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ARTICLE INFO ABSTRACT
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This work examined whether co-administration of tamoxifen (TAM) and Fe304@SiO2@Cu hybrid NPs to MCF-7
cancer cells may have an impact in cell cytotoxicity by increasing ICso and apoptosis. NPs were produced using
an electrochemical process and showed a negative surface charge (—35 + 2 mV) and average hydrodynamic

za[;lot’ssfin diameter and particle size of ca. 83 + 1 nm and 60 + 4 nm as derived from dynamic light scattering and electron
Ozczgenes microscopy images, respectively, and being colloidally stable in physiological conditions to long term. The

particles were also shown to be non-toxic to cells in a wide range of concentrations. Notably, the co-
administration of TAM (15 pg/mL) with Fe304@SiO2@Cu nanocomposite (125 pg/mL) significantly reduced
the ICso of TAM from 15.1 pg/mL to 7.8 pg/mL (P < 000.1) after 72 h of incubation. Moreover, alterations in
p53, MDM2, and MDM4 gene expressions were determined using quantitative reverse-transcriptase polymerase
chain reaction (qQRT-PCR) directly related to the cell-death apoptotic pathway. The expression level of p53
increased 2.1 times upon the co-administration of TAM with Fe304@SiO>@Cu NPs nanoparticles compared with
untreated MCF-7 cancer cells as the control group (P < 0.001); conversely, expression of MDM2 and MDM4 genes
were 2.6 and 2.9 times lower compared to control cancerous cells (P < 0.001). On the other hand, fluorescence
microscopy analysis showed that co-administration of TAM (15 pg/mL) with Fe304@SiO2@Cu NPs (125 pg/mL)
caused cell nuclei to break up. This was accompanied by changes in the cell shape, which proved that the
nanoparticle-drug combination was highly cytostatic. Therefore, TAM co-administrated with Fe304@SiO2@Cu
NPs could be a promising and possible way to deliver TAM in breast cancer chemotherapy and enhanced its
therapeutic effect.

1. Introduction

Cancer is quickly reaching cardiovascular diseases (CVDs) as the
most prominent pathology in humans and is currently the second cause
of mortality worldwide. By 2030, it is expected that 13 million people
will die from cancer, and more than 21 million will be diagnosed with
this disease [1]. Among them, over 2 million women were diagnosed
with breast cancer (BC) in 2020 [2]. Breast cancer (BC) is a heteroge-
neous disease displaying different tumoral subtypes, luminal A, HER2-
positive, triple-negative which display important genetic and
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structural differences with different cell populations within the proper
tumor and its microenvironment, the so-called cancer heterogeneity,
making difficult to find fully universal effective treatments for all pa-
tients, thus, leading to the need of developing more personalized ther-
apies [3] to more effective treatments while avoiding drug resistances
and unwanted adverse side effects [4]. What is clear is that poor prog-
nosis and relatively high death rates are directly associated with such
drug resistances after chemo and/or immunotherapies, the common
standard of care nowadays for BC treatment [5]. Drug resistance
mechanisms in BC are mainly associated, as in other types of cancer,
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with the expression and molecular activity of drug efflux pumps, pH
changes in tumoral cells, inability to repair DNA damage, and methyl-
ation of different genes [6]. However, other mechanisms such as
insensitivity to drug-induced apoptosis, drug-detoxification stimulation
[71, and the expression of some oncogenes might also contribute to make
chemo- and immunotherapies less effective [8].

On the other hand, the role of the p53 gene has been extensively
studied in recent years for its involvement in different types of cancer
[9]. This gene plays a crucial role in regulating cellular growth and
preventing the development of tumoral cells. The biological role of p53
is as a tumor suppressor by detecting DNA damage and activating
cellular repair [8]. However, mutations in this gene can lead to a loss of
its function, allowing cells to divide uncontrollably and, thus, poten-
tially leading to cancer development and progression. Preliminary
studies have shown that genetic mutation and changes in the p53 gene
and p53-related signaling pathway (p53, MDM2, MDM4, CDKN2A,
CDKN2B, and TP53BP1) are very common in BC, ca. 30 % of all cases
[10]. In particular, BC is only one of few cancers in which the mouse
double minute 2 (MDM2) and 4 (MDM4) genes are overexpressed or
amplified. These genes are located at chromosome 12q14.3-q15 and
chromosome 1 region q32, respectively, and seem to play key roles in
tumor development and progression [10]. Particularly, MDM2, an E3
ubiquitin ligase, plays a crucial role in regulating the activity of the
tumor suppressor p53 in breast tissue [11], whereas MDM4 inhibits p53
by repressing its transcriptional activity and increase p53 degradation
when heterodimerized with MDM2 [12]. Therefore, understanding the
role of the p53 and directly related genes is crucial for BC treatment,
making this signaling cascade a potential therapeutic target.

