Abu-Serie and Eltarahony Cancer Nano (2021) 12:25
https://doi.org/10.1186/512645-021-00097-5

Cancer Nanotechnology

RESEARCH Open Access

n

Novel nanoformulation of disulfiram Al
with bacterially synthesized copper oxide
nanoparticles for augmenting anticancer
activity: an in vitro study

Marwa M. Abu-Serie'” and Marwa Eltarahony?

*Correspondence:
marwaelhedaia@gmail.com
' Medical Biotechnology
Department,

Genetic Engineering

and Biotechnology
Research Institute (GEBRI),
City of Scientific Research
and Technological
Applications (SRTA-City),
New Borg El-Arab City,
Alexandria 21934, Egypt
Full list of author information
is available at the end of the
article

B BMC

Abstract

Background: Disulfiram (DS), in the presence of copper (Cu), exhibited potent broad
anticancer activity. However, its clinical application is limited due to the poor solubil-
ity and stability. Hence, a novel nanocombination of DS with bacterially synthesized
copper oxide nanoparticles (CuO NPs) was prepared herein to improve the anticancer
efficacy of the typical DS-Cu complex. Our design utilized the nanocharacteriza-

tion and prooxidant effect-mediated anticancer activity of CuO NPs which may lead
to enhanced cellular uptake and thus improved anticancer efficacy of this unique
nanocomplex.

Results: The characterized DS-CuO NPs exhibited high stability in serum and the
strongest selective anticancer activity, with the lowest half-maximum inhibitory
concentration (ICs, < 15 nM), against human breast, lung and liver cancer cells, by >10-
fold, compared to DS—Cu, CuO NPs and Cu. Importantly, DS—CuO NPs revealed better
synergistic anticancer effect and higher cellular uptake than DS—Cu. Moreover, this
novel nanocomplex showed higher prooxidant effect-mediated apoptosis and anti-
metastatic potential. This was accomplished by elevating cellular reactive species
content with inhibiting the antioxidant defenders (functional marker of cancer stem
cells (aldehyde dehydrogenase) and nuclear factor erythroid 2-related factor2), matrix
metallopeptidase 9 and NF-kB as well as enhancing p53 expression.

Conclusion: All of the aforementioned findings verified that this novel nanocomplex
was capable of improving the therapeutic index of the conventional DS—Cu complex.
The potent selective anticancer activity of this promising nanomedicine merits further
investigation, as a separate future study, using animal models as preliminary step
before its clinical application.

Keywords: Disulfiram, Copper oxide nanoparticles, Disulfiram—copper oxide
nanoparticles, Cellular uptake, Anticancer
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Background

Cancer is a leading cause of death and a major impediment to increasing life expec-
tancy. According to GLOBOCAN 2020, lung, liver and female breast cancers remain
significant causes of cancer death, accounting for 18%, 8.3% and 6.9%, respectively
(Sung et al. 2020). Hence, our current study focused on these cancer types. Chemo-
therapy is typically the first line for cancer treatment. However, the efficacy of the
current chemotherapeutic drugs is limited, particularly in late-stage tumors. Repur-
posing approved drugs is a promising approach because it reduces risks with saving
time and money, facilitating clinical translation.

Disulfiram (DS) which is approved by the Food and Drug Administration (FDA) for
the treatment of alcoholism under the brand names Antabuse® or Antabus®, exhib-
ited broad and efficient anticancer activity (Xu et al. 2020). DS causes cancer cell
death by upregulating reactive oxygen species (ROS) production, proapoptotic pro-
teins (p53 and Bax) and proteasome inhibition (Meraz-Torres et al. 2020). The latter
prevents the degradation of inhibitors of cyclins and cyclin-dependent kinases result-
ing in cell cycle arrest and inhibits NF-kB which mediates the expression of key genes
of oncogenesis, angiogenesis and metastasis (Almond and Cohen 2002). DS also
blocks angiogenesis and invasion through inactivation of collagenase IV and matrix
metallopeptidases (MMPs) (Meraz-Torres et al. 2020).

Based on previous studies, this anticancer effect of DS is potentiated in the pres-
ence of copper (Cu*") (Meng et al. 2021; Xu et al. 2020; Wang et al. 2020; Chang et al.
2020). Intracellular copper plays a crucial role in triggering the generation of exces-
sive ROS that mediate cancer death. DS is a bivalent metal ion chelator that strongly
interacts with Cu®" to form mixed disulfides (DS—Cu), which overcome the limited
Cu transport into cancer cells, disrupt gene transcription and vital protein function
and generate more ROS (Meraz-Torres et al. 2020; Duan et al. 2014; Brar et al. 2004).
It is worth noting that the clinical use of DS or its chelating complex with Cu (copper
diethyldithiocarbamate)) as cancer treatment is limited due to its poor bioinstabil-
ity in the bloodstream and bioavailability. As a consequence, the need for a long-cir-
culating nanodrug-delivery system to protect DS, improve bioavailability and enable
targeted delivery remains unabated (Najlah et al. 2021; Chen et al. 2018; Wehbe et al.
2017).

