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A B S T R A C T   

The clinical application of nanomaterials for chemodynamic therapy (CDT), which generate multiple reactive 
oxygen species (ROS), presents significant challenges. These challenges arise due to insufficient levels of 
endogenous hydrogen peroxide and catalytic ions necessary to initiate Fenton reactions. As a result, sophisticated 
additional delivery systems are required. In this study, a novel bimetallic copper (II) pentacyanonitrosylferrate 
(Cu(II)NP, Cu[Fe(CN) 5 NO]) material was developed to address these limitations. This material functions as a 
multiple ROS generator at tumoral sites by self-inducing hydrogen peroxide and producing peroxynitrite 
(ONOO-) species. The research findings demonstrate that this material exhibits low toxicity towards normal liver 
organoids, yet shows potent antitumoral effects on High Grade Serous Ovarian Cancer (HGSOC) organoid pa
tients, regardless of platinum resistance. Significantly, this research introduces a promising therapeutic oppor
tunity by proposing a single system capable of replacing the need for H2O2, additional catalysts, and NO-based 
delivery systems. This innovative system exhibits remarkable multiple therapeutic mechanisms, paving the way 
for potential advancements in clinical treatments.   

1. Introduction 

ChemoDynamic therapy (CDT) is one of the promising therapeutic 
strategies in cancer therapy that utilize Fenton like chemistry to kill 
cancer cells, specifically [1–5]. In this system, the endogenous H2O2 
reacts with the metal catalyst and produces reactive oxygen species 
(ROS) e.g., highly cytotoxic hydroxyl radicals (•OH) at the tumoral sites, 
which induce apoptosis [1,6,7]. This process is majorly depending upon 
two main factors: the amount of endogenous H2O2 at tumoral sites and 
the reactivity of the catalyst [2,8]. Although H2O2 in many cancer cells 
are higher than normal cells, unfortunately it is still insufficient to 
disassemble the nanomaterial into catalytic ions to achieve satisfactory 
CDT [1,9–11]. 

Several efforts have been devoted in the recent years to enhance 
endogenous H2O2 level at tumoral sites to amplify the oxidative stress by 
elevating the levels of •OH generation [6,12,13], mainly following two 
approaches. Either it derives from the exogenous generation of H2O2, or 
from the endogenous production from the mitochondria. However, 
endogenous H2O2 in mitochondria decompose rapidly by cellular scav
enging enzymes (catalases and peroxidases) before approaching the 
catalyst to initiate Fenton like reaction [2]. Hence, very low amount of 
•OH are produced due to the low availability of endogenous H2O2. Many 
strategies have been taken to improve the exogenous H2O2 production 
near Fenton catalyst [12] but these systems are also oxygen dependent 
(to convert glucose into H2O2 and gluconic acid) [11,14] and need 
external stimuli, in turn limiting their therapeutic efficacy. An 
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alternative way to increase the H2O2 level in cancer cells is through 
metal peroxides (MPs) as H2O2 self-supplying agents [2,15]. MPs 
contain metal ions and the peroxo part that are used as self-supplying 
source of H2O2 production. Therefore, Fenton metal peroxides could 
act as H2O2 enhancers and have the ability to initiate Fenton like re
actions [1,2]. 

Although these systems work well to achieve an acceptable thera
peutic efficacy, an alternative system that have dual metals (ions) to 
initiate Fenton reaction at specific pH with the ability to generate 
cytotoxic radicals like peroxynitrite (ONOO− ) as apoptotic inducer it is 
desirable [16]. 

ONOO− is an endogenous reactive nitrogen species (RNS), produced 
after the reaction between nitric oxide (NO) and superoxide anion (O2

•− ) 
[16–18]. Usually, the level of O2

•− is higher in tumoral cells resulting in a 
preferential generation of ONOO− in the tumor microenvironment [16, 
17]. In comparison to other free radicals like NO and •OH, ONOO− is 
more toxic in damaging DNA, proteins, and lipids of the cancerous cells 
[18–20]. It also helps to destroy the dense extra cellular matrices (ECM) 
in solid tumors that often hinder the deep penetration of antitumor 
drugs, which can cause the poor performance of anticancer drugs [17]. 

Although, several studies are available that used NO delivery systems 
with other therapeutic systems e.g., chemotherapy or photodynamic 
therapy to generate ONOO− radicals [17,20], these approaches have still 
many limitations [21,22]. Recently, our group demonstrated such 
alternative system based on Fe2+ and Ag+ metal to improve the CDT 
efficacy without the need of any external stimuli [23,24]. However, 
there are no materials available that could generate ONOO− radicals 
specifically at tumoral sites and at the same time used as self-supplying 
H2O2 CDT agent having dual Fenton initiator metals (Cu and Fe) without 
the requirements of any delivery system or the need of external stimuli 
to specifically kill cancer cells. 

Herein, we propose a versatile nanoplatform with multiple func
tionalities bimetallic copper (II) pentacyanonitrosylferrate or copper (II) 
nitroprusside (Cu(II)NP) nanostructures with dual Fenton type metals 
that simultaneously act as self-supplying H2O2 as well as ONOO−

nanogenerator at tumoral sites. Cu(II)NP disassembled at tumoral sites 
resulting in the formation of copper peroxides to enhance H2O2 levels 
and initiate a Fenton type reaction through catalytic ions (Fe+2, Cu+2). 
In addition, naturally present NO component in the material structure is 
released at tumoral sites and produced ONOO− through reacting with 
superoxide anion (O2

•− ). Furthermore, the presence of Cu+ cations 
triggers damage to the lysosomal membrane following the generation of 
reactive oxygen species (ROS), resulting in the release of proteases 
(cathepsins) and ultimately leading to cell death. 

As a proof-of-concept, copper (I) nitroprusside was also synthesized 
and compared throughout the results. It is noted that copper (I) nitro
prusside is less potent compared to copper (II) nitroprusside. In our re
sults, it was found that CuNPs showing biocompatibility towards normal 
cells and normal liver organoids while producing very toxic effects on 
tumoral cells and patient derived tumor organoids (PDTO). Contrarily, 
copper (I) nitroprusside produce less H2O2 than copper (II) nitroprus
side, which demonstrate its less potency. Overall, a novel multifunc
tional CuNP material was developed to produce multiple ROS species 
with dual catalyst ions in acidic environment to address the existence 
CDT challenges. 

