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(a) Degradation of Rh B dye

ABSTRACT: Graphene derivatives and metal oxide-based nano- S
composites (NCs) are being studied for their diverse applications r
including gas sensing, environmental remediation, and biomedi-  \
cine. The aim of the present work was to evaluate the effect of rGO +
and Bi,Oj; integration on photocatalytic and anticancer eflicacy. A D

wl,

novel Bi,0;-WO;/rGO NCs was successfully prepared via the P, A —— Cancer cel
precipitation method. X-ray crystallography (XRD) data confirmed ‘ ® /\
the crystallographic structure and the phase composition of the
prepared samples. Scanning electron microscopy (SEM) and Exposure to cancer cell

transmission electron microscopy (TEM) analysis confirmed the
loading of Bi,O;-doped WO; NPs on rGO sheets. Energy-
dispersive X-ray (EDX) results confirmed that all elements of carbon (C), oxygen (O), tungsten (W), and bismuth (Bi) were
present in Bi,O3-WO;/rGO NCs. The oxidation state and presence of elemental compositions in Bi,O;-WO;/rGO NCs were
verified by the X-ray photoelectron spectroscopy (XPS) study. Raman spectra indicate a reduction in carbon—oxygen functional
groups and an increase in the graphitic carbon percentage of the Bi,O;-WO;/rGO NCs. The functional group present in the
prepared samples was examined by Fourier transform infrared (FTIR) spectroscopy. UV analysis showed that the band gap energy of
the synthesized samples was slightly decreased with Bi,O; and rGO doping. Photoluminescence (PL) spectra showed that the
recombination rate of the electron—hole pair decreased with the dopants. Degradation of RhB dye under UV light was employed to
evaluate photocatalytic performance. The results showed that the Bi,03;-WO;/rGO NCs have high photocatalytic activity with a
degradation rate of up to 91%. Cytotoxicity studies showed that Bi,O; and rGO addition enhance the anticancer activity of WO,
against human lung cancer cells (AS49) and colorectal cancer cells (HCT116). Moreover, Bi,0;-WO;/rGO NCs showed improved
biocompatibility in human umbilical vein endothelial cells (HUVECs) than pure WO; NPs. The results of this work showed that
Bi,O;-doped WO; particles decorated on rGO sheets display improved photocatalytic and anticancer activity. The preliminary data
warrants further research on such NCs for their applications in the environment and medicine.

Cell death

1. INTRODUCTION and reduced graphene oxide (rGO) have been successfully
Carbon-based nanomaterials including graphite, graphene, and applied in biomedicine and environmental applications due to
graphene oxide (GO) have received interest owing to their their oxygenated functional group.”” For example, Mittal et al.”
unique properties and possible applications in electronics, reported that both GO/rGO exhibited high anticancer activity
energy storage, and healthcare.' Specifically, graphene is a two- in AS49 cells.

dimensional (2D) carbonaceous substance with a thin flat Several different types of metal oxide nanostructures, such as
sheet of sp® hybridized carbon atoms in six-membered rings. Its ZnO NPs, TiO, NPs, and SnO, NPs, have attracted attention

physicochemical properties include strong electrical and
thermal conductivities, a large surface area, carrier mobility,
chemical stability, optical transmittance, and mechanical
strength.” Due to these excellent properties, graphene has
been applied in potential fields, such as optoelectronics,
photonics, energy, industry, and environmental remediation.’
However, the poor solubility of graphene in biological media is
one of the obstacles to its application in biomedical
applications.”> To solve this obstacle, graphene oxide (GO)

in environmental and biomedical fields due to the unique
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physicochemical properties and synthesis approaches of these
nanomaterials.”” Tungsten oxide (WO;) NPs are a common
nanomaterial that has a wide range of potential applications
because of their band gap (2.4—2.8 eV)."

One of the biggest challenges for investigators focusing on
photocatalytic systems and ROS production is developing
stable nanomaterials.'" Particularly, two or more metal oxide
nanomaterials can be fabricated to enhance the optical
properties (band gap energy). At lower band gap energy, the
anticancer and photocatalytic activities of nanocomposites
(NCs) improved with increasing electrons in the conduction
band. Several studies of nanocomposites (NCs) such as WO;-
doped TiO, NCs,"* ZnO-doped TiO, NCs,"* and Mo-doped
WO, NCs'* have been applied to enhanced photocatalytic
performance due to the manipulation of their optical
properties. Khalid et al.'> observed that the cytotoxicity of
TiO,-doped ZnO nanocomposites (NCs) on HepG2 cells was
higher than pure TiO, NPs and pure ZnO NPs. Due to their
unique and tunable physicochemical properties, bismuth oxide
(Bi,O;) NPs have also been explored for wastewater treatment
and biomedicine.'® Earlier studies reported that Bi,Os, doping
in metal oxide NPs plays a role to enhance the photocatalytic
activity of metal oxide NPs.'” For instance, Li et al.'® observed
that the Bi,O;-doped TiO, NPs have higher photocatalytic
activity in comparison to pure TiO, NPs. Doping of Bi,O;
affects the band gap energy of WO; NPs, which increases its
visible light absorption and photocatalytic activity.'” Addition-
ally, physicochemical properties such as the structural and
optical properties of WO; NPs are improved by the dopant of
Bi,O; in pure Bi,O;, as shown in this study.”’ Khan et al.”’
reported that the enhanced photocatalytic activity of the
Bi,0;/WO; NCs under visible light irradiation is greater than
those of Bi,O; and WO,.