Tamoxifen (TAM) is an FDA-approved hydrophobic anticancer agent
and selective estrogen modulator (SERM) for hormone-dependent BC,
being one of the first line treatments of this type of cancer [13]. Despite
its remarkable success, TAM dose-dependent carcinogenicity remains a
concern, limiting its therapeutic uses [13]. Moreover, its efficacy can be
also hindered by inherent developed drug resistance mechanisms after
long periods of administration [14,15]. Currently, tamoxifen can be
administered orally in the form of tablets or capsules for systemic
administration [16]; topically, by direct application in the form of
cream/gel to the breast skin for a more localized delivery; or by direct
infusion using small tubes implanted near the tumor site, allowing for
the sustained release of the drug directly to the surrounding cancer
tissue [17]. The choice of the selected administration method depends
on various factors, such as the type and stage of development of the
tumor, dosage, treatment plan, and patient’s preferences, amongst
others.

However, these administration routes still have different drawbacks
as, for example, the accumulation of suboptimal drug concentrations
tumors, the existence of severe side effects, toxicity to healthy tissues
and organs, etc. Thus, nanotechnology has become a prominent
approach to address this problem, for example, by developing novel
nanoformulations such as, for example, liposomes, micelles, polymeric
nanoparticles (PNPs), solid lipid nanoparticles (SLNs), liquid crystalline
nanoparticles (TAM-LCNPs), metallic nanoparticles (MNs), protein-
based nanoparticles, and nano-lipid carriers (NLCs) to enable the local
and targeted administration of this drug to malignant cells while pro-
longing the duration of treatment and reducing the overall used dose to
prevent systemic toxicity [18] throughout the modification of both the
pharmacokinetics and pharmacodynamics of the therapeutic cargo.
Oppositely, the use of nanoparticles as nanovehicles can potentially
hinder the prompt clearance of drugs from the body and subsequent
accumulation in tissues and organs other than the targeted one. Hence, a
potential alternative is to explore the enhancement of therapeutic ac-
tivity of currently used bioactive compounds upon their coadministra-
tion with bioactive nanoparticles potentially bearing some coadjuvant
and/or therapeutic effect with the objective of simultaneously affecting
several pro-oncogenic pathways that could be concurrently active in
tumor cells related to proliferation, migration, drug resistance,
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mutability, etc [19,20]. In this manner, coadministration can be more
effective as it allows for a synergistic effect between the bioactive drugs
producing a stronger therapeutic effect. For example, Keramati et al.
[15] showed that the co-administration of 5-FU and gum-based cerium
oxide NPs (CeO, NPs) significantly increased p53, CASPASE-3, CAS-
PASE-8 and CASPASE-9 gene expressions compared to free administered
5-FU in human malignant colon carcinoma cells (Caco2). Van Vlerken
et al. [21] reported that co-administration of paclitaxel and ceramide
might be promising against multidrug resistance in the human ovarian
cancer cell line SKOV3, whereas Deshpande et al. [22] reported an
enhanced inhibition on smooth muscle cell proliferation. Stack et al. also
showed that the biodistribution and tissue accumulation of targeted
nanoparticles could be significantly enhanced by co-injection with
polymeric micelles containing the actin depolymerizing agent latrun-
culin A by selectively inhibiting non-specific uptake of the second
“effector” nanoparticle in vitro without impeding receptor-mediated
endocytosis [23]. Moreover, different types of NPs as calcium phos-
phate, aluminium hydroxide and phosphate or silica have been shown to
complementary stimulate the immune system to trigger an enhanced
immune response upon vaccination [24,25].

In this regard, ferrite/iron oxide NPs and Fe3O4@SiO, core-shell
NPs, which consist of a magnetite (Fe304) core and a silica (SiO») shell,
have received great attention for biomedical applications as drug
nanocarriers, imaging contrast and hyperthermia agents [26-28] and
for their catalytic properties [29,30]. The silica shell surrounding the
NPs provides further biocompatibility while ensuring their colloidal
stability [31] by avoiding or decreasing the strong dipolar interaction
between nanocores, which can lead to self-aggregation. Moreover, it can
provide additional surface functional groups for the attachment or li-
gands or metals. The presence of Cu in the structure provides additional
surface catalytical properties. In this regard, metallic copper and copper
oxide NPs can induce oxidative stress; in particular, copper ions catalyze
redox reactions, generating intracellular reactive oxygen species (ROS)
like hydroxyl radicals through Fenton-like reactions and depleting
glutathione [18]. This mechanism may selectively damage cancer cells,
which are more sensitive to oxidative stress due to their high metabolic
activity and low antioxidant capacity [32]. For example, Eisave et al.
demonstrated that the incorporation of Cu on Fe304@SiO2@PMA (being
PMA phosphomolybdic acid) particles effectively catalyze the synthesis
of several g-thiolo/benzyl-1,2,3-triazoles from various thiiranes, termi-
nal alkynes and sodium azide very efficiently [33]. In addition, Darroudi
et al. exploited the enhanced catalytic activity of Fe304@SiO2@Cu NPs
to provide a strong photo-catalytic effect able to be used to kill resistant
bacteria [34].

