrations tested (see Supplemental Information, 

Fig. 1s). A representative set of release profile for LpCu prepared from 100 mM CuCl2 is 

shown (encapsulated Cu concentration ~10 mM) (Fig. 1).

Cytotoxicity of LpCu

The in vitro metabolic cytotoxicity of LpCu formulations was assessed on PC-3 cells after 

24 and 48 hour incubations (Fig. 2). Cytotoxicity data were very similar for both Cu salt 

forms. The IC50 of CuSO4 after 24 and 48 hours decreased from 327 to 136 µM and the IC50 

of CuSO4 formulated in liposomes decreased from 585 to 167 µM (Fig. 2a, 2b). Similarly, 

the IC50 of CuCl2 decreased from 302 to 154 µM and the IC50 of CuCl2 formulated in 

liposomes decreased from 383 to 122 µM respectively (Fig. 2c, 2d). In vitro, there was no 

significant difference in cytotoxicity between the free salt form of Cu and LpCu. Due to the 

similar cytotoxicity results, only LpCu formulated with the CuCl2 salt was investigated 

further. The effect of PEGylation (Fig. 2s), incubation time (Fig. 3s) and serum 

concentration (Fig. 4s) on the cytotoxicity of LpCu and free Cu were also investigated (see 

Supplemental Information). Results indicated that incorporation of PEG did not inhibit 

uptake of stealth liposomes compared to un-PEGylated liposomes, both formulations had 

similar antiproliferative effects. The length of incubation time with LpCu and CuCl2 was 

more critical. The 24-hour incubation time resulted in greater metabolic cytotoxicity than 4-

hour incubation time. Decreasing the serum concentration in media from 10% to 2% did not 

affect LpCu cytotoxicity, but free Cu cytotoxicity was increased in reduced serum.

Intracellular ROS

An assay to detect the presence of free radicals in cells treated with CuCl2 and LpCu was 

used to investigate whether the uptake of Cu by cells could increase intracellular ROS 

concentrations. The pro-fluorescent substrate H2DCFDA is deacetylated to H2DCF after 

entering cells, and only becomes oxidized to the more fluorescent DCF form in the presence 

of intracellular ROS; keeping in mind that oxidation of H2DCFDA is not specific to any 

particular free radicals, the assay can be utilized to quantify overall concentrations of ROS 

generated in cells over time. Untreated PC-3 cells were used as negative controls. Cells 
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treated with the oxidizing agent TBHP at 100 µM final concentration was the positive 

control, and LpCu and CuCl2 were added to cells at their respective IC50 concentrations 

(122 and 154 µM respectively). Addition of TBHP to cells resulted in immediate ROS 

production within 1.5 hours of treatment, with a gradual increase over 48 hours (Fig. 3). 

Similarly, LpCu and CuCl2 treatments induced a slower, gradual increase of cellular ROS 

up to 48 hours. There was significantly more ROS at 24 hours generated in cells treated with 

LpCu compared to CuCl2 (p < 0.01), but this difference did not reach statistical significance 

at 48 hours (p >0.05). Compared to the negative control group, LpCu treatment resulted in 

3.5 and 3.9 fold production of ROS at 24 and 48 hour time points (p < 0.01), respectively. 

CuCl2 treatment resulted in 2.9 and 3.8 fold production of ROS at the 24 and 48 (p < 0.01) 

hour time points respectively compared to the negative control.

Mechanism of Cell Death

Flow cytometry was utilized to probe for evidence of cell cycle arrest but there was no 

evidence of this mechanism noted in control or treatment groups (see Supplemental Info, 

Fig. 5s). A flow cytometry assay was used to probe for both apoptosis and necrosis after 

incubating cells with LpCu or CuCl2 for 48 and 72 hours. Both live and dead cells were 

collected and stained with Annexin V-FITC and PI. In apoptotic cells, the membrane 

phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of the 

plasma membrane, allowing for Annexin V protein to specifically bind exposed PS; viable 

cells with intact membranes exclude PI whereas the membranes of dead and damaged cells 

are permeable to PI. Therefore, viable cells become both Annexin V-FITC and PI negative; 

cells in the early apoptosis stage become Annexin V-FITC positive and PI negative; cells 

that are in late apoptosis or already dead become Annexin V-FITC and PI positive; necrotic 

cells become Annexin V-FITC negative and PI positive. More than 90% control PC-3 cells 

