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Introduction: Kochiae Fructus has been widely used in Chinese Herbal medicine to treat various diseases. We report a rapid and eco-
friendly approach for cerium oxide (CeO,) nanoparticles (NPs) synthesis using the extract of medicinally important plant “Kochiae
Fructus”, and the synthesized NPs were named KF-CeO, NPs.

Methods: Various spectroscopic approaches such as transmission electron microscope (TEM), powder X-ray diffraction (XRD), and
energy-dispersive X-Ray (EDX) were used to characterize the KF-CeO, NPs effectively. The antibacterial and biofilm inhibition
activity of KF-CeO, NPs against Gram-positive and Gram-negative multi-drug resistant (MDR) bacteria was determined using the
serial dilution method and XTT assay. KF-CeO, NPs were assessed for anticancer activity against HeLa cancer cells using an MTT
assay. Cytobiocompatibility was determined in two normal cell lines (3T3 and hMSC).

Results and Discussion: The average size of the KF-CeO, NPs was 11.3 £ 3.9 nm with spherical morphology. KF-CeO, NPs
demonstrated a greater than 95% bactericidal efficacy against MDR microorganisms. In addition, KF-CeO, NPs strongly suppressed
(more than 79%) the biofilms of MDR bacteria, indicating their potential for addressing antibiotic resistance issues. Compared to
Kochiae Fructus extract and CH-CeO, NPs, they exhibited significant cytotoxic effects (35.60% cell viability) on HeLa cancer cells. In
addition, the KF-CeO, NPs were shown to be highly biocompatible with hMSC and 3T3 cell lines (85.13% and 81.17% cell viability,
respectively), suggesting that they may be employed in biological systems.

Conclusion: These data indicate that KF-CeO, NPs synthesized using Kochiae Fructus extract are promising alternative treatments
for MDR. In addition, this study will give the potential for the sustained development of biocompatible NPs with enhanced biological
capabilities derived from vital pharmaceutical plants.
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Introduction

It is now a global issue that pathogenic bacterial and fungal species are becoming resistant to antibiotics and antifungal drugs.'~
The production of biofilms by these microbes is a significant reason why antimicrobial medications are not functioning. These
pathogenic microbes may tolerate thousands of doses of antimicrobials when they develop biofilms.® Furthermore, these
pathogenic microbes have acquired antimicrobial drug resistance by establishing.* ® As a result, antimicrobial medications are
unable to cure a variety of infectious disorders caused by harmful bacteria species. As per the World Health Organization, the
current mortality load owing to contagious diseases because of microbials is roughly 0.7 million fatalities every year. If effective
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and innovative antimicrobial drugs are not discovered, this number might climb to almost 10 million each year by 2050.%” In this
case, nanotechnology has sprung to the fore in the fight against antimicrobial resistance by producing nanoscale materials.

Because of their unique physical properties, NPs, like other nanomaterials, are receiving a lot of interest across the globe.
Furthermore, owing to their physical properties, NPs are ideal for electrical, biological, optoelectronics, and sensing applications.
During the previous ten years, the National Nanotechnology Initiative has made investments of over $27 billion in the United
States of America. Furthermore, the European Commission has launched HORIZON 2020 nanotechnology initiatives with
a roughly €1.1 billion budget. Japan and China are spending large sums of money and resources on nanotechnology and
nanoscience, resulting in price increases of 20% or more practically every year since 2003 39 Metals (Ag, Au, Pd, Pt, Zn, Mn, Cu,
etc.) and metal oxides (CeO,, MnO, MnO,, CuO, NiO, ZnO, FeO, Fe,05 MgO, Cr,03, SnO,, etc.) NPs are extensively used and
studied for antibacterial, antimycotic, antibiofilm, antioxidant, anticancer, and other biological applicax‘[ions.z""10—19 Because of
their nanoscale size, these NPs easily penetrate pathogenic microbes’ cell walls, unlike typical antibacterial and antifungal
treatments. This is a critical component of these NPs’ antibacterial activity.” Among them, CeO, NPs have gotten a lot of interest
and have been intensively studied due to their unique potential, including biocompatibility, excellent stability, and surface
chemistry. They are being studied extensively for many applications, such as anti-parasitic ointments, drug delivery systems,
medicinal agents, catalysis, cells, sensors, contact lenses, etc.°

