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Glioblastoma multiforme (GBM) presents significant treatment challenges due 
to genetic heterogeneity and resistance to conventional therapies. This research 
investigates the prospects of green synthesized zinc oxide nanoparticles co-
doped with cerium and silver (Ce-Ag@ZnO) coated by Ziziphora tenuior extract 
as an innovative anticancer agent against GBM. The results of characterizing 
nanoparticles by UV-Vis, FTIR, and XRD confirm the successful development 
of pure Ce-Ag@ZnO with a crystalline structure. The FESEM and EDX/mapping 
outcomes showed Ce-Ag@ZnO were spherical with a mean size of 31.77 ± 3.7 
nm. These nanoparticles exhibited high selectivity toward cancer cells (U87 
and U251 cell lines) with IC50 values of 40.56 and 45.44 µg/mL and reduced 
toxicity towards normal human fibroblast cells (HFF cell lines). In addition, the 
release of Zn2+ ions and the consequent increase in reactive oxygen species 
(ROS) production lead to apoptosis as evidenced by elevated levels of apoptotic 
cells. While this study presents promising insights into the anticancer efficacy 
and selectivity of Ce-Ag@ZnO against GBM, further research is required to 
investigate and clarify the intricate molecular mechanisms involved. Overall, 
this approach highlights the capability of nanotechnology and plant-derived 
compounds in developing effective therapies for resistant cancers, thereby 
enhancing clinical outcomes for GBM patients.
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INTRODUCTION
Glioblastoma is a common primary brain 

tumor that is classified into six groups. Among 
them, glioblastoma (GBM) is the most aggressive, 
accounting for about 50% of brain tumors. 
Although chemotherapy, radiotherapy, and surgical 
methods are commonly employed, patient survival 
remains poor because of drug resistance and the 
nature of the blood-brain barrier (BBB) that results 
in insufficient accumulated dose in the tumor 
site and reduces the therapeutic efficiency [1, 2]. 
Hence, new strategies are required to improve 
therapeutic outcomes. Recently, nanotechnology 
has been used in the manipulation of materials 
at the nanoscale to control their size and physical 
and chemical properties. Nanoparticles (NPs) have 
attracted attention for cancer therapy and drug 
delivery to overcome limitations because of their 
high surface area, small size, and functionalized 
groups on their surface, and have shown side effects 
reduction and improved therapy efficiency [3, 4]. 
Among metallic NPs, zinc oxide nanoparticles 
(ZnO) have revealed great potential in cancer 
treatments due to biocompatibility and selective 
toxicity against cancerous cells by releasing Zn2+ 
ions and generating ROS that leads to apoptosis 
and cell death [5, 6]. Moreover, the incorporation 
of different metal ions can alter the physical and 
chemical characteristics where ZnO was doped by 
cerium and silver ions, and results showed selective 
and significant toxicity against cancer cells as well 
as great photocatalytic activity. Also, Al-doped 
ZnO showed cytotoxicity against broad cancer 
cells such as colon, lung, breast, and liver, and 
antibacterial activity [7-9]. Herein, in this study, 
cerium and silver were used as dopants because 
of their prooxidant activities and toxicity effects 
[10, 11]. Other reports showed incorporation of 
metal ions as dopants enhances anticancer effects 
and biocompatibility of  ZnO nanoparticles. 
When copper, cerium, and silver were doped 
ZnO NPs showed higher toxicity against cancer 
cells compared to pure ZnO. Hannachi et al, were 
showed the anticancer effects of ZnO enhanced 
after co-doping ZnO with Ce and ytterbium. [12-
14]. There are different physical and chemical 
approaches for the synthesis of ZnO, including 
hydrothermal, co-precipitation, sol-gel, and flame 
combustion; however, their usage is limited due to 
toxic precursors and cause toxic effects. Plant-based 
synthesis of ZnO offers a sustainable, economical, 

