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Introduction

Innovative microwave-assisted biosynthesis of
copper oxide nanoparticles loaded with platinum(i)
based complex for halting colon cancer: cellular,
molecular, and computational investigationsy

Nada K. Sedky, © 12 Iten M. Fawzy, © 1® Afnan Hassan,® Noha Khalil Mahdy,®
Reem T. Attia,® Samir N. Shamma,” Mohammad V. Alfaifi,® Serag Eldin Elbehairi,®
Fatma A. Mokhtar ©" and Sherif Ashraf Fahmy @ *

In the current study, we biosynthesized copper oxide NPs (CuO NPs) utilizing the essential oils extracted
from Boswellia carterii oleogum resin, which served as a bioreductant and capping agent with the help
of microwave energy. Afterwards, the platinum(i) based anticancer drug, carboplatin (Cr), was loaded
onto the CuO NPs, exploiting the electrostatic interactions forming Cr@CuO NPs. The produced
biogenic NPs were then characterized using zeta potential (ZP), high-resolution transmission electron
microscopy (HRTEM), X-ray diffraction spectroscopy (XRD), and Fourier transform infrared spectroscopy
(FTIR) techniques. In addition, the entrapment efficiency and release profile of the loaded Cr were
evaluated. Thereafter, SRB assay was performed, where Cr@CuO NPs demonstrated the highest
cytotoxic activity against human colon cancer cells (HCT-116) with an ICso of 5.17 pg mL™%, which was
about 1.6 and 2.2 folds more than that of Cr and CuO NPs. Moreover, the greenly synthesized
nanoparticles (CraCuO NPs) displayed a satisfactory selectivity index (SI = 6.82), which was far better
than the free Cr treatment (SI = 2.23). Regarding the apoptosis assay, the advent of Cr@CuO NPs
resulted in an immense increase in the cellular population percentage of HCT-116 cells undergoing both
early (16.02%) and late apoptosis (35.66%), significantly surpassing free Cr and CuO NPs. A study of HCT-
116 cell cycle kinetics revealed the powerful ability of Cr@aCuO NPs to trap cells in the Sub-G1 and G2
phases and impede the G2/M transition. RT-gPCR was utilized for molecular investigations of the pro-
apoptotic (Bax and p53) and antiapoptotic genes (Bcl-2). The novel Cr@CuO NPs treatment rose above
single Cr or CuO NPs therapy in stimulating the p53-Bax mediated mitochondrial apoptosis. The cellular
and molecular biology investigations presented substantial proof of the potentiated anticancer activity of
Cr@CuO NPs and the extra benefits that could be obtained from their use.

tumors, colon cancer is characterized by high mortality rates
due to poor prognosis.> The pathogenesis of colon cancer

Colon cancer is the third most frequent cancer worldwide,
causing more than 1 million morbidity cases during the last
decade." Despite being one of the most diagnosed types of
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involves genetic mutations, environmental factors, wrong food
habits with insufficient nutrients, and improper lifestyle habits,
including smoking.> Three main conventional treatment
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strategies are used to treat tumors and limit their progression;
surgical resection (especially in early stages), chemotherapeutic
agents, and radiotherapy. Both radiotherapy and chemother-
apies lack selectivity to cancer cells in addition to possessing
high systematic toxicity.*

Carboplatin (Cr), a platinum-based drug analog widely used
in cancer treatment, can cause tumor cell apoptosis via creating
DNA damage. It is activated inside the cell, causing G2 phase
cell cycle arrest by damaging cell DNA molecules via intra- and
inter-strand cross-linkage.” Cr has broad antitumor activity
against head and neck cancer cell lines (SCC61, SQ20B and
HEP2).° It was also tested against ovarian cancer cell lines
(A2780 and OVCAR-3) in vitro and in vivo and showed significant
cancer-killing activities.” Cr is also active in non-small cell lung
cancer (NSCLC), with an overall response rate of just under
10%.® It was also tested against Swiss albino mice with DMH-
induced colon hyperplasia, where they reduced the histologic
hyperplasia score, upregulated PI3K/AKT/JNK phosphorylation,
and elevated caspase 3 levels inducing apoptosis.® However, its
clinical use is accompanied by several systemic side effects and
cancer cells resistance. Thus, several studies have been reported
on the nanoformulation of Cr in an attempt to improve its
pharmacokinetics properties and pharmacological activity
while minimizing its toxic effects.*

Finding a solution for the rapid CRC development and the
devastating side effects of the commonly used therapeutic
agents became an obligate need. One of the recent strategies
used is developing nanoparticles (NPs) for many purposes, like
drug delivery, imaging, and diagnosis."* Various metallic
nanoparticles have been fabricated and tested against colon
cancer in vitro and in vivo. Among the widely used metallic NPs
(MNPs) are gold, silver, copper, copper oxide, iron oxide and
zinc oxide, which have shown promising effects against colon
cancer.”

Metallic NPs, including copper oxide (CuO) NPs have gained
significant attention in nanotechnology and nanomedicine due
to their various applications, especially as anticancer agents.
CuO NPs showed high cytotoxic effects against HT-29 and HCT-
116 cell lines with ICs, of 50 and 25 ug mL™", respectively.'®*
Nanocomposites formed by loading FDA-approved drugs to
metallic NPs have recently been used for targeting therapies for
CRC. For instance, 5-fluorouracil (5-FU) was efficiently delivered
to CT-26 murine colon.”"” Gold NPs were used for loading
light-sensitive photosensitizer drugs, which showed a higher
effect on the HT-29 colon cancer cell line."* Another study re-
ported the anticancer activity of chitin/copper nanocomposite
(CNP/CuNP) against MCF-7 breast cancer cells.” Indoleamine
2,3-dioxygenase-1 inhibitors (1-MT) loaded copper(1) phosphide
nanocomposites (Cu3P/1-MT NPs) induced immunogenic
tumor cell death effect by activating CD8+ T cells.>*

Three general methods are used for the synthesis of CuO
NPs; chemical synthesis (sol-gel, co-precipitation and sono-
chemical methods), physical synthesis (bar milling, microwave
assisted and laser ablation) and green synthesis (plant, micro-
organisms, fungi and algae-based methods).>** The biosyn-
thesis of CuO (green synthesis) using plant extracts has gained
attention due to its eco-friendly nature, safety, cost-
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effectiveness, and high cytotoxic effect on different cancer
cells. For instance, the leaf extract of Pterolobium hexapetalum
was used in the biosynthesis of CuO NPs, showing high cyto-
toxic activities against MDA-MB-231 breast cancer cells with
a high safety margin (where its effect on the cancer cells was
more than 1.5 fold more than that of normal ones).* Also,
another study reported the antiproliferative effect of CuO NPs,
synthesized using spinach leaf extract, against MCF-7 cells with
ICs, value of 21 + 6 ¢ mL™'.>* Biogenic synthesis of CuO NPs
utilizing fresh leaves of Ormocarpum cochinchinense was shown
to be effective against colon cancer (HCT-116) with reported
ICs, of 40 ug mL .2