Hence, in this study we aimed to evaluate whether a co-
administration strategy of tamoxifen with catalytically-active Fe3O4@-
SiO2@Cu hybrid NPs may have a direct impact in the whole antineo-
plastic effect of the drug. For such purpose, Fe304@SiO2@Cu NPs were
synthesized by means of an electrochemical method, and their size,
morphology, surface charge, colloidal stability, composition and mag-
netic properties were analyzed using dynamic light scattering (DLS),
transmission electron microscopy (TEM), laser Doppler anemometry,
inductively coupling plasma-optical emission spectroscopy (ICP-OES),
and vibrating sample magnetometry (VSM). Specifically, we aimed to
assess whether this combination affects cell cytotoxicity of ER* MCF-7
BC cells in vitro by elevating the IC50 calculated by the MTT assay and
decipher if cellular morphological alterations may take place as
observed by fluorescence microscopy. Moreover, we also elucidated
whether cell mortality might be related to alterations in gene expres-
sions of p53, MDM2 and MDM4 genes, which are key regulators of the
cell apoptotic pathway. For such purpose, the expression levels of these
genes were quantified using qRT-PCR.
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2. Materials and methods
2.1. Materials

Tamoxifen tablets (10 mg, chemical formula Cy6HogNO) were pur-
chased from Tillomed Laboratories Ltd (UK). FeSO4-7H20, copper
chloride, PBS, penicillin and streptomycin, DMSO and trypsin were from
Sigma-Aldrich (USA). EDTA was from SinaClon (Iran); RealQ Plus 2 x
Master Mix Green was purchased at Ampliqon (Denmark), fetal bovine
serum (FBS) was from Gibco Invitrogen (USA), DMEM from PAN Biotech
(USA) and MTT reagent from Acros Organic (USA), respectively. All
material and reagents were of molecular grade.

2.2. Cell culture

Human malignant breast cancer cells (Michigan Cancer Foundation-
7, ER*/PRT HER2™, ATCC MCF-7) were acquired from Pasteur Institute

% survival rate =

AbSireated well (570 nm)  AbSpiank wett (570 nm) AbSconrol wett (
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(ICP-OES) was performed to account for the effective presence of Fe and
Cu in the NPs through digestion of the NPs in aqua regia using a mi-
crowave digestion system. The digested solution was diluted with water
and measured in an Agilent 5800.

2.5. Cell cytoxicity

Cell cytotoxicity of free TAM, bare Fe30,@SiO,@Cu NPs, and the
coadministration of TAM with 125 pg/mL of Fe304@SiO>,@Cu NPs was
evaluated using the MTT assay in MCF-7 cancer cells. Very briefly, 1 x
10° cells were added into each well of a 96-well plate, incubated for 24
h, and then cultured for 24 and 72 h in the presence of the different
samples at different concentrations for cytotoxicity determination using
the MTT assay, as reported by the manufacturer. The absorbance at 570
nm was measured using an Epon microplate reader (BioTek, USA). The
cell survival rate (in %) was determined as follows:

570 nm) %« 100 (1)

Abstreated well (630 nm)

(Tehran, Iran). Cells were cultured in DMEM with 10 % FBS with 1 % (v/
v) penicillin and streptomycin at 37 °C in 5 % CO», and 70-80 % hu-
midity [35].

