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Abstract: A ternary nanocomposite was prepared using cerium oxide, chitosan, and graphene ox-
ide (CeO,/CS/GO) using a simple and cost-effective wet chemical method. The physicochemical
properties of the developed ternary nanocomposite were examined using X-ray diffraction, Fourier
transform infrared spectroscopy, scanning electron microscopy with energy-dispersive X-ray spec-
troscopy, and ultraviolet-visible spectroscopy. Furthermore, the therapeutic behavior of the developed
Ce0,/CS/GO composite was assessed using anti-bacterial, anti-fungal, and anti-cancer assays. For
Escherichia coli, Staphylococcus aureus, and Salmonella species, 750 pg/mL of the CeO,/CS/GO com-
posite showed effective anti-bacterial activity, with a zone of inhibition of 9 mm. Additionally, the
CeO,/CS/GO composite’s anti-fungal activity against Aspergillus niger was studied. The anti-cancer
properties of different concentrations of the CeO,/CS/GO composite were assessed on MCF-7
cells, and 18.8% of cells were found to be viable at the maximum concentration of 1000 pg/mL
CeO,/CS/GO and 46.37% at 125 ug/mL. The results of the hemolysis assay performed using hu-
man red blood cells and various concentrations of the CeO,/CS/GO composite indicated that the
nanocomposite possesses biological properties. Overall, it can act as a therapeutic platform for breast
cancer, bacterial and fungal infections.

Keywords: MCF-7 cancer cells; CeO, /CS/GO nanocomposite; anti-bacterial; anti-fungal; hemolysis;
anti-cancer

1. Introduction

Nanotechnology is an interdisciplinary domain that focuses on providing solutions to
diverse fields such as healthcare, pharmacy, biophysical modeling, biological engineering,
and genetics [1]. The ability to apply surface-functionalized small-scale structures with
novel features and the potential to control or manipulate organisms at the molecular or
nanoscale level are the main areas of focus in contemporary nanotechnology. This will pave
the way for the assessment of nanoplatforms as therapeutic agents [2]. Breast cancer is the
most prevalent type of cancer and a major cause of mortality for women over 35 years of age.
Nanotechnology enables therapeutic platforms on the nanoscale to selectively target and
treat tumors. Validation of the developed nanoplatform as a therapeutic agent against breast
cancer cell lines must be performed under both in vivo and in vitro conditions [3]. Several
researchers have been interested in developing cerium oxide-based nanoplatforms (CeO,
NPs) because of their distinct physicochemical properties, which play a vital role in their
biological properties [4]. For example, the potential redox abilities of CeO, nanoparticles
are responsible for their excellent antioxidant properties, which has been confirmed both
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in vitro and in vivo [5]. In particular, CeO; exhibits interchangeable oxidation states of
cerium (3+ and 4+ states) on the surface of the nanoparticle, wherein small CeO, NPs with
larger surface areas possess a large number of 3+ sites [6]. These mixed valence states of Ce
lead to the generation of oxygen vacancies and subsequently defects. In addition, owing to
the adoption of fluorite crystal structures, CeO, NPs have been used in several fascinating
fields, including biomedicine. However, the wider application of CeO, has been mainly
inhibited by the aggregation of NPs, which is mainly addressed by modifying the surface
of CeO, NPs using various materials, including carbonaceous substances and polymers,
which effectively prevent aggregation and improve biocompatibility [7].

In this context, graphene has attracted significant attention owing to its excellent prop-
erties. Graphene is a two-dimensional sp?-bonded carbon material with a honeycomb lattice
structure. It is a fundamental component of graphitic substances and has attracted con-
siderable interest owing to its unique properties. Graphene has a large surface-to-volume
ratio, excellent tensile strength, chemical durability, and good thermal conductivity [8].
Graphene oxide (GO), an oxygenated derivative of graphene, harbors a large number of
oxygen-containing groups on both the surface and edges of GO. These groups not only
enhance the solubility and biocompatibility of materials but also collectively enhance the
electronic and redox properties of the resulting composite materials [9]. According to
Pang et al., the physicochemical characteristics of GO, such as size and length, surface
characteristics, and aggregation factors, are primarily responsible for its anti-bacterial activ-
ity [10]. These factors affect the manner in which cells die after the deposition of bacteria
onto the nanomaterials, which involves membrane breakdown once they touch the sharp
edges of GO, leakage of cell contents into the environment, and ultimately cell death [11].

Moreover, CeO, has often been combined with other materials, particularly bioma-
terials, to fabricate multi-component composites with adequate sites for cell attachment
and mechanical support [12]. For example, various biopolymers, including gelatin, colla-
gen, alginate, and chitosan (CS), have been used to prepare CeO;-based multicomponent
composites with potential biological properties [13]. Chitosan is a linear polymer that
resembles cellulose and has distinct chemical and biological properties as it contains amine
and hydroxyl groups in its structure [14].