CeO, NPs are typically made via chemical or physical processes. Both techniques, however, need a large amount of energy
and dangerous chemicals to reduce and cap, and they are not easily scalable.”* These approaches jeopardize the biocompatibility
of NPs due to the use of hazardous chemicals in the production process, which stay on the NPs’ interface even after several
washing. Therefore, their biological usefulness is threatened.”'* As a result, biological techniques for NP synthesis, especially
those based on green synthesis or plants, provide a viable alternative to these well-known technologies.>** Phytochemical
compounds found in plants, such as polyphenols, alkaloids, flavonoids, and terpenoids, cause metal ions to be reduced and metal
NPs to form.”*** Furthermore, it is thought that biogenic plant phytomolecules may boost intrinsic NPs properties such as
anticancer, antibacterial, antioxidant, etc.> %’ As a result, green synthesis employing plant leaf extract enhances NP’s biocompat-
ibility and contributes to the synergetic effect.'
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This work employed an extract of Kochiae Fructus to bioconvert CeO, NPs. Kochiae Fructus is the fruit of Kochia scoparia
(Linn.) Schrad. This plant belongs to the family of Chenopodiaceae and is widely distributed in Australia, North America, South
Anmerica, Asia, Africa, and Europe. Kochiae Fructus has been used for treating various ailments, including urinary tract, eyes, and
skin infections.?® Moreover, it has attracted attention owing to its antimicrobial, anti-inflammatory, anti-neoplastic, anti-allergic,
etc., properties. More than 150 biogenic phytomolecules have been identified in Kochiae Fructus: flavonoids, alkaloids, phenolic
compounds, tannins, triterpenoids, saponins, etc.”**’ Many plants have been reported to synthesize CeO, NPs; however, their
synthesis with Kochiae Fructus is not reported yet. We report the green synthesis of CeO, NPs utilizing Kochiae Fructus extract
for the first time, and they were further investigated for antimicrobial, anticancer, and cytobiocompatibility properties.

Materials and Methods

The Preparation of Kochiae Fructus Extract

20 g of fresh Kochiae Fructus were washed adequately with deionized (DI) water and air-dried at 30 °C to remove any
contaminants or dust. The dried Kochiae Fructus were ground into a fine powder with a commercial grinder. After that, the
powder and 150 mL DI water were transferred to a beaker, and the solution was mixed by stirring for 60 minutes at 60 °C. The
extract of Kochiae Fructus was then brought to room temperature. The extract was then filtered and placed at 4 °C in a glass jar.

Green Synthesis of Kochiae Fructus Cerium Oxide Nanoparticles

For the green synthesis of KF-CeO, NPs, one mM of cerium nitrate hexahydrate was mixed with 25 mL of Kochiae Fructus
extract. The mixture was then heated at 40 °C with steady stirring for 60 minutes. The color of the mixture changed from yellowish
green to brownish, indicating the formation of KF-CeO, NPs. The solution was then centrifuged at 3000 rpm for thirty minutes to
extract the KF-CeO, NPs from the reaction mixture. The resultant NPs were centrifuged and rinsed three times with DI/ethanol.
After that, they were dried at 40 °C, and then in a muffle furnace they were calcined for three hours at 200 °C. Finally, the obtained
KF-CeO, NPs were stored in a glass bottle for further analysis.