2. Materials and methods 

2.1. Chemicals and reagents 

Anhydrous methanol (99.8%), sodium nitroprusside dihydrate 
(Na2[Fe(CN)5NO]⋅2 H2O, SNP, ≥ 99%), copper (I) chloride (CuCl, 
≥99%), and copper (II) chloride (CuCl2, ≥99%) were purchased from 
(Sigma-Aldrich,St. Louis, MO, USA). A Millipore Milli-Q Biocell A10 
water purifying system was employed to prepare ultrapure water. 
A2780, A2780cis, U-87 MG (Sigma-Aldrich, St. Louis, MO, USA), MDA- 

MB-231 (Cell Biolabs, CA, USA) SK-OV-3, MCF-7, MRC-5 (ATCC, Man
assas, VA, USA) cell lines were grown accordingly to the manufacturers’ 
instruction. LysoTracker Green DND-26, Hoechst 33342, and rhodamine 
B were purchased from (ThermoFisher Scientific, Waltham, MA, USA). 
CellTiter-Glo® from (Promega, Madison, WI, USA), PE-Annexin V 
Apoptosis Detection Kit from Becton-Dickinson Franklin Lakes, NJ, 
USA). ROS-Glo™ H2O2 luminescence assay from (Promega, Madison, 
USA), DAX-J2 PON Green Kit was purchased from (AAT Bioquest, 
Sunnyvale, CA, USA), FluorSave™ reagent (Cat. # 345789; Millipore: 
Burlington, MA, USA), VectaShield ® mounting medium with DAPI (Cat. 
# H-1200–10; Vector Laboratories, Newark, CA, USA). qPCR Primers 
from from (Integrated DNA Technologies, Bologna, Italy). 

2.2. Instrumentation and measurements 

The crystal structure of the as synthesized CuNP was analyzed using 
an X-ray diffractometer (XRD, Philips, X’pert, Netherland) with a Cu Kα 
radiation (λ = 1.5406 Å). The chemical functionalities of CuNP were 
investigated with a Fourier transform infrared (FTIR) spectrophotom
eter (MIDAC, M4000, Westfield, MA, USA). Raman spectra of the sam
ples were measured using a Raman Spectrophotometer (Horiba 
Scientific, Xplora Plus, France) at an excitation wavelength of 532 nm. 
The chemical composition, oxidation states, and the nature of bonding 
were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Sci
entific™ K-Alpha, ThermoFisher Scientific, Waltham, MA, USA). Field- 
emission scanning electron microscope (FE-SEM, Carl Zeiss Sigma VP, 
Jena, Germany) and transmission electron microscope (TEM, JEM-2100, 
JEOL, Tokyo, Japan) were used to investigate the morphologies of the 
samples. The atomic percentage of the elements present in CuNP was 
measured by an energy-dispersive X-ray spectroscopy (EDS) analyzer 
(INCAx-sight7421, Oxford Instruments, UK) equipped with the FE-SEM 
instrument. The optical absorption spectra of the samples were collected 
using a UV-Visible spectrophotometer (UV–VIS–31 Scan, ONDA, Mod
ena, Italy). To evaluate IC50 values, Tecan infinite M1000 Pro instru
ment (Tecan, Mannedorf, Switzerland) was used to read luminescence. 
AnnexinV was evaluated with BD FACSCantoII instrument (BD Bio
scences, San Jose, CA, USA). Fluorescence images were captured with a 
Leica DM5500B fluorescence microscope with a X-Cite 120 PC Q lamp. 
The chemiluminescent signal was developed through a chemilumines
cent gel imaging system (ChemiDoc™ Touch Imaging System, Bio-Rad, 
Hercules, CA, USA) and analysed with Image Lab Software (Bio-Rad). 

2.3. Synthesis of CuNP 

Cu(II)NP was synthesized by a simple solution process. Briefly, 0.2 M 
SNP (40 ml, in methanol) was mixed with 0.2 M of CuCl2 (40 ml, in 
methanol) at room temperature (RT). As soon as these solutions were 
mixed, an oily viscous and green colour precipitate was formed. The 
mixed solution was sonicated further for 30 min using an ultra-bath 
sonicator. Then, the precipitate was allowed to settle down and com
plete the reaction at RT for two days. Finally, the precipitate of Cu(II)NP 
was collected by centrifuge method, washed with methanol, and dried 
overnight in a vacuum oven at 40 ◦C. The formation of Cu(II)NP can be 
described according to the following reaction and listed in Table S2.  

Cu2+ + [Fe(CN)5NO]2− → Cu[Fe(CN)5NO]                                              

A similar solution process was employed for the synthesis of Cu(I)NP. 
The details for the synthesis of Cu(I)NP are described in the supporting 
information. 

2.4. Cell viability 

To determine the effect of CuNP on different cell lines, cells were 
seeded in 96 multiwell plates at the concentration of 1 × 103 (cancer 
cells) or 8 × 103 (MRC-5) cells and then treated with various six 
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concentrations (0.001, 0.01, 0.1, 1, 10 and 100 μg) of copper nitro
prusside (Cu(I)NP, Cu(II)NP), copper chloride (CuCl, CuCl2), sodium 
nitroprusside (SNP) and cisplatin (CisPt). After 96 h cell viability was 
measured using the CellTiter-Glo® assay system according to the man
ufacturer’s instructions (Promega, Madison, WI, USA) with a Tecan 
M1000 instrument (Tecan, Mannedorf, Switzerland). IC50 values were 
calculated from non-linear regression method using GraphPad prism 
software. 

2.5. Intracellular localization 

Investigation of intracellular uptake of CuNP was conducted by 
fluorescent probes. In brief, A2780 cells were seeded at a density of 2 ×
105 cells/ml on transparent microplate containing a glass coverslip. To 
label CuNP, 30 µg/ml of rhodamine B was mixed with CuNP at room 
temperature under continuous rotation. Then cell lines were treated 
with 10 µg/ml of CuNP for different time points (6, 12 and 24 h). After 
PBS twice washing cells were incubated according to the manufacturer’s 
instructions with 200 nM of Lysotracker™Green DND-26 (ThermoFisher 
scientific, Waltham, MA, USA) for lysosomes and 200 ng/ml Hoechst 
33342 for nuclear staining, respectively. Later, cells were fixed with 4% 
paraformaldehyde for 20 min and the coverslip was mounted using 
Fluorsave mounting media (Merck Millipore, Burlington, MA, USA) for 
cellular imaging. Hoechst, LysoTracker Green DND-26 and Rhodamine B 
were detected under a fluorescence microscope with appropriate filters. 
Image was analyzed with ImageJ and JacoP plugins. 