Boswellia carterri
inflammatory, antioxidant, and antitumor activities.”® Boswel-
lic acids have been shown to induce apoptosis in colon cancer
cells (HT29 cells) via inhibition of PI3K/Akt pathway®” Suhail
et al. reported that Boswellia essential oil induces apoptosis and
suppresses tumor aggressiveness in breast cancer -cells
(ERpositive T47D cells, human breast cancer MCF7 cells, MDA-
MB-231 E1A-transfected breast cancer cells).?® Boswellia essen-
tial oil also decreased B-catenin signaling molecules, sup-
pressing colon cancer stem cell proliferation.* In addition to its
reported anticancer activity, some studies have shown that
some BO components can act as reducing, capping, and stabi-
lizing agents and inhibit the aggregation and agglomeration of
the MNPs.?%%

In this study, we extracted Boswellia carterri essential oil
(BCO), using an eco-friendly approach, which was then used as
a reducing and capping agent, supporting the biosynthesis of
CuO NPs via a microwave-assisted approach. Then, Cr was
loaded on the greenly synthesized CuO NPs (Cr@CuO), and its
Entrapment Efficiency percent (EE%) and release rate were
investigated. The obtained NPs were analyzed using ZP, UV-vis,
FTIR, X-ray diffraction, and TEM and tested against HCT-116
colon cancer cells. Its efficacy was tested via cell viability,
apoptosis, and cell cycle analysis assays. Also, computational
analysis was carried out to predict Cr and copper oxide inter-
actions. Finally, molecular docking was applied for Cr, CuO,
and our prepared CuO-Cr mixture on human alanine amino-
transferase 2 to investigate their mechanism of anticancer
activity.

extracts were revealed to have anti-

Materials and methods
Materials

Copper acetate monohydrate and carboplatin were purchased
from Sigma Aldrich, Germany. Dulbecco's Modified Eagle
Medium (DMEM) and fetal bovine serum (FBS) were obtained
from Gibco (Thermoscientific, Germany). Phosphate-buffered
saline (PBS, pH 7.4) was obtained from Lonza Bioscience
(Walkersville, USA). Penicillin-streptomycin mixture was
attained from Lonza (Bioscience, Switzerland). Annexin V-FITC
apoptosis detection kit was purchased from Abcam Inc. (Cam-
bridge Science Park, Cambridge, UK). Propidium iodide was
obtained from Calbiochem (Darmstadt, Germany). The
remaining reagents were all of analytical grade.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Boswellia carterii essential oil extraction

100 g of fresh Bosweilla carterii oleogum resins were hydro-
distilled using Clevenger-apparatus for 90 min to extract the
essential oil as described by Elyemni et al.*?

GC-MS analysis

Boswellia carterii essential oil extract was analyzed with gas
chromatography (GC) (7890B), equipped with Agilent 19091S-
433 UI, HP-5MS UI column (30 m x 0.25 mm internal diam-
eter and 0.25 um film thickness), and mass spectrometer
detector (MS) (5977B). Helium was chosen to be the carrier gas,
flowing with a rate of 1.0 mL min~ " and at a split ratio of 30 : 1. A
volume of 1 uL of Boswellia carterii essential oil extract was
injected, and the temperature program was set to 40 °C for
1 min then it raised to 150 °C with a rate of 4 °C min~ " and held
for 6 min. Then, temperature was raised again to reach 210 °C
with a rising rate of 4 °C min~"' and held for another 1 min.
Finally, temperatures of 280 °C and 220 °C were set for the
injector and detector, respectively. For MS, 70 eV was set for
electron ionization (EI) with m/z ranging between 50 and 450
and 6 min for solvent delay. And finally, the sample was run for
50.5 min to identify the extracted oil constituents. Wiley and
NIST Mass Spectral Library data was used to identify the
sample's constituents via comparing the obtained spectrum
fragmentation pattern.’***

Microwave-assisted green synthesis of CuO nanoparticles

CuO NPs were greenly synthesized via a microwave-assisted
approach using Boswellia carterii Essential Oil (BCO) and
copper acetate monohydrate according to the previously re-
ported with few modifications.*® The oil acts as a reducing and
capping agent, supporting nanoparticle preparation. In brief,
BCO and copper acetate monohydrate (1:10) were added to
20 mL of deionized water and stirred. After that, the mixture was
transferred to a microwave and heated for a total duration of
5 min (10 cycles of 30 seconds each). The obtained metal
hydroxide paste was then calcined at 600 °C for 5 hours to
obtain the desired metal oxide nanoparticles that were used for
further characterization.®®

Preparation of Cr/CuO NPs (Cr@CuO NPs)

A specific amount of the prepared CuO NPs was added to 15 mL
of deionized water and stirred for 15 min. After that, an aqueous
solution containing Cr was added dropwise to CuO NPs and
kept on a magnetic stirrer at RT for 24 h. Then, the formed
solution was sonicated for 15 min, centrifuged (12 000 rpm, 1
h), dialyzed against deionized water for 24 h, and lyophilized.

Physicochemical characterization of the prepared
nanoparticles

Zeta potential analysis. Zetasizer Nano ZS (Malvern Instru-
ments, Herrenberg, Germany) was used to measure the zeta
potential of the prepared CuO NPs by dispersing a small
amount of the metal oxide NPs in distilled water. The refractive
index was set to 1.33, and water viscosity was 0.887 mPa s.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Consequently, the dispersion was sonicated for 5 minutes in
a SONOREX DIGITAL 10 P bath sonicator (BANDELIN electronic
GmbH & Co. KG, Berlin, Germany). HeNe laser (10 mW) was
used with a wavelength of 633 nm and the measurements were
detected with a backscatter angle of 173°. The measurement
was carried out utilizing laser doppler velocimetry
(Malvern Instruments, Herrenberg, Germany) at room temper-
ature (~25 °C).

Fourier-transform infrared spectroscopy (FTIR). Infrared
absorption spectra of the synthesized nanoparticles were
observed using Fourier Transformed Infrared Spectroscopy
(FTIR) on a Nicolet 380 spectrometer (ThermoScientific Nicolet,
Waltham, MA, USA). For FTIR studies, the metal oxide nano-
particles were mixed with potassium bromide. The measure-
ment was carried out in the transmittance mode at a frequency
range of 4000-400 cm ™ *.%’

X-ray diffraction analysis (XRD). XRD patterns of the metal
oxide NPs were obtained using (Bruker D8 Discover X-ray
diffractometer), with an IV diffractometer operating at 40 kv,
40 mA, and a CuKa radiation wavelength of A = 1.5406 A. The 2
theta scale ranged from 10 to 80° with a 0.02° step size for phase
identification. The average particle diameter (D) was calculated
for the NPs, using the obtained diffractograms. The calculations
were performed using the Debye-Scherer's eqn (1);

kA
" Bcosb

(1)

where & (0.9) is the shape factor, lambda is the X-ray wavelength
of Cu K radiation 1.54 A, theta is the Bragg diffraction angle,
and beta is the full width at half maximum (FWHM) of the
respective diffraction peak.*

High-resolution  transmission electron  microscopy
(HRTEM). High-resolution transmission electron microscopy
(TEM) (JEOL-JEM 2100) (Musashino, Akishima, Tokyo, Japan)
was used for characterizing the prepared nanoparticles’ vis-a-vis
their morphology. The NPs' diameters were measured using
Image]'s image processing software (NIH, Bethesda, MD,
USA).*® Also, the same software was used to measure the inter-
planar distance of the CuO lattice fringes. The selected area
electron diffraction (SAED) pattern was found using transmitted
and one of the diffracted beams.

