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1. Introduction

Chemical synthesis, characterization, and
anticancer potential of CuO/ZrO,/TiO,/RGO
nanocomposites against human breast (MCF-7)
cancer cells

ZabnAllah M. Alaizeri, @ *2 Hisham A. Alhadlag, ©©? Saad Aldawood?
and Maqusood Ahamed ©°

Nanocomposites (NCs) have attractive potential applications in gas-sensing, energy, photocatalysis, and
biomedicine. In the present work, the fabrication of CuO/ZrO,/TiO,/RGO nanocomposites (NCs) was
done via a simple chemical route. Our aim in this work was to synthesis and investigate the selective
anticancer activity of TiO, NPs by supporting CuO, ZrO,, and RGO toward cancer and normal cells.
Different analytical techniques, such as X-ray diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM), scanning electron microscopy (SEM) with energy dispersive X-ray (EDX), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy,
photoluminescence (PL) spectroscopy, and dynamic light scattering (DLS), were carefully applied to
characterize the physicochemical properties of the produced samples. XRD results showed that the
phase and crystal structure of TiO, NPs were enhanced after adding CuO, ZrO,, and RGO. TEM and SEM
images showed that CuO/ZrO,/TiO,/RGO NCs were similarly distributed on RGO sheets with high
crystallinity, excellent quality of lattice fringes, and lower agglomeration compared with pure TiO, NPs.
EDX and XPS analysis confirmed the presence of elements Cu, Zr, Ti, O, and C in the obtained CuO/
ZrO,/TiO,/RGO NCs. Raman and FTIR spectra verified the presence of functional groups and crystal
structures in the produced samples. PL data showed that the optical properties of TiO, improved after
adding CuO, ZrO,, and RGO sheets owing to the reduction in the recombination rate between the
electron—hole pair. DLS analysis showed that the prepared CuO/ZrO,/TiO,/RGO NCs had excellent
colloidal stability and good distribution in the suspension of the media culture. Anticancer results for
CuO/ZrO,/TiO,/RGO NCs exhibited about 2-fold higher toxicity for 24 h and 4-fold for 48 h against
breast cancer (MCF-7) cells than pure TiO, NPs, while their biocompatibility was excellent against
HUVEC normal cells. Additionally, the ICsq values of CuO/ZrO,/TiO,/RGO NCs were 44.19 + 1.2 ug mL™t
and 24.52 + 0.8 pg mL~! for 24 h and 48 h, respectively. These results indicate that adding CuO, ZrO»,
and RGO plays a crucial role in enhancing the anticancer property of TiO, NPs. This study suggests that
CuO/ZrO,/TiO,/RGO NCs could be applied in cancer therapy applications in in vivo models.

high biocompatibility.* Currently, titanium dioxide nano-
particles (TiO, NPs) are important in potential applications in

Due to their tailorable drug delivery, enhanced bioavailability,
and low toxicity, nanomaterials have potential medical appli-
cations, including in cancer therapy and diagnostics."* The
high development cost, toxicity concerns, and targeting accu-
racy of some nanomaterials pose challenges in their application
in medicine.* To resolve these obstacles, common nano-
materials have excellent properties, such as low toxicity and
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environmental remediation and medical fields owing to their
excellent physicochemical properties.>® Despite these advan-
tages, pure TiO, NPs exhibit some limitations in cancer
therapy.” One major limitation of TiO, NPs is their agglomera-
tion due to their high surface energy, which reduces their
colloidal stability and hampers their bioavailability in cellular
environments.® Previous studies have shown that the integra-
tion of other metal oxides, such as CeO, NPs,® SnO, NPs,'* ZnO
NPs,'* CuO NPs,*? ZrO, NPs,” Al,O; NPs," and WO; NPs,** can
improve their anticancer properties. Generally, nanocomposites
(NPs) are a type of nanomaterials that are produced by the
combination of two or multi-metal oxides to enhance their
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physicochemical properties for potential applications in pho-
tocatalytic and medical fields."*"

To enhance the properties of metal oxide NPs, many
researchers have focused on improving different approaches
(chemical, physical, and biological) to synthesize novel nano-
composites (NCs), which are mixed with metal oxide NCs.
Particularly, chemical approaches such as hydrothermal, sol-
gel, co-precipitation, and thermal decomposition techniques
have been applied to the synthesis of NCs due to their low cost
and environmental friendliness.'®?° For example, Kubiak et al.**
prepared ZnO/TiO,, ZrO,/TiO, and MoS,/TiO, NCs using the
hydrothermal method with enhanced antibacterial and photo-
catalytic activities compared to pure TiO, NPs. Another study**
reported that the sol-gel method was used to synthesize SnO,/
WO; NCs with highly improved optical properties compared
with WO; NPs. Moreover, CuO/NiO/ZnO NCs have been
synthesized via the co-precipitation process, and they show
highly enhanced antibacterial activity compared to individual
samples.”® Correspondingly, Marsooli et al.>* synthesized Fe,0,/
CdWO,/PrvO, NCs through the precipitation method, which
exhibits excellent anticancer performance. Indumathi et al.*®
prepared CuO/TiO,/chitosan-farnesol NCs by standard acetic
acid synthesis to investigate antimicrobial and anticancer
activities toward melanoma cancer cells.