2.6. Flow cytometry analysis 

A2780 cells were seeded at density 2 × 105 in 6 multi well plates. 
Then cells were treated with 10 µg/ml of CuNP (Cu(I)NP, Cu(II)NP), 
CuCl, CuCl2, SNP (10 μg/ml) or CisPt (3 µg/ml: 10 μM) for different time 
points (6 and 24 h). After treatment, cells were digested, collected and 
labelled with PE-Annexin V Apoptosis Detection Kit from (Becton- 
Dickinson, Franklin Lakes, NJ, USA) for 15 mins in darkness. Subse
quently, then analysed by BD Canto II flow cytometer and BD FACS 
DIVA software. 

2.7. Cytochrome c and cathepsin B release assay 

A2780 and SKOV3 cells were seeded at a density of 2 × 105 cells/ml 
on coverslip glass inserted in 6-well plates. Cells were treated with CuNP 
(Cu(I)NP, Cu(II)NP) (10 g/ml) or CisPt (3 µg/ml: 10 μM) for 6, 12 and 
24 h. Then cells were fixed with 4% paraformaldehyde (20 min, RT), 
permeabilized with 0.3% Triton X- 100/PBS (15 min, RT) and blocked in 
8% BSA/PBS (1 h, RT). Later, Cells were stained with mouse monoclonal 
anti-cytochrome c (6H2. B4 antibody, 1:100 dilution in 1% BSA/PBS, at 
4 ◦C, overnight) antibody obtained respectively from (Cell Signaling 
Technology, Cat. # 12963; Danvers, MA, USA) and labelled with sec
ondary antibody (1: 1000 dilution, Alexa Fluor® 488 dye, RT, 2 h) ob
tained from (Cell Signaling Technology Cat. # 4408; Danvers, MA, 
USA), or with rabbit polyclonal anti-Cathepsin B (FL-339) obtained 
respectively from (Santa Cruz Biotechnology, Cat. # 13985; Dallas, TX, 
USA) (1:100 dilution in 1% BSA/PBS, at 4 ◦C, overnight) and labelled 
with secondary antibody (Alexa Fluor® 555 dye, 1:1000 dilution, RT, 2 
h) obtained from (Cell Signaling Technology Cat. # 4412 S; Danvers, 
MA, USA). To visualize DNA, cells were stained with DAPI 1 mg/ml 
(1:10000 dilution in PBS, RT, 1 min). Cells were washed three times with 
PBS after all incubations. All the coverslips were mounted in fluorSave™ 
reagent (Cat. # 345789; Millipore: Burlington, MA, USA). The cells were 
examined with a Leica DM5500B fluorescence microscope with a X-Cite 
120 PC Q lamp and the images were analyzed with Image J software. 

2.8. H2O2 level measurement 

To measure H2O2 level A27890, SK-OV-3, MRC-5 were seeded in 96 

multiwell plates 1 × 104 per well and were cultured at 37.0 ◦C for 24 h. 
Then cells were treated with 10 µg/ml of CuNP (Cu(I)NP, Cu(II)NP), 
CuCl, CuCl2, SNP (10 μg/ml) or CisPt (3 µg/ml: 10 μM) for different time 
points (6, 12 and 24 h). After specific time points oxidative stress was 
measured using ROS-Glo™ H2O2 luminescence assay (Promega, Madi
son, WI, USA) according to manufacturer’s instructions and then read 
with a Tecan M1000 instrument. 

2.9. Intracellular peroxynitrite (ONOO− ) detection 

A2780, SK-OV-3, MRC-5 were seeded in 96 multiwell plates at a 
density of 4 × 104 per well and were cultured at 37.0 ◦C for 24 h. The 
cells were treated with CuNP (Cu(I)NP, Cu(II)NP), CuCl, CuCl2, SNP (10 
μg/ml) or CisPt (3 µg/ml: 10 μM) for 24 h. After that, the cells were 
stained with DAX-J2 PON Green Cell Meter Fluorometric Peroxynitrite 
Assay Kit (AAT Bioquest, Sunnywale, CA, USA) at 37 ◦C for 2 h in the 
darkness. After ONOO− generation was measured quantitatively using 
microplate reader. The excitation and emission filter settings for the 
microplate reader were 490 nm and 530 nm, respectively. 

2.10. qRT-PCR analysis 

Total RNA was isolated from A2780 and SK-OV-3 cells after 24 h 
treatment of CuNP (Cu(I)NP, Cu(II)NP), CuCl, CuCl2, SNP (10 μg/ml) or 
CisPt (3 µg/ml: 10 μM) using RNA extraction mini kit InviTrap® Spin 
Universal RNA Mini Kit from (AB ANALITICA, Padova, Italy) following 
quantification using spectrophotometer. cDNA was synthesized from 
total RNA (0.4 μg) using cDNA synthesis kit GoScript™ Reverse Tran
scriptase from (Promega, Madison, WI, USA). Followed transcribed by 
Promega qPCR Master mix kit (GoTaq® qPCR Master Mix, Promega). 
The primers used for qPCR is listed in Table S5 ordered from Integrated 
DNA Technologies (Bologna, Italy). Thermal cycling reaction conditions 
included an initial denaturation at 95̊C for 10 min, followed by 45 cycles 
of denaturation at 95̊C for 15 s and annealing at 60 ◦C performed by 
QuantStudio Applied Biosystem and relative gene expression (2^ddCT) 
was normalized with β-actin housekeeping gene expression. 

