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Abstract

A successful attempt was made to utilize leaf extract of Prosopis fracta for the environmentally friendly and
straightforward synthesis of zinc oxide (ZnO) and cobalt-doped zinc oxide (Co-ZnO) nanoparticles. This synthesis was
characterized using analytical techniques including field emission scanning electron microscopy (FESEM) and powder
X-ray diffraction (PXRD). The presence of finely doped cobalt within the zinc oxide structure was confirmed by PXRD
and energy dispersive X-ray (EDX) data. The FESEM analysis revealed a spherical morphology for both ZnO and Co-
ZnO nanoparticles. The cytotoxicity of the synthesized nanoparticles was surveyed against brain glioblastoma cells
(U87) through the WST-1 assay. Compared to the results obtained from pure nanoparticles, the doped nanoparticles
demonstrated a significantly greater toxicity towards US87 cells. Experimental results presented that Co-ZnO
nanoparticles created a pronounced cytotoxic impact. Thus, it concluded that doping process applied to ZnO
nanoparticles enhanced their inhibitory effect on U87 cells.
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1. Introduction

Over recent years, nanoscale engineering has emerged as a highly promising strategy across various therapeutic
domains. Among engineered nanoscale entities, metallic nanostructures have attracted substantial attention both as
stand-alone therapeutic agents and as advanced carriers designed for the targeted delivery of pharmacological
compounds against complex diseases. Zinc oxide (ZnO) nanostructures, a prominent subclass of metal oxide
nanomaterials, exhibit exceptional ultraviolet radiation attenuation combined with optical transparency in the visible
spectrum, establishing their utility as advanced photoprotective formulations for dermatological applications [1,2].
Furthermore, studies have elucidated their antimicrobial and antineoplastic functions, mechanisms largely attributed to
their ability to induce cellular redox imbalance [3]. In addition to these inherent therapeutic properties, ZnO
nanostructures also serve as versatile platforms for pharmaceutical payload delivery. ZnO nanostructured variants with
characteristic dimensions exceeding 100 nanometers display favorable biocompatibility profiles, reinforcing their
suitability for drug carrier applications [4].

ZnO is a conventional semiconductor characterized by a wide electronic bandgap. This distinctive electronic
configuration underpins its applicability across multiple biomedical interventions, including cancer suppression,
microbial inhibition, and antifungal therapies [5]. The therapeutic mechanisms of ZnO nanostructures predominantly
arise from their ability to catalyze ROS formation, triggering irreversible cellular damage when endogenous antioxidant
defenses become overwhelmed [6]. The semiconductor physics governing ZnO directly modulates its ROS-generating
potential. In semiconductor frameworks, electron energy states occupy discrete bands separated by a forbidden energy
zone called the bandgap, the interval extending from the upper boundary of electron-populated bonding states to the
lower threshold of the empty delocalized transport zone. In crystalline ZnO, this bandgap measures approximately 3.3
electron volts. Photonic energy within the ultraviolet range possesses sufficient quantum energy to promote the highest-
energy electron-filled orbital into the unoccupied mobile charge region, thereby producing complementary mobile
charge carriers of opposite polarity. These photogenerated charge carriers subsequently migrate to the nanoparticle
periphery, where electrons reduce molecular oxygen while holes oxidize hydroxyl species, culminating in superoxide
anion and hydroxyl radical formation [5,7].

Notably, even under ambient illumination without ultraviolet exposure, ZnO nanostructures harbor substantial
populations of positive charge vacancies in the uppermost occupied energy stratum and/or mobile negative charge
carriers in the accessible unoccupied transport region. This phenomenon arises from intrinsic crystallographic
imperfections characteristic of nanoscale architectures. The resulting reactive oxygen species (ROS) initiate self-
perpetuating redox cascades within cellular environments, culminating in permanent oxidative injury to biomolecular
constituents [8]. Additional cytotoxic pathways contributing to ZnO nanostructure bioactivity include programmed cell
death and unregulated cellular disintegration mechanisms [9,10]. ROS-mediated genomic lesions activate apoptotic
signaling cascades [11]. This sequence leads to apoptosome assembly and the sequential activation of caspase proteases
[12]; proteolytic cleavage of critical cellular substrates ultimately executes programmed cell death. An alternative
dissolution-mediated mechanism has also been proposed, wherein internalized ZnO aggregates undergo rapid
solubilization within acidic lysosomal compartments of phagocytic cells, releasing zinc ions that independently trigger
apoptotic pathways [9].

The antineoplastic activity of ZnO nanostructures operates through dual mechanisms: ROS-mediated oxidative stress
and apoptosis induction, coupled with distinctive electrostatic interactions. The surface charge characteristics of these
nanostructures derive from hydroxyl moieties chemisorbed onto their exterior interfaces. In aqueous environments
under alkaline conditions, surface proton dissociation yields negatively charged interfaces featuring deprotonated
oxygen termini (ZnO~). Conversely, under acidic conditions, proton adsorption generates positively charged surfaces
(ZnOH:") [5,13]. With an isoelectric point occurring between pH 9 and 10, ZnO nanostructures maintain a substantial
positive surface potential under physiological pH conditions [14]. Malignant cellular membranes, in contrast, display
elevated concentrations of anionic phospholipid components, particularly phosphatidylserine, on their outer leaflets,
alongside pronounced negative transmembrane potentials [15,16]. This electrostatic complementarity at the interface
between cationic nanoscale constructs and anionic malignant cellular boundaries enhances cellular internalization,
phagocytic uptake, and consequent cytotoxic potency [17].