Determination of entrapment efficiency percent (EE%) of Cr
in Cr@CuO NPs. The EE% of Cr EE% in Cr@CuO NPs was
determined as previously with slight modifications.*>*" 2 mL of
the prepared Cr@CuO NPs was centrifuged (15 000 rpm, 2 h, 4 °
C); (Hermle Z 326 K, Labortechnik GmbH, Wehingen, Germany).
Then, the supernatant was ultrafiltrated, and the unencapsu-
lated Cr was quantified using HPLC, as described in the ESI}
The EE (%) of Cr@CuO NPs was determined using eqn (2).*>

EE%

_ total amount of drug — the amount of drug unencapsulated

total amount of drug
x 100

(2)
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Release study. Dialysis membrane technique was used to
investigate the Cr release rate from Cr@CuO NPs using a dial-
ysis bag (12-14 kD cut off). In brief, 0.5 mL of Cr@CuO NPs was
loaded into a dialysis bag, placed into a vessel containing 25 mL
of PBS (pH value of 5.5), and shaken in a shaking incubator at
37 £ 0.5 °C. HPLC (described in ESIT) was used to quantify the
sample by collecting 1 mL at certain time intervals and replac-
ing it with 1 mL of warmed buffer. These measurements were
repeated in triplicates and standard deviations were computed.

Biological assays

Cell culture. Both HCT-116 and CCD 841 CoN cells were
brought from the ATCC. The cells were seeded in culture plates
with DMEM media and placed in a 5% CO, humidified incu-
bator where the temperature was adjusted to 37 °C. When the
cells reached 70% confluency, the culture media was replaced
by a fresh one.

Cytotoxicity screening. A suspension of HCT-116 and CCD
841 CoN cells in complete culture media was added to the 96-
well plates at a concentration of 5000 cells per well. After 48 h of
incubation with the media containing various concentrations of
Cr, CuO NPs, and Cr@CuO NPs, cellular proliferation of both
cells was evaluated using SRB assay as demonstrated in our
previous work.** Simply, cells were first exposed to a fixation
step by removing the culture media and adding 150 pL of 10%
TCA instead. The cells were left together with the TCA for 1 h at
4 °C. The TCA solution was then discarded, and cells were
subjected to washing with distilled water for 5 consecutive
rounds before being incubated with SRB solution in a dark
room for 10 min. Thereafter, cells were exposed to 3 rounds of
was with 1% acetic acid, left to dry overnight and 150 pL of TRIS
(10 mM) was put in each well to dissolve the stain. At last,
absorbance was detected at 540 nm using a BMGLABTECH®-
FLUOstar Omega microplate reader (Ortenberg, Germany).

Apoptosis. Apoptosis analysis was carried out using Annexin
V-FITC apoptosis detection kit (Abcam Inc., Cambridge Science
Park, UK). HCT-116 cells were cultured as described in the
cytotoxicity assay. After 48 h of incubation with Cr (8.24 pg
mL "), CuO NPs (11.25 ug mL™'), and Cr@CuO NPs (5.17 pg
mL™"), cells were detached using trypsin, harvested, washed
with ice-cold PBS twice, and resuspended in 500 pL of Annexin
V-FITC/PI solution in a dark place. Thirty minutes post-
incubation, cells were injected ACEA Novocyte™ flowcy-
tometer (ACEA Biosciences Inc., SanDiego, CA, USA) which was
coupled with two fluorescent channels for detecting FITC and PI
signals. Apoptosis detection by quadrant analysis was per-
formed using ACEA NovoExpress™ software.

Cell cycle. Forty-eight hours post-incubation with the test
agents, HCT-116 cells were evaluated for cell cycle kinetics using
the PI staining method.* An estimate of 10° cells were detached
using trypsin, washed with ice-cold PBS (pH 7.4), and fixed by
placing in 2 mL of 60% cold ethanol for 1 h at 4 °C. This was
followed by a second round of washing with PBS before resus-
pending the cells in the buffer containing 50 ug mL ™" RNAase A
and 10 pg mL " PI for staining at room temperature in the dark
atmosphere for 20 min. Lastly, cells were transferred to
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Novocyte™ flow cytometer to carry out the cell cycle analysis and
compute the percentage of cell population at each cell cycle stage.

RT-qPCR. RNA extraction was done using QIA amp Viral RNA
Mini Kit (Qiagen, Hilden, Germany) as per the manufacturer's
guidelines. The concentration of the isolated RNA was deter-
mined using Nanodrop Spectrophotometer at A260/280 ratio.
Then, the process of cDNA synthesis was carried out using the
ReverAid RT Kit (ThermoFisher Scientific, Waltham, USA) as
prescribed in our previous work,* and the reaction components
are provided in the ESI (Table S1t). Finally, RT-qPCR assay was
run for the target genes (Bax, Bcl-2, and p53), as well as the
housekeeping gene (B-actin) using the Qiagen Quanti Nova
SYBR Green PCR Kit (cat # 208052), the primers presented in
Table S2,1 and the reaction components in Table S3.f The
reactions were operated on Rotor-Gene Q-Qiagen Real-time PCR
thermal cycler, and the 27%¢, method was implemented to
calculate the relative normalized gene
described.*

expression  as

Computational methods

First, the interaction type between Cr and copper oxide was
assessed using Discovery Studio 4.1. Cr structure was down-
loaded from PUBCHEM in a readable extension and copper
oxide was built up using the drawing tools of Discovery Studio.
Both Cr and copper oxide were subjected to minimization using
CHARMM forcefield and Momany-Rone to render metals in
a readable energy.

Then, Cr was identified as a receiver molecule and copper
oxide as a ligand. The favorable charge and molecule
percentage were calculated via energy minimization simulation
studies and analysis of ligand poses after the interaction.

Later, human alanine aminotransferase 2 was downloaded
from PDB with code: 3IHJ. The enzyme was cleaned for missing
residues and minimized, applying the same forcefield. Then,
the protein was defined as a receptor, and the C-docker protocol
was adopted for molecular docking studies between amino-
transferase and complexed ligand, copper oxide, Cr alone, and
the mixture of Cr and copper oxide. Furthermore, Ramachan-
dran Plot was generated to verify predicted torsion angles in
protein during interaction with the mixture.

Statistical analysis

Statistical analysis of the results was performed using SPSS 20.0,
while the graphical representations were all plotted with
GraphPad Prism 6.0. The data are displayed as the mean +
standard deviation (SD) throughout the study. Statistical anal-
ysis was considered at P-values less than 0.05. One-way analysis
of variance (ANOVA) with multiple comparisons was used for
normally distributed data.