2.11. Organoid isolation and culture 

Mouse liver organoids were created from 8-week-old C57/BL6 mice 
following the protocol described by Stappenbeck [34]. Organoids were 
created from mouse liver post-mortem (Italian Ministry of Health, 
148/2016-PR). Briefly, piece of liver tissue was dissected and after 30’ 
enzymatic digestion of 2 mg/ml collagenase followed centrifugation 
collected pellet resuspended in Cultrex growth factor-reduced Basement 
Membrane Extract (BME), Type2 (R&D Systems Cat. # 3533–001-02, 
Milan, Italy) and seeded in 24 multi well. After solidification of matix 
450 μl of organoid medium was added. 

Patient derived Tumour organoids (PDTO) were obtained from 
totally anonymized specimens. However, biobank informed consent for 
research purposes was available to collect the samples at National 
Cancer Institute (CRO) of Aviano. Tissues were handled and cultured 
using the protocol described for the isolation of mouse liver organoids. 

2.12. Toxicity assay on mouse liver organoids 

Toxicity test on mouse liver organoids was conducted by treating 
organoids (five replicates) on 96-MW with CuNP (Cu(I)NP, Cu(II)NP), 
CuCl, CuCl2, SNP (10 μg/ml) ranging from 100 μg to 0.034 μg for 96 h. 
As positive control, we used CisPt starting from (30 μg/ml: 100 μM) to 
(0.009 μg/ml: 0.03 μM). The cytotoxicity was correlated with the cell 
viability evaluated by CellTiter-Glo® Luminescence assay (Promega, 
Madison, WI, US) with Tecan M1000 instrument (Tecan, Mannedorf, 
Switzerland). 
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2.13. Toxicity assay on patient derived tumour organoid (PDTO) 

Cytotoxicity test on Patient Derived Tumour Organoid (PDTO) were 
conducted at passage zero. PDTO were plated on 96 Multi well and 
treated with (Cu(I)NP, Cu(II)NP) ranging from 100 μg to 0.034 μg for 96 
h, CisPt ranging from (30 μg/ml: 100 μM) to (0.009 μg/ml: 0.03 μM) for 
96 h. Cell viability was assessed by CellTiter-Glo®Luminescence assay 
(Promega, Madison, WI, US) with an Infinite200 PRO instrument 
(Tecan, Switzerland). IC50 values were analyzed from non-linear 
regression method using GraphPad prism software. 

2.14. Histopathological analysis of HGSOC organoids 

Formalin-fixed paraffin-embedded section of ascites and solid 
tumour organoids were used for histopathological analysis. Organoids 
were collected, fixed in phosphate-buffered 10% formalin, and 
embedded in paraffin using Micro NextGen Cell Blocking™ Kit (Cat n◦: 
M20; AV Bioinnovation) following manufacture instructions. Following, 
5 µm sections were stained with haematoxylin and eosin (H&E) by using 
the Leica ST5020 multistainer and 2 µm sections were cut for immu
nohistochemistry (IHC) analysis. Heat-induced antigen retrieval method 
and UltraVision LP Detection System HRP DAB kit (Thermo Scientific, 
Waltham, USA) was used to performed IHC staining. The following 
antibodies were used to characterize patient’s derived Tumour Organoid 

Fig. 1. Structural characterization of CuNP. a, Powder XRD pattern of as-synthesized Cu(II)NP together with the simulated XRD pattern (inset shows the crystal 
structure of Cu(II)NP). b, Raman and c, FTIR spectra of Cu (II)NP. d, XPS survey spectra of Cu (II)NP and high-resolution XPS spectra of e, Fe 2p, f, Cu 2p, g, C 1 s, h, 
N 1 s, and I, O 1 s in Cu(II)NP. The solid lines and the shaded region indicate the experimental and fitted data, respectively. 
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and parent tumour: PAX8 (Cat. # 10336–1-AP, ProteinTech Group, 
Germany, EU) Ca125 (Cat. # sc-52095, Santa Cruz Biotechnology, 
Dallas, USA) and WT1 (Cat. # ab89901, Abcam, UK). Tissues were 
analyzed with a light microscope using different magnifications. 

2.15. Animal studies 

Animal experiments (EU directive (2010/63/EU) were conducted 
under the authorization of the National Ethical Committee and the 
Administration of the Republic of Slovenia for Food Safety, Veterinary 
and Plant Protection. 

The tumor-bearing mice were randomly allocated into 3 groups (n =
4 tumors per group). Mice per group were treated intraperitoneally (i.p.) 
with vehicle, 4 mg/kg of Cu(II)NP and 2 mg/kg of CisPt. Following 
treatments, mice were monitored every day for toxicity signs for 24 
days. Data are reported as the mean and standard error. 

2.16. Statistical analysis 

Statistical analysis was performed with GraphPad Prism software 
and a p-value < 0.05 was considered significant. 

3. Results and discussion 

3.1. Structural information of CuNP 

Fig. 1a shows the powder XRD pattern of Cu(II)NP together with the 
computed XRD pattern. The XRD pattern of the as-synthesized Cu(II)NP 
is well-matched with the simulated XRD pattern with sharp and intense 
peaks corresponding to the highly crystalline of Cu(II)NP. In detail, the 
major peaks at 2θ = 16.0ο, 17.63ο, 23.84ο, 25.05ο, 32.40ο, 35.77ο, and 
37.47ο could be attributed to the hkl reflections of the (11− 1), (1− 10), 
(20− 1), (1− 1-1), (22− 2), (2− 20) and (22− 1) planes, respectively, of 
the tetragonal crystal system belonging to the space group I4mm, as 
shown in the inset (Fig. 1a) [25]. The powder XRD pattern of Cu(I)NP 
presented the possible monoclinic (space group Pc) or triclinic (P-1) 
crystal structures, isostructural to the monovalent Ag+ and Hg+ based 
nitroprussides, respectively (Fig. S1a) [25,26]. For elucidating the exact 
crystal structure and the XRD pattern of Cu(I)NP, single-crystal prepa
ration and the corresponding XRD analysis are required that is beyond 
the scope of this research. The high intensity and sharp XRD peaks of Cu 
(I)NP suggest the high crystallinity of the as-prepared sample. The 
composition and the crystal structures of Cu(II)NP and Cu(I)NP were 
analyzed further by Raman spectroscopy, as shown in Fig. 1b and 
Fig. S1b, respectively. Both Cu(II)NP and Cu(I)NP exhibited a 
high-intensity Raman peak at about 2106 cm–1, which could be attrib
uted to the stretching band of the C–––N group [27]. The other 
high-intensity Raman band for Cu(II)NP located at 275 and 680 cm–1 