and environmentally friendly route. The bioactive 
compounds present in plant extracts, including 
phenols, alkaloids, and terpenoid, sserve dual 
roles as reducing and stabilizing (capping) agents 
[15, 16]. The Ziziphora tenuior L. (Lamiaceae) is 
a traditional medicine widespread plant around 
Iran and has been used against various diseases. 
This plant extract contains pulegone, menthone, 
thymol, and piperitenon, which provide essential 
groups for reducing and stabilizing nanoparticles 
[17]. Nanoparticles can be synthesized through 
chemical approaches; however, the use of chemical 
reducing agents poses potential hazards to both 
the environment and living systems [18]. Hence, 
the green synthesis of Ce-Ag@ZnO was chosen 
with Ziziphora tenuior L. (Lamiaceae) serving as 
stablizer due to its unique phytochemical profile 
and documented bioactivities that are particularly 
advantageous for anticancer applications. Extracts 
from Ziziphora species are rich in polyphenols, 
flavonoids, and terpenoids, which assist as highly 
effective reducing and stabilizing agents during 
nanoparticle synthesis, preventing aggregation and 
ensuring uniform morphology [19, 20]. Previous 
studies have demonstrated the effectiveness 
of Ziziphora tenuior L. in reducing Ag⁺ ions, 
and confirmed its role in influencing the size, 
morphology, and antibacterial properties of silver 
NPs [21, 22]. In addition to Ag nanoparticles, 
Ziziphora clinopodioides leaf extracts have the 
potential to be used for the synthesis of eco-friendly 
and economical zinc nanoparticles[23]. However, 
a study by Hazrati et al showed that Ziziphora 
tenuior has higher antioxidant and reducing 
power compared to Ziziphora clinopodioides [24]. 
Therefore, Ziziphora tenuior was selected for green 
synthesis. Here in this study, cerium (Ce) and 
silver (Ag) were used as dopants to enhance the 
anticancer efficacy of ZnO. We decided to extend 
the reaction time and reduce the temperature to 
decrease and control the size of NPs. In addition, 
Ziziphora tenuior L. extract acted as a reducer and 
capping agent to avoid aggregation of NPs. Then 
their properties and structure were characterized by 
UV-Vis, XRD, FTIR, and FESEM/EDX/mapping. 
The anticancer effects of the obtained NPs were 
investigated against GBM cells (U251 and U87) 
and normal cells (HFF). To our knowledge, it is the 
first time that an extract of Ziziphora tenuior L. was 
used for green synthesis of Ce-Ag@ZnO, and their 
anticancer effects were evaluated on GBM cells.
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MATERIALS AND METHODS
Chemicals and reagents

The Ziziphora tenuior L. plants were collected 
from Zoshk village in Razavi Khorasan Province, 
Iran. Cerium nitrate hexahydrate (Ce (NO3)3·6H2O, 
99.5%), Zinc oxide hexahydrate (Zn (NO3)2.6H2O), 
and silver nitrate (AgNO3, 99%) were bought 
from Sigma and Merck companies. DMEM-HG, 
DMEM-F12, along with penicillin-streptomycin, 
FBS, and trypsin-EDTA were sourced from 
Gibco (Grand Island, NY, USA). The malignant 
glioblastoma cells (U87 and U251 cell lines) and 
normal Human Foreskin Fibroblast cells (HFF cell 
lines) were supplied by Iran’s National Cell Bank at 
the Pasteur Institute in Tehran, Iran. Assays were 
performed using a dichloro-dihydro-fluorescein 
diacetate (DCFDA/H2DCFDA) cellular reactive 
oxygen species detection kit (Abcam, Cambridge, 
UK) and Annexin V-FITC assay kits (Cayman 
Chemical, Michigan, MI, USA). All other chemicals 
were obtained from Sigma-Aldrich (St. Louis, MO, 
USA).

Preparation of plant extract
The plant extract was obtained using a modified 

Sedaghat method [25]. Leaves of Ziziphora tenuior 
L. were collected, thoroughly washed three times 
to remove soil particles, and dried in the dark at 
room temperature for 48 h. Subsequently, 2.0 g of 
the dried leaves was mixed with 150 mL of distilled 
water and stirred for 2 h at 60 °C. The resulting 
solution was filtered and stored at 4 °C for further 
nanoparticle synthesis.