Reduced graphene oxide (RGO) has attracted potential
biomedical applications such as cancer therapy owing to its
excellent characteristics.>® Numerous studies show that
different metal oxide NPs combined with RGO can improve
their synthesis and anticancer properties. For instance, Ahamed
and Kadiyala et al>”*® reported that ZrO,/RGO NCs have
enhanced cytotoxicity against cancer cells while maintaining
biocompatibility with normal cells. Similarly, Scotti et al*
showed that ZnO/ZrO,/RGO NCs exhibit 3.5-fold higher anti-
cancer efficacy against lung and breast cancer cells compared to
ZnO NPs. Besides, our previous study® investigated that Bi,O5-
doped WO3/RGO NCs have enhanced anticancer activity and
better biocompatibility than both NPs. The synthesized ZnO-
TiO,/RGO NCs showed improved cytotoxicity towards cancer
cells and better biocompatibility compared to normal cells.****
Askari et al.,*® investigated that Mn,0,/C03;04,/RGO NCs have
a good ability to inhibit the growth of cancer cells.

The purpose of this work was to fabricate CuO/ZrO,/TiO,/
RGO NCs to enhance the selective anticancer activity toward
human cancer and normal cell lines. The prepared samples
were further characterized by XRD, HRTEM, and SEM with EDX,
XPS, Raman, FTIR, PL, and DLS techniques to envisage the
enhanced physicochemical properties. In the present work,
MTT assay was applied to assess the selective anticancer
performance of the prepared samples against breast cancer
cells and HUVEC normal cells for 24 h and 48 h.

2. Experimental
2.1 Chemicals and cells

Titanium butoxide Ti (OBu),, zirconium nitrate pentahydrate
(Zr(NO3),-5H,0), Cu(NOj3),-6H,0, and sodium hydroxide
(NaOH) were supplied by Sigma-Aldrich in St. Louis, MO, USA.
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Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum
(FBS), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide), and dimethyl sulfoxide (DMSO) were also obtained
from Sigma-Aldrich in St. Louis, MO, USA. Human breast (MCF-
7) cancer and Human Umbilical Vein Endothelial Cells (HUVEC)
cells were bought from the American Type Culture Collection
(ATTC) based in Manassas, WV, USA.

2.2 Preparation of CuO/ZrO,/TiO, nanocomposites (NCs)

The preparation of CuO/ZrO,/TiO, NCs (0.5 : 0.5 : 1 mol ratio) was
achieved using a co-precipitation process. Firstly, 0.01 mol of
Ti(OBu), was slowly added to 50 mL of absolute ethanol under
stirring. Then, 0.005 mol of Zr(NOj3),-5H,0 and 0.0025 mol of
Cu(NO3), - 6H,0 were further added into the above solution under
stirring for 1 h at room temperature. Next, 1 M of NaOH was
dropped slowly to the mixture solution with stirring at 65 °C for
4 h to obtain the precipitate. Subsequently, the obtained precip-
itate was filtered, washed with ethanol and water several times,
and dried in an oven at 80 °C for 12 h. The calcination for the
dried precipitate was carried out using an oven at 500 °C under
air for 5 h to obtain CuO/ZrO,/TiO, NCs as a nanopowder. Under
the same protocols, pure TiO, NPs were successfully prepared
without using Zr(NOj),-5H,0 and Cu(NOs),-6H,0. Similarly,
Zr0,/TiO, NCs were synthesized without using Zr(NOs),-5H,O0.

2.3 Preparation of CuO/ZrO,/TiO,/RGO nanocomposites
(NCs)

The CuO/ZrO,/TiO, NCs were successfully anchored onto RGO
sheets via the sonication process. A specific amount of CuO/
TiO,/ZrO; NCs was suspended in 50 mL ethanol and distilled
water (1:1) under ultrasonication for 1 h as the first solution.
10% of reduced graphene oxide (RGO) sheets were dissolved in
50 mL ethanol under stirring for 1 h as the second solution.
Then, the two solutions were mixed and sonicated for 4 h at 80
kW. Next, the mixture solution was further dried at 60 °C for
24 h to obtain CuO/ZrO,/TiO,/RGO NCs.