Owing to its outstanding biocompatibility, biodegradability, low toxicity, and inherent
anti-bacterial activity, CS, a natural substance, has been extensively used in biomedical
applications [15,16]. Due to their unique characteristics, such as high solubility and biocom-
patibility, antioxidant power, antimicrobial and anti-inflammatory properties, nanocompos-
ites made from non-mineral nanoparticles loaded with natural biopolymers like chitosan
are very effective for treating wound healing, cancer, inflammatory diseases, and cardiovas-
cular conditions [17,18]. Furthermore, the anti-cancer activity of CS against hepatocellular
carcinoma is mediated by a decrease in mitochondrial membrane potential, an increase in
membrane lipid peroxidation, and neutralization of cell surface charge [19].

In a study, chitosan-coated cerium oxide (CS/CeO, NCs) derived from aqueous ex-
tracts of tea polyphenols were developed using a green synthesis route. With zones of
inhibition of 13.5 £ 0.2 and 11.7 & 0.2 mm, respectively, the developed CS/CeO, NCs
showed outstanding antibacterial and antifungal activity against foodborne pathogens
such as Escherichia coli, Staphylococcus aureus, and Botrytis cinerea. The findings showed
that biosynthesized CS/CeO, NCs had the potential to be used as powerful antibacterial
agents [20]. Chitosan-functionalized 2D layered MoS, hybrid nanocomposites were devel-
oped and subjected to in vitro assessment for their antibacterial and anticancer activities.
The chitosan-MoS; hybrid nanocomposite exhibited zones of inhibition against S. aureus at
22,28, and 32 mm and against E. coli at 26, 30, and 35 mm in the antibacterial application.
The Chitosan-MoS; hybrid nanocomposites demonstrated the most substantial MCF-7 cell
inhibition in the anticancer investigation, with a maximum cell inhibition of 65.45% at
100 g/ mL~! [21]. In another study, ciprofloxacin (CIP)-loaded CeO,-CS hybrid prepared
by a green approach was used to test the antibiotic sensitivity of 350 mastitis-positive milk
samples [20]. The binary hybrid demonstrated increased antibacterial activity at lower MIC
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(8 pg/mL) compared to that of free CIP drug alone. Very recently, CeO,-CS hybrid was
also used to prepare food packaging films which demonstrated excellent strong antimicro-
bial activity against E. coli and L. monocytogenes. These reports affirm the application of
chitosan-based nanoceria composites to act as effective antibacterial and anticancer agents.

In the present study, a CeO,/CS/GO ternary nanocomposite was developed using an
optimized synthesis route considering the biopotential of the independent nanoparticles.
The crystalline nature of CeO,/CS/GO was confirmed using X-ray diffraction (XRD),
and the surface morphology and weight percentage of the elemental compositions were
assessed using scanning electron microscopy (SEM) with energy-dispersive X-ray (EDAX).
The bonded functional groups were identified using Fourier transform infrared (FT-IR)
spectroscopy, and the absorbance of the CeO,/CS/GO surface was measured using UV-
vis-spectroscopy. The developed CeO,/CS/GO ternary nanocomposite was subjected to
anti-cancer, anti-bacterial, antifungal, and hemolysis assay studies to confirm its biological
potential (Scheme 1). The best anti-cancer activity was recorded when the MCEF-7 cell line
was treated with 125 g/mL of the developed CeO,/CS/GO ternary nanocomposite, and
the percentage of live cells was found to be 46.37%. The effective anti-bacterial activity
was observed at the maximum concentration (1000 g/mL) of the CeO,/CS/GO ternary
nanocomposite, and the zone of inhibition was found to be 10 mm for Proteus, Salmonella,
Escherichia coli, and Staphylococcus species. Similarly, the zone of inhibition recorded at
1000 g/mL of the CeO,/CS/GO ternary nanocomposite with Aspergillus species was found
to be 4 mm. The absorbance peak was 0.711 for 250 g/disc, which was the effective response
recorded in the hemolysis assay.
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Scheme 1. Schematic representation of CeO,/CS/GO ternary nanocomposite and its biological activity.

2. Materials and Methods
2.1. Materials

All chemicals and solvents used in this study were of analytical grade. Cerous nitrate
hexahydrate (CeN309.6H0), graphite powder, sodium nitrate, and sodium hydroxide
were purchased from Fisher Science (India). The Alsever solution, which contains water,
2% dextrose, 0.8% sodium citrate, 0.05% citric acid, and 0.42% sodium chloride, as well as
isosaline (0.85%, pH 7.2), isosaline (10% v/v), phosphate buffer (0.15 M, pH 7.3), and hyaline
(0.36%) were purchased from Sigma. The XRD pattern of the developed CeO,/CS/GO
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ternary nanocomposite was analyzed using a RIGAKU mini Flux 2C (Japan). The specific
cross-functional groups in the CeO, /CS/GO nanocomposites were determined using FT-IR
spectroscopy (JASCO FT-IR-6300, Hachioji, Tokyo, Japan). UV-vis spectroscopy (Model no:
DS11, Labman Scientific Instruments, Chennai, Tamil Nadu, India) was used to determine
the absorbance of the nanomaterials. The surface of the developed nanostructure was
analyzed using a FESEM (SUPRA 55, Carl Zeiss NTS GmBH, Oberkochen, Germany). A
Metzer-inverted confocal microscope (METZ-796, Mathura, Uttar Pradesh, India) was used
to obtain confocal images of the MCF-7 cell lines.