and for Cu(I)NP peaked at 280 and 670 cm–1 could be ascribed to the 
Fe–C–N–Fe bands in both the materials, while the peaks at 680 cm–1 for 
Cu(II)NP and 670 cm–1 for Cu(I)NP could be additionally assigned to the 
presence of Fe-NO band in the samples [27–29]. Fig. 1c and Fig. S1c 
show the FTIR spectra of the as-prepared Cu(II)NP and Cu(I)NP, 
respectively, representing the nature of the chemical species present in 
these materials. Both the materials showed a strong O− H absorption 
band of water at about 3441.97 cm-1 together with the deformational 
scissor vibrations band of water at 1609 cm–1 and 1628 cm–1, respec
tively, for Cu(II)NP and Cu(I)NP [29]. These O− H bands were possibly 
originated from the adsorbed water molecules as well as crystalline 
water in the samples. The intense bands of NO and C–––N shown in both 
spectra at about 1955.43 cm-1 and 2217.06 cm-1 respectively, are in line 
with the reported results [29,30]. 

XPS spectra were measured for both materials to confirm the ele
ments, functional groups, and elemental oxidation states. Fig. 1d and 
Fig. S1d display the survey XPS spectra Cu (II)NP and Cu(I)NP, respec
tively. The spectra showed the presence of C 1 s, N 1 s, O 1 s, Fe 2p, and 

Cu 2p peaks in their reported binding energy values [31]. Fig. 1 (e-i) 
presents the high-resolution XPS spectra of Fe 2p, Cu 2p, C 1 s, N 1 s, and 
O 1 s, respectively, in Cu(II)NP, and the binding energies of character
istic functional groups and elemental peaks are summarized in Table S1. 
The deconvoluted core-level spectra of Fe 2p displayed high-intensity 
spin-orbit doublets peaks of Fe 2p3/2 and Fe 2p1/2 with Fe2+ low spin 
state at 710.55 and 723.50 eV, respectively, originated from the Fe2+

species, [Fe(CN)5NO], in Cu(II)NP [29,32]. The other low-intensity 
peaks for Fe 2p at 708.16 and 721.17 eV could be assigned to the Fe 
2p3/2 and Fe 2p1/2, respectively, with high-spin Fe2+, created by the 
partial decomposition of Cu(II)NP during the XPS experiment. The 
appearance of a weak satellite peak at 714.50 eV further confirmed the 
presence of high spin Fe2+ [32]. This is possibly occurred by altering the 
C–––N bonds from Fe-CN to Fe-NC or breaking of F-CN bond induced by 
the high-energy electron beam during XPS measurements. The decon
voluted and the fitted Cu 2p spectra in Cu(II)NP exhibited the presence 
of reduced Cu+ species (Cu+ 2p3/2 = 932.76 eV and Cu+ 2p1/2 =

952.61 eV), in contrast with Cu2+ (Cu2+ 2p3/2 = 935.97 eV and Cu2+

2p1/2 = 956.62 eV) in the original samples [29,32]. The appearance of 
these high-intensity Cu+ peaks could be ascribed to the decomposition of 
Cu(II)NP during XPS measurement, consistent with the XPS spectra of Fe 
2p. Further, it can be concluded that the Cu+ species might be present in 
the degraded Cu(II)NP as CuCN by breaking the Fe-CN bond [32]. In 
contrast, the core-level Cu 2 P spectra of Cu(I)NP showed the presence of 
Cu2+ (Cu2+ 2p3/2 = 935.70 eV and Cu2+ 2p1/2 = 956.79 eV), in contrast 
with Cu+ species (Cu+ 2p3/2 = 932.74 eV and Cu+ 2p1/2 = 952.50 eV) in 
Cu(I)NP, as shown in Fig. S3a. However, the intensity ratio of Cu+

2p3/2/Cu2+ 2p3/2 (2.66) in Cu(I)NP is much higher than the intensity 
ratio of Cu+ 2p3/2/Cu2+ 2p3/2 (1.55) in Cu(II)NP. This suggests the 
successful formation of Cu(I)NP, however, the presence of Cu2+ might 
be originated by the partial oxidation of Cu(I)NP induced by air or XPS 
electron beam. The high-resolution C 1 s spectrum of Cu(II)NP showed 
only C–––N peak at 284.82 eV without the presence of any impurity peak, 
while N 1 s spectra showed the C–––N and NO peaks at the binding en
ergies of 398.30 and 402.27 eV, respectively, consistent with the re
ported results [29,32]. The fitted O 1 s spectra of Cu(II)NP comprised 
two-component peaks at 531.45 and 534.80 eV, which could be 
ascribed to the NO and oxygen peaks (arising from the crystalline or 
adsorbed water molecules) [29]. A similar Fe 2p, C 1 s, N 1 s, and O 1 s 
spectra were observed for Cu(I)NP respectively, consistent with its 
chemical formula (Fig. S3 (b-e). 

3.2. 2D high resolution structure of CuNP 

Fig. S2 shows the FE-SEM images of Cu(II)NP with different magni
fications and the corresponding HR-TEM images are presented in 
Fig. S4. The images clearly demonstrated the formation of 2D nano
sheets morphology of Cu(II)NP with the thickness of 30–50 nm and 
without the presence of aggregated nanosheets. This is further evi
denced by the high transparency of nanosheets to the electron beam, as 
observed in the HR-TEM images. In contrast, Cu(I)NP displayed 1D 
nanorod morphologies with a diameter from 100–120 nm, as shown in 
the FE-SEM (Fig. S5 (a-b)) and HR-TEM (Fig. S5 (c-d) images. The EDS 
spectra of both Cu(II)NP (Fig. S2c) and Cu(I)NP (Fig. S5e) displayed the 
high-intensity peaks of Fe, Cu, O, C, and N without the presence of other 
elemental peaks, consistent with their corresponding chemical 
structures. 

3.3. CuNP induce apoptotic cell death 

The efficacy of the proposed CuNP was demonstrated mostly on 
ovarian cancer cell lines (A2780, A2780 cis, SK-OV-3) and in other tu
moral cell lines including MDA-MB-231, MCF-7 breast cancer and U-87 
MG glioblastoma cell lines to show the promising efficacy and compa
rable results among different cancer types (Fig. 2 (a-f)). 