2.4 Characterization methods

Different analytical techniques, such as XRD, HRTEM, SEM
with EDX, XPS, Raman, FTIR, PL, and DLS, effectively charac-
terized the physicochemical properties of the obtained NPs and
NCs. Thus, the details of these techniques are mentioned in our

previous works.**%

2.5 Cell culture and maintenance

Human breast (MCF-7) cancer and HUVEC normal cells were
cultured in DMEM supplemented with 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin, and 1% glutamine in the
flask. The cultured cells were maintained at 37 °C in a humidi-
fied atmosphere with 5% CO,_Further details were done in our
published studies.***”

2.6 Anticancer and biocompatibility performance

In the present work, the evaluation of the anticancer activity of
the prepared samples was estimated using the MTT assay as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reported in our pervious study.* Briefly, about 5 x 10" cells per
well were seeded in a 96-well plate and incubated at 37 °C with
5% CO,, Then, the stock solution (3 mg/3 mL) of the prepared
samples in DMEM was successfully prepared. A section of each
sample was also diluted to different concentrations (0, 0.5, 1, 5,
10, 25, 50, and 100 pg mL ‘). The next day, these different
concentrations of each sample were added to the seeded cells in
a 96-well plate with incubation at 37 °C with 5% CO, for 24 h
and 48 h. After the incubation period, the DMEM of each well
without the control was removed. Then, 20 pL of MTT solution
(5 mg mL ") was added to each well and incubated for 4 h.
Following this, 100 pL of DMSO formazan crystals formed by
metabolically active cells were dissolved. The absorbance was
measured at 570 nm using a microplate reader. The cell viability
was calculated as a percentage relative to the untreated control
cells, and the IC5, values (the concentration at which 50% of the
cells are inhibited) were determined.

2.7 Data analysis

Data analysis in all experiments was done using one-way anal-
ysis of variance (ANOVA) as mean =+ standard deviation. A p-
value of <0.05 was considered statistically significant.

3. Results and discussion
3.1 XRD study

X-ray diffraction (XRD) analysis of the synthesized NPs and NCs
was done to determine their phase and crystallinity. Fig. 1a-d
illustrates the XRD spectra of the obtained pure TiO, NPs, ZrO,/
TiO, NCs, CuO/ZrO,/TiO, NCs, and CuO/ZrO,/TiO,/RGO NCs.
The XRD spectra of pure TiO, NPs (Fig. 1a) observed that the
diffraction peaks were associated to 26 values of 25.3°,
37.8°,48.0°, 55.1°, 62.9°, 70.0°, and 75.3° corresponding to the
(101), (004), (200), (211), (204), (220), and (215) planes, respec-
tively.*® These spectra reveal that pure TiO, NPs have high
crystallinity and purity without the presence of impurities.
Hence, Fig. 1b exhibits new peaks at 30.3° and 50.4°, corre-
sponding to the crystalline and phase of ZrO,, as reported in
a preceding investigation.*® This indicates that the ZrO,/TiO,
NCs were successfully prepared with a change in their crystal-
linity. For CuO/ZrO,/TiO, NCs (Fig. 1c), the XRD spectra display
all peaks corresponding to CuO, ZrO,, and TiO,. Furthermore,
the peaks at 35.5° and 38.7° confirmed the presence of the
monoclinic phase of CuO in the synthesized CuO/ZrO,/TiO,
NCs.* This phenomena reveals that there is a change in the
crystal structure of ZrO,/TiO, NCs after adding CuO. In addi-
tion, the XRD spectra of CuO/ZrO,/TiO,/RGO NCs (Fig. 1d)
exhibit the peaks for all three metal oxides (CuO, ZrO,, and
TiO,) along with a broad peak at 24°, signifying the amorphous
nature of reduced graphene oxide (RGO). By the Scherrer
equation,** the average crystallite sizes of pure TiO, NPs, ZrO,/
TiO, NPs, Cu/ZrO,/TiO, NCs, and CuO/ZrO,/TiO,/RGO NCs
were 10.1 £+ 1.2 nm, 16.0 + 1.5 nm, 50.3 £+ 0.9 nm, and 52.1 +
0.6 nm, respectively. XRD results showed that the supporting
ZrO,, CuO, and RGO strongly contributed to improving the
structural properties of TiO,, such as their crystallinity, phase

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD pattern: (a) pure TiO, NPs, (b) ZrO,/TiO, NPs, (c) CuO/
Zr0,/TiO; NCs, and (d) CUO/ZrO,/TiO,/RGO NCs.

purity, and increased crystallite size. This study highlighted that
CuO/Zr0,/TiO,/RGO NCs could progress their performance in
potential applications. Several earlier studies**** were matched
with the obtained XRD results.