(untreated) were viable both at 48 and 72 hours whereas all cells treated with CuCl2 and 

LpCu displayed evidence of apoptosis; a population of cells treated with LpCu (but not 

CuCl2) was also found to be necrotic, indicating that LpCu induced both apoptosis and 

necrosis in PC-3 cells (Fig. 4).

Antitumor Efficacy of LpCu

The in vivo antitumor efficacy of LpCu was investigated via both the i.t. and i.v. routes in a 

PC-3 xenograft nude mouse tumor model. Approximately 3.5 mg/kg of LpCu was directly 

injected into the tumor (i.t.) after tumors reached an initial size of 50 mm3. A total of three 

treatments were given on Days 0, 4, and 8 (Fig. 5a). Compared to saline treated mice, tumor 

volumes were significantly reduced by Day 12. The mean tumor volume of treated mice was 

ca. 44% smaller than that of control groups after the three injections (p < 0.01). No acute 

toxicity was observed for LpCu at the concentration administered (Fig. 5b); a body weight 

loss of 15% would have indicated acute toxicity in animals.

Prior to investigating the antitumor efficacy of LpCu by i.v. administration, a maximum 

tolerated dose (MTD) study was conducted by injecting escalating doses of LpCu 

encapsulating 10–50 mM Cu (formulated from initial Cu stock of 100–500 mM) and 

corresponding to 3.5–17.5 mg/kg (same injection volume) into normal mice; the MTD was 

found to be 7.0 mg/kg and was defined as the highest dose of LpCu that could be safely 
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administered to animals without causing death or obvious side effects. When higher dosages 

of LpCu were injected (formulated from initial 300, 400, or 500 mM CuCl2), severe 

toxicities were observed after a few days and resulted in the death or euthanasia of the mice. 

Subsequently, two LpCu dosages, 3.5 mg/kg and 7.0 mg/kg, were tested in tumor bearing 

mice. A total of three treatments on Days 0, 4 and 8 were administered by i.v. injection after 

the tumor reached a size of 50 mm3. Free CuCl2 were also administered to tumor bearing 

mice at a dose of 3.5 mg/kg, however, two out of five mice were found dead three days after 

the first dose, and the other three were hunched and lethargic, so CuCl2 administrations was 

discontinued and the mice in this group were euthanized at day 4. Both LpCu 3.5 mg/kg and 

7.0 mg/kg significantly reduced tumor burden in all animals compared to the saline control 

(Fig. 6a). By Day 12, the tumor volume of animals treated with LpCu 3.5 mg/kg and 7.0 

mg/kg were reduced by ca. 23% (p < 0.05) and 51% (p < 0.01) respectively compared to the 

saline control group. Mice receiving saline liposomes had similar tumor growth rates as the 

control group, indicating that empty liposomes were not effective and that it is the Cu in 

LpCu that inhibited tumor growth. The efficacy of CuCl2 was inconclusive because animals 

either died of copper toxicity or were euthanized at an earlier time point (day 4). No acute 

signs of toxicity were observed for LpCu at the concentrations administered (Fig. 6b). Sharp 

decreases in body weight were observed in mice receiving CuCl2 treatment (14% decrease 

from pre-injection body weight), indicative of acute toxicity for CuCl2 at the 3.5 mg/kg 

dosing.