2.2. Preparation of CeO, NPs

CeO, was prepared at room temperature using a simple wet chemical procedure.
CeN309-6H,0 (0.1 M) was dispersed in 100 mL of distilled water. Subsequently, 50 mL
of 0.5 M NaOH solution was added dropwise to 100 mL cerous nitrate hexahydrate and
subjected to constant stirring. The resulting mixture was further stirred continuously for
2 h, resulting in a yellow solution that confirmed the formation of CeO, NPs. The obtained
CeO;, NPs were cleaned using distilled water and then dried at 150 °C and annealed at
350 °C.

2.3. Preparation of GO NPs

Concentrated HySOy4 (46 mL) was mixed with 2 g of graphite powder at 0 °C for
5 min. After the addition of NaNOs (1 g), the mixture was agitated for 5 min. Subsequently,
potassium permanganate (6 g) was gently added to the prepared mixture, which was then
agitated for 30 min at 35 °C. H,O (96 mL) was then added dropwise to the above mixture
and the temperature was increased to 98 °C. Upon continuous stirring for 10 min, the initial
black color of the mixture changed to reddish-brown, which confirmed the formation of
GO NPs.

2.4. Preparation of Chitosan Nanoparticles (CS NPs)

One liter of 1 M HCI was added to demineralize 100 g prawn shells. The reaction
was performed for 2-6 h at room temperature and agitated at 250 rpm. The pretreated
shells were filtered and washed thoroughly with distilled water of pH 7.0. They were then
bleached for 10 min in ethanol and dried in a 70 °C oven for completing the demineral-
ization. The evaporated shells were soaked in distilled water. NaOH (1 M) was added to
the shells at a solid /liquid ratio of 1:10. The mixture was reacted with continuous stirring
for 3 h at 80 °C, filtered, and rinsed with pure water such that the pH became acidic. The
shells were thoroughly cleaned and bleached for 10 min in ethanol, and the resulting chitin
was dried at 70 °C, which completed the deproteinization process. Chitin was deacetylated
by reacting it with 12.5 M NaOH at a solid /liquid ratio of 1:15 (g/mL). An ultra-freezer
was used to chill the reaction mixture and freeze it for 24 h at —83 °C. The reaction was
then continued with agitation at 250 rpm for 4 or 6 h, while the mixture’s temperature was
raised to 115 °C. The chitosan obtained was filtered and washed with pure water to attain
aneutral pH at 70 °C.

2.5. Preparation of the CeO,/CS/GO Ternary Nanocomposite

A total of 1 g of the developed CeO, NPs was diluted in 100 mL distilled water
and ultrasonicated for 30 min. Subsequently, 1 g GO and 0.5 g CS were individually
ultrasonicated for approximately 2 h each. Finally, the two liquids were combined to form
a nanocomposite solution. The mixture was blended and agitated for 2 h to produce a
homogeneous solution. Finally, the materials were allowed to settle and were washed thrice
with distilled water. The CeO,/CS/GO ternary nanocomposite thus obtained in a (1:0.5:1)
ratio was the optimized concentration at which polymer nanocomposites with exceptional
structural properties were affirmed using XRD analysis. Here, the concentration of CS
was reduced to one-half in comparison with CeO, NPs and GO NPs due to its inherent
anti-microbial property. The key objective behind this present investigation is to assess
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the anti-cancer, anti-bacterial, anti-fungal, and hemolysis biopotentials of the developed
CeO,/CS/GO ternary nanocomposite by fixing equal ratios for CeO, and GO NPs and
reducing to one-half the ratio of CS which is more dominant in its biological properties.

2.6. In Vitro Anti-Bacterial Assay Using the CeO,/CS/GO Ternary Nanocomposite

A turbidity standard (0.5 MacFarland tube) was used to standardize 1 x 10° CFU/mL
of the inoculums. Wooden applicators with adhering cotton wool swabs were prepared.
They were sterilized in tin culture tubes and paper using dry heat or an autoclave. The
assay was performed using the gelatin agar disc diffusion technique. Petri plates were set
with Muller-Hinton agar (MHA) media, and the bacterial suspensions were added using
sterilized cotton swabs dipped in the inoculum. A total of 201 of the standard antibiotic
(ampicillin) and sterile samples (in disc form) were added to the MHA plates. The surfaces
of the plates were incubated at 37 °C for 24 h. The specimen size was used to determine
the effectiveness of the antibacterial agent.

2.7. In Vitro Anti-Fungal Assay Using the CeO,/CS/GO Ternary Nanocomposite

Standard samples were maintained at 4 °C on a Sabouraud’s dextrose agar (SDA)
medium. The stock cells were transferred to laboratory tubes containing Sabouraud dex-
trose broth and incubated for 48 h at ambient temperature to obtain viable cultures for
testing. The test was performed using the agar disc diffusion method. The anti-fungal
efficacies of the compounds were assessed on an SDA medium using the disc-based dis-
semination technique. SDA was poured on the Petri plate. After the growth medium had
set, the inoculate was spread using a sterilized brush moistened with the fungus solution.
The samples were then placed on the surface of the plate. Amphotericin B was used as the
control. The prepared plates were incubated at 37 °C for 24 h, after which the width of the
resistance area was used to gauge the anti-fungal activity.