Results and discussion
BCO GC-MS chemical composition analysis

Several peaks for essential oil extract were detected via GC-MS
chromatogram analysis, as shown in Fig. 1. The obtained MS
was compared to the NIST library to identify essential oil

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The GC-MS chromatogram of volatile oil extracted.

constituents, as listed in Table 1. The most abundant compo-
nent was trans-nerolidol (16.41%), and the second was verticiol
(3.04%) followed by bi-limonene and linalool (1.98% and
1.31%, respectively) as major components; the mass spectra of
these components were illustrated in Fig. Sla-d, respectively.

Physicochemical characterization of the prepared
nanoparticles

Zeta potential (ZP) analysis. Zeta potential analysis,
a measurement of NPs' surface charges, was used to investigate
the relative stability of the greenly synthesized CuO NPs
prepared via microwave methods. High ZP values indicate high
stability with a low aggregation potential due to their repulsive
tendency to each other.* Our findings showed ZP of —24.6 mV,

Table 1 Chemical composition of volatile oil extracted

which is consistent with the previous finding of similar CuO
NPs prepared by algal-mediated synthesis and Murrya koenigi
water extract-mediated synthesis, revealing similar negative
charges of the nanoparticles.**” On the other hand, the
Cr@CuO NPs showed a ZP of —13.6 mV, revealing a lower
negative charge after Cr entrapment. The reduction in negative
charge is attributed to the loading of the positively charged Cr
(resulting from the platinum drug’s initial aquation reaction
where the chloride groups are switched with the water
molecules).*

Fourier-transform infrared spectroscopy (FTIR). FTIR
spectra of B. carterii oil extract, CuO NPs, Cr, and Cr@CuO are
presented in Fig. 2. FTIR spectrum of BO shows sharp peaks at
3464, 2916, 1741, 1456, 1365, 1238 and 1050 cm ', which
correspond to alcohol, carboxylic acid, ester, alkene, alkane and

Peak RT Compound Area sum (%)
1 8.208 a-Fellandrene 0.12
2 8.408 o-PINENE 0.96
3 9.777 Sabinene 0.17
4 9.861 2-B-PINENE 0.14
5 10.433 B-Myrcene 0.13
6 11.583 p-Cymene 0.66
7 11.723 pr-Limonene 1.98
8 11.797 Eucalyptol 0.24
9 13.334 Formic acid, octyl ester(octyl formate) 6.35
10 14.348 Linalool 1.31
11 17.617 a-Terpineol 0.1
12 18.487 Acetic acid, octyl ester(octyl acetate) 51.83
13 19.465 CARVONE 0.14
14 23.496 Neryl acetate 0.26
15 23.682 n-Decanoic acid 0.13
16 23.859 a-Copaene 0.09
17 27.756 9-Decen-1-ol 0.09
18 29.599 Lilac alcohol 0.63
19 29.758 1,6,10-Dodecatrien-3-ol, 3,7,11-trimethyl-, (E)-(trans-nerolidol) 16.41
20 45.195 Cembrene 0.52
21 46.308 Verticiol 3.04
22 47.411 Thunbergol 0.12

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of Cr, BO, CuO NPs, and Cr@aCuO NPs.

alkyl amine and alkyl halides functional groups, respectively.
They are also consistent with the peaks reported before.* FTIR
charts of the prepared metal oxide NPs showed absorption
peaks at 532 cm~ ' (strong peak), indicating the formation of
CuO where it is assigned to Cu-O bond bending vibration.*®
Other peaks were observed at 3438, 2919, 1630, 1381, and
1112 cm ™', which may be attributed to the remaining BO in the
CuO NPs. These peaks are slightly shifted and show very low
intensities, indicating that these functional groups may be
involved in the reduction process. Cr FTIR shows distinguished
peaks at 3201 and 3282 cm ™' that may be attributed to the N-H
stretching of the primary amine, while the peak found at
2993 cm~ ' corresponds to the alkane C-H stretching. The NH
and NH, bending vibrations were observed from the 1612 and
1444 cm™ " peaks, respectively. The second characteristic peaks
is for Pt-NH, bond at 1369 and 1319 cm ™. These 2 conspicuous
peaks for the main functional groups in Cr were previously re-
ported.”* The carbonyl group of carboplatin was presented by
the peak found at 1048 cm™'.%

Mimicking the peaks in the CuO NPs' chart, Cr@CuO FTIR
chart exhibits the same peak at 532 cm ™" attributed to Cu-O
bond. The peaks indicating the remaining BO are found at 3438,
2919, 1621, 1382, and 1112 cm™*. Similarly, these peaks are
slightly shifted and with reduced intensity. In addition, a strong
peak was detected at 1048 cm ™, which can be attributed to the
loaded Cr carbonyl group.

X-ray diffraction analysis (XRD). XRD pattern of CuO NPs
prepared via microwave revealed pure CuO NPs in crystalline
nature. The present experimental results were found to be
identical to that of pure CuO, confirming the successful
synthesis of pure CuO NPs.”>**** As previously reported with
CuO NPs XRD patterns,®® 11 main peaks in the diffraction
patterns were observed to be at 260 = 32.50, 35.52, 38.72, 48.84,
53.47,58.24, 61.59, 66.12, 68.02, 72.38, and 75.12° (Fig. 3). All 11
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Fig. 3 XRD pattern of CuO NPs.

peaks were sharp with no significant broadness. Also, they can
be indexed to the monoclinic crystal system CuO (C2/c space
group, JCPDS card no. 45-0937), with no additional impurity
peaks, thus, the prepared CuO NPs are highly pure. On the other
hand, the nanocrystalline nature of CuO NPs is shown by the
sharp structural peaks present in the XRD pattern and the
crystallite size found to be 63.15 nm (<100 nm).

Transmission electron microscopy (TEM). Transmission
electron microscopy (TEM) analysis was performed to deter-
mine the morphology and particle size distribution of CuO NPs.
The CuO NPs and the Cr@CuO NPs' morphologies are shown in
Fig. 4A and C, respectively. The CuO NPs and the Cr@CuO NPs'
diameter distribution histograms (presented in Fig. 4B and D,
respectively) were created using NPs' diameters obtained via
Image] (NIH, Bethesda, MD, USA). The average diameters of
CuO NPs and the Cr@CuO NPs' were calculated and found to be
119.06 £ 21.49 nm and 135.84 + 26.88 nm, respectively. The
higher average diameter of Cr@CuO NPs' compared to the
average CuO NPs' diameter can be justified by the Cr loading to
the CuO NPs. The size range of the aggregates was found to be
500-1000 nm, demonstrating the capability of the synthesized
NPs to accumulate in the cancer cells via passive targeting.
Previous studies showed that the nanoparticles' size, even in
aggregation into hundreds of nanometers (50-2000 nm) can
accumulate in solid tumors due to their leaky vasculature.>>*®

In addition, the interplanar distance between CuO NPs'
lattice fringes was found to be 0.29 nm, which is in harmony
with previously reported studies,” confirming the CuO NPs’
formation. The magnified lattice fringes of CuO NPs are dis-
played in Fig. 5A. On the other hand, as shown in Fig. 5B, the
selected area electron diffraction (SAED) pattern of CuO NPs
presented diffraction patterns involving sharp spots; hence, the
structures of these NPs must be ordered.*®