Green synthesis of ZnO and Ce-Ag@ZnO
Firstly, the 3.0 g of Zn (NO3)2.6H2O, 0.025 g 

of AgNO3, and 0.065 g of Ce (NO3)3·6H2O were 
dissolved in 50 mL of water separately. Then, Ce 
(NO3)3 and AgNO3 were added gradually into Zn 
(NO3)2 under stirring. Following, 30 mL of plant 
extract was added dropwise and kept under stirring 
for 18 h at 60 ℃. The obtained mixture was freeze-
dried for 24 h and later calcinated at 400 ℃ for 2 h, 
which resulted in yellow (ZnO) and brown powder 
(Ce-Ag@ZnO). The same procedure was done for 
the synthesis of pure ZnO, except that Ce (NO3)3 
and AgNO3 were not added to the ZnO.

Characterization
The UV-Vis spectra of NPs in the form of 

solution were calculated in the range of 200 to 800 

nm by a UV-Vis spectrophotometer (Shimadzu-
1800-Japan) at room temperature using water 
for baseline calibration to analyze the optical 
properties and band gap of synthesized ZnO and 
Ce-Ag@ZnO. To characterize the morphology, 
particle size, and distribution of NPs, FESEM/PSA 
(MIRA 3-TESCAN, Czech) was employed. ImageJ 
software was used for particle size analysis based 
on FESEM images. EDX/mapping was used to 
determine the weight percentage and distribution of 
elements. The crystalline structure and crystalline 
size were investigated by XRD (2θ=10-80⁰, Cu 
Kα= 1.541 Å, Philips). The FTIR was used for the 
determination of functional groups on the surface 
of NPs (Shimadzu-8400). The results of these 
characterization techniques give comprehensive 
information about the optical, morphological 
and structural properties of NPs and prospective 
applications.

Cell Culture and Viability
Cell viability was assessed using an MTT assay 

on U87, U251, and HFF cell lines. Briefly, cells were 
seeded in 96-well plates at a density of 1.5 × 10⁴ cells 
per well in DMEM-HG medium supplemented 
with 10% FBS and 1% non-essential amino acids 
(NEA), followed by overnight incubation at 37 
°C in a 5% CO₂ atmosphere. The cells were then 
exposed to different Ce-Ag@ZnO concentrations 
(0-1000 µg/ml) for 24 to 48 h. Afterward, each well 
was filled with MTT (5 mg/ml) and incubated for 3 
h. After dissolving the formazan crystals in DMSO, 
an Epoch ELISA reader was utilized to measure 
absorbance at 570 nm. The GraphPad Prism 
software was used to determine IC50 values. 

Annexin V-FITC PI Double Staining Assay
Apoptosis and necrosis induction by Ce-Ag@

ZnO in U87 and U251 cells were assessed using 
an Annexin V-FITC/ PI staining kit. Cells were 
seeded in 12-well plates at a density of 3 × 10⁵ 
cells per well and treated with Ce-Ag@ZnO for 24 
hours (U87: 20 and 40 µg/mL; U251: 23 and 46 µg/
mL). Following treatment, cells were washed with 
1× binding buffer, centrifuged, and stained with 
Annexin V-FITC and PI in the dark for 10 minutes 
at room temperature. Cell populations (viable, 
early apoptotic, late apoptotic, and necrotic) were 
quantified immediately using a BD FACSCalibur 
flow cytometer (Becton Dickinson, USA) and 
analyzed with FlowJo software (FlowJo, USA).
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Measurement of Reactive Oxygen Species (ROS) 
Generation

Intracellular ROS levels in U87 and U251 cells 
following Ce-Ag@ZnO exposure were quantified 
using the H₂DCFDA assay. Cells were seeded in 
96-well black plates at a density of 2.5 × 10⁴ cells 
per well and incubated overnight. After washing, 
the cells were loaded with 25 µM H₂DCFDA for 45 
minutes. Subsequently, cells were rinsed with 1X 
buffer and treated for 4 hours with Ce-Ag@ZnO 
(at IC₅₀ concentrations of 20 and 40 µg/mL for U87 
and 23 and 46 µg/mL for U251) or with 100 µM tert-
butyl hydroperoxide (TBHP) as a positive control. 
Fluorescence intensity (Ex/Em: 485/535 nm) was 
measured using a Victor X5 microplate reader. All 
experiments were performed in triplicate.