Characterization of Kochiae Fructus Cerium Oxide Nanoparticles

Powder X-ray diffraction spectroscopy (XRD) was utilized to determine the phase purity and crystalline nature of the KF-CeO,
NPs, which was carried out in a Bruker D, PHASER with LYNXEYE XE-T detector (Haidian, Beijing, China) at a wavelength
(A) of 0.154 nm. The XRD spectra were acquired in the 20 range of 10°—60°. An energy-dispersive X-ray (EDX) spectroscopy
equipment (Thermo Fisher Scientific Ultradry (Madison, W1, USA) linked to a scanning electron microscope was used to analyze
the chemical composition of the generated KF-CeO, NPs. A Tecnai F12 microscope (FEI/Philips Tecnai 12 BioTWIN, Baltimore,
MD, USA) was used to obtain TEM images of the KF-CeO, NPs at 200 kV acceleration voltage. Before being placed on a carbon-
coated copper grid for TEM examination, the samples were dissolved in methanol and sonicated at 25-30 °C. The copper grid was
dried for 5-10 minutes after draining the excess solution.

Antibacterial Propensity
The antibacterial potential of the KF-CeO, NPs has been tested on two drug-resistant bacterial species: Staphylococcus aureus
(33,591™) and Klebsiella pneumoniae (BAA-2342™). The bacterium strains were grown on separate tryptone soya agar (TSA)
plates and cultured at 37 °C for 24 hours.*® The plates were diluted with phosphate buffer saline (PBS) after several bacterial
colonies had grown on them and kept their cell density at 1x10” colony forming units (CFU) per milliliter (mL). A 24-well
microtiter plate was filled with 1.0 mL tryptone soya broth (TSB) and 10 pL of each bacterial culture. The bacteria had a final
concentration of 1x10° CFU/mL in each well. After that, 100 uL of each sample solution at a 250 ug/mL concentration was
transferred to separate wells and incubated for 24 hours at 37 °C. The bacteria in the wells were then counted using the serial
dilution plate counting technique. The antibacterial propensity was determined using the formulas below and expressed as a log;q
reduction in bacterial growth and percent death.

Log; reduction = log;o (A gr) - logio (B A1),

% killing = (A pr- Bar)/ Apt * 100
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Agrand Brare the CFU of bacterial strains before and after twenty-four hours of incubation with sample solution treatment,
respectively.

Live/Dead Bacteria Staining Assay

A live and dead bacterial staining experiment was utilized to confirm the antibacterial activity of KF-CeO, NPs further using
a confocal laser scanning microscope (CLSM, FV-1200, Olympus, Tokyo, Japan). The experiment was conducted using the
methods outlined in.>' Two nucleic dyes, membrane-permeable Calcein-AM and membrane-impermeable propidium iodide (PI),
were utilized to stain the living (green) and dead (red) bacteria. Each bacterium was cultivated in nutrient broth in an orbital shaker
for twenty-four hours at 37 °C to reach the stationary phase of approximately 10°~10° CFU/mL. Then each bacterium strain was
injected onto a sterilized cover glass covered with poly-L-lysine in a 24-well plate. The bacteria attached to the cover glass were
cultivated for one hour. After removing the suspended bacterial cells, each cover glass was gently washed three times with a saline
solution.

The cells were cultured for twenty-four hours at 37 degrees Celsius after being treated with 100 uL of KF-CeO, NPs at
250 pg/mL. Bacteria cells on the cover glass were stained according to the manufacturer’s instructions using a living and dead
bacterial viability kit (L6037M, US EVERBRIGHT). CLSM was used to observe live and dead cells, with excitation wavelengths
of 490 nm and 535 nm for Calcein-AM and PI and emission wavelengths of 515 nm and 617 nm for Calcein-AM and P,
respectively. We only investigated KF-CeO, NPs for the live/dead staining experiment because they showed good antibacterial
characteristics in terms of log; reduction in bacterial growth.