Entrapment efficiency percent (EE%) and in vitro release
assay. The EE% of the Cr in the Cr@CuO NPs was found to be
78.9 £ 5.9%. The high EE% of the Cr@CuO NPs can be justified
by the adsorption and binding interactions between the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The magnified lattice fringes (the interplanar distance = 0.29 nm) (A) and SAED pattern (B) of CuO NPs.
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negative charges on the surface of CuO NPs and the positively
charged Cr molecules. of ionic attraction of the positively
charged Cr into the negatively charged CuO NPs. Thus, elec-
trostatic interaction plays an essential role in such a high
EE%.%®

To determine the appropriateness of CuO NPs as chemo-
therapeutic carriers, in vitro release study of Cr from Cr@CuO
NPs, utilizing two dissimilar pH media mimicking the tumor
microenvironment (pH 5.4) and the physiological conditions
(pH 7.4), was carried out and compared to the free Cr. The
release of Cr from Cr@CuO NPs was pH-dependent (Fig. 6). At
PpH 5.5, a triphasic release behavior was observed for the release
of Cr from the Cr@CuO NPs over the 48 h-duration of the
release test. Different release mechanisms controlled each of
the three phases: dissolution, diffusion, and erosion.> In the
first 2 h, rapid release of Cr was detected (26.42%), which is
linked to the Cr molecules present on the CuO NPs' surface. The
partition of Cr to be dissolved in water was encouraged by the
solubility of Cr in water.®® The small particle size supports the
large surface area of the CuO NPs. At this stage, the Cr is only
challenged by the dissolution mechanism to be soluble and
released in the medium. The next phase extended until 12 h of
the release test, where 77.30% was released in the medium. At
the second stage, the entrapped Cr in the outer layer of the CuO
NPs matrix dissolves and diffuses to reach the release medium.
Hence, the second phase is limited by both the drug's dissolu-
tion and diffusion to be released from the nanoparticle matrix.
The last phase presents the slowest Cr release rate, reaching
90.92% of a cumulative released drug after 48 h since the
beginning of the in vitro release assay. This phase is the slowest
since it is controlled by an additional mechanism (erosion)
besides the previously mentioned mechanisms (dissolution and
diffusion). The erosion is added to the release challenges since
the drug in the innermost core of the nanoparticle will have to
travel a long distance in the CuO NP matrix before reaching the
interphase between the medium and the matrix. Cr@CuO NPs
showed a sustained release profile in comparison to the free Cr
release profile in which 98.95 + 2.00% of the Cr was released in
the first 6 h of the release test. The sustained release of Cr for
a prolonged period was tuned by the particle size of CuO NPs.**
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In contrast, at physiological conditions (pH 7.4) the release
rates of Cr from Cr@CuO NPs at pH 7.4 were much slower as
compared to those observed at (pH 5.5). The release rates were
16.5%, 30.3% and 39% at 2 h, 12 h and 48 h, respectively. The
higher percentage of drug release in the acidic medium might
be attributed to the release of copper ions (Cu>*) in the acidic
medium® and the protonation of Cr, subsequently strength-
ening the repulsive forces leading to faster release of rates of Cr,
as compared to that at physiological pH.* A triggered pH-
dependent behavior is beneficial in cancer therapy. At pH 7.4
(mimicking physiological conditions), it is anticipated that
most of the loaded drug will remain adsorbed to the surface of
metallic NPs, with no high release and thus providing stability
when found in the plasma, with minimum toxic effects on the
normal tissues. Thereafter, the drug will rapidly be released
when the NPs reach the cancer cells (pH 4.5-6) tumor cells,
which will definitely augment the efficacy of the preferential
cancer therapy.*

Biological assays

Cytotoxicity screening. Cr is a broad-spectrum platinum
drug that is commonly used as an anticancer agent against
colorectal carcinoma. However, its use still faces some limita-
tions, including but not limited to systemic side effects and the
emergence of drug resistance.'” It is worth mentioning that CuO
NPs have previously demonstrated potent antitumor activity
against HCT-116 colon cancer cells.” In this context, the current
study is focused on introducing Cr onto CuO NPs as a promising
drug delivery system (Cr@CuO NPs) to HCT-116 cancer cells to
improve its therapeutic efficacy and reduce its systemic side
effects. The antiproliferative effects of Cr, CuO NPs, and
Cr@CuO NPs were determined against both human HCT-116
cancer and CCD 841 CoN normal cell lines using SRB assay.
The ICs, values were computed using a logarithmic scale of ten
different concentrations ranging from 0.01 to 300 ug mL™" for
each investigated agent. The dose-response curves are clearly
presented in Fig. 7A-C. Numerous studies calculated the
selectivity index (SI) as a direct ratio of IC5, values derived for
healthy and malignant cells.®**” This study calculated the SI of
all the investigated agents to show their safety profiles. The
observed results are recorded in Table 2.

The ICs, of Cr and CuO NPs were estimated to be 8.24 pg mL™?
and 11.25 pg mL ™" on HCT-116 cancer cells as shown in Table 2
and Fig. 7A, B. Meanwhile, Cr@CuO NPs exhibited the highest
antiproliferative activity against HCT-116 cells with an ICs, of
5.17 pg mL~" which was 1.6 and 2.2 folds higher than that of Cr
and CuO NPs treated groups, Table 2 and Fig. 7C. Therefore,
loading Cr onto the greenly synthesized CuO NPs proved to be
a successful approach for improving the efficacy of Cr where CuO
NPs exerted a synergistic effect and potentiated the actions of Cr.
Our drug (Cr) has usually been limited by its poor cellular uptake
and the demand for high therapeutic doses. In vitro studies
showed that the incorporation of Cr in nanoparticles could be
a valuable approach to enhance its delivery and reduce the
required dose.®® In the modern era, copper nanoparticles have
become a rising bio-nanotechnology approach in cancer therapy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Dose-response curves display the percentage viability of HCT-116 (left panel) and CCD 841 CoN cells (right panel) after 48 h of exposure

to Cr (A), CuO NPs (B), and Cr@CuO NPs (C), respectively.

Such NPs are believed to function as DNA-cleaving and powerful
anticancer agents, which could be attributed to their capacity for
binding, ability to modify their surface properties through
conjugation with other chemotherapeutics, effectiveness as
a nano-drug delivery system with much affordable costs than that
of Ag or Au, and their ability to act as molecular doping operators
that could manipulate the cell cycle.*”

© 2024 The Author(s). Published by the Royal Society of Chemistry

The SI values for pure Cr and CuO NPs were 2.23 and 4.04,
respectively. Interestingly, Cr@CuO NPs attained the highest SI
(SI = 6.82) towards cancer cells and achieved the uttermost
safety profile among all other treatments, Table 2. The loading
of Cr onto Cr@CuO NPs improved its selectivity by 3-times
compared to the pure Cr treatment. A Similar approach was
performed previously where Cr together with doxorubicin (Dox)
were dual loaded onto ZnO nanoparticles and proved highly
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Table 2 Cytotoxicity against human colon cancer (HCT-116) and normal colon epithelial (CCD 841 CoN) cells following exposure to the test

agents for 48 h“

ICs5o on HCT-116 cells (pg mL ™)

CCjs on CCD 841 CoN cells (ug mL™")  SI (CCs0/ICs0)

Test agent

Carboplatin (Cr) 8.24 + 0.74
Copper oxide NPs (CuO NPs) 11.25 + 1.04
Copper oxide NPs loaded carboplatin (Cr@CuO NPs)  5.17 + 0.48

18.36 £ 1.12 2.23
45.41 £+ 2.16 4.04
34.91 £+ 1.08 6.82

% Data presented as the mean ICs, of three trials + standard deviation (SD).

efficient at increasing the sensitivity and selectivity of chemo
drugs to human breast adenocarcinoma cells.”