The IC50 values of CuNP against cancer cell lines are in the range 
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between 0.002–0.2 μg/ml in comparison to the precursors (CuCl and 
CuCl2 0.08–32 μg/ml) as depicted in Fig. 2 (a-f). Compared to CisPt on 
cancer cells, CuNP is more potent up to 1165-fold. On the other hand, in 
MRC-5 (normal human fibroblasts) the toxicity of CuNP is about ten 
times less than CisPt. This data demonstrated that inside the cells, CuNP 
could release Cu+ ions, which produce ROS species and exert their 
specific toxicity on cancer cells more than normal cells. 

The full IC50 values are presented in Table S3. Taken together, these 
data suggest that Cu(I)NP and Cu(II)NP both have similar in vitro 
toxicity and induce significant toxicity in all cancer cell lines while 
having negligible effect on normal cells. Even, CuNP are very active on 
A2780cis cell line, overcoming the drug resistance mechanism related to 
cisPt. Additionally, a lower concentration of CuNP is required to induce 
cytotoxicity in comparison to most Fenton-like nanocatalysts reported 
till now, which require higher doses and exogenous additives to attain 
the desired cytotoxicity [33–37]. 

To understand the mechanism of action, annexin V/7AAD apoptosis 
assay was performed. A2780 cell line was incubated with CuNP (Cu(I) 
NP, Cu(II)NP), (CuCl and CuCl2) (10 µg/ml) and cisPt (3 µg/ml; 10 µM) 
as a reference drug for 6 and 24 h. FACS analysis showed that the 
apoptosis increases over time. As shown in Fig. 2g, Cu(I)NP and Cu(II) 
NP induce a similar percentage of apoptotic cells: 0.3% vs 0.1% early 
and 0.9% vs 0.4% late apoptosis after 6 h of treatments, respectively. 
While 3.6% vs 5.8% early and 47% vs 42% late apoptosis after 24 h, 
respectively, which are significantly higher than control and CisPt group 

presented in Fig. 2g. Comparatively, the apoptosis ratio in precursor 
groups is much lower than CuNP treated group (Fig. S6). The results 
demonstrated that CuNP efficiently kill the cancer cells mainly through 
apoptosis. 

The cytochrome c release from mitochondria to cytoplasm is 
considered a major event during early stage of apoptosis [38]. There
fore, a cytochrome c release assay was done to evaluate the cell death at 
different time points. A2780 and SK-OV-3 were incubated with Cu(I)NP, 
Cu(II)NP (10 µg/ml) and CisPt (3 µg/ml; 10 µM) for 6, 12 and 24 h. As 
shown in Fig. 3 (a,b) green fluorescence demonstrated the release of 
cytochrome c after 6 h of CuNP treatment in a time dependent manner in 
both A2780 and SK-OV-3 cell lines. While cisPt consistently releases the 
cytochrome c after 12 h in both A2780 and SK-OV-3 cell lines which 
demonstrating the potency of CuNP in comparison to CisPt. 

3.4. Intracellular Localization of CuNP 

Intracellular distribution of CuNP was performed on A2780 and SK- 
OV-3 cell lines to evaluate the amount of CuNP transport to lysosomes. 
Cells were treated for 6, 12 and 24 h with Cu(I)NP and Cu(II)NP (10 μg/ 
ml) and CisPt (3 µg/ml; 10 µM) followed by the labelling of the nucleus 
with Hoechst 33342 (blue), lysosomes with Lysotracker™Green DND-26 
(green) and CuNP with rhodamine B (red). As illustrated in Fig. 4 (a, b) 
CuNP were predominantly co-localized with lysotracker in the cells, as 
determined by the strong yellow colour. The colocalization of CuNP and 

Fig. 2. Effects of CuNP on cell viability. a-f, IC-50 values of CuNP toward normal and cancer cells. Values are expressed as µg/ml. g, Apoptosis analysis. The A2780 
cell line was analyzed by FACS using Annexin V/7AAD double staining after 6 and 24 h of CuNP (10 μg/ml) and CisPt (3 µg/ml; 10 µM) treatments. (Q3: Viable cells, 
Q4: Early apoptosis, Q2: Late apoptosis, Q1: Necrosis). Groups were considered statistically significant if p < 0.05 (*), p < 0.01 (**) or non-significant (ns); number of 
samples (n = 3). 
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lysosomes was evaluated with Pearson’s correlation coefficient (R) after 
24 h. It was observed that NP completely localize in lysosomes at earlier 
timepoint but after 24 h, CuNP escape lysosomes. The “R” values after 
24 h were 0.70 and 0.56 in A2780 and 0.554 and 0.448 in SK-OV-3 cell 
lines for Cu(I)NP and Cu(II)NP, respectively (Fig. 4 (a,b). A time 
dependent decrease in lysotracker signal due to lysosomal membrane 
permeabilization was observed. Published data demonstrated that Cu+

cations induced lysosomal membrane damaged through ROS production 
contributing to the leak of proteases (cathepsins) and resulting in cell 
death [39,40]. Lysosomal membrane damaged is followed by the 
translocation of cathepsins from the lysosomes to the cytosol leading to 
the apoptosis [41–43]. To investigate cathepsin release, A2780 and 
SK-OV-3 cells were treated with Cu(I)NP, Cu(II)NP (10 μg/ml), CisPt 
(6 μg /ml) for 6, 12 and 24 h. After treatment, cathepsin B fluorescent 
staining was detected in a diffuse pattern, which increased over time 
(Fig. 4 (c,d) due to lysosomal membrane permeabilization (LMP). These 
results revealed that CuNP degrade the lysosomes due to the ROS pro
duction, which leads to LMP followed by cell death. To confirm that the 
cell death was due to oxidative stress, the intracellular ROS production 
was evaluated. 