Graphene-based nanocomposites have attracted attention
for a variety of applications, including gas sensing, ener:
storage, environmental remediation, and biomedicine.*>**
Presently, several investigators are focusing on fabricating
metal oxide nanocomposites (NCs) with GO or rGO
nanosheets to improve their optical properties.”* Jo et al.*®
reported that the incorporation of graphitic carbon with TiO,
NPs enhanced their photocatalytic activity under UV
irradiation compared with pure TiO, NPs. The TiO,/WO;/
GO NCs demonstrate outstanding photocatalytic activity for
the degradation of bisphenol under visible light.”® Vu et al.”’
revealed that the N, C, S-Ti0,-doped WO3/rGO NCs have an
extremely high stability level after three cycles. Furthermore,
studies on metal oxide-based rGO nanocomposites (NCs) of
biological response at the cellular and molecular levels are
scarcely studied. For instance, SnO,-ZnO/rGO NCs and Nb-
Ti0,/rGO NCs exhibited high cytotoxicity on different human
cancer cells and enhanced photocatalytic activity.”® Ahamed et
al.”” showed that synthesized Mo-ZnO/rGO NCs display
higher cytotoxicity on HCT116 and MCEF-7 cells than pure
ZnO NPs.

The present work aimed to optimize the physicochemical
properties of Bi;O;-WO;/rGO NCs for enhanced photo-
catalytic and anticancer performance. X-ray crystallography
(XRD), field emission scanning electron microscopy (FE-
SEM), energy-dispersive X-ray (EDX), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared (FTIR)
spectroscopy, UV—vis spectroscopy, Raman scattering, and
photoluminescence (PL) spectrometry were carefully used to
characterize the synthesized samples. The photocatalytic

degradation of synthesized samples against Rhodamine B dye
was examined under UV irradiation. The anticancer effects of
prepared WO; NPs, Bi,O;-WO; NPs, and Bi,0;-WO;/rGO
NCs were assessed against human colorectal cancer
(HCT116) and lung cancer (AS49) cells. Moreover, the
biocompatibility of prepared samples was also evaluated on
umbilical vein endothelial cells (HUVEC). The collected
results reveal that the Bi,O;-WO;/rGO NCs exhibit
remarkable photocatalytic activity compared with WO, NPs
and Bi,O; NPs. Assessment of cytotoxicity demonstrates that
the dopant of Bi,O; and rGO enhanced the anticancer efhicacy
of WO; NPs against A549 human lung cancer cells and
HCT116 colorectal cancer cells. Additionally, the Bi,O;-WO,/
rGO NCs showed enhanced biocompatibility in human
umbilical vein endothelial cells (HUVECs) compared to
pure WO; NPs.

2. RESULTS AND DISCUSSION

2.1. XRD Analysis. Figure la—e shows the XRD spectra of
rGO, WO, NPs, Bi,O;-WO; NPs, and Bi,O;-WO;/rGO NCs.
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Figure 1. XRD pattern of rGO (a), pure WO, NPs (c), the standard
pattern of monoclinic WO, (JCPDS card: 01-083-0950) (b), Bi,O;-
WO ; NPs (d), and Bi,0;-WO;/rGO NCs (e).

XRD spectra of rGO (Figure 1a) show peaks corresponding to
the (002) and (111) planes of the graphene lattice, indicating
the presence of a high degree of crystallinity. Furthermore, the
position of peaks of pure WO; NPs (Figure 1c) was observed
at 26 values of 23.20, 23.70, 24.37, 26.59, 28. 71, 33.27, 34.13,
35.61, 41.54, 45.47, 48.44, 49.82, 50.56, 53.43, 55.86, 60.21,
62.23, 67.21, 71.87, and 76.43°. These peaks correspond to the
(002), (020), (200), (120), (112), (022), (202), (122), (222),
(132), (004), (440), (400), (114), (331), (142), (242), (340),
(342), (035), and (160) planes of hexagonal WO, (JCPDS
NO: 01-083-0950) (Figure 1b).”” The XRD spectra in Figure
1d,e showed that the position of the peak is slightly shifted to a
higher angle. The additional one peak was also observed at
29.12 and 29.23° to the (202) planes of Bi,O; in prepared
Bi,0;-WO; NPs and Bi,0;-WO,;/rGO NCs, respectively, as
shown in an earlier study.’” In a comparison of XRD spectra
(Figure lc—e), the intensities of the diffraction peaks of WO,
NPs were decreased with Bi,O3 and rGO doping due to lattice

https://doi.org/10.1021/acsomega.3c01644
ACS Omega 2023, 8, 25020—-25033


https://pubs.acs.org/doi/10.1021/acsomega.3c01644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01644?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Pure WO3 NPs

GV R )

)=0,376 nm
WWO3NPs

WOs-Bi,0O3; NPs

WOs-Bi20; /rGO NCs

©

Figure 3. FE-SEM images of rGO (A); WO; NPs (B); Bi,0;-WO; NPs (C); and Bi,0;-WO;/rGO NCs (D).

distortion.”” The sharp and high-intensity peaks indicate the
high crystallinity nature and purity of the synthesized sample.*”
Moreover, the decrease in crystallinity was further confirmed
to be due to the rGO dopant in Bi,O;-WO;/rGO NCs. Debye

Scherrer’s formula (1) was used to estimate crystallite size
(D).