Statistical Analysis
All data are expressed as mean ± standard 

deviation. Statistical analyses were performed 
using GraphPad Prism® version 8.2.1. For multiple 
comparisons, the Kruskal-Wallis test was applied, 
followed by Dunn’s post hoc test for pairwise 
comparisons. A p-value of less than 0.05 was 
considered statistically significant.

RESULTS 
UV-Vis spectra

The results of UV-Vis spectra of ZnO and Ce-
Ag@ZnO (Fig. 1) showed maximum absorbance 
at around 300 and 302 nm, respectively. The 
absorption peak of ZnO depends on the size and 
shape of NPs [26]. When Ce and Ag are added to 

ZnO, they can induce defects in the grain size and 
structure of the NPs, creating new localized energy 
states within the band gap. These changes can lead 
to an increase in absorbance intensity. Additionally, 
oxygen deficiency in the ZnO structure can 
introduce defect energy levels, which can act as 
electron donors or acceptors, enhancing light 
absorption. [27, 28]. The Tuac equation (eq1) [29] 
was used for the calculation of the band gap of ZnO 
and Ce-Ag@ZnO. The band gap of ZnO decreased 
from 3.65 to 3.57 eV after doping.

	
( ) ( ) ( )Á                                                                                                                                 1n

gh h Eα υ υ= − � (1)

The direct band gap was calculated, so in the 
Tuac equation, n is 2, A is a constant, and Eg and 
α are the band gap and absorption coefficient, 
respectively.

FTIR
The FTIR spectra of ZnO and Ce-Ag@ZnO are 

presented, ranging from 400 to 4000 cm-1 in Fig. 2. 
The results show the characteristic band of metal 
oxide at 488, which confirms the presence of Zn-O 
bond and formation of ZnO NPs. A wide band at 
3470 cm-1 is associated with hydroxyl groups and 
bands at 1634 and 1478 cm-1 appeared because of 
C=O and C=C groups of phenolic and flavonoid 
compounds. The bands at 1384,1160, and 1025 cm-1 

are scribed to C-H groups of alkaline and C-O-C 
groups [23]. These bands are related to plant extract 
and imply that it contains phenolic, flavonoid, and 
carboxylic groups which had a significant role 

  

 

Fig. 1. The UV-Vis spectra of ZnO and Ce-Ag@ZnO demonstrated the following: (a) Maximum 
absorbance occurred at approximately 296 nm and 300 nm, respectively. (b) The band gap was observed 

at 3.65 eV and 3.57 eV, respectively. 

  

Fig. 1. The UV-Vis spectra of ZnO and Ce-Ag@ZnO demonstrated the following: (a) Maximum absorbance occurred at approximately 
296 nm and 300 nm, respectively. (b) The band gap was observed at 3.65 eV and 3.57 eV, respectively.
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as stabilizers [30]. In the FTIR spectrum of Ce-
Ag@ZnO, the intensity of the band at O-H and 
C-H regions (3470 and 1384 cm-1) decreased and 
widened, and the band at 1634 cm-1 disappeared. 
Also, a band at 455 cm-1 was observed, which 
indicates the incorporation of Ce and Ag ions into 
the ZnO structure [31].

XRD
The XRD patterns of nanoparticles presented 

in Fig. 3, show peaks at 31.8°, 34.4°, 36.3°, 47.6°, 
56.6°, 62.9°, 66.4°, 68°, and 69.1° indexed with plans 
(100), (002), (101), (102), (110), (103), (200), 
(112), and (201), respectively. The results matched 
with JCPDS No. 01-080-0075 and confirmed the 
crystallin hexagonal wurtzite structure of ZnO 
[7]. After doping Ce and incorporation of Ag with 
ZnO, the peak at the highest angle slightly shifted 
which may be due replacement of Ce ions in the 
ZnO lattice structure [32]. Also, peaks 38° and 44.1° 
matched to (111) and (020) for the cubic structure 
of Ag based on JCPD No. 01-087-0717 [33, 34]. 
The strong characteristic, sharp peaks, and no 
observation of other peaks indicate the high purity 
of NPs. The crystalline size of ZnO and Ce-Ag@

ZnO is calculated by the Debye Scherrer equation 
(eq2) [7].