A wide range of nanobased drug-delivery systems for DS and its complex such as
micelles, liposomes, lipid-based NPs and polymeric NPs were investigated. However,
efficient drug delivery remains a challenge for clinical application (Najlah et al. 2021;
Chen et al. 2018). Hence, in this study, the nanoformulated DS—Cu complex was pre-
pared using a novel, cost-effective and simple method by directly chelating DS with
bacterially synthesized copper oxide nanoparticles (CuO NPs). The green biosynthe-
sis of metallic NPs is an ecofriendly, cheap, clean, safe and time efficient method that
overcomes the drawbacks of physical and chemical techniques (Eltarahony et al. 2021).
Herein, for the first time, Streptomyces pluricolorescences EM4 was used as bionanofac-
tory for green bioproduction of CuO NPs. The main objective of this novel study is nan-
oformulation of DS chelating complex with improving its solubility and biostability as
well as achieving more potent selective anticancer efficacy against breast, lung and liver
cancer cells than classic DS—Cu. The anticancer potency was investigated via assessment
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of apoptosis, fold change in ROS, cell migration and key mediators of redox-mediated
oncogenesis at gene and protein levels.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), Roswell Park Memorial Institute (RPMI)
1640 medium, and fetal bovine serum (FBS) were purchased from GIBCO (MA, USA).
Disulfiram and copper II nitrate were obtained from Acros Organics (New Jersey, USA)
while nuclear stains and retinal from Sigma-Aldrich (MI, USA). Molecular reagents and
kits were purchased from Thermo Fisher Scientific (MA, USA) and other colorimet-
ric assay (MMP9, ALDH 1A, Nrf2) kits and IkB antibody from Abcam (Cambridge, UK).

Instruments

Atomic absorption spectroscopy (Anylatik Jena, Germany) was used for quantification
of CuNPs. The characterization of the formed nanocomplex of DS—Cu was performed
using Zetasizer Nano ZS (Malvern, UK), EDX (JEOL JEM-1230, Japan) and XRD (Bruker
MeaSrv (D2-208219), Germany), TEM (JEOL JEM-1230-Japan) and SEM (JEOL, model
JSM-6460LYV, Japan). MTT assay was measured using ELISA plate reader (BMG Labtech,
Germany) and phase contrast microscope (Olympus, Japan). Apoptosis was analyzed
using flow cytometry (Partec, Germany) and fluorescence microscope (Olympus, Japan)
as well as real-time PCR detection system (BIO-RAD, USA). Cellular ROS was quanti-
fied using spectrofluorometry (BMG Labtech, Germany).

Methods

Bacterial biosynthesis of CuO NPs

The bacterial bionanofactory Streptomyces pluricolorescence EM4 was isolated from
Marriott Lake sediment (Alexandria, Egypt); exhibiting versatile and characteristic met-
abolic capabilities. It was submitted to GenBank under the accession number KY964509.
The cylinders disks (9 mm in diameter) were punctured from the sporulated culture of
EM4 strains by sterile cork-borer and inoculated into starch nitrate broth. This medium
consisting of 10 g soluble starch, 2 g KNO,, 100 g NaCl, 1 g K,HPO,, 0.5 g MgSO,.7H,0,
3 g CaCOg and 1 ml of trace elements solution (0.1 g FeSO,.7H,0, 0.1 g MnCl ,.H,0,
0.1 g ZnSO,.7H,0), supplemented by 2 mM of Cu(NO,), as a precursor of CuO NPs
(Eltarahony et al. 2021). The culture was incubated under orbital shaking conditions
(150 rpm) at 30 °C for 96 h. At the same time, two control experiments, media with
metal precursors without bacterial inoculum and media with bacterial inoculum with-
out metal precursor, were incubated in exact conditions. During the incubation period,
the bioconversion of Cu-precursor to CuO NPs, was observed by the change in biomass
color. For NPs extraction, the microbial pellets containing CuO NPs were collected by
centrifugation at 11,000xg for 20 min and washed severally by doubled distilled H,O
and 70% ethyl alcohol to eliminate media residuals. The CuO NPs were extracted from
the cell as procedure described previously by Eltarahony et al. (2018). Briefly, the bacte-
rial pellets were disrupted by suspending them in Tris HCl-sucrose~EDTA (TSE) lysis
buffer thereby sonication at 60-80% amplitude for 20 min with 0.6 s pulse rate. The
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extracted CuO NPs were subjected for the following analyses after centrifugation, wash-
ing and drying steps (Eltarahony et al. 2018).

Nanocombination of DS with the biosynthesized CuO NPs

After freezing-drying the above-prepared CuO NPs, it was quantified using atomic
absorption spectroscopy. Then equimolar solution of DS and CuO NPs were prepared
and mixed well forming a greenish brown color of DS—CuO nanocomplex (DS—CuO
NPs), in parallel with the preparation of the traditional combination of DS with copper
(DS—Cu). The nanocharacterization of this formed complex was verified using the fol-
lowing analytical techniques.