kA
P cos 6 (1)
where k = 0.90, 4 is the wavelength, f# is the full width at half-
maximum (FWHM), and € is the reflection angle. Pure WO,
NPs, Bi,0;-WO; NPs, and Bi,0;-WO;/rGO NCs have an

average crystal size between 10 and 13 nm. XRD results
confirmed the successful synthesis of Bi,O;-WO;/rGO NCs

crystallite size (D) =

and the presence of crystalline phases of Bi,O3;, WO;, and rGO
in the composite material. These results agree with the EDX
data (Figure 4) and previous studies.””***>

2.2. TEM Analysis. Figure 2A—C shows the low-resolution
TEM micrographs, high-resolution (HR)-TEM micrographs,
and the selected area electron diffraction (SAED) pattern of
synthesized pure WO; NPs, Bi,O;-WO; NPs, and Bi,O;-
WO;/rGO NCs. Figure 2A,B represents the low-resolution
TEM images of pure WO; NPs and Bi,O;-WO; NPs,
respectively. Figure 2C demonstrates that the prepared
Bi,05-WO; NPs were anchored onto the surface of the rGO
sheets. These images confirmed that the Bi,O;-WO;/rGO
NCs were successfully prepared. The HR-TEM images (Figure
2D—F) were recorded to investigate the crystal structure of the
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Figure 4. EDX spectra of rGO (A), pure WO5 NPs (B), Bi,0;-WO; NPs (C), and Bi,0;-WO;/rGO NCs (D); electron image (E); and SEM
elemental mapping of Bi,0;-WO,/rGO NCs(F): (a) carbon (C), (b) oxygen (O), (c) tungsten (W), and (d) bismuth (Bi).

prepared samples. The HR-TEM image of Bi,O;-WO,;/rGO
NCs (Figure 2F) indicates the presence of Bi,O; NPs in the
WO; matrix, and Bi,O;-doped WO; particles successfully
imbedded on RGO sheets. The lattice d-spacing of WO; NPs
was 0.376, 0.296, and 0.305 nm for pure WO; NPs, Bi,O;-
WO; NPs, and Bi,O3-WO;3/rGO NCs, respectively, in good
agreement with (020), (022), and (112) planes from XRD
data. Additionally, the distance between two lattice places of
Bi,O; NPs was 0.325 and 0.271 nm to the corresponding
(201) and (220) planes, which is in agreement with earlier
studies.’®”” SAED patterns confirmed that the pure WO; NPs
(Figure 2J) exhibit well-defined diffraction rings corresponding
to the (020), (200), (120), (222), (400), and (022) planes of
monoclinic WO;. Moreover, the SAED patterns of Bi,O3;-WOj;
NPs (Figure 2K) show similar diffraction rings but with some
intensity changes due to the presence of Bi,O; doping. Bi,O;-
WO,/rGO NCs (Figure 2L) exhibited a weaker and broader
diffraction ring owing to the influence of rGO on the crystal
structure and crystallinity of the NCs.

2.3. SEM Analysis. The morphologies of synthesized rGO,
pure WO;NPs, Bi,O;-WO; NPs, and Bi,O;-WO;/rGO NCs
were further investigated through the FT-SEM technique
(Figure 3). Figure 3A shows that the rGO nanosheets have

multilayered structures with surface bends and folds due to the
matrix sheet of two-dimensional nature. However, these
wrinkly surfaces of the rGO nanosheets provide a large specific
surface area, which allows rGO composite synthesis with WO,
NPs.>® It can be seen in Figure 3B,C that pure WO; NPs and
Bi,O;-WO; NPs have a spherical shape and a uniform
distribution. These images confirmed that the pure WO;NPs
and Bi,O;-WO; NPs have similar morphosis. Figure 2D
illustrates the SEM image of Bi,O;-WO;3;/rGO NCs, which
confirms that rGO has been successfully doped in Bi,O;-WO;/
rGO NCs. Our findings were also consistent with earlier
studies.””***

2.4. EDX Analysis. The purity and chemical composition
of rGO, pure WO; NPs, Bi,O;-WO; NPs, and Bi,0;-WO;/
rGO NCs were further confirmed through EDX analysis. The
EDX spectra of all of the prepared samples are shown in Figure
4A—D. Results revealed that all elements of carbon (C),
oxygen (O), tungsten (W), and bismuth (Bi) are present in
Bi,0;-WO;/rGO NCs. The homogeneous distribution of C,
O, W, and Bi elements in the Bi,O;-WO;/rGO NCs was
examined by SEM elemental mapping (Figure 4F(a—d)). The
tables in Figure 4A—D provide a summary of the element
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Figure S. (A) XPS spectra of Bi,0;-WO,/rGO NCs, (B) high-resolution XPS of Bi 4f, (C) high-resolution XPS of W 4f, (D) high-resolution XPS
of O 1s, and (E) high-resolution XPS of C 1s of Bi,0;-WO,;/rGO NCs.

analysis in the synthesized samples. These results are Bi,0;-WO;/rGO NCs (Figure SA). Figure 4B shows the Bi 4f

supported by XRD data (Figure 1). core-level spectra with two main peaks, which are located at
2.5. XPS Analysis. The surface composition and electronic 163.70 eV (Bi 4f;;,) and 158.40 eV (Bi 4f,,) with a peak
states of the prepared Bi,O;-WO;/rGO NCs were successfully separation of 5.3 eV, which are in good agreement with

investigated by using XPS analysis (Figure 5). The reference of previous studies.”*" The high-resolution W 4f spectra shown
the C 1s peak (set at 284.20 eV) was further used to calibrate in Figure SC have two peaks, which have binding energy values
all of the binding energies obtained for the samples. The of 36.70 and 34.60 eV for W 4f;,, and W 4f, ), respectively.
presence of elements Bi, W, O, and C without any impurity These values indicate that the Bi,0;-WO;/rGO NCs are in the
was confirmed in the full-wide XPS spectra in the obtained W(VI) oxidation state."” It can be seen in Figure 5D that the