	
( )                                                                                                                                                   2

cos
KD λ

β θ
= � (2)

D, k, and λ are the crystalline size (nm), constant 
(0.94), and the wavelength (0.154 nm), respectively. 
The β and θ denote FWHM and degree positioning. 
The crystallite sizes of ZnO and Ce-Ag@ZnO were 
determined to be 23.6 nm and 27.5 nm, respectively. 
The observed increase in size may be attributed to 
the deposition of Ag on the ZnO surface and the 
substitution of Ce ions into the ZnO lattice, given 
the larger ionic radius of Ce compared with Zn.

Morphology and elemental composition of NPs
The FESEM images of ZnO and Ce-Ag@ZnO 

and particle size histograms (Fig .4) demonstrate 
that ZnO are monodispersed spherical shape 
nanoparticles with an average size of 28.25 ± 1.67 
nm that approve the extract of Ziziphora tenuior L. 
acted very well as a reducer and stabilizer. The Ce-
Ag@ZnO is spherical with an average size of 31.77 

 

Fig. 2. Fourier-transform infrared (FTIR) spectroscopy was employed to characterize the 
functional groups of the synthesized nanoparticles. (a) The spectrum for pure ZnO exhibited a 

band at 488 cm⁻¹, corresponding to the Zn-O stretching vibration. (b) In the Ce-Ag@ZnO 
spectrum, this peak shifted to a lower wavenumber (455 cm⁻¹), suggesting structural 

modification due to the incorporation of Ce³⁺ and Ag⁺ ions into the ZnO matrix. 

  

Fig. 2. Fourier-transform infrared (FTIR) spectroscopy was employed to characterize the functional groups of the synthesized nanopar-
ticles. (a) The spectrum for pure ZnO exhibited a band at 488 cm⁻¹, corresponding to the Zn-O stretching vibration. (b) In the Ce-Ag@
ZnO spectrum, this peak shifted to a lower wavenumber (455 cm⁻¹), suggesting structural modification due to the incorporation of 

Ce³⁺ and Ag⁺ ions into the ZnO matrix.



194

M. Shojaee et al. / Nanoparticles and Glioma

Nanomed Res J 10(2): 189-201, Spring 2025

 

Fig. 3. X-ray diffraction (XRD) analysis was conducted to determine the crystalline phase of the 
synthesized nanoparticles. (a) The pattern for pure ZnO was consistent with the hexagonal 

wurtzite structure (JCPDS No. 01-080-0075). (b) The Ce-Ag@ZnO pattern retained the 
characteristic ZnO peaks but also exhibited additional diffraction peaks corresponding to metallic 

silver (JCPDS No. 01-087-0717), validating the incorporation of Ag into the composite. 

  

Fig. 3. X-ray diffraction (XRD) analysis was conducted to determine the crystalline phase of the synthesized nanoparticles. (a) The 
pattern for pure ZnO was consistent with the hexagonal wurtzite structure (JCPDS No. 01-080-0075). (b) The Ce-Ag@ZnO pattern 
retained the characteristic ZnO peaks but also exhibited additional diffraction peaks corresponding to metallic silver (JCPDS No. 01-

087-0717), validating the incorporation of Ag into the composite.

 
Fig. 4. FESEM analysis was employed to characterize the morphology and size of the synthesized 

nanoparticles. (a, b) The micrographs demonstrated that both ZnO and Ce-Ag@ZnO consist of spherical 
particles at the nanoscale. (c, d) Quantitative analysis showed a slight increase in the average particle size 

from 28 nm for pure ZnO to 31 nm for the Ce-Ag@ZnO composite. This increase in size is consistent 
with the successful formation of a Ce-Ag co-doped structure. 