Characterization techniques

Size and zeta potential of CuO NPs and nanocomplex were measured by Zetasizer Nano
ZS and the data were analyzed by Zetasizer software 6. In addition, serum stability of
DS—CuO NPs in phosphate buffer saline (PBS) containing 50% fetal bovine serum, at
37 °C, was detected by measuring its size during 72 h. The compositional characteristics
of the as-prepared CuO NPs were detected with EDX operating at an accelerated volt-
age of 200 kV. The structural features of CuO NPs and DS—CuO NPs were examined
through X-ray diffractometer with Cu Ka radiation tube (1=1.5406 A) operated at a
voltage of 30 kV, with scan rate of 0.02°/s in 20 angular range of 2—80°. Then, JCPDS was
used to analyze the data. The morphological characteristics of the as-prepared nano-
complex were verified by TEM and SEM.

In vitro anticancer assessment of DS—CuO NPs against breast, lung and liver cancer cells
Cytotoxicity determination in human cancer cells

Anticancer activity of the conventional complex and its nanoformulation was assayed
using three human cancer types. Triple-negative breast cancer cell line (MDA-MB 231)
and liver cancer cell lines (Huh7 and HepG2) were cultured in RPMI-1640 while lung
cancer cell line (A549) was cultured in DMEM. Both media were supplemented with
10% fetal bovine serum. All cancer cells (5 x 10% cells/well) were seeded in cell culture
96-well plates. After 24 h of cell attachment, serial concentrations of DS—CuO NPs, DS—
Cu complex, DS, CuO NPs, CuO and copper nitrate (Cu) were incubated with four can-
cer cell lines for 48 h at 37 °C in 5% CO, incubator. The percentage of growth inhibition
in the treated wells was quantitatively determined by MTT method (Mosmann 1983).
The ICy, values were estimated using GraphPad Prism 6. In addition, cellular mor-
phological changes before and after treatment were investigated using phase contrast
inverted microscope with a digital camera. Moreover, CI of DS—CuO NPs and DRI of
DS and CuO in this nanocombination were estimated to evaluate the extent of its syner-
gistic anticancer activity relative to DS—Cu.

Cytotoxicity determination of the active complex and its NPs in human blood mononuclear
cells

Human mononuclear cells (HMNCs) were isolated from blood which was collected from
healthy volunteers. This is in accordance with the guidelines of the Research Ethical
Committee, Faculty of Medicine, Alexandria University (Approval no. 0305246) and the
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recommendations of the National Health and Medical Research Council policies and the
Ministry of Health and Population, Egypt. HMNCs were obtained using Ficoll-Hypaque
density gradient centrifugation method, as previously described (Ferrante and Thong
1980). Briefly, heparinized blood samples were carefully layered on Ficoll-Hypaque
then centrifuged at 2000 rpm for 30 min. The undisturbed HMNC:s layer was carefully
collected and centrifuged twice at 1650 rpm for 5 min then cell pellet was suspended
in RPMI-1640 medium containing 10% FBS and counted using trypan blue exclusion
method. HMNCs (10* cells/well) were seeded in 96-well sterile round bottom plate then
serial concentrations of DS—CuO NPs and DS—Cu complex were added. After 48 h incu-
bation, the viability of HMNCs was determined using MTT method, as described above,
to estimate IC5,. Moreover, the selectivity indexes (SI) of DS—CuO NPs and DS—Cu were
calculated as the ratio of IC,, for HMNC:s to IC;, for each human cancer cell line.

Cellular uptake of Cu and CuO NPs

After seeding MDA-MB 231, A549 and Huh7 in 25 cm? T-flasks (1 x 10° cells per flask)
and 24 h cell attachment, 12 pg (maximum safe dose) of DS—CuO NPs, DS—Cu complex,
CuO NPs and Cu were added. The untreated and treated cells were harvested after 2 h
then counted, washed and digested. The cellular contents of Cu and CuO were meas-
ured by atomic absorption spectroscopy and expressed as percentage relative to original
added amounts.

Flow cytometry and fluorescence microscope for investigating the apoptotic effect

of the tested complexes

After 48 h incubation of both complexes with MDA-MB231, A549, Huh7 and HepG2,
at the corresponding IC;, of DS—CuO NPs for each cell line, cells were trypsinized and
washed then incubated with FITC-annexin V/propidium iodide (PI) for 15 min. The
apoptosis-dependent anticancer effect was determined by quantification of annexin-
stained apoptotic cells using the FITC signal detector (FL1) against the phycoerythrin
emission signal detector (FL2) of flow cytometry. Meanwhile, fluorescence microscope
was used after staining the adherent treated breast, lung and liver cancer cells with eth-
idium bromide and acridine orange (EB/AO).

Wound healing migration assay

After breast, lung and liver cancer cells reaching 90% confluence, cells were scratched
and treated with safe doses of complexes (at~1.5 nM). The wound area was photo-
graphed and calculated by image j software for estimating the inhibition migration per-
centages in the treated wells relative to untreated wells at 0 and 24 h.