Hematology and Blood Biochemistry

Mouse whole blood and serum samples were collected from euthanized mice and analyzed 

with complete blood counts and several biochemical parameters, including AST, ALT and 

Cr, were measured (Table 3). The reported serum AST concentration might have been 

falsely increased due to slight hemolysis during sample collection and preparation; 

otherwise both AST and ALT concentrations were similar across groups. Cr concentrations 

were similar among the groups treated with saline, saline liposome, LpCu 3.5 mg/kg and 

LpCu 7.0 mg/kg, but it was much lower in the CuCl2 group. Although the lack of standard 

deviation makes it difficult to compare the difference statistically, the results with ELISA 

assay kits (see supplemental information Table 1s) replicated the same trend. In the 

hematology parameters, CuCl2 treated mice had less white blood cells, particularly less 

granulocytes, but increased platelet count and increased platelet hematocrit compared with 

the control group. These hematologic abnormalities were not observed in LpCu treated 

mice.

Histology

On Day 12 of animal studies, i.v. treated mice were euthanized and brain, liver, lung, spleen, 

kidney, eyes and tumor were collected for processing and evaluation by a pathologist at the 

WVDL (D. Lyman). Liver and spleen were collected because they are the two major organs 

that preferentially accumulate LUVs (22–24). Eyes, brain and kidney were also collected 

because they are the organs reported to be most affected by Cu-mediated toxicities other 

than liver, both in Wilson’s disease and other acute Cu intoxication conditions (25–29). 

Lung was collected because it comprised the largest capillary bed in the animal and is 

known to be susceptible to ROS damage. Results revealed that there were no pathological 
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changes in the brain, liver, spleen or lung tissues of Cu treated mice. In the higher dosage 

group (LpCu 7.0 mg/kg), renal and retinal lesions were observed. Four out of six animals 

exhibited mild to moderate renal damage, including tubular proteinosis and signs of cellular 

necrosis (Fig. 7a, 7b). Two of six animals displayed signs of severe apoptotic retinopathy 

(Fig. 7c), and three out of six animals displayed ocular damage including iridal synechia 

(Fig. 7d). At the dose of LpCu 3.5 mg/kg, pathological changes were very mild in the eyes 

and not found in kidney (Fig. 7e, 7f). Mice treated with CuCl2 3.5 mg/kg displayed similar 

levels of renal lesions to LpCu 7.0 mg/kg, including renal tubular necrosis, dilation, and the 

presence of proteinaceous fluid. The histological results are summarized in Table 4. 

Interestingly, tumors from LpCu treated groups (Fig. 8b) displayed similar levels of mitotic 

activity and aggressiveness to that of controls (Fig. 8a), and there were no obvious evidences 

of apoptosis or necrosis in the tumor tissues of all animals.

Tissue Distribution of Cu by Elemental Analysis

Cu concentrations in liver, spleen, kidney, eye and tumor were analyzed by ICP/MS. Only 

animals receiving three doses of LpCu 3.5 mg/kg and LpCu 7.0 mg/kg were analyzed and 

compared with controls; animals receiving just one dose of CuCl2 were not analyzed 

because the deposition of Cu after direct administration has already been reported (25–29). 

As expected, liver and spleen were the major organs of Cu deposition (Fig. 9) due to 

preferential accumulation of liposomes into these major organs. There was an 8.4 fold 

increase of Cu in liver (p < 0.01) and 14.6 fold increase of Cu in spleen (p < 0.01) in mice 

treated with LpCu 7.0 mg/kg relative to control. There was a 2.0 fold increase of Cu in liver 

(p < 0.01) and 3.6 fold increase of Cu in spleen (p < 0.01) in mice treated with LpCu 3.5 

mg/kg relative to control. In tumor tissues, Cu concentration in the LpCu 7.0 mg/kg and 

LpCu 3.5 mg/kg treatment groups were not statistically different (p > 0.05); however with 

respect to control, there was a 1.3 fold increase of Cu for LpCu 7.0 mg/kg (p < 0.05) and 1.4 

fold increase of Cu for LpCu 3.5 mg/kg (p < 0.05). Kidney and eyes had the most severe Cu-

mediated histologically evident damage, but the Cu concentrations in these organs were not 

elevated by the time the mice were euthanized for tissue collection. Cu concentrations in 

kidneys of control and all treated groups were not statistically different (p >0.05); Cu 

concentrations in eyes of animals administered LpCu 3.5 mg/kg were not statistically 

different from controls (p > 0.05), but eyes of animals treated with LpCu 7.0 mg/kg had 

significantly lower Cu concentrations than animals treated with LpCu 3.5 mg/kg or controls 

(p < 0.01).