  

Fig. 4. FESEM analysis was employed to characterize the morphology and size of the synthesized nanoparticles. (a, b) The micrographs 
demonstrated that both ZnO and Ce-Ag@ZnO consist of spherical particles at the nanoscale. (c, d) Quantitative analysis showed a 
slight increase in the average particle size from 28 nm for pure ZnO to 31 nm for the Ce-Ag@ZnO composite. This increase in size is 

consistent with the successful formation of a Ce-Ag co-doped structure.
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± 3.7 nm which confirms crystalline size resulting 
from XRD. These results indicate that after doping, 
the size of nanoparticles got a little larger which is in 
agreement with other studies. Other reports showed 
that the size of  ZnO increased after doping with Ag 
and Ce [7]. The mapping and EDX results (Fig. 5) 
confirm that Ce-Ag@ZnO is composed uniformly 
of O, Zn, Ce, and Ag with a weight percentage of 
33.5, 61.25, 4.61, and 0.78% respectively. The low 
percentage weight of Ag and Ce is because of the 
low amount of them used as dopants. The EDX of 
ZnO shows high purity of ZnO with the existence 
of only Zn and O with weight percentages of 57.6 
and 42.4%. A comparison of EDX results of Ce-
Ag@ZnO and ZnO indicates that Ag and Ce doped 
to ZnO successfully with high purity.

Anticancer
MTT assay

The cytotoxicity of Ce-Ag@ZnO against 
malignant U251 and U87 GBM cancer cells was 
examined using an MTT assay kit. The results show 

(Fig. 6) that Ce-Ag@ZnO reduced the viability of 
GBM cancer cells (U87 and U251 cell lines), with 
IC50 values of 40.56 and 45.44 µg/mL after 24 h. 
Furthermore, the IC50 values for U87 and U251 cell 
lines after 48 h were evaluated to be 29.54 and 38.73 
µg/mL, respectively, showing a dose and time-
dependent suppression of cell growth by Ce-Ag@
ZnO (Table 1). 

Normal HFF cells
To evaluate the selectivity of Ce-Ag@ZnO, its 

effects on normal human foreskin fibroblast (HFF) 
cells were investigated. Microscopic examination 
(Fig. 6) showed that even at a high concentration 
corresponding to the IC₅₀, HFF cells exhibited 
only minor signs of cytotoxicity, including slight 
shrinkage and detachment. This contrasts sharply 
with the pronounced effects observed in malignant 
U87 and U251 cells, indicating a favorable selective 
toxicity. The high IC₅₀ value of 127.8 µg/mL 
quantitatively substantiates the low cytotoxicity of 
Ce-Ag@ZnO in normal cells.

 
Fig. 5. The mapping and EDX analysis of Ce-Ag@ZnO and ZnO revealed the following: (a) Validation of 
the primary elements in Ce-Ag@ZnO. (b) The percentages of Zn and O in the ZnO nanoparticle structure 

were 57.6% and 42.4%, respectively. (c) The percentages of O, Zn, Ce, and Ag in the Ce-Ag@ZnO 
structure were 33.5%, 61.25%, 4.61%, and 0.78%, respectively 

  

Fig. 5. The mapping and EDX analysis of Ce-Ag@ZnO and ZnO revealed the following: (a) Validation of the primary elements in 
Ce-Ag@ZnO. (b) The percentages of Zn and O in the ZnO nanoparticle structure were 57.6% and 42.4%, respectively. (c) The per-

centages of O, Zn, Ce, and Ag in the Ce-Ag@ZnO structure were 33.5%, 61.25%, 4.61%, and 0.78%, respectively
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Apoptosis assay
To investigate the pro-apoptotic effects of Ce-

Ag@ZnO, U87 and U251 glioma cells were analyzed 
by flow cytometry following Annexin V-FITC/
PI staining. The results (Fig. 7) indicate that Ce-
Ag@ZnO treatment induced apoptosis in a dose-
dependent manner. Specifically, the compound led 
to a substantial increase in the percentages of cells 

in both early and late apoptotic stages compared to 
the control group.

Ce-Ag@ZnO caused a significant dose-dependent 
ROS generation

To evaluate the contribution of ROS to the 
cytotoxic effects of Ce-Ag@ZnO, intracellular ROS 
levels were quantified fluorimetrically after a 4-hour 

 

Fig. 6. Evaluating the viability and microscopic images of (A) U251 and (B) U87 GBM and (C) 
HFF cells following treatment with Ce-Ag@ZnO for 24 and 48 h using MTT assay. Data are 

expressed as Mean ± SD. 