3.5. CuNP induces multiple ROS generation 

To confirm that cell death was due to oxidative stress, A2780, SK-OV- 
3 cell lines and MRC-5 were incubated with CuNP, CuCl and CuCl2 
(10 μg/ml) and CisPt (3 μg /ml) for 6, 12 and 24 h. As displayed in Fig. 5 
(a-c), over time there is a significant surge in H2O2 levels compared to 
the control and fibroblasts. In A2780, Cu(I)NP caused ~16 fold increase 
while Cu(II)NP caused ~31 fold increase in H2O2 levels after 24 h 
(Fig. 5a). In SK-OV-3, Cu(I)NP caused ~9.2 fold increase and Cu(II)NP 
~17 fold increase in H2O2 levels after 24 h (Fig. 5b). However, in MRC-5 
there is a little change after CuNP exposure in H2O2 level; Cu(I)NP 
caused ~1.6 fold increase while Cu(II)NP caused ~3.4 fold increase in 
ROS levels compared to control (Fig. 5c). Whereas the precursors (CuCl 
and CuCl2, SNP) caused more ROS production in normal cells in 

comparison to CuNP treated groups (Fig. S7 (a-c)). These results sug
gested that CuNP and specifically Cu(II)NP produced more ROS in tumor 
cells compared to fibroblasts since tumor cells are more sensitive for 
Fenton like reaction of Cu due to acidic environment. Additionally, NO 
delivery could enhance specific effect through peroxynitrite generation, 
which induced apoptosis after the interaction of NO with superoxide 
anion, which usually are produced from cancer cells [16]. 

ONOO− is another highly reactive species, which is generally 
generated from the reaction between ROS (mainly O2

•− ) and NO [44]. 
ONOO− is known as an apoptotic inducer of damage to a number of 
molecules including DNA and proteins, leading to cell death. Therefore, 
to investigate ONOO− , DAX-J2 PON Green probe was used and quan
titatively measured. As shown in Fig. 5 (d,e) after 24 h of treatment, 
there is a significant induction of fluorescence intensity in CuNP treated 
cells compared to control and fibroblasts. In A2780, Cu(I)NP caused 
~1.3 fold increase while Cu(II)NP caused ~1.2 fold increase in ONOO−

levels (Fig. 5d). In SK-OV-3, Cu(I)NP caused ~2.3 fold increase and Cu 
(II)NP ~1.8 fold increase in ONOO− levels after 24 h (Fig. 5e). However, 
in MRC-5 cells there is a slight change after NP exposure in ONOO−

level; Cu(I)NP and Cu(II)NP caused ~0.9 fold decrease in ONOO− levels 
compared to control (Fig. 5 (d,e)). Whereas ONOO− levels in cancer 
cells treated with CuCl, CuCl2 and SNP are slightly increased (Fig. S7 (d, 
e)). These results suggested that CuNP also produced more ONOO− in 
tumor cells compared to fibroblasts because generally there are more 
oxide species, which react with NO to produce the peroxynitrite specie 
[16]. 

3.6. CuNP induces oxidative stress 

qPCR analysis was conducted to unravel the specific molecular 
events involved in the oxidative stress after 24 h of CuNP treatment in 
both cell lines, A2780 and SK-OV-3. The expression of antioxidant genes 
NRF2, HO-1 and SOD1 was evaluated. As previously reported, NO do
nors inhibited c-myc expression by inactivating Nf-κB [45,46] and 
reduced iNOS expression as a negative feedback [47]. 

Fig. 3. Immunofluorescence analysis of cytochrome c release. a, A2780, b, SK-OV-3 treated with CuNP (Cu(I)NP, Cu(II)NP) (10 μg/ml) and CisPt (3 µg/ml; 
10 µM) for 6, 12 and 24 h. Scale bar: 10 µm. 
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Under normal condition, NRF2 binds with Keap1 gene, which in
hibits its activation followed by degradation, while when ROS are pro
duced inside cells, NRF2 is released from Keap1 and translocated into 
the nucleus where it activates others antioxidant response genes 
including HO-1 [48,49]. In our results, we found that HO-1 expression is 
significantly upregulated in both cell lines after CuNP treatment 
compared to control. Our findings parallel with other results, which 
demonstrated that HO-1 expression is regulated by NRF2 in response to 
oxidative stress after copper nanoparticles treatment [50] (Fig. 5 (f,h)). 

Cu/Zn superoxide dismutase (SOD1) is an important antioxidant 
gene, which catalyses the conversion of superoxide anion O2

•− into other 
less toxic radical species to maintain low the ROS levels [51–53]. 
Downregulation of SOD1 expression correlated with increase in ROS 
levels [54]. In our results, we found that SOD1 decreased after Cu(II)NP 
treatment in both cell lines compared to Cu(I)NP treated group (A2780: 
0.74 vs 0.85; SKOV-3: 0.70 vs 0.93; Fig. 5 (f,h)). 

Since CuNP delivered even NO, it was quantified the expression level 
of inducible nitric oxide synthase gene (iNOS) known as NOS2, an NO 
regulated gene expression by a negative feedback loop [55]. As CuNP 
containing Cu+2 metals, in both cell lines NOS2 is significantly upre
gulated after treatment (Fig. 5 (g,i)), as Cu+2 induces NOS2 expression 
and as a consequence ROS [47,56], while there are no induction from 
their precursors (Fig. S8 (b,d)). SNP also inhibit cancer cell proliferation 
by the downregulation of c-myc gene expression through the inactiva
tion of NF-κB [46]. 

As shown in Fig. 5 (g,i), the expression of NF-κB and c-myc was 
downregulated in SKOV-3 and only c-myc in A2780 cell lines compared 
to control. Instead, the cisPt treatment is reported to upregulate c-myc 

expression, in turn preventing apoptosis [57]. While, comparatively 
treatment with precursors (CuCl and CuCl2) did not significantly alter 
the expression of NF-κB (Fig. S8 (b,d)). 

3.7. CuNP have anticancer activity on human ovarian cancer organoids 

Liver is the main organ for drug metabolism and excretion [58] to 
purify the blood from toxic compounds. Many studies reported the use of 
liver organoids to evaluate drug induced toxicity [59]. 

In our study, we further investigated CuNP cytotoxicity on normal 
mouse liver organoids to predict the in vivo biocompatibility. Immu
nohistochemistry was used to characterize organoids for premature 
(SOX9 and cytokeratin 19) and mature (HNF4α, albumin and E-cad
herin) hepatocyte markers as previously published [60]. The IC50 values 
of Cu(I)NP (4.4 ± 0.8 μg/ml) are similar to CisPt (5.9 ± 1.5 μg/ml) 
(Fig. S9). Comparatively, Cu(II)NP (17.3 ± 0.7 μg/ml) were less toxic 
then Cu(I)NP and CisPt on mouse liver organoids but produced higher 
oxidative stress in tumour cells make them an ideal biocompatible 
therapeutic compound for cancer treatment. 