QPCR measurement of the effect of the studied complexes on p53 and NF-kB expression

The total RNA of the treated and untreated wells was extracted and the cDNA was syn-
thesized using RNA purification and cDNA synthesis kits, respectively. The expression
levels of target genes were measured using SYBR green master mix and specific primers.
The following primers were forward 5-ATGTTTTGCCAACTGGCCAAG-3, reverse:
5-TGAGCAGCGCTCATGGTG-3' for p53 and forward: 5-TCAAGATCTGCCGAC
TGAAC-3, reverse: 5'-CCTCTTTCTGCACCTTGTCA-3' for NF-«xB. The fold change
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in the expression of target genes, relative to the untreated control cells, was calculated
via 2744C4 method.

Measurement of the increment in intracellular ROS generation

The cellular ROS level was determined by incubation of the untreated and treated cancer
cells with dichloro-dihydro-fluorescein diacetate (DCFH-DA) for 48 h. DCFDA is oxi-
dized by cellular ROS to fluorescent DCE, which was assessed using spectrofluorometry
at 480 nm excitation and 530 nm emission. Then relative fold change in ROS content in

the treated cells relative to the untreated was calculated.

Determination of inhibitory potency of both complexes on MMP9 activity, ALDH1A activity
and Nrf2 transcriptional activation

The activity of MMP9 and ALDHI1A were detected in the lysates of complexes-treated
cancer cells, relative to the untreated cells, using colorimetric assay kits. In ALDH1A
assay, retinal was used as substrate due to the affinity of ALDH1A1 and ALDH1A3,
which are predominant enzymes in the selected cancer cell lines. Also, the percent-
age inhibition of Nrf2 transcription of detoxifying enzyme genes in the untreated and

treated cells was quantified according to manufacturing instructions.

Immunohistochemistry staining of IkB

Briefly, after 48 h incubation of human cancer cell lines with the studied complexes,
at the corresponding IC;, of DS—CuO NPs, cells were trypsinized, washed and fixed
in paraformaldehyde. The fixed cells were dehydrated (using graded ethanol concen-
trations) and immersed in xylene; cells were collected by centrifugation at each step.
Then impregnated in melted paraffin forming solid paraffin blocks. The latter were cut
into 3-5 um thick sections and transferred into positively charged slides. After drying,
dewaxing, rehydrating slides, microwave heating in citrate buffer and washing, primary
IkB antibody (1:400) was added. After overnight incubation, horseradish peroxidase-
conjugated secondary antibody then substrate (3,3’ diaminobenzidine) were added
and the developing colored product was detected to estimate the percentage of immu-

nostained cells by CellSens imaging analysis software of the phase contrast microscope.

Statistical analysis

All data are presented as mean = standard error of the mean (SEM). Tukey’s post hoc
ANOVA and unpaired two-tail Student’s ¢ tests were used for multiple comparisons
and two groups comparisons, respectively, using SPSS 16.0. Statistical differences were
expressed as p value <0.05% < 0.005**, < 0.001***.

Results

Biosynthesis and physicochemical properties of CuO NPs and DS-CuO NPs

The biosynthesis of functionalized CuO NPs was initially validated by changing the
color of S. pluricolorescence EM4 culture from pale green to faint brown after incu-
bation with copper nitrate, a precursor of CuO NPs. Comparatively, no obvious
changes occurred in the control cultures, revealing that Cu-precursor was success-
fully bioconverted into its corresponding NPs. The yield of extracted CuO NPs was
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6 mg/100 ml culture that quantified using atomic absorption. Following the prepara-
tion of an equimolar water soluble DS—CuO nanocomplex (0.5 mM), the characteris-
tic and structural verification of biosynthesized CuO NPs and this nanocomplex were
demonstrated in the subsequent physicochemical analyses.

Size and zeta potential of CuO NPs were 143.07 £ 1.13 nm and — 27.5£0.50 mV,
respectively, while that of DS—CuO NPs were 235.05+4.15 nm and — 26.21 £ 0.78 mV,
respectively (Additional file 1: Fig. S1). Particle sizes of both CuO NPs and DS—-CuO
NPs have acceptable polydispersity indexes (PDI, 0.222 and 0.119, respectively).
Regarding, the stability of nanocomplex in serum, Fig. 1a did not show any marked
changes in particle size, without precipitation, during 72 h, indicating good stability
of DS—Cu NPs. The water solubility of the prepared DS—CuO NPs was 2 mg/ml.