2.3. Preparation of Fe304@SiO2@Cu hybrid NPs

Fe304 NPs were synthesized following an electrochemical method, in
which a solution of iron (II) sulfate, under basic conditions, is induced to
form nanoparticles on the surface of steel plates placed within a constant
electric field, as previously reported [36]. Next, the SiO; shell coating
was grown by dissolving 1 g of magnetite NPs in a mixed solution of 40
mL of ethanol and 10 mL of water and homogenize by ultrasounds. The
solution was then transferred to a three-necked bottle and the pH s fixed
at 10 using ammonia solution. A volume of 0.5 mL of tetraethyl ortho-
silicate was then added to the solution dropwise, and the resulting
mixture stirred for 6 h at 50 °C. The NPs were then thoroughly washed
with ethanol and distilled water and dried at 60 °C for 24 h [37]. Finally,
a solution containing 0.90 g of copper chloride in 50 mL of 50 % (v/v)
aqueous ethanol solution was added to a stirred mixture containing 0.27
g of Fe304@SiO; in 50 mL of 50 % (v/v) aqueous ethanol solution in an
electrochemical cell. Then, over the course of 4 h and under reduced
pressure, 1.6 mL of acetic acid and 8 mL of ethylene glycol were added
dropwise. Afterwards, the obtained particles were then separated with a
magnet, rinsed with deionized water, and calcined at 180 °C for 13 h to
give Fe304@SiO,@Cu NPs [37].

2.4. Particle characterization

The as obtained Fe304@SiO2@Cu NPs nanoparticles were charac-
terized using field emission scanning electron microscopy (FESEM) by
Mira 3-XMU instrument capable of 700,000 x magnification (15.0 kV).
Vibrating sample magnetometry (VSM) was carried out using a Kavir
Precise magnetic instrument (MDKFT, Iran). Measurements were carried
out at room temperature in a magnetic field of up to 8000 Oe. To
characterize the hydrodynamic size of the particles an ALV-5000F static
and dynamic light scattering system (ALV GmbH, Germany) equipped
with a diode-pumped solid-state laser (2 W, Coherent Innova, USA) was
used. Sizes were determined by means of the Stokes-Einstein relation-
ship ry = kgT/6nzD, where T is the temperature, 7 is the viscosity of the
continuous phase, D the diffusion coefficient, and kg is the Boltzmann’s
constant. Inductively coupling plasma-optical emission spectroscopy

Absblank well (630 nm) Abscomrol well (630 nm)

The MLA_“Quest GraphTM IC50 Calculator” (AAT Bioquest, Inc., htt
ps://www.aatbio.com/tools/ic50-calculator) was used to determine the
IC50 [38].

2.6. Hemocompatibility assessment

Freshly collected human blood samples from healthy volunteers
were taken under consent agreement of donors. After three treatments
with normal saline (0.9 % NacCl), red blood cells (RBCs) were separated
by centrifugation at 3000 rpm for 10 min. Next, erythrocytes were
washed several times until a transparent solution was achieved. After-
wards, the separated RBCs were further diluted with normal saline and
then mixed again in PBS. The RBC solution was exposed to different NP
concentrations followed by incubation at 37 °C for 2 h. After incubation,
samples were subjected to another round of centrifugation at 3000 rpm
for 15 min, and the resulting supernatant was collected for analysis. A
microplate reader was used to measure the absorbance of the superna-
tant at 570 nm in order to determine the degree of hemolysis. PBS was
used as the negative control and Triton X-100 (1 %) as the positive one.
The extent of hemolysis was calculated as:

Abssample - Absnegaa've control

% Hemolysis = x 100% Hemolysis

Absposin’ve control 7Absnegat1've control
Abs (sample) — Abs (negative control)
~ Abs (positive control) — Abs (negative control)
x 100% Hemolysis
The sample — Negative control
~ Positive control — Negative control

100 2)

2.7. Isolation of RNA and cDNA synthesis

Extraction of total RNA and cDNA synthesis were carried out ac-
cording to the manufacturer’s instructions using the Super RNA
Extraction kit (AnaCell, Iran) and the cDNA Synthesis kit (AnaCell, Iran),
respectively, according to the manufacturer’s instructions. Briefly, pre-
pared cell suspensions (<5 x 10° cells) were added to the lysing ethanol
solution to prepare the RNA for column binding. Then, the obtained
product was transferred to a silica column. Washing buffer was used to
eliminate other chemicals from the column surface and released the pure
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RNA. Purified RNA was then used for the synthesis of cDNA. First, the
PCR master mix was incubated at 70 °C for 5 min and then suddenly
cooled in ice. Afterwards, 6 pL of the mixture, comprising 4 uL of 5X RT
buffer, 1 uL of dNTP mix, 0.5 pL of RNase inhibitor (RNAI), and 0.5 pL of
M-MLYV reverse transcriptase, were introduced. The anchored oligo (dT)
primer was incubated at 42 °C for 60 min and subsequently at 70 °C for
5 s to inactivate enzymes.