DISCUSSION

Cu is an essential element found in all living organisms, playing a critical yet complicated 

role in redox chemistry. Although Cu complexes have been investigated as potential 

anticancer agents, little attention has been paid to understanding the effect of Cu itself on 

cell proliferation and tumor inhibition. In this study, we report on the optimized formulation 

of two Cu salts (CuCl2 and CuSO4) into liposomes and investigated Cu-mediated anticancer 

properties in vitro and in vivo, with supporting histology and tissue distribution studies.
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Two Cu salts CuCl2 and CuSO4 were investigated for loading into liposomes. Since the 

aqueous solubility of Cu salts are very high (ca. 620 mg/ml for CuCl2 and 320 mg/ml for 

CuSO4 at 20°C), there were no solubility issues observed for any of the initial stock Cu 

concentrations investigated, and these stock solutions were stored at 4°C for several weeks 

with no evidence of precipitation. Regardless of the initial Cu concentration used for 

liposomal encapsulation, comparable size, surface charge, PDI, EE and capture volumes of 

ca. 1.5 µl/µmol total lipids were obtained for all the formulations (Table 1). There were no 

significant changes in particle size and PDI for all the formulations when liposomes were 

incubated in FBS at 37 °C for 0, 24, and 48 hours (Table 2), indicative of LpCu 

formulations’ stability in serum. DPPE-PEG2000 (5 mole percent with respect to total DPPC) 

was utilized to formulate stealth liposomes because this percentage was previously reported 

to cover 100% of the total liposomal surface for optimal colloidal stability and prolonged 

pharmacokinetics in vivo (30). The release profiles were almost identical regardless of the 

salt form or initial Cu concentration encapsulated in liposomes. For all formulations, there 

was < 20% Cu released at 25°C after 72 hours and at 37 °C the formulations were 

characterized by similar half-lives of ca. 30 hours (Fig. 1s). Such consistent release data 

suggest that all Cu ions were encapsulated within the aqueous core of liposomes and 

released by diffusion through the lipid bilayer at a constant rate. The release of Cu ions from 

liposomes was much faster at 37 °C compared to 25 °C (or 4 °C) mainly due to increased 

lipid fluidity; DPPC has a known phase transition temperature of 41oC although the 

incorporation of cholesterol into the lipid bilayer is known to increase this transition 

temperature up to 50 °C (31). The extremely slow release observed at 4 °C made it possible 

to store LpCu samples for up to two weeks without compromising the formulation 

properties.

The in vitro metabolic cytotoxicity of LpCu formulations was evaluated at 24 and 48 hours 

on the PC-3 human prostate cancer cell line (Fig. 2). Relatively high concentrations of LpCu 

and corresponding free copper salts were required before antiproliferative effects were 

observed (IC50 of LpCu and Cu salts ranged from 300–600 µM after 24 hours and ranged 

from 100–200 µM after 48 hours). When encapsulated in stealth liposomes, cellular uptake 

of Cu most likely occurred through endocytosis or liposome-cell fusion (32). At identical 

concentrations, the metabolic toxicities of free Cu salts were very similar to their liposomal-

encapsulated formulations. The uptake of free Cu into cells may have been regulated by a 

set of homeostatic processes involving several Cu-transporter proteins: CTR1 is a high 

affinity Cu transporter that is responsible for Cu uptake, whereas ATP7A and ATP7B are 

responsible for Cu export. It has been reported that elevated Cu concentrations can stimulate 

endocytosis and degradation of CTR1 in A2780, CaCo-2, MDCK, HEK293, HepG2, HeLa 

cells and primary hepatocytes (33, 34). However, other conflicting reports also reveal no 

relationship between Cu stimulated endocytosis/degradation of endogenous CTR1 in 

HEK293 cells (33). Clearly, much is still unknown about Cu homeostasis and its 

relationship to CTR1 but because expression of the efflux transporter ATP7A has been 

reported to be endogenously very low in PC-3 cells (35), this may additionally help explain 

the comparable antiproliferative effects of free Cu and LpCu observed in PC-3 cells.