Following, the CuNP were tested in ovarian cancer organoids, an 
uncurable disease. In late-stage ovarian cancer, 30% of patients develop 
ascites. Ascites are treated with chemotherapy and paracentesis is used 
to relieve the symptoms [61]. Ascites contains free floating cells, which 
develop intraperitoneal metastases [62]. To investigate the efficacy of 
CuNP, cancer organoids were generated from primary tumors and as
cites. Cancer organoids provide an effective cancer model to evaluate 
the efficacy of therapeutic drugs [22,63,64], which could reproduce the 
clinical response of patients [65]. Organoids derived from high grade 

Fig. 4. Lysotracker analysis of CuNP for lysosomal internalization study. Fluorescence microscopy images of rhodamine-labeled CuNP. a, A2780, b, S-KO-V3 
ovarian cancer cell lines after 6, 12 and 24 h. Controls (nuclei, lysosomes and only Rodamine w/o nanoparticles) were used to set-up fluorescence intensity and avoid 
background signals. Arrows indicate the colocalization of nanoparticles with lysosomes (yellow). c, A2780, d, SK-OV-3 immunofluorescence images of Cathepsin B 
release (red) after 6, 12 and 24 h of treatment of CuNP (Cu(I)NP, Cu(II)NP) (10 μg/ml) and CisPt (3 µg/ml; 10 µM) for 6, 12 and 24 h. Scale bar: 10 µm. 
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ovarian cancer primary tumors (Pat A, B) and two organoids derived 
from ascites (Pat C, D) (Table S4) were treated with CuNP. The IC50 
values are effective in the range of 1.2 − 16.5 µg/ml (Fig. 6 (a-d). 

In patient A and B, the in vitro sensibility to platinum and CuNP 
could be explained by the fact that PDTO were derived from treatment 
naïve tumor specimens. In Patient C and D, PDTO were harvest from 
cancer cells isolated from ascitic fluid that normally are resistant to 
chemotherapy. This explains the resistance against platinum (Fig. 6(a- 
d)), and Table S3). In accordance with the literature [66,67], immu
nohistochemistry analysis showed that ovarian organoids retained the 
characteristics of the original tumors as confirmed by the strong 
immunopositivity for CA-125 (cancer antigen 125), WT1 (Wilms’ Tumor 
1) and PAX8 (Paired box gene 8) that are markers of ovarian cancer 
(Fig. 6e, Fig. S10). Hence, our results highlight that ovarian cancer 
organoids preserve the molecular characteristics of the tissue of origin. 
The potency of CuNP on primary tumors and ascites suggests a possible 
therapeutic application of this novel material. 

3.8. In vivo antitumor activity of CuNP 

Since Cu(II)NP were less toxic on normal liver organoids and pro
duce more ROS species than Cu(I)NP, the antitumor efficacy of Cu(II)NP 
was investigated using OVCAR-5 tumor bearing mice. When the tumor 
volume reached 50–100 mm3, mice were treated intraperitoneally twice 
per week with 2 mg/kg of CisPt and 4 mg/kg of Cu(II)NP. After treat
ment, mice were examined every day for signs of toxicity (physical 
distresses). As shown in Fig. 6f, after Cu(II)NP treatment there is a 
reduction in tumor volume compared to control group, while no obvious 
body weight changes were observed (Fig. 6g). After being sacrificed, 
major organs (brain, heart, liver, lung, spleen, kidney, intestine and 
bone marrow) were collected. No apparent histopathological abnor
malities were seen in Cu(II)NP treated group (Fig. S11), representing a 
biocompatible therapeutic compound. Hence, these findings demon
strated the potential therapeutic application of the proposed novel 
material via multiple ROS generation. 

Fig. 5. CuNP generates multiple ROS in cancer cell lines. a-c, Relative H2O2 level measurement. a, A2780, b, SK-OV-3, c, MRC-5. d-e, Relative ONOO− level 
measurement. A2780, S-KO-V3, and MRC-5 f-i, qPCR analyses of selected genes. Bar graphs represent real-time RT-PCR analyses for mRNA expression of A2780 and 
SK-OV-3 cell lines after 24 h of CuNP treatment. f, h, NRF2, SOD1, HO-1, g, i, NF-κB, c-Myc, NOS2. Cells were incubated with CuNP (10 μg/ml), and CisPt (3 µg/ml; 
10 µM) for 24 h; error bars indicate SEM. Data shown are two independent experiments of three replicates. 
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4. Conclusions 

In this manuscript, a self-therapeutic dual ROS generator nanosystem 
based on Fenton like reaction for cancer therapy was developed. Our 
results suggest that CuNP produced more ROS species in cancer cells due 
to acidic environment compared to normal cells. Additionally, NO reacts 
with O2

− • to produce highly reactive ONOO− nitrogen specie as apoptotic 
inducer, thereby inducing more cancer cell destruction than healthy 
cells. Flow cytometry analysis showed a time dependent apoptosis 
compared to the precursors and CisPt. Moreover, internalization studies 
revealed that CuNP were involved in lysosomal membrane per
meabilization through ROS production. The ROS production is higher in 
cancer cells than normal cells probably due to the acidic microenvi
ronment, which contributes to the high selectivity. Additionally, these 
data are in line with the increase of cytochrome c release over time. 
Furthermore, the upregulation of oxidative stress genes confirmed that 
CuNP are more effective than the precursors and CisPt. Similarly, CuNP 
(Cu(I)NP, Cu(II)NP) showed a high therapeutic effect on ovarian cancer 
organoids independently of platinum resistance, while only Cu(II)NP 
showed lower toxicity on mouse liver organoids. In vivo study indicated 
that Cu(II)NP achieved significant therapeutic efficacy in tumor burden 
reduction with a self-generation of ROS species and an excellent 
biocompatibility. This innovative study offers a novel platform for the 
development of self-therapeutic multiple ROS producing materials, 
which is specific for the tumor microenvironment. 
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