These multifaceted attributes position ZnO nanostructures as viable candidates for nanotherapeutic deployment or as
synergistic enhancers alongside conventional chemotherapeutics. Research efforts have additionally explored the
integration of pharmaceutical payloads with ZnO nanostructures to enhance cellular internalization and achieve
combinatorial therapeutic outcomes. Surface engineering strategies have been implemented to improve colloidal
stability and cell-type selectivity. Experimental findings demonstrated that surface functionalization using polyethylene
glycol, Triton X-100 surfactant, or hyaluronic acid matrices preserved intrinsic antineoplastic efficacy while improving
biocompatibility profiles toward non-malignant cell populations through protective biopolymeric coatings [18-20].
Furthermore, combinatorial investigations pairing ZnO nanostructures with established chemotherapeutic agents,
including doxorubicin, cisplatin, and paclitaxel, revealed substantially enhanced cytotoxic responses compared to
monotherapy regimens [8,21].
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Selective cytotoxicity toward malignant cell populations has received empirical confirmation using murine myogenic
precursor and preadipocyte differentiation platforms. Elevated caspase-3 enzymatic activity coupled with amplified
ROS generation was observed preferentially in C2C12 cultures relative to 3T3-L1 counterparts, confirming targeted
apoptotic induction in neoplastic lineages [22]. Wahab and colleagues [23] further demonstrated cellular selectivity by
evaluating ZnO nanostructure toxicity across malignant T98G glioblastoma and KB epidermoid carcinoma lines versus
non-transformed HEK renal epithelial cells. Results indicated maximal cytotoxicity against T98G cells, intermediate
effects on KB populations, and minimal impact on normal HEK cells. Additional investigations examining size-
dependent (5 nm versus 200 nm) and interfacial molecular interaction phenomena confirmed consistent preferential
toxicity toward malignant cultured cell populations without compromising normal human benign counterparts across
heterogeneous molecular defense networks [24,25].

Leveraging their intrinsic antineoplastic properties, ZnO nanostructures have been engineered as carriers for active
pharmaceutical ingredients with the objective of potentiating chemotherapeutic efficacy. Hypotheses suggest that drug
loading onto ZnO platforms may amplify therapeutic indices through synergistic mechanisms. To further refine tumor
targeting precision, nanostructure surfaces have been functionalized with molecular recognition elements, including
vitamin-derived targeting entities alongside engineered oligonucleotide binders formulated to selectively adhere to
pterin-transport proteins and glycosylated epithelial surface antigens, both displaying elevated abundance on
tumorigenic plasma membranes [26-28]. Han and colleagues integrated targeted photodynamic therapy with
conventional chemotherapy using aptamer-decorated, drug-loaded ZnO nanostructures. Transcriptional upregulation of
caspase-3 confirmed apoptosis execution at the gene expression level. Aptamer conjugation markedly increased
intracellular nanostructure accumulation within malignant cells, suggesting that such multimodal therapeutic platforms
may achieve enhanced neoplastic cytotoxicity through combined mechanistic pathways [26].

As the most prevalent and aggressive primary brain tumor, glioblastoma can arise in any part of the brain's nervous
tissue [29] and confers a very short median survival time. In contrast, only approximately three percent of affected
individuals demonstrate sustained viability exceeding forty-eight months [29]. This widely utilized intracranial glial
malignancy culture model holds a distinguished status among human-derived grade IV astrocytoma experimental
systems, although previous assessments have claimed that brain tumors surpass other types of human tumors in clinical
significance. Considering the lower probability of these cancers occurrence when compared to the other kinds, such as
gastrointestinal cancers, yet the crucial stance of their tumor type is indisputable due to their acute difficulties,
deficiency of pertinent treatment, and supremely high metastasis [30].

The effectiveness of current treatments for glioblastoma is quite disheartening, as a significant proportion of cases
experience recurrence. This is primarily due to the inability of chemical drugs to penetrate the brain across the blood-
brain barrier. Such a phenomenon facilitates tumor recurrence, aided by the self-regenerative properties of glioma stem
cells [29], culminating in a pronounced reduction of typical survival metrics among individuals afflicted by aggressive
glial malignancies. Deleterious consequences arising from therapeutic agent co-administrations, along with the
protracted treatment duration, substantial financial burden, and suboptimal clinical outcomes inherent in current
intervention protocols, underscore the growing global need for developing pioneering methodologies and tactical
frameworks to mitigate this pathological condition [31].