Reactive Oxygen Species (ROS) Analysis

As previously mentioned,* the CellROX™

Green (C10444, Thermo Fisher) was utilized to explore the cause of bacteria death
owing to intracellular ROS generation. S. aureus and K. pneumoniae at 10° CFU/mL were treated with 100 pL of KF-CeO, NPs at
a 250 pg/mL concentration and incubated at 37 °C for 24 hours. The microbial cells were then treated with CellROX™ Green
(5 uM) for additional 30 minutes at 37 °C. After that, CLSM was used to acquire images with 485 nm absorption wavelength and
520 nm emission wavelength. To test whether the microbial cells have produced ROS or not, the findings of NPs-treated cells were

compared to those treated with one mM H,O, (positive control) and untreated cells (negative control).

Biofilm Inhibition Activity

The biofilm suppression efficacy of the KF-CeO, NPs was tested against bacterial and mycological species,”*° in contrast to
CH- CeO, NPs and Kochiae Fructus extract. In a 96-well plate, mycological and bacterial biofilms were grown at 1x10” CFU/
mL using RPMI agar and TSB, respectively. At 37 °C and 30 °C, respectively, both microbial species were cultivated for
twenty-four hours. After removing the planktonic cells, each well was washed three times with PBS. After that, each well was
filled with 100 pL of each sample solution at a concentration of 500 pg/mL, and the well plate was incubated at 37 °C for 24
hours. The staining agents (10 uL phenazine methosulfate and 90 pL. XTT) were added. After that, the microtiter well plate was
kept at 37 °C for four hours in the dark. Finally, optical density (OD) was measured at a wavelength of 492 nm, and biofilm
inhibition efficiency was calculated as a percentage using the formula:

Biofilm inhibition (%) = [Ayr — At/ Ayt] % 100
Ayt and At represent the optical densities of untreated and treated microbial species, respectively.

In vitro Anticancer Activity

HeLa cell line was purchased from ATCC (Manassas, USA). The anticancer activity of KF-CeO, NPs against HeLa cells
was assessed using the MTT method in comparison to CH-CeO, NPs and Kochiae Fructus extract.*® HeLa cells were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM) at 37 degrees Celsius in a humidified atmosphere of 5% CO, and 95%
air. HeLa cells were cultivated for twenty-four hours at 37 °C in 100 pL of DMEM in a 96-well plate to reach cell
confluency of 5x10° cells/well. 100 uL of each sample solution (KF-CeO, NPs, extract of Kochiae Fructus, and CH-CeO,
NPs) at a concentration of 100 pg/mL were added to each well separately, and the plate was incubated for another twenty-
four hours at 37 °C. After centrifuging the plate to remove the supernatant, it was washed with PBS solution. 15 pL of MTT
labeling agent (0.5 mg/mL) was added to each well and incubated for four hours at 37 °C. To solubilize the undissolved
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formazan crystals, 150 uL of DMSO was added to each well and incubated for four hours at 37 °C. The absorbance maxima
of formazan product in each well were determined at 570 nm using a Varian Eclipse spectrophotometer. The percentage of
cell viability was calculated using the following formula:

% Cell viability = OD ¢mpie/OD ¢ongrol %100

Cytobiocompatibility Analysis

The cytobiocompatibility of the KF-CeO, NPs against hMSC and 3T3 cells was determined using the MTT method in
comparison to CH-CeO, NPs and Kochiae Fructus extract. The hMSC and 3T3 cells were grown at 37 °C in a humidified
atmosphere of 5% CO, and 95% air in Dulbecco’s Modified Eagle’s Medium (DMEM). The hMSC and 3T3 cells were cultivated
for twenty-four hours at 37 °C in 100 uL of DMEM in a 96-well plate to achieve cell confluency of up to 5x10° cells/well. 100 pL
of 100 pg/mL concentration of each sample solution (CH-CeO, NPs, Kochiae Fructus extract, and KF-CeO, NPs) was added to
each well-containing hMSC, and 3T3 cells and the plate was then incubated for another twenty-four hours at 37 °C. After
centrifuging the plate to remove the supernatant, it was washed with PBS solution. 15 pL of MTT labeling agent (0.5 mg/mL) was
added to each well and incubated for four hours at 37 °C. To solubilize the undissolved formazan crystals, 150 pL of DMSO was
added to each well and incubated for four hours at 37 °C. The absorbance maxima of formazan product in each well were
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Figure | (A) XRD, (B) TEM, (C) size distribution, and (D) EDX analysis of KF-CeO, NPs.
Abbreviation: NPs, nanoparticles.
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determined at 570 nm using a Varian Eclipse spectrophotometer. The percentage of cell viability was calculated using the
following formula:
% Cell viability = OD ¢mpie/OD contror X100