All the above reinforces the idea that our newly synthesized
Cr@CuO NPs possess much better therapeutic potential than
free Cr or CuO Nps in the treatment of colon cancer.

Apoptosis. SRB assay showed that incorporating Cr into CuO
NPs induced a significant improvement in its antiproliferative
effects against HCT-116 cancer cells. Nevertheless, additional
experiments such as apoptosis assay and flow cytometric anal-
ysis were performed to reveal the mechanism of cell death in
HCT-116 following incubation with Cr, CuO NPs, and Cr@CuO
NPs at their estimated IC5, concentrations for 48 h. Untreated
HCT-116 cells were utilized as the control group. The obtained
results are recorded in Table 3 and Fig. 8. The percentage of the
cellular population undergoing early apoptosis was not affected
much with CuO NPs treatment but increased significantly upon
exposure to Cr treatment (P-value = 0.05). The Cr@CuO NPs
treatment induced a remarkable elevation in the cellular pop-
ulation of the early apoptosis quartile, which even exceeded that
with Cr treatment by 5.4-folds (P-value =< 0.001). Regarding the
late apoptosis quartile, a significant elevation in the cellular
population was observed amongst all treatment groups as
compared to control (untreated) cells. Interestingly, Cr@Cuo
NPs caused a remarkable increase in the cellular population
undergoing late apoptosis by 4.6 and 6.4 folds when compared
with Cr (P =< 0.001) and CuO NPs (P =< 0.001), respectively.

The apoptotic effects of Cr were previously noted on a few
cancer cell lines, including non-small cell lung cancer (A549),”
ovarian (OVCA429),”> and cervical (SiHa)” cancers. The litera-
ture search also revealed considerable apoptotic effects for CuO
NPs on breast (MCF-7),”* colorectal (HCT-116),"* and cervical
(HeLa)™ cancer cells. Therefore, our apoptosis assay findings
were in line with the other studies where both Cr and CuO NPs
exerted significant apoptotic effects, while Cr@CuO NPs
exceeded their apoptotic activity. Our results also showed that

Cr@CuO NPs caused a significant reduction in the viable cells
by 41.5% and 44.65% when set against Cr and CuO NPs (P =
0.001). Cr@CuO NPs also caused a 5-fold escalation in the
necrotic cell population percentage relative to the control (P =
0.05). As such, our findings confirmed the cytotoxicity assay
results and reinforced the ideology of incorporating Cr onto the
greenly synthesized CuO NPs.

Cell cycle analysis. The cell cycle kinetics of HCT-116 cancer
cells were examined by DNA flow cytometry after being exposed
for 48 hours to Cr, CuO NPs, and Cr@CuO NPs treatments at
their corresponding ICs, concentrations. Table 4 and Fig. 9
display all the collected data. Apoptotic cells are known to have
fractional DNA content on a regular basis due to the extraction
of fragmented (low molecular weight) DNA during the staining
process and the extrusion (blebbing) of apoptotic bodies.” So,
they contain only a small portion of DNA and are frequently
portrayed on the DNA content frequency histograms as “Sub-G1
phase”.”® Our findings showed a meaningful elevation in Sub-
G1 cell populations treated with Cr@CuO NPs compared to
the control and all other treatment groups (P-value = 0.001).
This, in turn, justifies the distinguished apoptotic properties of
Cr@CuO NPs, which exceeded by far that of pure Cr or CuO NPs
treatments.

In the synthetic phase, also known as the “S phase”, the cell
produces an exact copy of its genetic material, ie., the cell
duplicates its DNA content.”” Treatment with Cr, CuO, and
Cr@CuO NPs significantly reduced cell population at the S
phase compared to the control group (untreated). So, all treat-
ment groups displayed a noticeable activity in decreasing DNA
synthesis. It is worth emphasizing that Cr@CuO NPs also sur-
passed free Cr and CuO NPs at reducing the frequency of cells
undergoing DNA duplication (P < 0.001).

G2 is the pause stage following S phase during which the cell
gets ready to enter mitosis (M). CDK1 usually regulates the
transition from G2 to M. However, when the brakes go wrong,

Table 3 Apoptosis assay of the HCT-116 cells using annexin/PI stain flow cytometric analysis®

Apoptotic stage of HCT-116 Control Cr (8.24 pg mL ™) Cuo NPs (11.25 pg mL ™) Cr@Cuo NPs (5.17 pg mL ™)
Necrosis (Q2-1) 0.52 & 0.17 2.11 £ 0.22 3417 £ 1.26 2.56" + 0.17

Late apoptosis (Q2-2) 1.05 + 0.24 7.68""" £ 0.99 5.61°" £ 0.96 35.66° HHSSS 4 093

Viable cells (Q2-3) 97.22 + 0.24 87.24"" 4+ 1.09 90.41"" + 2.20 45.76"THHSSS 4 .90

Early apoptosis (Q2-4) 1.21 + 0.18 2.97" + 0.09 0.58 + 0.18 16.027 S8 4 4 01

“ Data presented as mean =+ SD. (*), (#) and ($) represent significant differences compared to the Control, Cr and Cuo NPs treated groups,
respectively. Statistical analysis was performed using one one-way ANOVA test with Tukey post hoc test.
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Fig. 8 Cytograms display the annexin V/propidium iodide — staining of the control (untreated) HCT-116 cells (A), and those treated with Cr (B),
CuO NPs (C), and Cr@CuO NPs (D) following 2 days of incubation. Quadrant charts (E) show the apoptosis assay results where Q2-1 (necrotic
cells, AV-/Pl+4), Q2-2 (late apoptotic cells, AV +/Pl+), Q2-3 (normal cells, AV-/PI-), and Q2-4 (early apoptotic cells, AV+/Pl-). Heat map (F)
describes the changes in the percent of cells in each quadrant among all the test groups. The highest percentage approaching 100% is indicated
by the yellow squares and the lowest with humbers approaching 0—1% are observed as violet boxes. (*), (#) and ($) represent significant
differences compared to the control, Cr and Cuo NPs treated groups, respectively. Statistical analysis was performed using one one-way ANOVA
test with Tukey post hoc test. The existence of any of such symbols (*, #, and $) once refers to P-value =< 0.05, twice indicates P-value < 0.01,
and thrice means P-value = 0.001.