25024 https://doi.org/10.1021/acsomega.3c01644
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O 1s peaks are located at 529.80 and 531 eV and correspond
very well with the oxygen species found in the synthesized
Bi,0;-WO;/rGO NCs. The peak at 529.80 eV indicates a
strong interaction between Bi,O; and WO; with rGO, while
the peak at 531 eV is attributed to defects. The high-resolution
spectra of C 1s in Bi,O;-WO;/rGO NCs can be observed in
Figure SE. The binding energies of C 1s peaks are located at
284.20, 285.50, 287.21, and 288.90 eV, which correspond to
the C=C and C—-0O, and O—C=0 bands in Bi,0;-WO,/
rGO NCs, respectively. Our XPS results indicate that rGO is
well incorporated into Bi,O;-WO; NPs.

2.6. Raman Analysis. Raman spectroscopy is a non-
destructive and fast technique, which was used to characterize
graph-based nanocomposites (NCs). Figure 6 shows the
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Figure 6. Raman spectra of rGO, pure WO;NPs, Bi,O;-WO; NPs,
and Bi,0;-WO;/rGO NCs.

Raman spectra of rGO, pure WO;NPs, Bi,O;-WO; NPs, and
Bi,0;-WO;/rGO NCs. The Raman spectra of rGO demon-
strate two main peaks that are located at 1355 and 1585 cm™".
These peaks are related to the well-known D and G bands that
can be shown in graphitic materials, respectively.43 It can be
shown that the intensity ratio (Ip/I;) of the D and G bands
was decreased in Bi,O;-WO;/rGO NCs compared to rGO.
This effect indicates that the graphene oxide (GO) coverts to
reduced graphene oxide (rGO). Moreover, the Raman spectra
of pure WO; NPs (Figure 6) exhibit five peaks, which are
observed approximately at 130, 274, 330, 710, and 807 cm™ L
The peaks assigned at 710 and 810 cm™" are attributed to the
stretching of W—O—W bands, while the peaks at 274 and 330
cm™! are due to the stretching of O—W—0.*" Furthermore,
the peaks of the Raman spectra of Bi,0;-WO; NPs (Figure 6)
are assigned at 130, 274, 710, and 810 cm™), respectively. For
Bi,0;-WO,/rGO NCs, the peaks of the Raman spectra (Figure
6) are further observed at 274, 710, and 810 cm™'. The Raman
spectra exhibited a considerable intensity decrease with a slight
shift toward the high wavelength. The shift indicates composite
synthesis, although quenching is generally shown in Bi,O;-
WO, NPs and Bi,0;-WO,/rGO NCs.*> Our results are in
excellent agreement with the FTIR results (Figure 7) and
earlier previous investigations.%’46

2.7. FT-IR Analysis. FT-IR analysis was employed to study
functional groups and changes in chemical composition in the
synthesized samples. As depicted in Figure 7, the FT-IR
absorption peak of all prepared samples at 3436.34 cm ™" is due
to the presence of the O—H group of water.”” The appearance
of the bands at 1654.94 cm™" indicates N—O stretching, which
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Figure 7. FT-IR spectra of rGO, pure WO; NPs, Bi,O;-WO; NPs,
and Bi,0;-WO; /rGO NCs.

is due to the presence of ammonia solution in the synthesis
(Figure 7). The carboxyl (C—OH) group is assigned at
1363.11 cm™". Peaks at 1137.22 cm ™" indicate C—O stretching
vibrations, which are in agreement with this study.38 In
addition, the absorption bands at low frequencies (below 1000
cm™!) in pure WO; NPs, Bi,O;-WO; NPs, and Bi,0;-WO;,
NCs/rGO NCs are attributed to the W—O—W vibration of
crystalline WO5.*® These bands are not observed in the rGO
nanosheet. These absorption bands show the amount of water
and oxygen functional groups in graphite during the oxidation
reaction. Our results confirmed that the Bi,O3;-WO;/rGO NCs
were successfully prepared, as supported by a previous study.””

2.8. UV—vis Analysis. The optical properties of synthe-
sized samples were examined by UV—vis spectroscopy. Figure
8A shows the UV absorption of pure WO; NPs, Bi,O;-WO,
NPs, and Bi,03-WO;3/rGO NCs. The absorption edge of pure
WO; NPs can be observed to be around 440 nm. It can be
seen that the absorption edge of WO; NPs was increased after
Bi,0; and rGO doping. However, the Bi,O;-WO;/rGO NCs
illustrate higher UV light absorption abilities compared to pure
and Bi;O;-WO; NPs. The energy of the band gap was
calculated using Tauc’s formula (Figure 8B), which is known
as relation (2)."