2.8. In Vitro MTT Assay Using the CeO,/CS/GO Ternary Nanocomposite

The MCF-7 cell line was obtained from the King Institute (Guindy, Chennai). The
cells were maintained in a minimal essential medium supplemented with 10% fetal bovine
serum (FBS; Cistron Laboratories, Coimbatore, Tamil Nadu, India), penicillin (100 U/mL),
and streptomycin (100 pug/mL) in a humidified atmosphere of 50 pg/mL CO, at 37 °C.
Trypsin, methylthiazolyldiphenyl-tetrazolium bromide (MTT), and dimethyl sulfoxide
(DMSO) were purchased from Sisco Research Laboratory Chemicals (Mumbai, India). All
other chemicals and reagents were obtained from Sigma-Aldrich, Mumbai, India.

After the cells reached confluence, different concentrations of serially diluted samples
were added and incubated for 24 h. After incubation, the samples were removed from the
wells and washed with phosphate-buffered saline (pH 7.4) or MEM without serum. Then,
100 uL/well (56 mg/mL) of 0.5% MTT was added and incubated for 4 h. Subsequently,
1 mL DMSO was added to each well. The absorbance was measured at 570 nm using a
UV-visible spectrophotometer, and DMSO was used as the blank [22]. The concentration
required for IC50 was determined graphically. The percentage cell viability was calculated
using the following formula:

% Cell viability = OD value of treated cells/OD value of control cells x 100 @D

2.9. In Vitro Hemolysis Assay Using the CeO,/CS/GO Ternary Nanocomposite

The hemolysis assay study was performed using the HRBC membrane stabilization
technique. The outermost layer of HRBCs is destroyed when exposed to hazardous sub-
stances, such as hypotonic fluid, causing hemolysis and breakdown of hemoglobin. As
the elements of the HRBC membrane are comparable to those found in lymphocytes, the
suppression of the HRBC envelope rupture is used as a proxy for a substance’s hemolysis
capabilities. Diclofenac sodium was used as the standard. Blood samples were collected
from healthy individuals. Equal volumes of sterile Alsever solution, an anticoagulant, and



Crystals 2023, 13, 1393

60of 17

the collected blood were combined. The packet cells were rinsed with saline (0.85%, pH
7.2) and isosaline (10% v/v) to prepare a solution after centrifuging at 3000 rpm for 5 min.
Consequently, the HRBCs were lysed. The experimental mixture contained phosphate
buffer (0.15 M, pH 7.4), hyposaline (0.36%), HRBC suspension (0.5 mL), and different
quantities of the sample (200, 400, 600, 800, and 1000 g/mL). Double-distilled water (2 mL)
was used to prepare a control sample instead of hyposaline. The mixture was incubated at
37 °C for 10 min. Percentage hemolysis was calculated as follows:

100 — OD of treated sample

OD of control x 100

Percentage of haemolysis =

3. Results
3.1. XRD Analysis

Initially, to analyze the biological potential of the cerium oxide/chitosan/graphene
oxide (CeO,/CS/GO), the nanocomposite was prepared in a 1:0.5:1 ratio. In one of the
previous reports, 40 mg of chitosan was added to 6 g of CeO, NPs, and the resultant CeCh-
NPs was subjected to cytotoxicity assessment with the A549 cell line and human foreskin
fibroblasts (HFF) cell line. Apoptotic study using flow cytometry, AO/PI stain assay,
and antioxidant assay were performed. CeCh-NPs’ selective inhibitory impact on A549
cells (IC50: 50.65 g/mL) in comparison with HFF cells (IC50: 131.108) was shown during
the evaluation of the cytotoxic effects of CeCh-NPs. This work affirms the cytotoxicity
effects of CeCh-NPs with a very minimum concentration of chitosan NP combined with
a higher concentration of CeO, NPs on cancer cell lines [23]. The purpose of choosing
this particular composition was to obtain a highly crystalline composite with superior
biological potential. In our previous study, it was revealed that an equivalent composition
of a graphene derivative with metal or metal oxide nanoparticles yielded good biological
properties of the resulting composite [24]. Thus, the equivalent composition of both CeO,
and GO was selected. On the other hand, a small amount of chitosan was selected (0.5 g,
instead of 1 g in the composite), as the purpose was to test the biological properties of the
main contributors, i.e., CeO, and GO. Moreover, it was highly likely that a higher amount
of chitosan might compromise the crystallinity of the composite [25] while processing the
sample. Figure 1 shows the XRD pattern of the CeO,/CS/GO ternary nanocomposite,
which indicates the formation of the nanocomposite. In this composite, the XRD reflections
of CeO, nanoparticles are indexed and compared with (JCPDS card no: 34-0394), which
represents face-centered cubic (fcc)-structure CeO, nanoparticles. The diffraction peaks
appear at ~28.9° (111), ~33.08° (200), 47.47° (220), and 56.36° (311), which suggests the
presence of crystalline CeO,. Notably, some of the XRD peaks are missing, which are
possibly suppressed by the high-intensity XRD peak at (111). Apart from these reflections,
the chitosan exhibits two peaks: the first peak appears at 26 = 10.75°, which is only slightly
visible and suppressed by another high-intensity peak of chitosan, which is present at
26 = 20.5°. These peaks correspond to the crystalline structure of chitosan. On the other
hand, the characteristic peak of GO also appears and overlaps with the chitosan peak at
260 = 10.74°, which corresponds to the (001) plane of GO. Furthermore, the XRD analyses
of the chitosan and GO and CeO, nanoparticles are provided in the supplementary file
(Figures 51-S3).