Statistical Analysis
All biological tests were conducted in triplicate, and data are reported as the mean + standard deviation. In addition, we utilized
one-way and two-way ANOVA to determine the significance level of 0.05.

Results

Characterization

XRD studies were carried out to investigate the structural phase of KF-CeO, NPs, and its XRD is given in Figure 1A. The XRD
diffraction peaks attributed to crystal planes of (111), (200), (220) (311), and (222) are observed at 26 = 28.66, 33.03,47.56, 56.39,
and 59.05, respectively. The XRD pattern matches the JCPDS file No: 81-0792. No other peaks were identified that indicate the
great purity of KF-CeO, NPs. Tamizhdurai et al have also reported a similar XRD pattern for the CeO, NPs synthesized using
extract of aloe vera.** The morphology analysis of KF-CeO, NPs was performed with TEM. Figure 1B shows that the KF-CeO,
NPs have spherical morphology. Moreover, smaller aggregation of KF-CeO, NPs was observed. The average size of the KF-CeO,
NPs determined with TEM was 11.3 + 3.9 nm (Figure 1C).
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Figure 2 The antibacterial propensity of KF-CeO, NPs in terms of (A) Log,o reduction (¥ < 0.0001) and (B) percent killing (***p < 0.0001) against Gram-positive

(S. aureus) and Gram-negative (K. pneumoniae) MDR bacteria compared to CH-CeO, NPs and Kochiae Fructus extract.
Abbreviation: NPs, nanoparticles.
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Elemental and composition analysis was carried out by employing EDX. Figure 1D shows the EDX pattern of KF-CeO, NPs.
EDX pattern was mainly attributed to Ce peaks at 0.88 KeVand 4.83 KeV, while O peaks at 0.52 KeV. Furthermore, two additional
peaks attributed to carbon and nitrogen are also observed in the EDX pattern, which might correspond to the phytochemicals of
Kochiae Fructus extract adsorbed on the surface of KF-CeO, NPs. Literature suggests that phytochemicals in Kochiae Fructus
extract include nitrogen in their molecules which are called alkaloids, amino acids, etc.?® Similarly, Fafal et al and Kumar et al
observed carbon and nitrogen peaks in the EDX pattern of silver and gold NPs and suggested that they may be the consequence of
phytochemical adsorption on the surface of NPs synthesized using plant extract.>>*° Hence, characterization results corroborated
the successful fabrication of KF-CeO, NPs of our interest.

Antibacterial Activity

KF-CeO, NPs were screened for antibacterial propensity against two MDR bacterial strains compared to CH-CeO, NPs and
Kochiae Fructus extract. The results are presented in Figures 2A and B. Antibacterial results revealed that KF-CeO, NPs
exhibited higher log;, reduction and percent killing against both MDR bacterial strains compared to CH-CeO, NPs and
Kochiae Fructus extract. On the other hand, both CH-CeO, NPs and Kochiae Fructus extract displayed antibacterial
performance against both MDR bacteria. Kochiae Fructus extract may have antibacterial activities owing to the presence of