Energy-dispersive X-ray spectrometer (EDX) pattern of bacterially synthesized
NPs affirmed the existence of potent signals of Cu and O, by 66.93% and 33.07%,
respectively, at their corresponding surface energies 8.0/ 0.9 and 0.5 keV, respectively
(Fig. 1b). This phase identification was further assured by X-ray diffractometer (XRD),
which revealed a series of distinguishable peaks at 20 =32.4°, 38.5°, 45.5°, 53.2° and
61.5°, corresponding to (110), (111), (— 112), (020) and (— 113) Bragg’s reflection,
respectively (Fig. 1c). Such peaks position with their intensities matched the mon-
oclinic cubic phase of CuO with the standard spectrum (Joint Committee on Pow-
der Driven Standards (JCPDS) file no. 01-089-5896). In either EDX or XRD of the
biosynthesized CuO NPs, there were no obvious peaks for bacterial culture traces.
The XRD diffractogram of nanometal complex disclosed a series of distinct peaks at
20=12.33°, 15.47°, 18.50°, 19.77° and 22.24°, 25.08°, 27.36°, 29.79° and 30.947° with
reflection planes (— 101), (— 111), (020), (— 112) and (— 121), (232), (230), (— 220)
and (333), respectively (Fig. 1c). These diffraction peaks and planes were found to
correspond to the triclinic phase of copper thiourea sulfate hydrate (JCPDS file no.
52-0501). Moreover, micrographs of transmission and scanning electron microscopes
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(TEM and SEM, respectively) revealed 2D and 3D, respectively, of rod, needle or
spindle shaped DS—CuO NPs (Fig. 1d, e).

Selective growth inhibitory efficacy of DS-CuO NPs compared to the typical DS-Cu
complex on breast, lung and liver cancer cells

The MTT assay was primarily used to assess the anticancer potency of the characterized
nanocomplex via half-maximum inhibitory concentration (ICy,) estimation. The MTT
results illustrated that the novel nanoformulated DS—CuO complex had the strongest
anticancer activity (IC5,<15 nM) against breast, lung and liver cancer cells when com-
pared to DS—Cu complex (IC;,> 151 nM), DS (IC,,>220 nM), CuO NPs (IC,,>447 nM),
CuO (IC5,>846 nM) and Cu (ICy;>943 nM). The calculated IC,, values of DS—CuO
NPs were 14.824+0.909, 10.59+1.32, 7.27£1.09 and 6.724+0.204 uM for MDA-MB
231, A549, Huh7 and HepG2 cells, respectively (Fig. 2a). At latter ICy, values, powerful
anticancer effect of the nanocomplex was further verified by the dramatic alteration in
the morphology of all investigated cancer cells, compared to healthy morphology of the
conventional complex-treated cells (Fig. 2b). More interestingly, the estimated combi-
nation index (CI) values of DS—CuO NPs (0.032, 0.029, 0.022 and 0.022) were 10 times
lower than that of DS—Cu (0.344, 0.342, 0.439 and 0.435), indicating a higher synergis-
tic anticancer effect against all studied cancer cell lines (MDA-MB 231, A549, Huh?
and HepG2, respectively). Moreover, the dose reducing index (DRI) of DS in nano-
complex increased by 12.75- to 23.86-fold when compared to conventional complex as
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well as CuO NPs was 5.829-11.98 folds of Cu, supporting that better synergy exists in
nanocomplex.

Because the selectivity of cytotoxicity of any novel drug (DS—CuO nanocomplex)
against human cancer cells is crucial, its cytotoxicity on HMNCs was assessed, in the
term of IC;, to calculate SI values for each human cancer cell line. The estimated ICs
values of DS—Cu NPs and DS—Cu were 88.75+2.72 nM and 176.61 £ 3.98 nM, respec-
tively, on HMNCs. As shown in Fig. 2¢, SI values of DS—CuO NPs for MDA-MB 231,
A549, Huh7 and HepG2 were 6.00, 8.48, 12.43 and 13.23, respectively, compared to~ 1
in the case of DS—Cu complex for all tested cancer cell lines.

High cellular uptake of DS—CuO NPs

After 2 h incubation of cancer cells with the maximum safe dose, both NPs of CuO and
DS-CuO were taken up very well (>85%) by all investigated cancer cells compared to
DS—Cu complex (12-14%) as shown in Fig. 2d. At this experiment condition (time and
dose), cellular uptake of Cu alone was practically undetectable and due to the fact that

its intracellular transport is limited, but such complex can be enhanced its uptake.

Apoptosis-mediated anticancer effect of DS—CuO NPs

Flow cytometric analysis (Fig. 3a, b) recorded that the percentages of annexin-stained
apoptotic DS—CuO NPs-treated MDA-MB 231, A549, Huh7 and HepG2 cells were
51.244+2.13%, 65.28 +-0.35%, 52.40 & 1.74% and 52.99 + 1.455, respectively. Comparably,
DS—Cu complex did not show either an obvious apoptotic effect (0.015—8%), at the same
used concentrations (ICs,) of DS—CuO NPs, or significant difference with the control
untreated MDA-MB 231, Huh7 and HepG2 cancer cells (Fig. 3a, b). Additionally, the
potent apoptotic activity of DS—CuO NPs was confirmed by investigating the EB/AO-
stained cells under a fluorescence microscope. This was demonstrated by the existence
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of yellow, orange and reddish orange fluorescence of apoptotic nuclei in only DS—CuO
NPs-treated four cancer cell lines, while all DS—Cu-treated cells had green fluorescence
nuclei like healthy untreated cancer cells (Fig. 4a). Moreover, DS—CuO NPs enhanced
significantly the gene expression of main apoptosis mediator (p53) by 3.83-4.87 folds
relative to DS—Cu (Fig. 4b).