3.2. Surface Morphology

The surface morphology of the CeO,/CS/GO ternary nanocomposite is shown in
Figure 2a,b and its elemental composition is presented in Figure 3 and Table S1, respec-
tively. Figure 3 depicts the elemental compositions of the CeO,/CS/GO ternary nanocom-
posites, which included O-36.6, Ce-31.0, 5-12.2, and C-8.7, etc. Figure 2a,b affirm the
non-agglomerated surface of the developed CeO,/CS/GO ternary nanocomposite. This
surface topography improves the biopotential of the developed CeO,/CS/GO ternary
nanocomposite, and the same is addressed in the below sections.
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Figure 1. XRD peaks of the CeO,/CS/GO ternary nanocomposite.

Figure 2. (a,b) SEM images of the CeO,/CS/GO ternary nanocomposite.

3.3. FT-IR Analysis

The presence of different functional groups and their bonding in the developed
Ce0O,/CS/GO ternary nanocomposite were confirmed by recording the FI-IR spectrum
of the sample (3500-1000 cm™!), as shown in Figure 4. In this spectrum, the FT-IR peaks
of GO can be located at different positions, such as the peaks of hydrogen-bonded O-H
(3100-3600 cm~1), C=0 (1731 ecm™!), C=C (1623 cm~!), and C-O (1222 cm ™!, 1053 cm™1).
On the other hand, FI-IR peaks of chitosan in the same spectrum can be identified at
3410 ecm ~! (O-H and N-H), 2925 cm ~!, 2854 cm ! (aliphatic C-H), 1655 cm ~1 (bend-
ing vibration N-H), 1420 cm ~! (C-N), and 1080 cm ~! (C-O). Whereas, FTIR spectra of
CeO; exhibit different peak positions, such as CeO, having a surface hydroxyl group (OH)
band located in the region of 3200-3600 cm !, and carbonate adsorbates on the surface
of CeO, located by characteristic peaks in the region of 1400-1500 cm™~!, corresponding
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to the stretching vibrations of carbonate ions. Furthermore, the fingerprint region (below
1500 cm ') contains smaller peaks and features that are specific to the CeO, nanoparticle
structure. These can provide additional information about the particle’s crystalline phase
and purity. The band at 750 cm ™! can be attributed to the Ce-O stretching vibrations
which ultimately confirm the formation of nanocomposites involving three different com-
ponents such as GO, chitosan, and CeO, nanoparticles. Furthermore, the FI-IR spectra
of the chitosan and GO and CeO, nanoparticles are provided in the supplementary file
(Figures 54-56).
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Figure 3. EDAX peaks of the CeO,/CS/GO ternary nanocomposite.
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Figure 4. FT-IR analysis of the CeO,/CS/GO ternary nanocomposite.
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3.4. UV-Vis Analysis

The UV spectrum of CS NP, CeO, NP, GO, and the CeO, /CS/GO ternary nanocompos-
ite is shown in Figure 5. This spectrum demonstrates the presence of three different peaks
at ~230, ~250, and ~300 nm. Typically, the absorbance peak of CeO, NPs can be observed
at a wavelength of ~303 nm, which corresponds to the characteristic absorption peak of
Ce** of CeO, NPs, which in this case appears at ~300 nm [26]. Similarly, the absorption
spectrum of GO consists of two absorption bands which are usually centered at 234 nm
is assigned to the 7-mt* transition of aromatic C—C bonds of graphene lattice, whereas a
shoulder band at 298 nm corresponds to the n-7* transition of C=0 bond [27]. However, in
this study, both these characteristic peaks of GO are overlapped with the absorption peaks
of CeO, NPs and thus cannot be clearly differentiated. Whereas, the absorption peak at
~250 nm can be attributed to the presence of chitosan, and thus the presence of absorption
peaks representing all the components of the composite clearly suggests the formation of
Ce0O,/CS/GO ternary nanocomposites.

1.5 — CS NPs
CeOZNPs
— GO
CeOZICS/GO
~1.0 -
=
s |\
(]
o
c
]
€ 0.5-
»
0
<
0-0 - ——

T T T T T 1
300 400 500 600 700 800
Wavelength (nm)
Figure 5. UV analysis of the CeO, NPs, CS NPs, GO, and CeO,/CS/GO ternary nanocomposite.