  

Fig. 6. Evaluating the viability and microscopic images of (A) U251 and (B) U87 GBM and (C) HFF cells following treatment with 
Ce-Ag@ZnO for 24 and 48 h using MTT assay. Data are expressed as Mean ± SD.
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Table 1 IC50 values of Ce-Ag@ZnO after 24 and 48 h for U87 and U251 GBM cells 

 

 

U87 
24 h 40.56 μg/mL 
48 h 29.54 μg/mL 

U251 
24 h 45.44 μg/mL 
48 h 38.73 μg/mL 

HFF 24 h 127.8 μg/mL 
 

Table 1. IC50 values of Ce-Ag@ZnO after 24 and 48 h for U87 and U251 GBM cells

 

 Fig. 7. Analysis of Ce-Ag@ZnO-induced cell death and oxidative stress.(A) Flow cytometric analysis of apoptosis and necrosis via 
Annexin V-FITC/PI staining in U87 and U251 cells after 24 h. Quadrants: Q4 (viable), Q3 (early apoptotic), Q2 (late apoptotic), Q1 
(necrotic). (B, C) Quantification of ROS production using the DCFDA assay in (B) U87 and (C) U251 cells treated for 4 h with Ce-
Ag@ZnO; TBHP was used as a positive control. Values represent mean ± SD (n=3 for B and C). *p < 0.05, **p < 0.01 versus control.
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incubation. As shown in Fig. 7, Ce-Ag@ZnO 
induced a significant, concentration-dependent 
increase in ROS production in both U87 and U251 
cells. A similar elevation was observed with TBHP, 
which was used as a positive control.

DISCUSSION
Despite the efforts for the treatment of 

glioblastoma multiform (GBM), it is still one 
of the most challenging health issues due to 
genetic heterogeneity, the blood-brain barrier, 
and resistance to therapy [35]. Therefore, 
nanotechnology was employed to overcome these 
limitations. Green-synthesized metallic NPs 
have shown promising applications in anticancer 
treatments due to their small size, high surface 
ratio, and biocompatibility. They have been studied 
as drug delivery vehicles to reduce side effects, 
minimize environmental effects while maximizing 
safety in biomedical applications, and enhance 
anticancer effects for cancer treatments. Using plant 
extracts for NP synthesis not only reduces toxicity 
but also enhances biocompatibility, making these 
NPs suitable for clinical applications [36]. Ziziphora 
tenuior L. is widely grown around Iran and used as a 
traditional medicine against various diseases. Also, 
this plant contains various chemical constituents, 
including Pulegone, menthone, thymol, and 
piperitenon which provide hydroxyl and carboxyl 
groups and act as a capping agent and reducer. 
These components reduce and convert metal ions 
into zero-valent NPs. Then they adsorb on the 
surface of NPs prevent aggregation and stabilize 
NPs. It is important to acknowledge that numerous 
monoterpenoid compounds, including pulegone, 
possess anticancer properties [37, 38]. ZnO NPs 
have gained attraction as an anticancer agent 
due to their small size, easy synthesis, solubility, 
high biocompatibility, and ROS production [39]. 
These NPs are solubilized within the medium or 
cellular structures, resulting in the release of zinc 
ions (Zn2+). The released Zn2+ triggers a state of 
zinc-mediated protein activity imbalance and 
oxidative stress via ROS, which may constitute a 
potential mechanistic pathway for the cytotoxicity 
associated with NPs. Considering the selective 
cytotoxic properties of ZnO-NPs attributable to 
the enhanced production of ROS within neoplastic 
cells, these NPs possess the capacity to preferentially 
target cancerous cells and may be utilized as an 
anticancer therapeutic agent [29]. It has been 
found that plant-based preparation of CeO2-NPs 