Anti-metastatic potency of DS-CuO NPs

To evaluate the anti-metastatic capability of the unique DS—CuO nanocomplex, the inhi-
bition of wound healing was estimated in the treated breast, lung and liver cancer cells
relative to the untreated cells (Fig. 5a, b). The migration inhibition % in DS—CuO NPs-
treated cancer cells (58.38—78.08%) was significantly higher than that in DS—Cu complex
(17.21-26.40%). Moreover, MMP9 which involves in basement membrane degradation
to promote cell invasion, was inhibited by 35.79-52.79% in DS—CuO NPs-treated cells
versus 14.29-24.44% in DS—Cu (Fig. 5¢).

The impact of DS-CuO NPs on key redox mediators-dependent carcinogenesis

Reactive oxygen species play an important role in cancer initiation and progression.
Thus cellular content of ROS was measured after the cancer cells were treated with
the prepared DS complexes. Figure 6a demonstrated that DS—CuO NPs induced mas-
sive ROS production, relative to the untreated cells, by 23.97, 26.82 and 33.84 folds but
only by~2 folds in DS—Cu-treated MDA-MB 231, A549 and Huh?7 cells, respectively.
Because aldehyde dehydrogenase (ALDH)1A and nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) are important defenders against excessive free radicals, their inhibition by
the tested complexes was assessed. Figure 6b reveals that the activity of ALDH1A was
highly inhibited in DS—CuO NPs-treated cells by 69.39-95.47% compared to<30% in
the case of DS—Cu complex. Also, DS—CuO NPs suppressed the transcription of Nrf2 by
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Fig. 4 Fluorescence microscopy images and p53 expression of DS—-CuO NPs- and DS—Cu-treated cancer
cells. a Images of untreated and treated cancer cells after nuclear staining with acridine orange and ethidium
bromide (green, yellow and orange-red fluorescences refer to healthy alive, early apoptotic and late
apoptotic cells, respectively) at magnification, 100 x; scale bar, 50 um. b Fold change in p53 expression, in
the treated MDA-MB 231, A549 and Huh7 cells, relative to the untreated cells. Data (mean = SEM), DS-CuO
NPs was compared to DS-Cu and considered significantly different at p < <0.05% < 0.005**, < 0.001***
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the untreated cells. ¢ The percentage inhibition of MMP9 in DS-CuO NPs- and DS-Cu-treated cells relative
to the untreated cancer cells. Data (mean = SEM), DS—CuO NPs was compared to DS-Cu and considered
significantly different at p < <0.05%,< 0.005**, < 0.001***

2.74, 2.49 and 2.56 folds relative to DS—Cu complex in MDA-MB 231, A549 and Huh?7,
respectively (Fig. 6¢). ROS activate NF-kB, one of the main transcription factors of sev-
eral oncogenic genes. Figure 6d demonstrates that DS—CuO NPs diminished the gene
expression of NF-kB by 5.99, 8.69 and 9.80 folds, respectively, in breast, lung and liver
cancer cells. Meanwhile, no significant changes were recorded in DS—Cu complex rela-
tive to the untreated cancer cells. Furthermore, immunostaining for inhibitor subunit
I kappa B (IkB) in the untreated and treated MDA-MB 231, A549 and Huh7 cells dis-
closed that DS—CuO NPs have a higher cellular content (55.32-76.21%) than DS—Cu
complex (8.68—21.14%), at 14.81, 10.59 and 7.27 nM, which was not statistically different
from the untreated cells (Fig. 7a, b).

Discussion

Disulfiram, FDA-approved drug, is one of the most potent broad anticancer compounds
in the presence of Cu. Unfortunately, DS and its DS—Cu complex have limited clinical
applications due to their poor solubility (Wehbe et al. 2017). Thus extensive research
is required to improve the bioavailability of DS—Cu. Herein, this challenge was solved,
for the first time, by chelating DS to bacterially synthesized CuO NPs. The characteri-
zation of water soluble DS—CuO complex revealed its nanosize (235 nm) as well as the

homogeneity and uniformity between its particles, as evidenced by its low PDI<0.15.
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Fig. 6 Effect of DS—-CuO NPs on ROS generation and Redox mediators in three cancer types. a Relative
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The latter and its negative charge (— 26.21 mV) proved the stability of this nanocomplex.
This high negative zeta-potential value implies considerable particle repulsion, higher
Brownian motion and lower aggregation tendency, all of which lead to long-term stabil-
ity (Krutisova et al. 2015). The latter was practically ascertained by a negligible change in
its nanosize over 72 h incubation in PBS/50% FBS. These findings indicated a good sta-
ble and soluble nanoformulation of a triclinic crystalline rod-shaped DS—CuO complex
(Cu thiourea sulfate hydrate).