3.5. Anti-Bacterial Assay

In this study, the CeO,/CS/GO ternary nanocomposite was prepared in a single-step
reaction which was further used to perform biological experiments including anti-bacterial
and anti-fungal studies. Notably, such type of ternary composite is rarely used to explore
biological potential; however, binary composites involving only chitosan and CeO; has
been reported in the literature [28]. For instance, Senthilkumar et al. prepared a hybrid
involving chitosan and cerium oxide nanoparticles using natural Sidaacuta leaf extract [29].
This binary composite at the concentration of 50 uL exhibited considerable morphological
changes against E. coli and B. subtilis organisms due to the direct interaction between
chitosan-CeO; nanoparticles. Very recently, Appu et al. prepared CS/CeO; using aqueous
extracts of tea polyphenols. This composite showed an excellent antibacterial and antifungal
efficacy against foodborne pathogens including E. coli, S. aureus, and B. cinerea with zones
of inhibition of 13.5 £ 0.2 and 11.7 £ 0.2 mm, respectively. However, in the current study,
we also included GO which is known to possess significant biological potential, which is
reflected in the current ternary composite.
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The developed CeO,/CS/GO ternary nanocomposite was incubated with various
bacteria, including Proteus, Salmonella, E. coli, Staphylococcus, and Bacillus species, using
the agar disc diffusion method. The zone of inhibition (ZOI) was 10 mm for all bacteria,
excluding Bacillus species, at 1000 g/disc of CeO,/CS/GO nanocomposite. At a minimum
concentration of 500 pg/disc of CeO,/CS/GO nanocomposite, the zone of inhibition (ZOI)
was 8 mm for Salmonella and E. coli, 7 mm for Staphylococcus species, and 5 mm for Proteus
and Bacillus species, as shown in Table 1 and Figure 6.

Table 1. Anti-bacterial activity of CeO,/CS/GO NPs against various bacteria.

Proteus Salmonella E. coli Staphylococcus Bacillus
S. No. Microorganisms Species Species Species Species Species
(ZOI in mm) (ZOI in mm) (ZOI in mm) (ZOI in mm) (ZOI in mm)
CeO,/CS/GO ternary
1 nanocomposite 10 10 10 10 8
(1000 ug/disc)
CeO,/CS/GO ternary
2 nanocomposite 7 9 9 9 6
(750 pg/disc)
CeO,/CS/GO ternary
3 nanocomposite 5 8 8 7 5

(500 pg/disc)

A Ampicillin (antibiotic) 15 20 15 15 13

Figure 6. Anti-bacterial activity of CeO,/CS/GO ternary nanocomposite. E. coli, Bacillus species,
Salmonella species, Proteus species, and Staphylococcus species. ((1) CeO,/CS/GO ternary nanocom-
posite (1000 ug/disc), (2) CeO,/CS/GO ternary nanocomposite (750 pg/disc), (3) CeO,/CS/GO
ternary nanocomposite (500 ng/disc), and (A) Ampicillin (antibiotic)).

In previous reports, lanthanum-doped zinc oxide nanomaterials were incubated with
bacteria such as P. mirabilis, S. typhi, S. aureus, and B. subtilis. At the maximum concentration
of 0.07 pg/mL, the zone of inhibition was 22 mm for P. mirabilis, 7 mm for S. typhi, and
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0 mm for S. aureus and B. subtilis [30]. Similarly, the anti-bacterial properties of titanium
dioxide nanoparticles were analyzed using S. aureus, Serratia marcescens, and E. coli. The
zone of inhibition for a maximum concentration of 1000 g/disc was 5 mm for S. aureus
and S. marcens, and 3 mm for E. coli [31]. Typically, nanomaterials including nanocompos-
ites exert anti-bacterial mechanisms through various means, including the direct physical
interaction of highly sharp edges of a variety of nanomaterials with the corresponding
biological entities including membranes of the bacterial cell walls [32]. The second possible
mechanism of antibacterial activity of nanomaterials is the generation of reactive oxygen
species (ROS), including hydroxyl radicals, superoxide anion, and hydrogen peroxide
etc., by the inducing ability of nanoparticles [33,34]. Nanomaterials are known to induce
oxidative stress which potentially influences intracellular calcium concentrations, activates
transcription factors, and modulates cytokine production via the generation of free radi-
cals [35]. Apart from these, the third possible mechanism is the trapping of bacteria within
the aggregated nanomaterials. This mechanism is particularly suitable for layered materials
such as graphene derivatives, carbon nitride, etc. [36]. The other mechanisms are the
generation of oxidative stress, interruption of the glycolysis process of the bacteria, release
of metal ions, contribution to the generation/explosion of nanobubbles, etc. [11,37-39]. In
this study, the as-prepared CeO,/CS/GO ternary nanocomposite may exert antibacterial
properties by the combination of both ROS generation and the physical damage to the
membranes of the bacterial cell wall. These mechanisms can be attributed to the CeO, and
graphene oxide in the composite, as CeO; is typically known to exert antibacterial activity
by ROS generation, while the sharp edges of GO are known to cause physical damage
to the bacterial cell wall [40,41]. CeO, NPs’ antibacterial efficacy in the absence of light
depends on concentration. We can observe an expansion of the zone of inhibition as the
nanoparticle concentration is raised. The conversion of Ce** to Ce>" results in oxidative
stress on the bacterial membrane as well. CeO, NPs are electrostatically drawn to the
bacterial cell membrane and adhere there. They experience oxidative stress as a result of the
acquisition of electrons through Ce** to Ce>* conversion. Since gram-positive bacteria have
a strong cell wall comprised of peptidoglycan that is difficult to penetrate, gram-negative
bacteria are more vulnerable to antibacterial activity than gram-positive bacteria [42].