2.8. Real-time quantitative reverse transcription polymerase chain
reaction

The expression levels of MDM2, MDM4, and p53 genes were evalu-
ated using an Applied Biosystems StepOneTM Real-Time PCR System
(Thermofisher Scientific, USA) and RealQ Plus 2x Master Mix Green
(Ampliqon, Denmark) kit. Briefly, the synthesized cDNA was subjected
to SYBER green real-time PCR. The actin beta (ACTB) gene was used as
the housekeeping gene. The settings for quantitative reverse transcrip-
tion PCR (qRT-PCR) are shown in Table 1. To measure the gene
expression, the 2722t method was used [13]. The Primer3 package was
responsible for the automated creation of all primers [19]. Further
primer specificity predictions were made with the help of the Primer-
Blast web application.

2.9. Cell morphological evaluation by fluorescence microscopy

MCF-7 cells at a density of 5 x 10° were subjected to the different
treatments at specific concentrations of TAM and Fe304@SiO2@Cu NPs
for 72 h. Cells were then collected and fixed in 80 % acetone at a tem-
perature of 4C for 20 min. Subsequently, cell nuclei were stained with

Table 1
Sequence of the primers designed for real time PCR assay.

Product
size(bp)

Primer Sequence (5" — 3') Condition

MDM2: GCAGTGAATCTACAGGGACGC 95 °C for 15
F min,
MDM2: ATCCTGATCCAACCAATCACC 40 Cycle: 83
R
95 °C for 15
s, 60 °C for
44 s
Melt curve:
95 °C for 15
s, 60 °C for 1
min,

MDM4: CTAAGTCCTTAAGTGATGATACCGATGT 95 °C for 15 151
F min,
MDM4: AACTTTGAACAATCTGAATACCAATCC 40 Cycle:

95 °C for 15
s, 60 °C for
44 s

Melt curve:
95 °C for 15
s, 60 °C for 1
min,

95 °C for 15 90
min,

40 Cycle:

95 °C for 15

s, 60 °C for

44 s

Melt curve:

95 °C for 15

s, 60 °C for 1

min,

p53: F TGCGTGTGGAGTATTTGGATG

p53:R TGGTACAGTCAGAGCCAACCTC

Abbreviations
F = forward; R = reverse.
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Hoechst 33,342 and incubated in darkness for 5 min, thereafter they
were meticulously washed with phosphate-buffered saline (PBS). The
potential induced morphological changes underwent by MCF-7 cells
were observed through an inverted fluorescence microscope (Olympus
IX70, Japan) at a magnification of 20X.

2.10. Ethical issues

This research was approved by University of Zabol and Birjand
University of Medical Sciences with Ethics committee letter number Ir.
bums.REC.1397.376 (1397/12/06).

2.11. Statistical analysis

The SPSS program (SPSS Inc., USA) v. 26 was used to analyze
experimental data, and the findings were reported in terms of the mean
and standard deviation. The assessment was conducted thrice indepen-
dently. otherwise stated. One-way ANOVA (*P < 0.05; **P < 0.01; ***P
< 0.001) was used to determine statistical differences for multiple
groups, whereas unpaired t-test was used to analyzed individual groups.

3. Results

Fe304@SiO2@Cu NPs were obtained using an electrochemical-based
method. Fig. 1a show the hydrodynamic size distribution of the obtained
NPs, with an average hydrodynamic diameter of ca. 83 + 1 nm and an
electric surface charge of —35 4+ 2 mV. From FESEM images (Fig. 1b),
Fe304@SiO>@Cu NPs show an average particle size of ca. 60 + 4 nm, in
fair agreement with DLS data.

The colloidal stability of the nanoparticles was confirmed by the fact
that the hydrodynamic diameter is almost maintained after prolonged
incubation both in water and DMEM, in the latter medium thanks to the
adsorption of the proteins present in the culture medium (see Fig. 1c).
For the first 7 days of incubation, only very slight increases in hydro-
dynamic diameter of ca. 5 and 9 nm are observed for NPs in water and
DMEM media, respectively, and which might be related to the presence
of some isolated cluster upon dispersion; in the latter medium, DMEM,
the adsorption of certain ligands present in the cell culture medium
composition cannot be also disregarded; nevertheless, no evidence of
either aggregation or precipitation even after 6 months of storage were
noted, as observed by the naked eye (Fig. 1d). The magnetic charac-
teristics of the particles were also assessed using a vibration sample
magnetometer (VSM), revealing that have a very slight ferromagnetic
behaviour at room temperature with a small finite coercivity of 30 Oe
and a magnetic saturation of 55 emu/g as corresponds to this type of
nanoparticles. The effective incorporation of Cu in the NPs was deter-
mined by ICP-OES, denoting a Fe:Cu ratio of ca. 5:1.