Aside from the nanocharacterization mentioned above, higher cellular uptake of DS—
CuO NPs may correlate with better selective anticancer efficacy than DS—Cu. Besides
this, the selectivity (SI) of DS—CuO NPs outperformed DS—Cu by > 6 folds in all tested
cancer cell lines. The high selectivity of DS—CuO NPs between cancer cells and MNCs
may be attributed to their rod-shaped. The shape of NPs is an important determinant in
cellular uptake and phagocytosis (Baranov et al. 2021). However, the large bulk of nano-
medicines are spherical shaped due to their ease of processing (Ma et al. 2019). Previous
studies found that rod-like NPs were less efficiently phagocytosed than sphere-shaped
NPs and the particle uptake increases with particle size larger than 0.5 pm (Baranov
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Fig. 7 Effect of DS-CuO NPs on protein level of inhibitor subunit | kappa (Ik) B using immunohistochemical
technique. a Immunohistochemical staining images of IkB in the untreated and DS-CuO NPs- and DS-
Cu-treated MDA-MB 231, A549 and Huh?7 cells (magnification, 100 x; scale bar, 50 um) with maximum
magnification for brown stained IkB* DS-CuO NPs-treated cancer cells declaring its cellular localizations in
both nucleus and cytoplasm. b Percentage of IkB-immunostained cell population in the untreated and
treated MDA-MB 231, A549 and Huh?7 cells. Data (mean = SEM), DS—CuO NPs were compared to DS-Cu and
considered significantly different at p < <0.05%, < 0.005%*,< 0.001***

et al. 2021; Zhao et al. 2017; Bohdanowicz et al. 2013). On the other hand, less rigid-
ity and higher permeability of cancer cell membranes than normal cells could be also
directly linked to the low IC;; and high SI of DS—CuO NPs in the treated cancer cell
lines. Previous studies revealed that rod-shaped NPs had higher specific tumor inter-
nalization than their spherical counterparts in liver, cervical and breast cancer cells (Ma
et al. 2019; Zhao et al. 2017; Barua et al. 2013). Such unusual NPs induced apoptosis in
breast, lung and liver cancer cells by >51% with ICg, values that were 10 folds lower than
DS—Cu which induced apoptosis in only <8% of the cells. This potent apoptotic effect
of DS—CuO NPs is associated with a stronger anti-metastatic activity than conventional
complex. More importantly, the anticancer synergistic interaction between DS and CuO
NPs was 10 times more powerful than that between DS and Cu (as proved by lower CI
and higher DRI). The following reasons are proposed to explain the potent synergistic
anticancer activity of this unconventional nanocomplex.

Based on previous studies, the main factors of the apoptotic-mediated cancer death
effect of chelating complex can be summarized as excessive ROS, the formation of
mixed disulfides and proteasome inhibition (Meraz-Torres et al. 2020; Liu et al. 2012).
Because of its combination with CuO NPs, nanocomplex was 23 times more potent
ROS inducer than DS—Cu (Fig. 6a) that rendering DS—CuO NPs had a higher synergis-
tic anticancer activity. It has been reported that prooxidant activity of CuO NPs origi-
nated from NPs themselves and/or Cu ions. The latter are released following the cellular
internalization of CuO NPs by lysosomal degradation (Fahmy and Cormier 2009). Previ-
ous findings reported that CuO NPs themselves can inhibit antioxidant enzymes (cata-
lase, superoxide dismutase and glutathione reductase), generate ROS and decrease level
of reduced glutathione (GSH), resulting in oxidative stress (Reddy and Lonkala 2019;
Fahmy and Cormier 2009). The potent prooxidant effect of CuO NPs could be a major
underlying mechanism for triggering the intrinsic and extrinsic pathways of apoptosis
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via upregulating the expression of intrinsic apoptotic mediators (cytochrome C, cas-
pase 7 and 9) and activation of caspase 8, respectively (Letchumanan et al. 2021). The
loss of mitochondrial membrane potential then activation of p53-mediated apoptosis
were recorded in various cancer types (breast, lung and liver) treated with CuO NPs
(Ali et al. 2020; Sharma et al. 2020; Sankar et al. 2014). Moreover, CuO NPs suppressed
the expression of MMP2, MMP9 and Bcl2, while upregulated the expression of Bax and
cytochrome C in A549 cells (Kalaiarasi et al. 2018). In contrast to CuO NPs, copper
alone did not exert a good anticancer effect (Fig. 2a) due to its limited internalization via
the copper transporter (Ctr) to sustain redox homeostasis. Despite DS enforces cellular
Cu transport in a Ctr-independent manner (Cen et al. 2004), the uptake of CuO NPs or
DS-CuO NPs were higher (Fig. 2d). This is due to their nanosizes, which allow for inter-
nalization via endocytosis, followed by lysosomal degradation and then Cu liberation
inside the cytosol (Bulcke et al. 2016; Shang et al. 2014). Copper’s potency to enhance
the cytotoxic effect of DS and to act as prooxidant, via the generation of ROS and glu-
tathione oxidation, is proportional to its cellular uptake (Chudal et al. 2020; Meraz-Tor-
res et al. 2020; Peng et al. 2019) which was enhanced in nanocomplex-exposed cancer
cells (Fig. 2a—d). Furthermore, DS causes depletion of antioxidant mediators by the
irreversible oxidation of GSH and NAD(P)H as well as irreversible inhibition of ALDH
(Meraz-Torres et al. 2020; Peng et al. 2019). ALDHI1A is critical for protecting and main-
taining cancer stem cells (tumor initiator) by scavenging a variety of highly toxic alde-
hydes. ALDHIA is essential for the progression, chemoresistance and invasion of several
cancers, making ALDHI1A inhibition as highly effective treatment strategy (Liu et al.
2012; Tomita et al. 2016). Previous research found that IC;; of DS for ALDH inhibition
was 72 folds higher than that of DS in combination with Cu, indicating that this complex
strongly suppressed ALDH (Liu et al. 2012).