(ahv)" = B(hv — Eg) (2)

where 7 is the absorption coeflicient, B is a constant that is
often referred to as the band tailing parameter, hv is the photon
energy, and E_ is the optical band gap energy. Figure 8B reveals
that the band gap energy (Eg) of pure WO; NPs, Bi,0;-WO,
NPs, and Bi,0;-WO;/rGO NCs was 2.82, 2.77, and 2.58 eV,
respectively, which were reported by an earlier study.”” Results
confirmed that Bi,O;-WO;/rGO NCs have more efficiency
than Bi,O;-WO; NPs to improve the UV light activity of WO,
NPs. Because of their lower band gap energy, which increases
UV light absorption, they can be employed in the photo-
catalytic degradation of pollutants.”*~>

2.9. PL Analysis. Figure 9 illustrates the PL spectra of WO,
NPs, Bi,O;-WO; NPs, and Bi,O;-WO;/rGO NCs at an
excitation wavelength of 330 nm. The PL spectra of
synthesized samples exhibit a broad emission band centered
around 441 nm, which is attributed to the oxygen vacancy-
related defect states.” Figure 9 shows that the PL intensities of
the prepared nanocomposites were decreased with Bi,O; and
rGO dopants compared to pure WO; NPs. This effect
indicated that the recombination rate of electron—hole pairs
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Figure 9. PL spectra of WO; NPs, Bi,0;-WO; NPs, and Bi,O;-
WO,/rGO NCs.

was reduced in Bi,O;-WO;/rGO NCs compared with pure
WO; NPs, and Bi,O;-WO; NPs owing to the effective
separation of charges (e”/h*). Results suggested that the
presence of rGO enhanced charge carrier generation and
recombination processes in the prepared samples, which can
have applied photocatalytic activity and biomedical applica-
tions.””* This phenomenon indicated that the rate of
recombination was reduced when doping with Bi,O; and
rGO owing to the effective separation of charges (e”/h*).
2.10. Anticancer Performance and Cytocompatibility
Study. Metal-doped WO, nanostructures have been widely
employed in biomedicine and cancer treatment owing to their
excellent physicochemical properties.”> >’ In the present work,
the anticancer activity of pure WO; NPs, Bi,O;-WO; NPs, and
Bi,0;-WO;/rGO NCs was further examined against human
lung (A549) and colorectal (HCT116) cancer cell along with a
normal cell line (HUVEC). Different levels of cytotoxicity of
all of the synthesized samples at various concentrations (1, 3.5,
7.5, 15, 30, 60.5, 120, 240, 480 pg/mL) in the various cell lines
are presented in Figure 10. The results indicate that prepared
samples (pure WO; NPs, Bi,O;-WO; NPs, and Bi,0;-WO;/
rGO NCs) have potential as anticancer agents toward human
lung AS49, and colorectal HCT116 cancer cell lines. Among
them, Bi,O;-WO;/rGO NCs exhibited the highest anticancer
activity against the cancer cells (AS49 and HCT116), which
could be attributed to the synergistic effect of Bi,O3, WOj3, and
rGO. The results showed that all three types of prepared
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samples exhibited relatively very low cytotoxicity toward
HUVECs (Figure 10C). The cytotoxicity of the nanomaterials
toward HUVECs was found to be dose-dependent and
increased with increasing concentration. The ICy, values of
pure WO; NPs, Bi,O;-WO; NPs, and Bi,O3-WO;/rGO NCs
are presented in Table 1. However, further studies are
necessary to evaluate in vivo efficacy and safety profiles before
they can be considered for clinical applications.

The MTT assay was used to investigate the cytotoxicity or
anticancer activity of the prepared samples. A possible
mechanism of anticancer activity of synthesized samples
might be through the generation of reactive oxygen species
(ROS). ROS are free oxygen radicals that can kill cancer cells
through oxidative damage to cellular macromolecules such as
DNA. For instance, the synthesized SnO,-ZnO/RGO NCs
induced oxidative stress and disrupted the mitochondrial
membrane potential of cancer cells, leading to cell death.”®

2.11. Photocatalytic Activity. Rhodamine B (Rh B) dye
degradation was utilized to evaluate the photocatalytic activity
of the as-prepared samples under UV light. Figure 11A—C
shows that RhB absorption of WO; NPs, Bi,0;-WO; NPs, and
Bi,0;-WO;/rGO NCs at 553 nm reduces every 20 min, and
the Rh B dye solution becomes colorless after 180 min. The
intensity of absorption peaks of RhB solutions around 553 nm
was used to evaluate the photocatalytic activity of the
synthesized samples under UV light. It can be seen in Figure
11A—C that the intensity of RhB absorption at 553 nm
decreases every 20 min, and the blue Rh B dye solution turns
colorless after 180 min.

The degradation of RhB under UV light by pure WO; NPs,
Bi,0;-WO; NPs, and Bi,O;-WO;/rGO NCs is shown in
Figure 12A. Pseudo-first-order kinetics eq 3 was further used to
describe the degradation of RhB (Figure 12B) by the prepared
samples under UV irradiation during 180 min, which is

typically given by

In(Ay/A,) = —kt (3)

where the initial absorbance of RhB is denoted by A, the
absorbance of RhB at time ¢ is denoted by A, and the rate
constant is denoted by k. Figure 10B shows that the rate
constant (k) for WO5 NPs, Bi,0;-WO, NPs, and Bi,0;-WO,/
rGO NCs was 1, 99 x 107, 3.133 x 107, and 6.25 x 107°
min~!, respectively. Figure 12C depicts the degradation
efficiency of RhB with pure WO; NPs, Bi,O;-WO; NPs, and
Bi,0;-WO;/rGO NCs under UV irradiation. The degradation
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Figure 10. MTT assay after 24 h of incubation with prepared samples. (A) A549 cell line and (B) HCT116 cells. Cells were plated in 96-well plates
and left overnight. Then, the concentrations (1—480 yg/mL) were added, and after 24 h, a standard MTT test was performed. (C) Compatibility
of pure and prepared samples in Human Umbilical Vein Endothelial Cells (HUVEC).