The therapeutic activity both free administered TAM and co-
administrated with Fe304@SiO2@Cu hybrid NPs were performed by
the MTT assay in healthy mouse Balb/3T3 and human ER" positive
MCF-7 breast cancer cells. Experimental data revealed a larger cellular
toxicity of the hybrid NPs if compared with single TAM administration
when exposed to MCF-7 cells but not in healthy ones (Fig. 2), probably
as a consequence of the higher metabolic activity of the tumoral cells
and internalization extents, as reported elsewhere [39]. As control, the
nanoparticles were observed to be completely non-toxic below a con-
centration of 150 pg/mL. Moreover, the hemolytic activity of the
Fe304@SiO2@Cu hybrid NPs was also very reduced below 150 pg/mL
(<2 %), in agreement with CCK-8 assay so that the materials can be
considered as non-hemolytic according to standard ASTM F 756-08
[40].

On the other hand, for both cell lines the observed cytotoxicity was
concentration-dependent. Half-maximal inhibitory concentrations
(IC50) for Balb/3T3 and MCF-7 cells are shown in Table 2. In this Table,
it can be observed that the co-administration of the drug with the
Fe304@SiO2@Cu hybrid NPs appears to increase the drug efficiency in
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the tumoral cells as indicated by the reduction in ICs¢ values [19];
however, in healthy ones the variations are within the experimental
uncertainty.

To analyze the potential origin of the detected cytotoxicity, changes
in the expression levels of MDM2, MDM4 and p53 genes after the
administration of the single drug (15 pg/mL) or co-administered with
the NPs (125 pg/mL) were assessed by qRT-PCR, as shown in Fig. 3.
Interestingly, the expression levels of p53 increased 2.1 and 1.8 times for
the TAM co-administrated with Fe304@SiO2@Cu NPs-treated group
compared with untreated and TAM-treated MCF-7 cancer cells as the
controls, respectively. Conversely, MDM2 and MDM4 gene expressions
were 2.6 and 2.9 times lower in MCF-7 cancer cells treated with TAM co-
administrated with Fe304@SiO2@Cu hybrid NPs compared with free
TAM-treated MCF-7 cancer cells, respectively.

The potential morphological alterations in MCF-7 cancer cells after
treatment with free TAM, bare Fe304@SiO,@Cu hybrid NPs, and their
combination (at the same concentrations utilized in gene expression
experiments) were also evaluated using optical (Fig. 4a) and fluores-
cence microscopy (Fig. 4b). The untreated MCF-7 control group pre-
served cellular morphology characterized by distinct nuclei exhibiting
intense blue fluorescence, as illustrated in Fig. 4a-i) and Fig. 4b-v,
respectively.

Cancer cells treated with free TAM free exhibited nuclei fragmen-
tation and condensation, as indicated by the red arrows in Fig. 4b-vi,
although its extent was much lower than for the case of free TAM co-
administered with the NPs (see below). The treatment with bare
Fe304@SiO2@Cu NPs did not induce notable morphological or nuclear
alterations (Fig. 4a-iii; Fig. 4b-vii), confirming the inherent low cyto-
toxicity of the particle and biocompatibility at the selected dose.
Conversely, important alterations in nuclei morphology were observed
in MCF-7 cells in the presence of free TAM co-administrated with
Fe304@SiO,@Cu NPs (Fig. 4a-iv). In particular, cells underwent a
transformation characterized by a loss of shape and a more rounded
morphology with clear evidences of apoptosis, including chromatin,
nuclear, and cytoplasmic condensation, much more intense than in the
case of the free administered drug alone (Fig. 4b-viii). These alterations
become even more pronounced along incubation (not shown), resulting
in the separation of numerous cells and the formation of irregularly
shaped clusters and a reduction in cell density occurred due to cellular
detachment and mortality.

4. Discussion

The co-administration of two drugs/bioactive compounds to achieve
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cubation in a) mouse Balb/3T3 and b) human MCF-7 cells. The inset denotes the cytotoxicity of (o) bare NPs after 24 h of incubation. ¢) Hemolytic effect of

Fe304@SiO>@Cu hybrid NPs at different concentrations.

Table 2
IC50 values of free TAM, free Fe30,4,@SiO>@Cu NPs, and TAM co-administered

with Fe304@SiO>@Cu NPs after incubation with mouse Balb/3T3 and MCF-7
cells.