3.2 TEM study

Fig. 2A-1 depicts the TEM, HRTEM images and SAED analysis of
the produced pure TiO, NPs, CuO/ZrO,/TiO, NCs, and CuO/
Zr0,/Ti0,/RGO NCs. The TEM image of pure TiO, NPs (Fig. 2A)
displays that their morphology was spherical and uniformly
distributed with high agglomeration, and the average particle
size was 9.2 £ 1.9 nm, as reported in a recent study.*® Moreover,
the HRTEM image (Fig. 2B) verifies the crystal structure of pure
TiO, NPs by calculating the d-spacing value of 0.365 nm, which
matches the (101) planes.*” Likewise, the SAED pattern (Fig. 2C)
exhibits distinct diffraction rings, further confirming the crys-
tallinity of TiO, in the anatase phase, which corresponds to the
(101), (004), (200), and (211) planes. After the incorporation of
CuO and ZrO,, as shown in Fig. 3D, the produced TiO, NPs
demonstrate a more heterogeneous morphology with the lowest
agglomeration and particle size of about 46.9 + 1.3 nm. The
HRTEM image (Fig. 2E) reveals that the d-spacing values of TiO,
NPs, ZrO,, and CuO in CuO/ZrO,/TiO, NCs were 0.337 nm,
0.266 nm, and 0.271 nm, corresponding to the (101), (111), and
(002) planes, respectively, as matched with a previous study.*®
Also, the SAED pattern (Fig. 2F) exhibits additional diffraction
rings compared to that of pure TiO,(101), corresponding to
CuO(111) and ZrO,(002). These phenomena indicate that the
addition of CuO and ZrO, could change the crystal structure of
TiO, NPs. Additionally, TEM images (Fig. 2G) confirmed that
the synthesized CuO/ZrO,/TiO, NCs were anchored onto RGO
sheets with a slight reduction in the agglomeration compared to
both pure TiO, NPs and CuO/ZrO,/TiO, NCs, as reported in
some recent investigations. The average size of the particles was
approximately 53.1 nm. However, the d-spacing for TiO,, ZrO,,
and CuO was found be 0.277 nm, 0.29 nm, and 0.156 nm,
respectively, as revealed in Fig. 2H. These values confirm the

RSC Adv, 2024, 14, 37697-37708 | 37699
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Fig. 2 TEM and HR-TEM images with SAED analysis: (A—C) pure TiO, NPs, (D—F) CuO/ZrO,/TiO, NCs, and (G-I1) CuO/ZrO,/TiO»/RGO NCs.

presence of all three components in the prepared CuO/ZrO,/
TiO,/RGO NCs. The SAED pattern (Fig. 2I) shows distinct spots
and rings indicative of a polycrystalline structure, confirming
the presence of RGO and further supporting the homogeneity of
the NCs. These TEM images suggest that supporting RGO on
CuO/Zr0,/TiO, NCs enhances the photocatalytic and anticancer
performance. Similar studies*** were supported by the pre-
sented TEM results.

3.3 SEM and EDX with elemental mapping analysis

SEM analysis was achieved to investigate the morphologies of
the prepared samples, as displayed in Fig. 3A-D. Pure TiO, NPs
(Fig. 3A) show an agglomerated morphology with densely
packed spherical particles, in agreement with an earlier
report.*® Consistently, ZrO,/TiO, NCs (Fig. 3B) exhibit a more
compact structure with more uniform distributions and
increased particle aggregation. We observed that the addition of
ZrO, played a role in changing of the surface morphology and
the particle sizes compared to the TEM image of pure TiO, NPs,
in agreement with an earlier study.* This phenomenon
confirms the successful reaction between ZrO, and TiO, NCs to
produce ZrO,/TiO, NCs. The prepared CuO/ZrO,/TiO, NCs

37700 | RSC Adv, 2024, 14, 37697-37708

(Fig. 3C) show a rougher and more uniformly distributed
surface, indicating enhanced particle interaction due to CuO
inclusion.*® Fig. 3D confirms that the prepared CuO/ZrO,/TiO,
NPs were adhered onto RGO sheets, as reported in a previous
study.*® These results suggest that CuO/ZrO,/TiO,/RGO NCs
reveal well-dispersed NCs supported on RGO sheets, preventing
aggregation and maximizing the effective surface area for bio-
logical applications.