Merge

Calcein-Am

Control

S. aureus
| 2 | 2 20 ym

Figure 3 Live/Dead CLSM images. (A) Untreated and (B) treated S. aureus. (C) Untreated and (D) treated K. pneumoniae.
Abbreviation: Pl, Propidium iodide.
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bioactive phytochemicals with bactericidal characteristics. In addition, the increased antibacterial efficacy of KF-CeO, NPs in
comparison to CH-CeO, NPs may be a result of the existence of bioactive phytochemicals with bactericidal properties on their
surface. It has been observed that KF-CeO, NPs were found to be more active towards Gram-positive (S. aureus) than Gram-
negative (K. pneumoniae) MDR bacteria. This may be owing to the fact that Gram-positive MDR bacteria are more susceptible
to oxidative stress generated by ROS than Gram-negative MDR bacteria.’’*® Arumugam et al and Ahmad et al also have
reported a similar antibacterial activity trend with CeO, NPs synthesized with the extract of Gloriosa Superba and
Abelmoschus esculentus, respectively. Compared to studies by Arumugam et al and Ahmad et al, KF-CeO, NPs displayed
more robust inhibitory efficacy against both MDR bacterial strains. This may be due to differences in NP size and the type of

phytochemicals adsorbing to their surfaces.’’~®

Live/Dead Bacterial Staining Assay

Live and dead staining assay was carried out further on both MDR bacterial strains with a double staining kit. The results are
depicted in Figure 3A-D. Calcein-Am is a membrane-permeant dye and can only stain viable (Green) bacterial stains. On the
other hand, PI is a membrane impermeant dye and can only penetrate upon the destruction of the cell membrane. PI only stains
dead (Red) bacteria. CLSM images reveal that both untreated MDR bacteria (S. aureus and K. pneumoniae) have only stained
with Green (Live), indicating they are viable and have intact cell membranes. MDR bacterial strains treated with KF-CeO, NPs
have been completely stained with red (dead), indicating that their cell membrane has been damaged by the NPs. Furthermore,
aberrant shape and aggregation were seen in treated MDR bacterial strains. Hence, it can be deduced from these findings that the
antibacterial activity of KF-CeO, NPs may be due to their capacity to destroy the cell membrane of MDR bacterial strains.

Oxidative Stress Investigation

We explored further the function of ROS-induced oxidative stress in killing MDR bacterial strains. It is well known that bacteria
may be killed by oxidative stress upon their interaction with metal and metal oxide NPs.** ROS-induced oxidative stress was
investigated by employing a CellROX™ Green staining kit. Both MDR bacterial strains were treated with KF-CeO, NPs and
H,0, (positive control) and further stained with CellROX ™ Green. After incubation, the images were acquired using CLSM. As
shown in Figure 4, CLSM images indicate that no intracellular ROS generation occurs in untreated MDR bacterial strains.
However, sufficient and comparable green fluorescence was shown in MDR bacteria treated with KF-CeO, NPs and H,0,.
S. aureus treated with both samples had greater fluorescence intensity than K. prneumoniae, indicating that Gram-positive MDR
bacteria are more vulnerable to ROS-induced oxidative stress. A similar observation was also reported by.*”=* These findings

Control

10, KF-CeO, NPs

S. aureus

K. pneumonia

Figure 4 CLSM images of untreated (control) and treated MDR bacterial strains with KF-CeO, NPs and H,O, (positive control).
Abbreviation: NPs, nanoparticles.
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Figure 5 Biofilm inhibitory activity of KF-CeO, NPs in terms percentage inhibition against MDR bacteria (S. aureus and K. pneumoniae) compared to CH-CeO, NPs and
Kochiae Fructus extract. (***p < 0.001 and (****p < 0.0001).
Abbreviations: NPs, nanoparticles; MDR, Multi-drug resistant.

suggest that ROS-induced oxidative stress produced by KF-CeO, NPs inside bacterial cells is also one reason for their exceptional

antibacterial activity.