3.6. Anti-Fungal Assay

The antifungal activity of the developed CeO,/CS/GO ternary nanocomposite was
analyzed against A. niger using the agar disc diffusion method, as shown in Figure 7. At
the maximum concentration of 1000 ng/disc of CeO,/CS/GO nanocomposite, the ZOI
was recorded to be 4 mm. In contrast, at a minimum concentration of 500 pg/disc of
Ce0O,/CS/GO nanocomposite, the ZOI was 2 mm (Figure 7). Table 2 presents the ZOI
values recorded upon incubating A. niger with different nanocomposites. Chitosan may
have hindered the integrity of protein biosynthesis and cell surface architecture, which
may have had an impact on the growth and development of Aspergillus ochraceus. These
results have implications for the use of chitosan as an alternative method of fungi pathogen
control [43]. In a study, maximum microbial inhibition was demonstrated by CeO, /GO as
a result of the improved photocatalytic activity of cerium oxide and graphene oxide. The
transport of photoradicals to the graphene oxide is aided by the light’s excitation of cerium
nanoparticles attached to graphene sheets. The balance between adsorption and desorption
was upset, making it easy for more charged particles to pass across the molecular matrix.
Additionally, layer-structured GO aided in the equally distributed nanoparticle distribution,
which may have improved photocatalytic activity [44,45].

3.7. Hemolysis Assay

HRBCs were used for assessing the hemolysis activity of the developed CeO,/GO/CS
ternary nanocomposite. Absorbance was recorded upon the interaction of HRBCs with vari-
ous concentrations of the developed NC. The percentage hemolysis was 0.5 at 1000 pg/disc;
at 500 pg/disc, it was 0.696, while it was 0.711 at 250 pg/disc and 125 pg/disc, and 0.622
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for the blank (Table S2, Supplementary File). In previous studies on anti-inflammatory
responses for copper nanoparticles using HRBCs, percentage hemolysis was recorded to
be 0.246 at 200 ug/mL, while it was 0.649 at the lower concentration of 50 ug/mL [50].
Similarly, when silver nanoparticles were analyzed for anti-inflammatory response, the per-
centage of hemolysis was recorded to be 0.18 for 800 pug/mL and 0.54 for 200 ng/mL [51].
These observations affirm the hemolysis activity of HRBCs. As a part of future work,
advanced studies will be carried out to affirm the biopotential of the CeO,/CS/GO ternary
nanocomposite toward the treatment of blood-borne disease.

Figure 7. Anti-fungal activity of CeO,/CS/GO ternary nanocomposite on Aspergillus niger.

Table 2. Comparative analysis of different NPs against Aspergillus niger.

Maximum Concentration of . .
Aspergillus Species

S. No. Nanocomposite . References
(1000 pg/disc) (ZOLin mm)
1 Sodium hydranate titanigm dioxide 133 [46]
bio-nanocomposite
2 Polymer nanocomposite 15 [47]
3 CuO/C nanocomposite 12 [48]
4 Gelatin chitin nanocomposite 10 [49]
5 Ce0O,/GO/CS ternary nanocomposite 10 This work

3.8. Anti-Cancer Activity of the CeO,/CS/GO Ternary Nanocomposite Using MTT Assay

The culture medium containing a minimum of 100,000 MCE-7 cells was incubated with
varying concentrations of the CeO,/CS/GO ternary nanocomposite, and the percentage
of live cells was recorded as shown in Table 3. Here, IC50 concentration is defined as the
concentration of the CeO,/CS/GO ternary nanocomposite for which nearly 50% of MCF-7
cancer cells remain dead. Varying concentrations (1000, 500, 250, 125, 62.5, 31.5, 15.6, and
7.8 ug/mL) of the developed CeO,/CS/GO nanocomposite were used to assess its anti-
cancer property against the MCFE-7 cell line. The IC50 value was estimated to be 125 pug/mL
using Equation (1). The quantitative assessment of the anti-cancer activity of the developed
Ce0,/CS/GO nanocomposites at various concentrations is presented in Figure 8. Quali-
tative assessments were performed from the record of the biochemical interactions of the
Ce0O,/CS/GO nanocomposite with MCF-7 cells in the culture medium, as presented in
Figure 9. As the concentration of the CeO,/CS/GO nanocomposite increased, the number
of cell deaths also increased, which is well presented using various concentrations such as
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1000 pg/mL, 250 pg/mL, 125 pg/mL, and 62.5 pug/mL, respectively. Cell death is revealed
by the rupture of cells, which leads to a reduction in cell size and a dip in the quantity of cells
present in the culture medium, as shown in Figure 9. The %live cells was 18.84 at the maxi-
mum concentration of 1000 pg/mL and 85.5 at the minimum concentration of 7.8 pug/mL,
respectively. Table 4 presents the mean value plus or minus the standard deviation obtained
from the record of the anti-cancer activity of the CeO, /CS/GO nanocomposite at various
concentrations with the MCF-7 cell line three times. For the human foreskin fibroblasts
(HFF) and lung cell line (A549), the IC50 of ceria-loaded chitosan nanoparticles (CeCh-NPs)
was reported to be 50.65 and 131.108 ug/mL, respectively [28]. According to a previous
report, the median chitosan—cerium oxide nanoparticle concentrations against AGS, A459,
PC3, and HEFF cells were about 156.02, 169.1, 155.8, and 307.5 ug/mL, respectively [52]. In a
study, after 48 h of incubation with varying concentrations of CeNPs (10 to 100 pg/mL), it
was discovered that the cytotoxic effect of CeNPs on HaCaT (normal cell lines) and MCF-7
(cancer cell lines) suspended in Dulbecco’s phosphate buffered saline (DPBS), with a pH of
7.4, is transient, dose-dependent, and depends on the type of cell lines [53]. In another study,
a new series of CeO,NPs having different structures and morphologies such as nickel (Ni)-
doped CeO5,, hollow CeO, (hCeO;), and hollow CeO; /silicon dioxide (SiO;) (hCeO, /SiO;)
NPs were synthesized. Additionally, the results showed that hCeO,/SiO,NPs had a lower
half maximum inhibitory concentration (IC50) (18.625 g/mL) than other synthetic drugs.
When compared with tumoral cells (HT-29), all four chemicals had a much lower cytotoxic
effect on non-cancerous cells (HFFF2). In comparison with the previous reports, the results
obtained from the present investigation demonstrate the excellent anti-cancer activity of
the developed CeO,/CS/GO nanocomposite against MCF-7 cells.