Table 1. IC, Values of Synthesized Samples in Cancer Cell
Lines (A549 Cells and HCT116 Cells)

cancer cells lines

AS49 cells (pg/mL)

synthesized samples

HCT116 cells (pg/mL)

WO, NPs 76.98 86.91
Bi,0,-WO; NCs 35.95 5127
Bi,0,-WO,/rGO NCs 20.11 3243

efficiencies of 50.2, 68.6, and 91.0% for Rh B dye at 180 min
(Figure 12C) were achieved using pure WO5 NPs, Bi,0;-WO,
NPs, and Bi,0;-WO;/rGO NCs, respectively. Results
indicated that the photocatalytic activity of Bi,O;-WO;/rGO
NCs was greater than that of pure WO; NPs, and Bi,O;-WO,
NPs. This suggested that the photocatalytic activity of the
Bi,0;-WO;/rGO NCs was enhanced due to rGO doping. The
reusability of the photocatalyst was investigated by recycling
the Bi,O3-WO;/rGO NCs four times for the degradation of
RhB dye with the same conditions. Thus, the improved UV
photocatalytic performance of Bi,O;-WO;/rGO NCs is due to
enhanced charge separation and transfer through several paths,
as shown in Figure 12. The comparison between prepared
Bi,0;-WO;/rGO NCs and different catalysts in RhB dye is
shown in Table 2. These results demonstrated that dopant
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rGO in Bi,O;-WO; NPs has the ability to influence charge
separation as well as carrier recombination/migration.

2.11.1. Stability. In this investigation, the same Bi,O3-WO;/
rGO NCs were used to degrade RhB dye under UV irradiation
to evaluate the stability and recycling potential of photo-
catalysts. Without any additional processing, the produced
Bi,0;-WO;/rGO NCs were recycled four times by centrifu-
gation under the same conditions. Figure 12D depicts four
cycles of RhB degradation. RhB degradation percentages were
91% for a fresh sample, 90% for the first cycle, 89.5% for the
second cycle, and 88.7% for the third cycle of Bi,O;-WO;/
rGO NCs. With just a minor drop in degradation efficiency
after each cycle, these numbers suggested that the photo-
catalytic activity of the Bi,O;-WO;/rGO NCs was stable.
These data (Figure 12D) demonstrate the stability of the
produced samples during deterioration. Based on our findings,
Bi,0;-WO;/rGO NCs may be useful in biomedicine as well as
in environmental cleanup.

2.11.2. Possible Photocatalytic Mechanism. The possible
photocatalytic mechanism of the Bi,O;-WO;/rGO NCs is
shown in Figure 13. The RhB dye degradation involves a chain
of chemical reactions that generate free radicals, including
superoxide and hydroxyl. Bi,0;-WO;3/rGO NCs and RhB dye
were irradiated with UV light. Furthermore, irradiating WO,
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Figure 11. UV light absorbance of Rh B solutions as a function of irradiation time: (A) Pure WO; NPs, (B) Bi,05-WO; NPs, (C) Bi,0;-WO,/

rGO NCs.

NPs generated electron—hole pairs in the valance band (VB)
and conduction band (CB) (eq 4). The created electrons in
the VB are moved to the CV (Figure 13). According to
researchers, electrons are transported from the conduction
band (CB) of WO, to the CB of Bi,O; due to their closeness
(eq 5).%° Therefore, the electrons moved to the conduction
band (CB) of Bi,O; are immediately transferred to the rGO.
These electrons can react with oxygen molecules (O,) in water
to create superoxide radicals (O,*), which combine with water
molecules to degrade RhB dye (eqs 6 and 7). At the same time,
the remaining holes in WO; absorb H,O and hydroxyl radicals
(HO™), which causes the production of hydroxyl radicals
(HO®) (eq 8). Moreover, they can be decomposed into
smaller molecules by these free oxygen radicals (eq 8).
Furthermore, the degradation of RhB dye into smaller
molecules (eq 9) was carried out by these free oxygen radicals.
Results demonstrate that rGO reduced electron—hole pair
recombination in Bi,03-WO;3/rGO NCs, increasing degrada-
tion efliciency.

Bi,0; — WO,/rGO + hv(UV)

- Bi,0; — WO,/rGO(e” + k) (4)

B1203(e_) - e_trap(rGO) (5)

(rGO) + 0, » O, (6)

€ trap
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O, +H,0+ - H,0,+0, (7)
h#, + OH/H,0 - HO + H" (8)
HO + RhBdye — (H,0 + CO,)degraded product ~ (9)

3. CONCLUSIONS

A novel Bi,O3;-WO;/rGO NC was successfully prepared by the
precipitation route. XRD, TEM, SEM, EDX, XPS, Raman, FT-
IR, and UV—vis techniques were used to characterize the
prepared samples. XRD confirmed the crystallographic
structure and phase composition of the prepared samples.
TEM and SEM images displayed that Bi,O;-WO; NPs were
tightly anchored on rGO sheets. EDX analysis indicated that
carbon (C), oxygen (O), tungsten (W), and bismuth (Bi) were
present in Bi,O;-WO3/rGO NCs. Elemental composition was
further supported by XPS. A reduction in carbon—oxygen
functional groups and an increase in the graphitic carbon
percentage of the Bi,O;-WO;/rGO NCs were further
investigated by Raman spectroscopy. The band gap energy of
the pure WO; NPs, Bi,0;-WO;NPs, and Bi,O;-WO;/rGO
NCs was 2.82, 2.77, and 2.58 eV, respectively. PL spectra
demonstrated that the rate of electron—hole recombination has
been significantly decreased in Bi,O3-WO;/rGO NCs
following Bi,O3 and rGO doping. The degradation efficiency
of the prepared pure WO;NPs, Bi,O;-WO;NPs, and Bi,O;-
WO;/rGO NCs was 502, 68.6, and 91%, respectively.
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Table 2. Comparison of Prepared Bi,0;-WO;/rGO NCs with Some Reported Samples in the Degradation of Rhodamine B