The EDX and elemental mapping analysis of the synthesized
CuO/Zr0,/TiO,/RGO NCs are presented in Fig. 4A-]. Hence, the
EDX spectra (Fig. 4A) verified that the elemental compositions
of the prepared sample are in agreement with their percentage
in the synthesis process. Fig. 4B displays the electron image of
the sample, which displays the surface morphology and distri-
bution of NCs. The elemental mapping analysis (Fig. 4C-J)
confirmed that the elements (Cu, Zr, Ti, O, and C) were present
with highly uniform distribution in the obtained CuO/ZrO,/
TiO,/RGO NCs. As shown in these results, the anchoring of
CuO/ZrO,/TiO, NCs onto the RGO sheet plays a role in
enhancing their surface morphologies and structure for
potential applications such as environmental remediation and
therapy. These results are in excellent agreement with
a previous study.*”**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron microscopy (SEM) images: (A) pure TiO, NPs, (B) ZrO,/TiO, NCs, (C) CuO/ZrO,/TiO, NCs, and (D) CuO/ZrO,/TiO,/
RGO NCs.

Element Atomic%

Fig. 4 EDXwith elemental mapping of the synthesized CuO/ZrO,/TiO,/RGO NCs: (A) EDX spectra, (B) electron image, (C) carbon (C), (D) oxygen
(O), (E) copper (Cu), (F) zirconium (Zr), and (G) titanium (Ti).

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 37697-37708 | 37701
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3.4 XPS analysis

The evaluation of the chemical composition and the oxidation
states of all elements in the prepared samples were further
analyzed by XPS technique. Fig. 5A-F depicts the XPS spectra of
the survey and the high-resolution spectra of Cu 2p, Zr 3d, Ti 2p,
O 1s, and C 1s. Thus, the XPS spectra (Fig. 5A) of the survey
exhibited the presence of all elements Cu, Zr, Ti, O, and C in the
produced CuO/ZrO,/TiO,/RGO NCs with high purity, consistent
with similar studies.®®®* In Fig. 5B, the high-resolution spectra
of Cu CuO/Zr0,/TiO,/RGO NCs 2p (Fig. 5B) reveals two char-
acteristic peaks at binding energies (B.E) of 935.5 eV and
955.8 eV corresponding to Cu 2p3/, and Cu 2p;,, respectively, in
agreement with earlier studies.®**® These peaks are related to
the presence of Cu®" in CuO, as shown through the energy
difference of ~20.3 eV between the two peaks. Also, the 940-
949 eV range of B.E represents satellite peaks, which confirm
the existence of Cu®" species. From the XPS spectra of Zr 3d
(Fig. 5C), the B.E of Zr 3ds/, and Zr 3d;,, was located at 183.3 eV
and 185.7 eV, respectively. It can be shown that the Zr 3d
doublet splitting of roughly 2.4 eV verifies the stability of Zr in
its oxidation state.** The XPS spectra of Ti 2p (Fig. 5D) displays
two peaks, which are located at 459.6 eV and 465 eV, respec-
tively. These peaks indicate that the oxidized Ti** species was
present in TiO, within the CuO/ZrO,/TiO,/RGO NCs.*
Furthermore, three distinct XPS peaks of O 1s were further
assigned at 529.8 eV, 531.3 eV, and 532.5 eV, respectively.
Besides, the peak at 529.8 eV is produced due to the lattice
oxygen in the structure of CuO, ZrO,, and TiO, NPs. The peaks
at 531.3 eV and 532.5 eV were attributed to oxygen defect or
hydroxyl group and chemisorbed water on the surface of the
prepared NCs, respectively.®® On the other hand, the three main
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peaks at B.E of 283.8 eV, 285.3 eV, and 289.5 eV corresponded to
the XPS spectra of C 1s (Fig. 5F). It can be observed that the sp-
hybridized carbon atoms (C=C) present in the RGO framework
are assigned at 283.8 eV. The peaks at 285.2 eV and 289.5 eV are
due to C-C and C-O bonds, respectively.*”” Our XPS results
indicate that the addition of CuO, ZrO,, and TiO, NPs into RGO
sheets exhibited distinct binding energies corresponding to the
cu®, Zr*", Ti**, and O®~ species in the presence of sp>-hybrid-
ized carbon in RGO. These binding energies of elements have
a contribution in the enhanced catalytic or electronic properties
of these NCs.