Table 3. Anti-cancer activity of different NPs and hybrids against MCF-7 cell lines.

S. No. Nanocomposite % Live Cells at 1000 ug/mL References
1 CeO, /GO nanocomposite 19.44 [9]
2 Cu Fe;O4 /HYPS nanocomposite 21.23 [54]
3 GO/CS nanocomposite 23.8 [55]
4 Mn/CeO; nanocomposite 22.58 [56]
5 Ce0,/GO/CS ternary 18.84 This work
nanocomposite

% Cell viability
g8 38 &

8

5
1000 625 312 15.6 7.8 Cell

100
100 +
85.5
75.36
68.11
57.97

46.37

o 34.78
27.53
18.84 I I
0 lj
500 250 125

Control

Concentration (ug/ml)

Figure 8. Percentage cell viability of the MCF-7 cell line after treatment with the CeO,/CS/GO
nanocomposite using MTT assay.
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Figure 9. Microscopic images containing untreated MCF-7 cells and the treated behavior of the
CeO,/CS/GO with MCF-7 cell line. All the images were acquired with an objective lens of 20x
magnification. Scale bars show 20 um (a—c) and 10 um (d,e).

Table 4. Anticancer activity of CeO,/CS/GO ternary nanocomposite on MCF-7 cell line using
MTT assay.

S.No Concentration (ug/mL) Cell Viability (% Live Cells)

1. 1000 18.84 4 0.48
2. 500 27.53 £0.31
3. 250 34.78 £0.35
4. 125 46.37 £ 0.12
5. 62.5 57.97 £ 0.26
6. 31.2 68.11 + 0.27
7. 15.6 75.36 £ 1.19
8. 7.8 85.50 & 0.34
9. Cell control 100 £ 0.45

Mean value + Standard Deviation (Three replicates).

4. Conclusions

A Ce0O,/CS/GO ternary nanocomposite was prepared using a cost-effective wet
chemical procedure. The physicochemical properties of the developed CeO,/CS/GO
nanocomposite were confirmed using XRD spectroscopy, SEM with EDAX, FT-IR spec-
troscopy, and UV-vis spectroscopy. The biological potential of the developed CeO,/CS/GO
nanocomposite was confirmed by performing in vitro anti-bacterial, anti-fungal, anti-cancer,
and hemolysis studies. Based on our observations, we affirm inherent anti-cancer activity
with the MCF-7 cell line; anti-fungal activity with Aspergillus niger; anti-bacterial activity
with E. coli, Bacillus species, Salmonella species, Proteus species, and staphylococcus species;
and hemolysis response with HRBCs. As a part of future work, quantitative and qualita-
tive studies can be conducted with the developed CeO,/CS/GO nanocomposite through
its interaction with other types of cancer cell lines, bacterial cell lines, and fungal cell
lines. Furthermore, an anti-cancer drug can be introduced in the developed CeO,/CS/GO
nanocomposite, and its efficacy as a drug delivery platform can also be assessed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst13091393/s1. Figure S1: XRD analysis of Chitosan; Figure S2: XRD analysis of GO;
Figure S3: XRD analysis of CeO,; Figure S4: FT-IR analysis of Chitosan; Figure S5: FT-IR analysis of
GO; Figure S6: FT-IR analysis of CeOy; Figure S7: Hemolysis assay using the CeO,/CS/GO ternary
nanocomposite; Table S1: Elemental composition of the CeO,/CS/GO ternary nanocomposite;
Table S2: Hemolysis assay response upon interaction of CeO,/CS/GO ternary nanocomposite with
HRBCs.
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