Balb/3T3 MCF-7

24h 72h 24h 72h
Free TAM 195+ 21 144 £1.8 20.7 £1.5 151 +£1.1
Free NPs 278 + 8.3 - 269 + 7.8 -
TAM + NPs 19.2 +£1.1 148 £1.3 17.0 £ 1.3 7.8+ 0.9

a desired therapeutic goal is a widely used strategy in clinical practice to
optimize treatments and achieve enhanced therapeutic efficacies [31].
Thus, the objective of this research was to enhance the anticancer
properties of tamoxifen (TAM) through its co-administration with
Fe304@SiO>@Cu NPs, thereby creating a new therapeutic approach for
the treatment of malignant human breast cancer cells (MCF-7).
Following this approach, in the present study we analyzed the
therapeutic activity of the coadministration of TAM with Fe304@-
SiO,@Cu nanocomposite, since these nanoparticles have been shown to
possess potential beneficial properties as biocompatibility, colloidal
stability, catalytic activity through Fenton-like reactions, and bio-
imaging and magnetic hyperthermia capabilities [31-33]. The synthe-
sized Fe304@SiO2@Cu NPs displayed spherical shapes and a consistent
population size distribution, with mean particle sizes and hydrodynamic
diameters of ca. 60 + 4 nm and 83 £+ 1 nm as derived by FESEM and
DLS, respectively. Particles appear certainly aggregated in FESEM im-
ages as consequence of the inherent drying process required for sample
preparation and visualization. Moreover, the observed larger hydrody-
namic size obtained compared to particle size obtained by FESEM image
analysis can be directly related to the entity which is inherently
measured by DLS, that is, the NP core plus the bonded water solvent
shell [41,42]; however, the existence of some particle clusters in
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Fig. 3. Expression levels of p53 (P = 0.001), MDM2 (P = 0.001), and MDM4
(**P = 0.01) genes in MCF-7 cancer cells (Jill) in the absence of treatment and
treated with () only TAM (15 pm/mL) and (7") TAM (15 pm/mL) co-
administered with 125 pm/mL of Fe30,@SiO>@Cu hybrid NPs. Data are
expressed as mean value + SD.

solution cannot be disregard in spite of the elevated surface charge of the
NPs, 35 + 2 mV, which should be sufficient to electrically stabilized the
particles. This is further corroborated when analyzing the particle sta-
bility. Hybrid NPs were colloidally stable in different physiologically-
relevant media with no evidence of either aggregation or precipitation
in solution even after 6 months of storage, as observed by the naked eye.

On the other hand, it was noted that the hybrid NPs were non-toxic
and non-hemolytic to cells below a concentration of 150 pg/mL.
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Fig. 4. A) Zoomed inverted light micrographs (magnification 20X) of MCF-7 cells, i) untreated (control); and treated with ii) free TAM 15 pg/mL); iii) bare
Fe304@SiO>@Cu NPs (125 pg/mL); and iv) TAM (15 pg/mL) co-administrated with Fe30,4@SiO>@Cu NPs (125 pg/mL). B) Fluorescent microscopy images of MCF-
7cells v) untreated; and treated with vi) free TAM (15 pg/mL); vii) bare Fe304@SiO,@Cu NPs (125 pg/mL); viii) free TAM (15 pg/mlL) co-administrated with

Fe30,@SiO,@Cu NPs (125 ug/mL).

Coadministration of TAM with the Fe304@SiO2@Cu hybrid NPs (125
pg/mL) appears to increase the drug efficiency in the tumoral cells as
indicated by the reduction in ICsq values [19]; however, in healthy ones
the variations are within the experimental uncertainty revealing that the
different tumoral and cell cytoplasmatic environment (e.g., more acidic
conditions, hypoxia, etc) as well as metabolic activity of tumoral cells
have a direct impact in the biological response to the administered
combination therapy, being effective in the diseased cells. These results
are in fair agreement with those previously obtained, for example, by
Nosrati et al. [43], who synthesized L-tyrosine-modified Fe304 magnetic
nanoparticles loaded with TAM and evaluated their anticancer effec-
tiveness. These authors revealed that the NPs significantly enhanced the
cytotoxic effect of the chemodrug on MCF-7 cells. Similarly, Ruiz-Bal-
tazar et al. [44] observed that superparamagnetic Fe3O4-Ag coated
nanoparticles significantly lowered the viability of MCF-7 cells but not
of human fibroblasts (HFF-1) as in the present case, therefore under-
scoring the potential therapeutic activity of the NPs themselves in the
treatment of BC.