3.5 Raman analysis

The Raman spectra (Fig. 6A and B) display vibrational modes of
the produced pure TiO, NPs, ZrO,/TiO, NCs, CuO/ZrO,/TiO,
NCs, and CuO/ZrO,/TiO,/RGO NCs. The Raman band of pure
TiO, (Fig. 6A(I)) were exhibited at 148.7 cm ', 403.2 cm
520.1 cm™ ', and 644.8 cm ™' with high intensity.*® For ZrO,/TiO,
NCs (Fig. 6A(I)), the shift of the Raman bands at 146.1 cm ™,
400.6 cm™', 520.1 cm™', and 639.6 cm™ ', respectively, was
observed as agreed with previous studies.®®”® We observed that
the Raman bands shift to a lower wavenumber. This shift
indicates a change in the crystal structure of pure TiO, NPs due
to the addition of ZrO,. Upon the addition of CuO in Fig. 6A(III),
new peaks appear at about 213 cm ™, characteristic of the CuO
phase in a similar study.”* These results confirmed the
successful integration of CuO into the ZrO,/TiO, NCs. As shown
in the above results, supporting TiO, with CuO or ZrO, can
introduce defects and surface oxygen vacancies, causing shifts
in the Raman peak positions. Fig. 6A and B(IV) display that the
introduction of the RGO sheet modifies the Raman bands
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Fig. 5 XPS spectra of CuO/ZrO,/TiO,/RGO NCs: (A) survey spectra, (B) Cu 2p, (C) Zr 3d, (D) Ti 2p, (E) O 1s, and (F) C 1s.
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Fig. 7 FT-IR spectra of pure TiO, NPs, ZrO,/TiO, NCs, CuO/ZrO,/
TiO, NCs, and CuOQ/ZrO,/TiO,/RGO NCs.

compared to that of pure TiO,. Furthermore, Fig. 6B(IV) shows
the ratio (Ip/Ig = 0.97) between the Raman bands of the RGO
sheet.” In addition, a decrease in the intensity of the CuO/ZrO,/
TiO,/RGO NCs peaks is observed, which may be attributed to
the interaction between the CuO, ZrO,, and TiO,/RGO matrix
and RGO. Raman results illustrate that introducing CuO, ZrO,,
and RGO sheets enhanced the crystal structure properties of
TiO,. It suggests that CuO/ZrO,/TiO,/RGO NCs are suitable for
potential applications such as catalysis and medical and envi-
ronmental remediation. The XRD and FTIR results (Fig. 1 and 7)
were also in good agreement with the Raman results.

3.6 FTIR analysis

The composition and structure of NPs and NCs were further
determined through Fourier transform infrared (FT-IR) spec-
troscopy. Fig. 7 illustrates the FTIR spectra of the synthesized
TiO, NPs, ZrO,/TiO, NCs, CuO/ZrO,/TiO, NCs, and CuO/ZrO,/
TiO,/RGO NCs. The FTIR spectra demonstrate important

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

absorption bands between 400 and 800 cm !, which could be
attributable to the stretching vibration of Ti-O, Zr-O, and Cu-
0.7%7* Furthermore, the Ti-OH stretching vibrations in all the
samples appeared at 1605.74 cm™'. This indicates hydrated
molecules due to the hydroxyl group band, as shown in
a previous study.”” We observed that the O-H stretching band of
all the samples was assigned at 344.32 cm ', signifying the
successful reduction of graphene oxide and the existence of
hydroxyl groups. Significantly, the shifts and intensity changes in
the characteristic bands reflect strong interactions between the
components, which can improve the physicochemical properties
of CuO/ZrO,/TiO,/RGO NCs. This indicates the effect on the
crystal structure of TiO, NCs after the addition of CuO, ZrO,, and
TiO,, as supported by the XRD and TEM results (Fig. 1 and 2).
FTIR results showed that the presence of surface hydroxyls and
metal-oxygen bonds highlight the potential of these materials
for improved catalytic and anticancer performance.

3.7 Photoluminescence (PL) analysis

The charge recombination behavior of the prepared samples
(Fig. 8) was investigated by PL analysis at an excitation wave-
length of 325 nm. It can be observed that the PL spectra of pure
TiO, NPs displays a strong emission peak at about 360-480 nm,
corresponding to the near-band-edge emission of the anatase
phase of TiO,. The emission peaks of all the samples appeared
at 372.3 nm, 416.5 nm, and 461.1 nm. Upon the incorporation
of Zr0O,, it can be observed that the PL intensity of pure TiO, NPs
was reduced. This reduction indicates improved charge sepa-
ration due to the formation of heterojunctions between ZrO,
and TiO,, which suppresses recombination.”®”” With the addi-
tion of CuO, the PL intensity of pure TiO, NPs is further reduced
due to the effective charge transfer between CuO and the ZrO,/
TiO, NCs, as reported in a previous study.”® Furthermore,
incorporating reduced graphene oxide (RGO) into CuO/ZrO,/
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TiO, NCs improves the PL intensity by creating oxygen vacan-
cies and defects, in agreement with some investigations.”*’ The
PL results emphasized that the prepared CuO/ZrO,/TiO,/RGO
NCs have potential applications, including environmental
remediation and therapy.