Table 4 Cell cycle distribution of HCT-116 cells after receiving Cr, CuO NPs, and Cr@CuO NPs treatments for 48 h*

HCT-116 phase Control (untreated) Cr (8.24 pg mL™1) CuO NPs (11.25 pg mL™") Cr@CuO NPs (5.17 pg mL ™)

Sub-G1 0.61 + 0.29 1.01 £ 0.10 0.96 + 0.10 TTHHHISSS) 88 + 0.26
G1 34.70 + 1.69 ""19.24 + 0.73 34.26 + 1.17 THHSSS04 26 4+ 0.40
S 25.74 £ 0.85 "17.50 £ 0.79 ""19.49 + 1.52 TIHHHISSSg 40 + 1.10
G2 25.02 + 0.16 ""59.27 + 1.42 "37.27 + 2.61 T$8862.95 + 1.44

“ Data presented as mean =+ SD. (*), (#) and ($) represent significant differences compared to the Control, Cr and Cuo NPs treated groups,
respectively. Statistical analysis was performed using one one-way ANOVA test with Tukey post hoc test.

uncontrolled cell division occurs and cancer is induced.” In the
current study, all treatment groups significantly arrested the
cells at the G2 phase and stopped the G2/M transition relative to
the control group. Cr@CuO NPs trapped even more cells at G2
phase than pure CuO NPs. Meanwhile, both Cr@CuO NPs and
free Cr arrested a comparable or almost very similar cell pop-
ulation percentage at the G2 phase. Likewise, analysis of colon
adenocarcinoma (CT-26) cells revealed a significant increase in
the number of G2 phase cells following treatment with free Cr

© 2024 The Author(s). Published by the Royal Society of Chemistry

relative to the control (blank) cells.” Moreover, CuO NPs ability
to arrest the cell cycle at G2 phase and prevent G2-M transition
were previously reported in human lung cancer (A-549)* and
skin cancer (A-375)*" cells.

In a nutshell, the three treatments successfully decreased the
percent cellular population undergoing DNA duplication in the
S-phase and stopped the G2/M transition by trapping the cells at
G2. Cr@CuO NPs possessed an additional effect by inducing
cellular arrest at the Sub-G1 phase and towering up the effects

RSC Adv, 2024, 14, 4005-4024 | 4015
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Fig. 9 Cell cycle analysis of untreated HCT-116 cells is shown in cytogram (A). The cytograms (B), (C), and (D) refer to the cell cycle of HCT-116
cells following 48 of exposure to Cr, CuO NPs, and Cr@CuO NPs, respectively. The bar graph (E) displays the percentage of HCT-116 cells and
their distribution among the different phases of the cell cycle. P-values are presented as: ** =0.01 and *** =0.001 against control; ## < 0.01and

### =< 0.001 compared to Cr, $$$ = 0.001 vs. CuO NPs.

of the other two treatments at both S and G2 phases whereby
providing added evidence to the apoptosis assay results.
RT-qPCR. The Bcl-2 family of proteins, which include both
pro-apoptotic members like Bax that increase mitochondrial
permeability and anti-apoptotic members like Bcl-2 that block
their effects or prevent the release of cyt ¢ from mitochondria,

4016 | RSC Adv, 2024, 14, 4005-4024

play a major role in mediating the mitochondrial apoptotic
process.®>® In the current study, the investigated treatments
(Cr, CuO NPs, and Cr@CuO NPs) were provided to the cells at
the estimated ICs, for 48 h. Then, RT-qPCR was performed to
determine the relative gene expression of the pro-apoptotic
(Bax) and anti-apoptotic (Bcl-2) genes, as well as the tumor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suppressor gene (p53) that regulates their activity. The assay
aimed to provide further insights and a deeper description of
our apoptotic findings at the molecular level.

In several cancers, including colon cancer, the repression of
Bax gene has been linked to chemotherapy resistance and a bad
prognosis.®* The Cr treatment has previously demonstrated
a significant ability to elevate the expression of Bax in several
tumors, such as the human lymphoma Raji cell line®* and breast
cancer (MCF-7) cells.®*® CuO NPs were also noticed to induce Bax
gene expression in human hepatocarcinoma HepG2,*” and
chronic myeloid leukemia K562,*® cell lines. Herein, our study
revealed a 2.4-fold and 1.6-fold elevation in the relative
normalized gene expression of Bax in HCT-116 cells treated with
Cr and CuO NPs, respectively. The synthesized Cr@CuO NPs
caused a 3.5-fold increase in Bax expression. As reported in
Fig. 10, the expression of Bax in Cr@CuO NPs treated cells
significantly surpassed that of Cr (P < 0.01) and CuO NPs (P <
0.001) treated cells. This could be considered an additional
proof of the apoptotic effects of Cr@CuO NPs at the molecular
level, which is strongly supported by the noticeably increased
levels of Bax.

Bcl-2 is a protein that inhibits apoptosis. The increase in the
Bcl-2 gene product has been widely associated with resistance to
chemotherapeutic agents in multiple colon cancer cell lines.*
As opposed to the Bax gene, Cr treatment for 48 h resulted in
a considerable reduction in the expression of Bcl-2 in the
human lymphoma Raji cell line* and breast cancer (MCF-7)
cells.®®

Additionally, the Bcl-2 expression witnessed a remarkable
downregulation in human hepatocarcinoma HepG2,*” and
chronic myeloid leukemia K562 cell lines®* following CuO NPs
treatment. Likewise, our findings showed that Cr and CuO NPs
treatments significantly reduced the normalized gene
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expression of the anti-apoptotic marker, BCI-2, by 39% and
45%, respectively (Fig. 10). The newly formulated Cr@CuO NPs
treatment resulted in a more significant decline in Bcl-2 gene
expression relative to Cr (P = 0.001) and CuO NPs (P < 0.01)
(Fig. 10).

Since both the gain- and loss-of-its-function mutations have
been observed in various tumors, the tumor suppressor gene,
p53 has revealed a complex participation in the process of
carcinogenesis.” The p53 gene is known to directly enhance the
Bax gene transcription and hence, the production of Bax
protein.”* Cumulative studies have pointed to the ability of both
Cr*® and CuO NPs*® treatments to produce a significant
increase in the p53 gene expression, promoting that of the Bax
gene in a variety of tumors. In the current study, treatment with
both Cr and CuO NPs resulted in a noticeable increase in the
relative normalized gene expression of p53 by 2.7 and 2.2 folds
(Fig. 10). It is noteworthy that Cr@CuO NPs treatment resulted
in a marked increase of p53 expression by 3.8 folds, which
exceeded that of the other two treatments (Fig. 10).

The novel Cr@CuO NPs treatment displayed an unprece-
dented and surplus activity at increasing the p53-Bax mediated
mitochondrial apoptosis and downregulating the expression of
Bcl-2 compared to the single Cr or CuO NPs therapy. As such,
Cr@CuO NPs are depicted to possess favorable therapeutic
properties that are worth further preclinical and clinical trials in
colon cancer.