On the other hand, qt-PCR experiments were performed to analyze
potential changes in the expression levels of p53, MDM2 and MDM4
upon combination treatment. As commented previously, p53 is a tran-
scription factor that controls the activity of genes related to tumor
development and growth, and trigger diverse cellular outcomes as
programmed cell death, cell division, and DNA damage repair [45].
Downregulation of the p53 tumor suppressor gene and alterations of its
related signaling cascade involving other genes (TP53, MDM2, MDM4,
CDKN2A, CDKN2B, and TP53BP1) may reduce apoptosis and promote
tumor development [65]. In this regard, elevated expression levels of
MDM?2 and MDM4 have been particularly related to the occurrence of BC
[11], and the whole MDM family directly influences the dynamic inhi-
bition of the critical tumor suppressor p53.

We here observed that co-administering TAM with Fe304@SiO>@Cu
hybrid NPs resulted in elevated p53 gene expression in MCF-7 cancer
cells (1.8 times) compared to TAM alone. Remarkably, our findings are
consistent with the research conducted by Haupt et al. [11], which
showed that elevated expression levels of MDM2 and MDM4 have been
related to the incidence of breast cancer. Interestingly, when TAM and
Fe304@Si0O,@Cu NPs were co-administrated, the MDM2 and MDM4

gene expressions were 2.6 and 2.9 times lower compared to TAM free
alone in MCF-7 cancer cells. The findings of our study represent the
initial evidence indicating that the co-administration of TAM and
Fe304@SiO2@Cu hybrid NPs resulted in the activation of p53 as well as
in a decrease in MDM2 and MDM4, being correlated with enhanced
cytoxicity and cell cell apoptosis in MCF-7 cells. Therefore, the expres-
sion levels of MDM2, MDM4, and p53 genes might be initially considered
as potential biomarkers for assessing both the potential sensitivity to the
selected treatment as well as to calibrate the therapeutic outcomes on BC
cells, as in the case of the present Fe304@SiO>@Cu hybrid NPs and TAM
[14]. That is, reinstating p53 functionality or suppressing MDM2/MDM4
levels might enhance the cytotoxic efficacy of chemotherapy, as evi-
denced by numerous preclinical and clinical data [46]. Nevertheless,
further experiments would be needed to completely corroborate this
hypothesis.

To additionally examine whether TAM coadministration with
Fe304@SiO2,@Cu NPs stimulated apoptosis, MCF-7 cancer cells were
stained with Hoechst 33342. Hoechst 33,342 is a fluorescent dye that
especially intercalates with nucleic acids in nuclei. Our light microscopy
imaged indicated that after 24 h of free TAM coadministration with
Fe304@SiO,@Cu NPs, morphological alterations (many cells with
irregularly shaped masses and reduced cell density) and the presence of
fragmented and condensed nuclei were observed under fluorescent mi-
croscopy, being such changes much more important if compared to
those observed after the administration of only free TAM. These data
additionally confirm that tumoral MCF-7 cells initiated cell death by
means of apoptosis pathway.

In summary, our results showed that Fe304@SiO2@Cu hybrid NPs
have great promise as an efficient adjuvant upon coadministration with
TAM, and further research is needed in order to perfectly elucidated the
whole involved mechanisms of action and their complementarity as well
as the evaluation of their pharmacokinetics, biodistribution, and long-
term safety, for which the analysis of the present combination therapy
in more complex in vitro (e.g. 3D tumoral spheroids), and in vivo models
would be of great value.
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5. Conclusions

The present investigation aimed to improve the chemotherapeutic
efficacy of TAM by incorporating it with co-administration with
Fe304@SiO,@Cu NPs, thereby creating a novel and minimally invasive
TAM nano-delivery system for the treatment of malignant human breast
cancer cells (MCF-7). Initially, it was observed that the average hydro-
dynamic particle diameter of Fe304@SiO2@Cu NPs was approximately
ca. 80 nm and exhibited colloidal stability over extended incubation.
The results of our in vitro cytotoxicity analysis indicate that the thera-
peutic efficacy of TAM co-administrated with Fe304@SiO>@Cu NPs is
comparable to that of the free drug at lower concentrations. According
to the results of our investigation, administration of 125 pg/mL
Fe304@SiO2@Cu NPs resulted in a significant reduction of ICsg of TAM
from 15.4 to 7.8 pg/mL after 72 h of incubation, which was notably
lower than the reduction observed after the administration of the free
drug. TAM co-administrated with Fe304@SiO2@Cu NPs were found to
induce a noteworthy increase in apoptosis via p53, MDM2, and MDM4
dependent pathways, as well as cytoskeletal structure disruptions, in
MCEF-7 cancer cells. Overall, the current findings demonstrated the
enhanced antiproliferative activity of TAM co-administrated with
Fe304@SiO2,@Cu NPs on MCF-7 cancer cells, as well as their potential as
a novel drug adjuvant vehicle to improve the therapeutic efficiency of
first-line TAM administration in the treatment of breast cancer.
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