3.8 Dynamic light scattering (DLS) analysis

The behaviour of the prepared samples and their stability in the
culture media were assessed by measuring the particle size
distribution and zeta potential, as illustrated in Fig. 9A-D.
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Table 1 Zeta potential of the prepared samples in the culture media

Sample Zeta potential (mV + SD)
TiO, NPs —30.1 £+ 4.56
Zr0,/TiO, NCs —33.9 + 6.82
CuO/Zr0,/TiO, NCs —34.8 4+ 6.77
Cu0/Zr0,/TiO,/RGO NCs —35.6 4 6.92

1 1 100 1000 1000
Size (d.nm)
D+256.9 nm
- IR PDI=0.289 '
'] . V
€ g Ml evesrisarsnion :
E . .
3 : E
gw A A RS EIRAS
Q0 . .
£ : ;
5 ..........
1 10 100 1000 1000
Size (d.am)

However, the distribution of particle size of pure TiO, NPs,
Zr0,/TiO, NPs, CuO/Zr0,/TiO, NCs, and CuO/ZrO,/TiO,/RGO
NC was found to be 365.8 + 122.6 nm, 320.8 + 101.0 nm, 256.9
+ 4936 nm, and 250.8 & 43.7 nm, respectively.*"** These values
indicate that the distribution of CuO-ZrO,-TiO,/RGO NCs was
better than each of the prepared sample due to its excellent
polydispersity index (PDI = 0.036), while the particles of pure
TiO, NPs showed high agglomeration, as supported by the TEM
results (Fig. 3A, D, and G). The zeta potential values of the
prepared samples to evaluate the behaviour of these samples
and their stability in the culture media are shown in Table 1.
Nevertheless, the zeta potential values of pure TiO, NPs, ZrO,/
TiO, NPs, CuO/ZrO,/TiO, NCs, and CuO/ZrO,/TiO,/RGO NC
were —30.1 + 4.56 mV, —33.9 + 6.82 mV, —34.8 4+ 6.77 mV, and
—35.6 £+ 6.92 mV, as matched with similar studies.?*** These
values demonstrate that the colloidal stability and distribution
of CuO/Zr0,/TiO,/RGO NC were greater than those of individual
samples in the suspension of the media culture. On the other
hand, the negative charges on the surface of NPs and NCs could
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Fig. 9 DLS analysis for particle size distribution: (A) pure TiO, NPs, (B) ZrO,—-TiO, NCs, (C) CuO-ZrO,-TiO, NCs, and (D) CuO-ZrO,-TiO,/RGO

NCs.
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Fig. 10 Cytotoxicity of the synthesized samples toward the breast (MCF-7) cancer cells for 24 h and 48 h using MTT assay: (A) pure TiO, NPs, (B)
ZrO,/TiO, NCs, (C) CuO/ZrO,/TiO, NCs, and (D) CuO/ZrO,/TiO,/RGO NCs. Stars (*) indicate significant differences (p < 0.05) between the

treated cells and controls.

impact their interaction with cell membranes through electro-
static repulsion. DLS results suggest that CuO/ZrO,/TiO,/RGO
NC could be applied in potential medical applications.

3.9 Cytotoxicity and biocompatibility evaluations

Certain nanocomposites (NCs) have attractive potential applica-
tion in medicine such as cancer therapy, biosensor, and drug
delivery, as reported in previous studies.*>*® Fig. 10A-D shows the
anticancer results of the prepared samples for an exposure time
of 24 h and 48 h toward MCF-7 cancer cells. It can be observed in
Fig. 10A that the TiO, NPs exhibited moderate cytotoxicity
against MCF-7 cells, with the cell viability decreasing as the
concentration increased after 24 h. Under the same experimental

Table 2

conditions, after 48 hours, the cytotoxicity of these NPs was
higher than that after 24 h through oxidative stress. These results
were similar and supported with previous results.*”*® Fig. 10B
demonstrated that the ZrO,/TiO, NCs show improved cytotox-
icity compared to pure TiO, NPs, with a significant reduction in
the cell viability after both 24 h and 48 h due to its stability.
Similarly, CuO/ZrO,/TiO, NCs (Fig. 10C) exhibited the highest
cytotoxicity compared to TiO, and ZrO,/TiO, NCs at lower
concentrations. At higher concentrations, CuO/ZrO,/TiO,/RGO
NCs (Fig. 10C) induced higher cytotoxicity compared to CuO/
Zr0,/TiO, NCs owing to the ability of the RGO sheet to improve
the distribution of NCs and reduce their aggregation. We
observed that the CuO, ZrO,, and RGO sheets improved the

ICso values of the prepared samples for MCF-7 cells and HUVEC normal cells

MCEF-7 cell lines

HUVEC normal cells

ICso (ug mL ™" & SD)

ICso (ug mL ™" & SD)