Computational findings

Cr and CuO interaction analysis. The possible interaction
between carboplatin and copper oxide was first studied using
Discovery Studio 4.1 Software, where energy minimization was
applied to both residues using CHARMm and Momany-Rone

@B Control (Untreated)
@B Crtreated

@B CuO NPs treated

@B Cr@CuO NPs treated

kkk Hi# 598

+
Q‘)

Fig.10 RT-gPCR for the pro-apoptotic and anti-apoptotic genes in HCT-116 colon cancer cells after 48 h exposure to the test agents. The data
is normalized to B-actin and presented as the average of triplicates + standard deviation (SD). (¥), (#) and ($) represent significant differences
compared to the control, Cr and CuO NPs treated groups, respectively. The symbol presentation at once, twice, and thrice refer to (P < 0.05), (P

= 0.01), and (P = 0.001), respectively.
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Fig. 11 Statistical residue analysis plot of the favorable (green) and unfavorable (orange) ratio of ligand (CuO) interaction with the receiver

molecule (Cr).

forcefield and rendering Cr as a receiver molecule. The possible
molecular ratio and possible charge were predicted via statis-
tical residue analysis in ESI (Table S1).1 The generated plots in
Fig. 11 showed that the possible molecular ratio of interaction
will be 1:1 and the unfavorable count of ligands will be zero.
The interaction between Cr and CuO (Fig. 12) showed metal-
ligand interaction between Pt and oxygen atom and two elec-
trostatic interactions between Cu and each of the NH; groups of
the Cr. The VDW interaction energy of the mixture obtained was
—0.0019 kcal mol ", while the interaction energy of CuO is
—18.6092 kecal mol * and that of cris —18.4248 kcal mol *. On
the other hand, calculated in situ starting energy was
—67,404.2 kecal mol ™", in situ final energy after the interaction
was —45.2372 keal mol ", in situ gradient was 0.000696528 and
free energy was —431.833 kcal mol .

Molecular docking studies. To investigate more into the
mechanism of anticancer activity of the mixture against colo-
rectal type, human alanine aminotransferase 2 was selected.
This potential target was chosen as a consequence of the
approved literature theory, that elevated alanine aminotrans-
ferase (ALT) is frequently observed in subjects with metabolic
syndrome, which is associated with the risk of colorectal
adenoma (CRA).”> The human alanine aminotransferase 2

-

-

-~ ”
( ====='¢\
~

Fig. 12 3D interaction diagram between Cr and CuO. Orange dotted
lines are indications of electrostatic interaction. Dark blue ball repre-
sents Pt metal and dark red ball represents Cu.

4018 | RSC Adv, 2024, 14, 4005-4024

crystal structure in complex with pyridoxal-5'-phosphate (PLP)
was downloaded from RCSB Protein data bank with PDB ID
3IH]J.”* The enzyme was cleaned and, missing residues were
added and energy minimization was applied using the same
forcefield applied to previous ligands. Utilizing Discovery
Studio 4.1, C-docker protocol was adopted to generate molec-
ular docking studies between enzyme and ligand as a reference
compound and between enzyme and CuO, carboplatin and the
mixture separately. Ten conformations of each ligand were
generated and only the conformation with the least interaction
energy was selected.
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D Pi-Donor Hydrogen Bond

Fig. 13 2D interaction diagram between PLP and human alanine
aminotransferase 2.
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The results revealed that the reference compound PLP had —
(C-docker interaction energy) = —22.5467 kcal mol™", and as
shown in Fig. 13 PLP interacted with aminotransferase via
attractive charge with Lys 341 and Pi-interactions with Val 301
and Tyr 216. Meanwhile, the interaction energies of CuO, Cr,
and mixture were —32.2555, —43.2792, and
—68.8381 kcal mol ', respectively. The 3D interaction diagrams
between each ligand and enzyme in Fig. 14 illustrate the
interaction of CuO via H-bond with Arg 494, and Val 478 and,
another Pi-interaction with Arg 494, and a metal-ligand inter-
action between Cu and Asp177. This reflected a remote inter-
action than the binding site of CuO alone. At the same time, Cr
showed two H-bonds with Lys 341, two H-bonds with Asp 386,

View Article Online

RSC Advances

H-bond with Pro 269, Glu 300, and Arg 134, together with Pi-
interaction with Arg 134, Arg 137, Val 301, and Tyr 216 and
finally Pt-ligand interaction with Pro 214, Asn 271 and Thr 273.
That resulted in better interaction within the targeted binding
site of the enzyme and better interaction energy. Furthermore,
the mixture presented interactions as two H-bonds with Lys 341
and one H-bond with Gly 342, Pi-interaction with Val 301, Tyr
216, and Tyr 302, and metal-ligand interactions in the form of
Cu and Gly 254 and Pt and Pro 269 and Gly 270. These results
ensured that the binding mode of the mixture was the best
among all ligands and had better stability from interaction
energy. That correlated much with the in vitro cell line assay
against colorectal cell lines that showed the most potent

NN

Asn390
4 - Ag137
Aik138
Asp386

A B
T,
s341
Q) Cly342+
o
Val409

Fig. 14 3D interaction diagram between CuO (A), Cr (B), mixture (C) and aminotransferase enzyme.
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Fig. 15 Ramachandran plot representation of torsional energy
conformations for interaction between mixture and human alanine
aminotransferase 2. Green circles represent favorable areas, red
triangles represent unfavorable areas, purple line represents an area
outside binding sites, and blue line represents an area inside binding
sites.

anticancer activity in the mixture form with CuO than indi-
vidual CuO or Cr.

Ramachandran plot. In order to verify predicted torsion
angles in the enzyme and confirm the interaction of the mixture
in correct binding sites, a Ramachandran plot was generated,
which indicates low energy conformations for ¢ (phi) and y
(psi), the conventional terms used to represent the torsion
angles on either side of alpha carbons in peptides. The graph-
ical representation in Fig. 15 represented the local backbone
conformation of each residue in the enzyme during interaction
with the mixture. The plot showed multiple favorable areas in
green where individual residues were likely to be built correctly.

Conclusions

In this work, we designed spherical NPs utilizing a facile and
rapid microwave-assisted approach using Boswellia carterii
essential oil extract. GC/MS analysis of the chemical composi-
tion of the extracted essential oil showed the abundancy of
trans-nerolidol, verticiol, pr-limonene and linalool, which might
be involved in the biosynthesis of CuO NPs by acting as
reducing and capping agents. The loading of Cr onto the CuO
NPs did not affect the spherical morphology of the CuO NPs,
and had a high EE% and a triphasic release behavior into acidic
pH, which simulated that of the tumor microenvironment.
Several cellular and molecular biology assays were performed to
assess the antitumor activity of Cr@CuO NPs, as well as its
underlying mechanism of action. The results sounded very
promising whereby Cr@CuO NPs imposed a superb cytotoxic
activity against HCT-116 colon cancer cells as compared to free

4020 | RSC Adv, 2024, 14, 4005-4024
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Cr or CuO NPs treatments. Moreover, Cr@CuO NPs succeeded
at conserving the normal CCD841 CoN cells and attaining the
highest selectivity index among all the investigated agents,
rendering it of high therapeutic potential with minimal toxicity.
The newly synthesized Cr@CuO NPs were superior to free Cr or
CuO NPs by far in inducing apoptosis and cell cycle arrest at
both sub-G1 and G2-phases of the cell cycle. Molecular biology
investigations reflected the exquisite ability of Cr@CuO NPs to
stimulate the gene expression of the pro-apoptotic markers p53
and Bax while downregulating Bcl-2. The insightful results
suggest multiple benefits for using Cr@CuO NPs in the treat-
ment of colon cancer.
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