The intracellular ROS assay demonstrated that when PC-3 cells were incubated with either 

CuCl2 or LpCu at their IC50 concentrations, the intracellular redox homeostasis was 
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disturbed, resulting in a time-dependent and gradual increase of ROS over 48 hours. The 

increased production of ROS may have contributed to the decrease in metabolic cell 

viability observed for LpCu and CuCl2 (Fig. 2) since free radicals can damage DNA, 

interact with critical proteins and interrupt pathways involved in cellular processes (5). 

When LpCu and Cu-treated cells were assayed for apoptosis with flow cytometry at 48 and 

72 hours (Fig. 4), results confirmed that apoptosis was the primary mechanism of death for 

LpCu-treated cells after 72 hours, followed closely by cells that also displaying evidence of 

necrosis; in contrast, free CuCl2 mainly induced apoptosis. This difference may be attributed 

to the different routes of Cu uptake and trafficking in cells (e.g. liposomal-mediated 

endocytosis vs. free Cu uptake by copper transporter proteins).

Both i.t. and i.v. administration of LpCu resulted in significant reduced tumor burden in a 

PC-3 xenograft tumor model compared to saline controls. LpCu treatments successfully 

localized to the tumor sites since there was a 1.3 fold increase of Cu present in tumor tissues 

of mice treated with LpCu 7.0 mg/kg and a 1.4 fold increase of Cu in mice treated with 

LpCu 3.5 mg/kg (Fig. 8). However, the trend of tumor growth rates with respect to time for 

both i.t. and i.v. experiments indicated that LpCu treatments only decreased overall tumor 

burden, but had little effect on the tumor growth rate. This may be because the critical 

intracellular concentration of Cu required to disturb the redox homeostasis of cells could not 

be achieved in every tumor cell and is a major limiting factor in the anticancer efficacy of 

Cu-mediated therapy. Histology supports this interpretation since there was no evidence of 

major tumor tissue damage in the treatment groups (Fig. 8b) compared to control groups 

(Fig. 8a) in spite of the slightly elevated Cu concentrations.

Evidence of Cu-related toxicity was observed in kidney (Fig. 7a, 7b) and eye (Fig. 7c, 7d). 

The finding of renal and eye damage agree with several other reports on Cu-mediated 

toxicities (25–27, 29). Small divalent cations like Cu preferentially undergo renal clearance 

and it is known that when the amount of Cu exceeds the reserve functional capacity of the 

kidneys, damage can occur. However, elemental analysis did not detect elevated Cu 

concentrations in either kidneys or eyes of LpCu-treated animals at 3.5 mg/kg (Fig. 9) at the 

time of animal euthanasia and organ collection (Day 12). This could be due to a high 

turnover rate and rapid elimination of severely damaged (and Cu-containing) cells in both 

kidneys and eyes, but more studies are needed to understand the underlying mechanisms. In 

contrast, Cu content in eyes of LpCu 7.0 mg/kg dosage group was statistically lower than 

both control and LpCu 3.5 mg/kg treated groups. This seemingly contradictory result could 

be due to rapid clearance of damaged cells, and subsequent repair and scarring (leading to 

the eye lesions observed histologically) at the higher concentration. The glomerular limit of 

filtration for nanoparticles has been reported to be < 5.5 nm in mice (36). LpCu particles 

averaging ca. 140 nm could therefore not be renally cleared and the majority of LpCu 3.5 

and 7.0 mg/kg doses sequestered in liver and spleen of animals due to preferential uptake by 

the mononuclear phagocyte system (24). Nevertheless, this increased concentration of Cu 

did not cause detectable tissue damage in liver and spleen because macrophages have 

mechanisms for sequestering excess metals (37), in contrast to nearby liver and spleen 

parenchymal cells. However, it is possible that continued administration of Cu would have 

eventually led to Cu overloading of macrophages and resulted in detectable signs of tissue 

damage in liver and spleen over prolonged exposure.
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The benefits of liposomal formulation was best demonstrated by the comparison of CuCl2 

and LpCu treatment at the same 3.5 mg/kg dose: just one dose of CuCl2 treatment caused 