Prepared samples 24 h 48 h 24 h 48 h

Pure TiO, NPs 73.98 £ 0.9 50.64 £ 1.1 1613.11 £ 10.1 1201.20 £ 9.6
Zr0,/TiO, NCs 53.17 £ 0.7 43.39 £ 1.3 1021 £ 5.4 1836.03 £ 7.8
CuO/Zr0,/TiO, NC 47.41 £ 1.0 34.03 £ 1.5 9251 + 4.9 850.398 £ 6.2
CuO/Zr0O,/TiO,/RGO NCs 4419 £ 1.2 24.52 + 0.8 1923.21 £ 9.3 723.07 £ 5.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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normal cells using MTT assay: (A) 24 h and (B) 48 h.

cytotoxicity compared with each prepared sample. Table 2 shows
the half maximal inhibitory concentration (ICs,) values. These
values exhibited that CuO/ZrO,/TiO,/RGO NCs have the highest
cytotoxicity activity toward MCF-7 cells, with the lowest ICs, value
(24.52 pg mL™") at 48 h. These results suggest a synergistic effect
from the structure of the prepared NPs and NCs and improved
cell uptake. Additionally, this study highlighted that the
combined CuO/ZrO,/TiO, NC with RGO could hold potential as
an anticancer agent due to the increased damage to cancer cells.
Additionally, all samples show greater cytotoxicity with longer
exposure, as seen from the lower ICs, values at 48 h compared to
those at 24 h. In this study, we did not study the possible
mechanisms of selective cytotoxicity of the present nano-
composites. However, earlier studies suggest that such types of
nanocomposites exhibit anticancer activity through induction of
oxidative stress.** The outcome of this work paves the way for
future research to delineate the plausible mechanisms of anti-
cancer potential of CuO/ZrO,/TiO,/RGO NCs.

The cell viability of HUVEC normal cells after two exposure
times of 24 h and 48 h at concentrations (0.5, 1, 5, 10, 25, 50 and
100 pg mL ") was measured, as presented in Fig. 11A and B.
They observed that the cell viability remains nearby 100-85%
for all the concentrations. This result indicates that the
synthesized NPs and NCs are highly biocompatible with HUVEC
cells. However, these samples are slightly cytotoxic at a high
concentration of 100 ug mL~" for 48 h (Fig. 11B) against HUVEC
normal cells since the cell viability does not drop near or below
50%. In the present work, the ICs, of HUVEC normal cells is not
feasible within the selected concentrations, as shown in Table 2.
This result shows that these samples likely have an IC5, much
higher than 100 pg mL™" for HUVEC cells, which supports their
biocompatibility.

4. Conclusion

In summary, the chemical co-precipitation process was success-
fully applied to fabricate CuO/ZrO,/TiO,/RGO NCs to improve
their selective anticancer activity. XRD, HRTEM, SEM, XPS,
Raman, FTIR, PL, and DLS were carefully used to examine the

37706 | RSC Adv, 2024, 14, 37697-37708

properties of the produced samples. XRD data showed that the
supporting CuO, ZrO,, and RGO sheets for pure TiO, NPs impact
their phase and crystalline size. Surface spherical morphology
and increased particle size of the prepared samples were
confirmed through TEM and HRTM images. The percentage of
elemental compositions (Cu, Zr, Ti, O, and C) and their distri-
bution in the fabricated CuO/ZrO,/TiO,/RGO NCs were deter-
mined from EDX analysis. XPS results showed the chemical
compositions and chemical state of the prepared NCs. Raman
and FTIR spectra determined the functional groups and crystal
structure. PL analysis revealed that the reduction of PL intensities
of the obtained samples was due to reduced electron-hole
recombination rates. DLS demonstrated that the colloidal
stability and distribution of CuO/ZrO,/TiO,/RGO NC were greater
than those of the individual samples in the suspension of the
media culture. It can be exhibited that the negative charges on the
surface of NPs and NCs could impact their interaction with cell
membranes through electrostatic repulsion. In vitro study showed
that the CuO/ZrO,/TiO,/RGO NCs have the highest anticancer
activity (cytotoxicity) against breast cancer (MCF-7) cells
compared to individual samples at high concentrations for 48 h.
For the biocompatibility test, this result indicates that the
synthesized NPs and NCs are highly biocompatible with HUVEC
cells. Additionally, IC5, values of CuO/ZrO,/TiO,/RGO NCs (44.19
+ 1.2 ug mL™ " and 24.52 £ 0.8 ug mL " for 24 h and 48 h) were
greater than those of each of the prepared samples. These results
highlight that CuO/ZrO,/TiO,/RGO NCs have the ability to kill
cancer cells for the enhanced anticancer performance of TiO,
NPs. This study should investigate their therapeutic performance
on various cancer cell lines and in vivo model.
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