The ALDHI1 inhibitory efficacy of DS attributes to its high affinity for thiol groups
forming disulfide adducts in ALDH1 active site (Koppaka et al. 2012). This thiol affin-
ity of DS can further disrupt the functions of vital cysteine-enriched proteins, such as
MMP9 and Nrf2, which mediate metastasis and oxidative stress defense, respectively
(Brar et al. 2004). Cysteine residues in Nrf2 are critical for preventing its proteasomal
degradation and for its role in the transcriptional activation of antioxidant enzyme genes
(He and Ma 2009). DS also oxidizes the thiol groups of mitochondrial proteins, resulting
in pore opening then apoptosis induction (Cen et al. 2002). Moreover, DS forms mixed
disulfides with thiol-contained transcription factors (TF) and mediates S-glutathionyla-
tion making TF negatively charged and then reducing TF binding to gene promotors.
According to Brar et al. (2004), Cu enhanced the aforementioned process, causing TF
to become more negatively charged and thus blocking TF binding activity to gene pro-
moter such as NF-kB gene (Brar et al. 2004). DS—Cu impeded not only NF-kB expres-
sion but also its activation by inhibiting proteasome activity, which degrades IkB from
the latent cytoplasmic complex and thus prevents its nuclear translocation (Viola-Rhe-
nalsa et al. 2018). Cu is essential for chelating complex to act as proteasome inhibitor,
which is considered as promising anticancer agents. Previous results demonstrated that
this complex inhibited the proteasome activation and induced apoptosis when the Cu
was transported into cancer cells (Zhang et al. 2017). In accordance with our in vitro
findings, the novel nanocomplex revealed a higher suppressive effect on activity MMP9
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(Fig. 5¢), ALDH1A and Nrf2 and expression of NF-kB (Fig. 6) as well as IxB degradation
(Fig. 7). This suggests that TF binding and proteasome activation inhibitory effects of the
typical complex were negligible at these used low doses (7-15 nM) in contrast to DS—
CuO NPs mainly due to the significant difference in their cellular uptakes.

Conclusion

In this current study, we exploited the chelating ability of DS to metal to prepare a novel
nanoformulated complex with biologically synthesized CuO NPs using a simple and
cheap method to improve the anticancer efficacy of a traditional DS complex. This novel
crystalline needle-shaped complex (DS—CuO NPs) revealed acceptable nanocharacteri-
zation with good solubility and biostability in serum. Because of its nanosize, this novel
complex (DS—CuO NPs) exhibited better cellular uptake in breast, lung and liver cancer
cell lines compared to DS—Cu. Besides that, previous studies found that CuO NPs had
prooxidant activity-mediated potential anticancer effect by upregulating the expression
of proapoptotic genes and downregulating oncogenes, whereas Cu alone did not show
this activity. In accordance with the current results, Cu had lower growth inhibitory
effect than CuO NPs over all tested cancer cell lines (Fig. 1a). According to the current
findings (nanosize, higher cellular uptake and anticancer effect of CuO NPs), its combi-
nation with DS, at< 15 nM, exhibited a superior synergistic anticancer effect (lower CI
and higher DRI) with higher selectivity than DS—Cu against three types of cancers. This
is also confirmed by higher potency of this unique nanocomplex in inducing p53-medi-
ated apoptosis, elevating ROS and inhibiting MMP9-mediated metastasis, ALDH1A,
Nrf2 activation as well as NF-«kB expression and activation. The high inhibitory potency
of DS—CuO NPs on ALDHI1A-sustained CSC strength and MMP9 discloses their effi-
cacy in preventing tumor relapse and combating cancer, even at late stage (metastasis).
Hence, this novel study can meet expectations by improving the therapeutic index of
DS—Cu complex via nanoformulation with biosynthesized CuO NPs resulting in low-
ering the effective anticancer dose and boosting ROS-dependent apoptotic effect by
enhancing its cellular uptake. In future, in vivo studies will be needed to further investi-
gate the anticancer efficacy of this novel nanomedicine using animal models.
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