40% of the animals to die shortly after injection, resulted in severe body weight loss in 

animals that survived, and led to changes in the white blood cell count, total platelet count 

and decreased blood Cr concentration. In contrast, three repeated doses of LpCu 3.5 mg/kg 

were well-tolerated. There were only mild pathological changes found in the eyes, and 

serum creatinine concentrations were within normal limits, indicating that the reserve 

functional capacity of the kidney had not been exceeded. The serum creatinine 

concentrations of mice in the LpCu 7.0 mg/kg groups were within normal limits, indicating 

that they were still functioning well, despite the more severe pathological changes observed 

histologically. If the mice in the group administered 7.0 mg/kg had been allowed to survive 

longer, it would be expected that their kidneys would have been able to recover from the 

toxic effects induced by this dose of LpCu.

CONCLUSION

We have successfully formulated two Cu salts, CuCl2 and CuSO4, into stealth liposomes 

(LpCu). Both formulations yielded similar loading, and release characteristics, and displayed 

very little aggregation in serum. Both LpCu and CuCl2 generated in vitro metabolic 

cytotoxicities in PC-3 cells at comparable IC50 values. Increasing concentrations of ROS 

were observed over 48 hours in cells treated with LpCu and CuCl2 at their respective IC50 

values. A flow cytometry assay revealed that apoptosis was the major mechanism of cell 

death. Necrosis also contributed to cytotoxicity. LpCu injected as a therapeutic in tumor-

bearing mice was effective at reducing overall tumor burden but had little effect on the 

tumor growth rate. Animals treated at the MTD of LpCu 7.0 mg/kg displayed histologic 

evidence of toxicity in kidneys and eyes. Tissue distribution of Cu indicated that liver and 

spleen were the major sites of Cu accumulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cu copper

DDS drug delivery systems

DF dilution factor

DLS dynamic light scattering

DMEM Dulbecco’s Modified Eagle Medium

DPBS Dulbecco’s phosphate buffered saline

EPR enhanced permeability and retention

FBS fetal bovine serum

HBSS Hank’s balanced salt solution

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid buffer

i.t. intratumoral

i.v. intravenous

LpCu stealth formulation of liposomal Cu

LUV large unilamellar vesicle

MLV multilamellar vesicle

MTD maximum tolerated dose

PBS phosphate buffered saline

PDI polydispersity index

ROS reactive oxygen species

TBHP tert-butyl hydroperoxide

WVDL Wisconsin Veterinary Diagnostic Laboratory
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Fig. 1. 
In vitro release profiles of Cu from LpCu when dialyzed against 0.9% NaCl at 4oC, 25°C 

and 37°C. Representative data is shown for LpCu encapsulating ~10 mM Cu prepared from 

100 mM CuCl2. Results are nearly identical for all the formulations (see Supplemental 

Information, Fig. 1s).
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Fig. 2. 
Cell metabolic cytotoxicity assay for LpCu and Cu salts (CuSO4 and CuCl2) on PC-3 cells 

at 24 and 48 hours. One representative result is shown from three independent experiments 

(N = 3). A logarithmic fit to the raw data was performed to obtain IC50 values. At 24 hours, 

the IC50 for LpCu and CuSO4 was 585 uM and 327 µM respectively (a). At 48 hours, the 

IC50 for LpCu and CuSO4 was 167 µM and 136 µM respectively (b). At 24 hours, the IC50 

for LpCu and CuCl2 was 383 uM and 302 µM respectively (c). At 48 hours, the IC50 for 

LpCu and CuCl2 was 122 µM and 154 µM respectively (d). Data points are presented as 

MEAN ± SEM (n = 4).
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Fig. 3. 
Intracellular ROS concentrations at 1.5, 6, 24 and 48 hours in untreated PC-3 cells and PC-3 

cells treated with TBHP at 100 µM, CuCl2 at 154 µM, or LpCu at 122 µM. Fluorescence 

intensity results are normalized with respect to total protein concentration. One 

representative result is shown from three independent experiments (N = 3). At 24 and 48 

hours, there were statistical differences in ROS levels between untreated cells and LpCu, 

and untreated cells and CuCl2. There was also a significant difference in ROS levels 

between LpCu and CuCl2 at 24 hours, but at 48 hours the difference became insignificant. 