as a drug delivery system significantly promotes 
anti-tumor potentials [10, 40]. For instance, 
compared to the temozolomide drug alone, CeO2-
temozolomide exhibited elevated  antiproliferative 
properties, cell cycle arrest, apoptosis, and p53 
expression [10]. In a recent study, CeO2-NPs 
loaded Urolithin B significantly affected the 
viability of U87 glioblastoma cells, P53 mRNA 
expression, and ROS production. Interestingly, 
CeO2-Urolithin B presented more considerable 
anti-GBM effects compared to Urolithin B alone 
[40]. Silver (Ag) nanoparticles have been shown 
they have proapoptotic properties and reduce GBM 
tumor growth significantly [41, 42]. Subsequently, 
we decided to use Ag to enhance the anticancer 
effects of ZnO. It should be noted that, as XRD 
results showed, Ag is incorporated on the surface of 
ZnO and cannot substitute in the lattice structure 
of ZnO like Ce. In the present study, Ce-Ag@ZnO 
decreased the viability of GBM tumor cells (IC50 
values of 40.56 and 45.44 µg/mL for U87 and U251, 
respectively, after 24 h). Lower toxicity of Ce-Ag@
ZnO towards normal HFF cells demonstrated the 
highly selective cytotoxicity towards cancer cells 
while sparing normal cells presents a significant 
advantage in cancer therapy. We found that Ce-
Ag@ZnO at higher doses significantly elevates ROS 
production in GBM cells (U87 and U251). Another 
outcome of this study revealed that Ce-Ag@ZnO 
enhances both early and late apoptosis in a dose-
dependent fashion. This effect may be linked to the 
release of Zn²⁺ ions and the resulting intracellular 
generation of reactive oxygen species (ROS), 
suggesting that apoptosis could be initiated through 
oxidative stress [7, 43]. Mahdizadeh et al. reported 
that green-synthesized ZnO nanoparticles induced 
the upregulation of apoptotic markers, including 
Caspase-3 and Caspase-8, highlighting their role 
in mediating apoptosis in both in vitro and in 
vivo breast cancer models [44]. Mansour Kha et 
al synthesized Ce-Ag@ZnO by using taranjabin 
as a stabilizer and investigated their cytotoxicity 
on breast cancer cells (MDA-MB-231 cell lines) 
and breast normal cells (MCF-10A cell lines). The 
results showed doping enhanced the cytotoxicity of 
pure ZnO against cancer cells, while no significant 
toxicity on normal cells [7]. Due to the limited 
research regarding the effects of Z. tenuior on 
GBM cells, this study was initiated to investigate 
the influence of green-synthesized Ce-Ag@ZnO 
by using Z. tenuior extract on the proliferation of 
GBM tumor cells. These modifications may induce 
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apoptotic processes within cellular structures. Our 
experiment was limited by the use of only two 
cell lines and a single dose of Ce-Ag@ZnO, which 
was insufficient to reach a strong conclusion; as 
such, we are investigating the effects of different 
concentrations of Ce-Ag@ZnO. Along with the 
effect of dopants on the structure and chemical 
characteristics of NPs, the effect of various dopant 
concentrations requires further investigation. 

CONCLUSION
The ZnO and Ce-Ag@ZnO were synthesized 

via green methods which Ziziphora tenuior L. 
extract was used as a stabilizer and reducer. These 
NPs were characterized by UV-Vis, XRD, FTIR, 
FESEM, and EDX/mapping. The FESEM images 
and EDX/mapping showed ZnO and Ce-Ag@ZnO 
have homogenously small sizes of 28.25 ± 1.67 and 
31.77 ± 3.7 nm, and elements distribute uniformly. 
UV-Vis, XRD, and FTIR confirm crystalline 
structure and incorporation of Ce and Ag into 
ZnO and the successful synthesis of Ce-Ag@
ZnO. Also, this modification showed significant 
selective anticancer activity against GBM. These 
NPs constitute an innovative and promising 
strategy in the persistent struggle against GBM. 
Through a multifaceted mechanism of action that 
centers on mediating apoptotic responses while 
concurrently reducing systemic toxicity, these NPs 
underscore the prospective role of nanotechnology 
in forthcoming cancer treatment modalities. By 
further investigating their synergistic effects and 
optimizing their formulations, these NPs could 
pave the way for more effective and targeted cancer 
therapies. Future research will assist in clarifying 
their roles and promote the therapeutic landscape 
for treating resistant forms of cancer like GBM. The 
translational capacity of these NPs may indicate 
a noteworthy progression in ameliorating GBM 
prognosis and patient outcomes, emphasizing 
the vital convergence of nanotechnology, plant 
biochemistry, and oncological therapeutics.
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