Antibacterial Mechanism of KF-CeO, NPs

The results of the Live/dead staining experiment and ROS intracellular studies imply that KF-CeO, NPs may have showed
superior antibacterial activity owing to the synergistic effect of the two mechanisms. (1) ROS-oxidative stress and (2) destruction
of bacterial cell membranes. It has been observed that nanomaterials and nanoparticles possess antibacterial properties owing to
chemical and physical degradation. Physical degradation entails the breakdown of lipid molecules, while chemical degradation is
oxidative stress.'?” ROS-oxidative stress is often induced by cerium oxide nanoparticles when sunlight strikes their surfaces.

They absorb photoenergy in excess of their band gap, resulting in electron ejection from the valence band and transfer to the
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Figure 6 In vitro anticancer activity of KF-CeO, NPs against the Hela carcinoma cells in terms of cell viability percentage compared to CH-CeO, NPs and Kochiae Fructus
extract (¥***p < 0.0001).
Abbreviation: NPs, nanoparticles.
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Figure 7 Cytobiocompatibility potential of KF-CeO, NPs with hMSC (***p = 0.0002, ****p < 0.0001) and 3T3 cells (*p = 0.0223, **p = 0.0016, ****p < 0.0001) in terms of

cell viability percentage compared to CH-CeNNO, NPs and Kochiae Fructus extract.
Abbreviation: NPs, nanoparticles.

conduction band. As a result, electrons and holes drive the redox process. Holes combine with hydroxyl ions to produce hydroxyl
radicals (Oxidation). In contrast, electrons react with O, to produce superoxide anions (Reduction).***! Hydroxyl radicals have
a strong attraction for biomolecules (DNA, amino acids, etc.), while reactions between superoxide anions and H,O produce
singlet oxygen species. These highly reactive species elicit phototoxicity in many tissues, resulting in the death of bacterial cells.
Moreover, physical degradation caused by the direct contact of cerium oxide NPs with bacterial surface promotes denaturing of
different biomolecules, including lipid, etc.>’**** Physical deterioration is accompanied by physical interaction induced by

positive charges on the cerium oxide NPs and negative charges on the bacteria.**

Biofilm Inhibition Activity

Microbial biofilm development has a crucial role in the pathogenesis of MDR and related illnesses. Due to these biofilms, MDR
bacteria are resistant to many antibiotic doses. Biofilms are one of the causes of antibiotic resistance. Thus, we further assessed the
biofilm inhibitory potential of KF-CeO, NPs compared to CH-CeO, NPs and Kochiae Fructus extract. The results of biofilm
inhibition are shown in Figure 5. KF-CeO, NPs had the highest percentage of biofilm inhibition against MDR bacteria compared
to other evaluated samples. Gram-positive MDR bacteria biofilms were much more suppressed by KF-CeO, NPs than Gram-
negative MDR bacteria biofilms. In addition, CH-CeO, NPs and Kochiae Fructus extract exhibited effective inhibitory activity
against the biofilms of both bacteria. Compared to a previous work by Altaf et al, our synthesized KF-CeO, NPs shown superior
biofilm inhibitory activity at 500 pg/mL compared to 800 pg/mL and 1600 pg/mL.* The improved activity of KF-CeO, NPs may
be attributable to their diminutive size and the natural phytochemicals adsorbed on their surface. Both antibacterial and antibiofilm
properties are heavily influenced by both factors.*” Results for antibacterial and biofilm-inhibiting action are found to be
congruent.

In vitro Anticancer Activity

In vitro anticancer activity of KF-CeO, NPs was determined against the HeLa carcinoma cells using MTT assays compared
to CH-CeO, NPs and Kochiae Fructus extract. The results are presented in Figure 6 in terms of cell viability percentage. All
of the samples indicated therapeutic effectiveness by killing HeLa cancer cells, as shown by the findings. KF-CeO, NPs
showed superior cytotoxicity against HeLa cells compared to other examined samples. The extraordinary anticancer
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activity of the KF-CeO, NPs may be due to a synergy between their physical characteristics and the inclusion of
phytomolecules from Kochiae Fructus extract on the NPs’ surfaces. Significantly, the Kochiae Fructus extract demonstrated
cytotoxic activity against HeLa cancer cells. This reveals that the Kochiae Fructus extract contains phytomolecules of
pharmacological significance that are capable of successfully destroying cancerous cells. Compared to previous investiga-
tions by Ahmed et al, our synthesized KF-CeO, NPs exhibited more cytotoxic activity on HeLa carcinoma cells at 100 pg/
mL than their tested concentrations.®” Our findings are analogous to those previously reported by.*