Results presented are MEAN ± SEM of arbitrary units (n = 8). * p < 0.05, **p < 0.01, ns 

means not significant.
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Fig. 4. 
After 48 and 72 hours incubation with either 122 µM LpCu or 154 µM CuCl2, cells were 

stained with Annexin V-FITC and propidium iodide, probed for both apoptosis and necrosis 

by flow cytometry (n = 20,000 cells gated for each group). One representative result is 

shown from three independent experiments (N = 3).
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Fig. 5. 
PC-3 tumor-bearing mice were injected i.t. with either saline or LpCu at a dose of 3.5 mg/kg 

on Days 0, 4, and 8. Tumors (a) and body weights (b) of animals were measured daily. By 

Day 12, the tumor volume of LpCu 3.5 mg/kg group was 44% smaller than control group. 

Results presented are MEAN ± SEM (n=4); **p<0.01.
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Fig. 6. 
PC-3 tumor-bearing mice were injected i.v. with saline, saline liposome, CuCl2 at 3.5 mg/kg 

or LpCu at a dose of 3.5 or 7.0 mg/kg (n = 5 or 6) on Days 0, 4, and 8. Two independent 

experiments were conducted (N = 2), of which one representative result is shown. Tumors 

(a) and body weights (b) of animals were measured daily. By Day 12, the tumor volumes of 

LpCu 3.5 mg/kg and LpCu 7.0 mg/kg were 23% and 51% smaller respectively than control 

animals injected with saline; 2 out of 5 mice in the CuCl2 3.5 mg/kg group died by Day 3, 

and the remaining 3 mice in the group were euthanized on Day 4 due to severe signs of 

acute toxicities. Results presented are MEAN ± SEM (n = 3 for CuCl2 3.5 mg/kg group, n = 

6 for all other groups); * p<0.05, **p<0.01.
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Fig. 7. 
Histological findings in kidneys and eyes of LpCu-treated mice. Arrows point to dilated 

tubules filled with protein and necrotic materials in kidney of LpCu 7.0 mg/kg treated group 

(a); arrow 1 points to a necrotic tubule containing a flattened epithelial cell nucleus and 

arrow 2 points to a mitotic figure indicative of post-damage tubular regeneration in kidney 

of LpCu 7.0 mg/kg treated group (b); arrow 1 points to apoptotic debris within the outer 

nuclear cell layer and arrow 2 points to evidence of photoreceptor disruption in eye of LpCu 

7.0 mg/kg treated group (c); arrow points to the iris adhering to the lens capsule, i.e. 
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posterior synechia, in eye of LpCu 7.0 mg/kg treated group (d); arrow points to normal 

kidney tubules and cell morphology in kidney of LpCu 3.5 mg/kg treated group (e); arrow 

points to the iris not attached to the lens capsule, i.e. indicative of eye morphology within 

normal limits, in eye of LpCu 3.5 mg/kg treated group (f).
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Fig. 8. 
Tumor histology of saline (a) and LpCu 7.0 mg/kg (b) treated animals. Several arrows point 

to evidence of mitotic cells in the tumors, indicative of similar levels of tumor 

aggressiveness irrespective of treatment modalities.
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Fig. 9. 
Tissues of animals treated i.v. with either saline, LpCu 3.5, or LpCu 7.0 mg/kg were 

collected and pooled at the end of the study. Pooled liver, spleen, kidney, eye and tumor 

tissues were analyzed for Cu content by ICP/MS. Results presented are MEAN ± SEM (n = 

3 replicate analysis); * p<0.05, **p<0.01, ns means not significant.
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