(RhB) Dye
sample used conc. and amount of sample UV light source irradiation time (min) D (%) references
Bi,0;/WO; NCs/rGO NC 10 ppm, 35 mg 400 W (Xenon lamp) 180 91 present work
WO;/Ag/CN NCs 10 ppm, 10 mg 400 W (Xenon lamp) 140 96.2 58
TiO,@Si0,/WO;/GO NCs 10 ppm, 25 mg 500 W (Xenon lamp) 50 98 59
TiO,-Ag,0/rGO NCs 10 ppm, 35 mg 350 W (Xenon lamp) 60 92 60
MoS,/Bi,0,CO; NCs 10 ppm, 50 mg 500 W (Mercury lamp) 150 92 61
WO,;/TNTs NCs 10 ppm, 40 mg 400 W (Xenon lamp) 60 91.8 62
Ag/p-Ag;WO,/WO; NCs 10 ppm, 30 mg 350 W (Xenon lamp) 25 99.6 63
MoO;-Bi,0,;/rGO NC 10 ppm, 40 mg 300 W (Xenon lamp) 120 80 64

Cytotoxicity data showed that Bi,O; and rGO doping
enhances the anticancer activity of WOj; in human lung
(AS49) and colorectal (HCT116) cancer cells. Moreover, the
addition of Bi,O; and rGO improves the biocompatibility of
WO; in normal human umbilical vein endothelial cells
(HUVECs). This study highlights the importance of Bi,O5-
WO,;/rGO NCs in biomedicine and wastewater treatment.

4. EXPERIMENTAL SECTION

4.1. Reagents and Cells. Pure WO; NPs, Bi,O;-WO;
NPs, and Bi,03-WO;/rGO NCs were successfully synthesized
using the following reagents: tungsten chloride (WCI6),
bismuth nitrate (Bi (NO;);:6H,0), graphene oxide, rhod-
amine B (RhB) dye, and 3-[4,5-dimethylthiazol-2-yl]-2,S-
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diphenyl-tetrazolium bromide (MTT) were obtained from
Sigma-Aldrich (Millipore-Sigma, St. Louis, Missouri). An
ammonium solution (NH,OH), nitric acid, and hydrazine
hydrate (N,H,-H,0) were purchased from Chemical Co., Ltd.,
China. All of the reagents were of analytical grade, and they
were used without any additional purification. Human lung
cancer (AS49), colorectal cancer (HCT116), and human
umbilical vein endothelial (HUVEC) cell lines were acquired
from the American Type Culture Collection (ATTC,
Manassas, West Virginia).

4.2. Synthesis of Reduced Graphene Oxide (rGO).
Reduced graphene oxide (rGO) was synthesized by using
hydrazine hydrate as a reducing agent. 600 mg of graphene
oxide (GO) was dissolved in 200 mL of distilled water. And 2
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Figure 13. Possible photocatalytic mechanism scheme of the Bi,O;-
WO,;/rGO NCs under UV irradiation.

mL of hydrazine hydrate (N,H,-H,0) was slowly added to the
above solution. Then, the mixture solution was heated to 80
°C and stirred for 3 h. During this process, hydrazine acts as a
reducing agent by removing the oxygen-containing groups
from the GO and reducing it to rGO. Next, the rGO was
washed multiple times with distilled water and ethanol and
centrifuged to eliminate any remaining hydrazine and
impurities.

4.3. Synthesis of Bi,0;-WO3/rGO NCs. The modified
precipitation synthesis was successfully used to synthesize pure
WO, NPs, Bi,0;-WO, NPs, and Bi,0;-WO,/rGO NCs.®
First, three solutions were prepared to fabricate Bi,O;-WOQO;/
tGO NCs. Then, 1.682 g of tungsten chloride (WCly) was
dissolved in 30 mL of ethanol, and 20 mL of distilled water was
added as the first solution. The second solution was produced
by dispersing 2.6 mg of bismuth nitrate (Bi(NO;);:6H,0) into
10 mL of nitric acid (0.3 M). And 20 mg of graphene oxide

(GO) was dissolved in 20 mL of ethanol under an
ultrasonicator for 30 min as the third solution. The first and
second solutions were mixed and sonicated for 20 min. After
that, the third solution of GO was added dropwise under
continuous stirring for 1 h to obtain a homogeneous solution.
Then, 150 mL of ammonia solution (0.1 M) was also added
dropwise at room temperature under stirring in 250 mL of the
beaker to reach pH 8. Next, 1.5 mL of hydrazine solution was
added to the obtained mixture to reduce the graphene oxide
(rGO). The mixture solution was continuously stirred for 2 h.
On the hotplate, the reaction solution was heated to 80 °C to
get the precipitate of the reaction. To eliminate any unreacted
ions, this precipitate was dried in an oven set to 70 °C for 12 h
and then washed four times with ethanol and distilled water.
Finally, the dried powder was calcinated at 500 °C for S h in
nitrogen gas in a tubular furnace to get Bi,O;-WO;/rGO NCs.
In a similar procedure, Bi,O;-WO; NPs were prepared without
mixing GO. Pure WO; NPs were also synthesized by a similar
procedure, without the addition of bismuth nitrate (Bi-
(NO;);:6H,0) and GO. The protocol for the synthesis of
Bi,0;-WO,;/rGO NCs is shown in Scheme 1.