LW Control Kochiae Fructus
extract

KF-CeO, NPs ] CH-CeO, NPs

B Ee i Kochiae Fructus
extract

KF-CeO, NPs CH-CeO, NPs

Figure 8 Inverted micrograph of (A) 3T3 and (B) hMSC cells treated with KF-CeO, NPs, Kochiae Fructus extract, and CH-CeO, NPs.
Abbreviation: NPs, nanoparticles.
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Cytobiocompatibility Potential of KF-CeO, NPs

Cytobiocompatibility potential of KF-CeO, NPs with hMSC and 3T3 cells was determined in terms of cell viability
percentage compared to CH-CeO, NPs and Kochiae Fructus extract. Figure 7 demonstrates the findings. Kochiae Fructus
extract exhibited high cytobiocompatibility with both normal cell lines; however, hMSC cells seem marginally more
biocompatible. KF-CeO, NPs had the second greatest number of viable cells across both cell lines. hMSC cells proved to
be more biocompatible with KF-CeO, NPs than 3T3 cells. CH-CeO, NPs exhibited the lowest cytobiocompatibility with
all investigated cell lines compared to all other samples. It is worth noting that all samples had more than 80% cell
viability with all evaluated normal cell lines.

Using an inverted microscope, we next observed the morphological changes in hMSC and 3T3 cells treated with KF-
CeO, NPs, Kochiae Fructus extract, and CH-CeO, NPs at a concentration of 100 ug/mL. Figure 8A and B depicts the
inverted micrograph of 3T3 and hMSC cells, respectively. Following treatment with Kochiae Fructus extract and KF-
CeO, NPs, the morphology of hMSC and 3T3 cells remained similar to that of the control (untreated cells). CH-MnO,
NPs, on the other hand, were slightly hazardous to hMSC and 3T3 cells, lowering their volume and cytoplasm and
changing their shape. The results of inverted microscopy and cell viability were found to be compatible. Therefore, it can
be deduced that phytomolecules present in the Kochiae Fructus extract may be responsible for the increased cytobio-
compatibility of the KF-CeO, NPs.

Conclusion

We have successfully synthesized KF-CeO, nanoparticles using Kochiae Fructus extract. Various spectroscopic
methods were used to effectively characterize the KF-CeO, NPs. Experimental results of the antibacterial activity
of KF-CeO, NPs against Gram-positive and Gram-negative MDR bacteria were exceptional. KF-CeO, NPs demon-
strated a greater than 95% bactericidal efficacy against MDR microorganisms. By damaging bacterial cell membranes
and causing ROS oxidative stress, KF-CeO, NPs exhibited good antibacterial activity. In addition, KF-CeO, NPs
strongly suppressed the biofilms of MDR bacteria, indicating their potential for addressing antibiotic resistance
issues. Compared to Kochiae Fructus extract and CH-CeO, NPs, they exhibited significant cytotoxic effects on HeLa
cancer cells. In addition, the KF-CeO, NPs were shown to be highly biocompatible with hMSC and 3T3 cell lines,
suggesting that they may be employed in biological systems. All of these data indicate that KF-CeO, nanoparticles
synthesized using Kochiae Fructus extract are promising alternative treatments for MDR. In addition, this study will
give the potential for the sustained development of biocompatible NPs with enhanced biological capabilities derived
from vital pharmaceutical plants. A future study is required to evaluate the dose-dependent in vitro and in vivo
cytocompatibility.
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