4.4. Characterization. The crystal structure and crystalline
phase of prepared samples were investigated by recording XRD
patterns (PanAnalytic X'Pert Pro, Malvern Instruments, UK)
with Cu Ka radiation (=0.15405 nm, at 45 kV and 40 mA).
Scanning electron microscopy (SEM) was employed to study
the morphologies of the synthesized samples. The chemical
elements and states of the prepared samples were examined by
EDX and XPS, respectively. Raman spectra were recorded
using the WITec alpha 300RA Raman Confocal Microscope. A
Fourier transform infrared (FTIR) spectrometer (PerkinElmer
Paragon 500) recorded the group function of the obtained
samples at the wavenumber range of 500—4000 cm™'. A UV—
visible spectrophotometer (Hitachi U-2600) and a fluores-
cence spectrometer (Hitachi F-4600) were used to analyze the
optical properties of the prepared samples.

Scheme 1. Synthesis Procedure of Bi,0;-WO;/rGO NCs

WCl, in30 mL
in10 “ldl of ethanol+20
‘M.b mL of DW

Added ammonia

solution (0.1 M) for1h

PH=8

Added 1.5 mL of hydrazine

Washed 3 times with ethanol
and DW, dried at 70°C for 12 h

Mixture stirred

—

Mixture stirred for 2 h
and heated at 80 °C
to obtain precipitate

Biz0;-WO./rGO NCs

Calcinated at 500°C for4 h
in a tubular furnace
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4.5. Cell Culture. Human lung cancer (AS549), colorectal
cancer (HCT116), and a normal cell line (HUVEC) were used
in the present work as in vitro models. AS49 and HCT116
cancer cells were acquired from the American Type Culture
Collection (ATTC) (Manassas, Virginia). Therefore, the cells
were grown in a flask in full medium (Invitrogen, Carlsbad,
California) with 10% fetal bovine serum (FBS) and antibiotics
(100 pg/mL streptomycin and 100 U/mL penicillin) at 37 °C
and 5% CO,. The culture media was changed every 2—3 days.
The cells were subcultured when they reached 90% confluence.

4.6. Cell Exposure and Anticancer Assay. The
synthesized samples (1 mg/mL) were further dissolved in a
culture medium (DMEM) and sonicated for 20 min to prepare
a stock suspension solution. Different concentrations (1, 3.5,
7.5, 15, 30, 60, 120, 240, 480 pg/mL) of each obtained sample
were prepared through serial dilution from a stock solution
under ultrasonication for 30 min. Cells were seeded in a 96-
well plate at a cell density of 20 000 cells/mL and incubated at
37 °C and 5% CO, for 24 h. Next, these cells were exposed to
different concentrations of each prepared sample and
maintained at 37 °C and 5% CO, for 24 h. The MTT (3-
(4,5-dimethylthiazol-2-yl)-4,5-diphenyltetrazolium bromide)
assay was used to evaluate the anticancer activity of samples.
After 24 h, 100 uL of MTT solution (0.5 mg/mL dissolved in
DMEM without FBS) was added to each well with an
incubator for 3 h. Then, 100 yL of DMSO was further added
to dissolve formazan crystals formed by the viable cells in each
well. A microplate reader was used to get an accurate reading
of the optical density (OD) at 570 nm.

4.7. Evaluation of Photocatalytic Activity. The photo-
catalytic activity of synthesized samples was measured by RhB
dye degradation under UV irradiation (time: between 11:30
am and 2:30 pm, date: October—November 2022, place: KSU,
KSA). 10 mg/L (10 ppm) of RhB dye was dissolved in 100 mL
of distilled water. The source of UV light used in this
experiment was a 400 W xenon lamp (CEL-HXF300) with a
wavelength (<420 nm). Then, 2 mL of Rh B solution was
taken before adding the samples. After that, 35 mg of the
prepared samples (pure WO; NPs, Bi,0;-WO,; NPs, and
Bi,0;-WO;/rGO NCs) was added to RhB aqueous solution
(10 ppm) as suspension solution. Before UV irradiation, the
mixture solution with the synthesized samples was stirred in a
dark place for 60 min to achieve an adsorption—desorption
equilibrium process. Every 20 min, 2 mL of suspension
solution was taken and centrifuged to separate the sample.
Afterward, the absorption of the centrifuged solution was
further measured using a Shimadzu UV-2450 spectropho-
tometer. The degradation of RhB dye was calculated using eq
10.

Ao _At

degradation (%) = X 100

(10)

0

where A, is the initial absorbance before exposure to UV light
and A; is the absorbance throughout the irradiation. In this
study, Bi,O;-WO;/rGO NCs were selected to evaluate their
cycle stability.

4.8. Statistical Analysis. Biological activity data were
analyzed using one-way ANOVA and Dennett’s multiple
comparison tests. We compared treated and untreated groups
using this strategy. p-value (P < 0.05) indicated statistical
significance.
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