Sub-100-nanometer construct engineering embodies a rapidly evolving domain with substantial promise to advance
pharmaceutical manufacturing, treatment modalities, and disease identification frameworks for heterogeneous
pathological conditions, including malignant neoplasms [32,33]. Elemental cation-oxygen composite submicron entities
have been the subject of sustained scholarly examination as a promising therapeutic avenue for malignant neoplasms
[34,35]. The manufacture and creation of these entities may serve as highly cost-effective strategies, stemming from the
abundant geological presence of inorganic ZnO mineral reserves. Notably, nanoscale ZnO composites manifest
characteristics that may position them as especially potent agents against glioblastoma multiforme [35].

The fabrication of ZnO nanostructures using ecologically sustainable precursors, including naturally derived
biomolecules, polymeric macromolecules [36,37], botanical foliar extracts [38-40], prokaryotic microorganisms [41],
fungal species [42,43], and photosynthetic microalgae [44], offers distinct advantages in terms of environmental
stewardship and physiological compatibility for pharmacological deployment, while simultaneously eliminating the use
of hazardous reagents during synthetic procedures. The integration of phytogenic extracts into nanofabrication protocols
has emerged as an operationally straightforward yet highly efficient alternative to conventional physicochemical
techniques. Sustainable nanostructure production paradigms have attracted considerable scholarly interest due to their
ecological advantages, cost-effectiveness, and expanding implementation across therapeutic nanocarrier systems,
catalytic pharmaceutical synthesis, nanoscale optoelectronic devices, and related technological domains [45]. This
research frontier represents an innovative and rapidly advancing scientific discipline in which continuous
methodological refinement promises substantial future impact. Biologically derived and ecologically conscious ZnO
nanostructure fabrication methodologies exhibit negligible cytotoxicity, biological safety, and tissue compatibility,
rendering them suitable for pharmaceutical delivery platforms, dermo-cosmetic formulations, and biomedical composite
reinforcement applications [46].
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Botanical extract utilization represents an accessible pathway for ZnO nanostructure biosynthesis. Sangeetha et al. used
foliar extracts of Aloe barbadensis miller to generate ZnO nanostructures by comparing chemical and biological
protocols. The reaction between zinc nitrate precursors and Aloe vera leaf extracts produced exceptionally stable
spherical nanostructures. A conversion efficiency exceeding 95% was achieved when the leaf extract concentration
exceeded 25% (v/v). Microscopic characterization using scanning and transmission electron microscopy revealed
polydisperse nanostructures with an average diameter of 25-40 nanometers. The nanostructures were predominantly
spherical, and dimensional control could be achieved by systematically modulating the concentration of the botanical
extract [47,48].

Therefore, this study focused on eco-compatible synthesis of ZnO and cobalt-integrated zinc oxide (Co-ZnO)
nanoparticles using Prosopis farcta plant extract. Considering zinc-oxygen's established attributes and oncological
treatment urgency, this investigation examined these laboratory-synthesized ultrafine constructs' influence on cellular
demise within human intracranial grade IV glial malignancy cultures (U87).

2. Experimental

2.1 Extraction of Prosopis Farcta

Plant material from Prosopis farcta was first weighed, then mixed with purified water at a 1:10 (w/v) ratio. The mixture
was subjected to orbital shaking at 150 rpm for 15 hours. The resulting suspension was then filtered through a porous
membrane, and the filtrate was retained for subsequent analyses.

2.2 Synthesis of ZnO Nanoparticles

To synthesis of nanoparticles, 15 mL (0.1 g) of extract was added to 0.5 mol/L of solution of Zn(NO3)>9H>O (Merck).
This solution stirred. Afterwards, the obtained solution dried at 60 °C forl0 hours. The resulted raw powder was
calcinated at 600 °C for 2.5 hours. the obtained white powder was ZnO nanoparticles.

2.3 Synthesis of Co-ZnO Nanoparticles

For nanoscale assembly production, fifteen-milliliter phytoextract portions were introduced into aqueous media
containing half-molar zinc nitrate nonahydrate alongside fifty-millimolar cobalt nitrate hexahydrate (commercial origin).
The admixture underwent sustained agitation for 3 hours at 70 °C, followed by ten-hour evaporative drying. The
desiccated residue subsequently received calcination at 600 °C for 2 hours, yielding cobalt-doped zinc-oxygen
nanoscale constructs. A visual workflow schematic appears in the Figure 1.

P. fracta Extraction 15 mL Extract +

Metal Nitrate
@ P. fracta Bark Powder Solution (50 mL)

Filtered P. fracta

Distiled Water
(10 parts)

Extract
3 hours Stirring
15 hours, 150 rpm l
Calcination Drying Process

€=

Co-ZnO
nanaoparticles

Dried Samples

Figure 1. Schematic image of preparation of Co-ZnO nanoparticles.
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2.4 Characterization of Nanoparticles

Multiple characterization protocols were implemented to define physicochemical attributes of ZnO and Co-ZnO
nanoscale entities. Extended structural order within artificially generated specimens was evaluated via powder X-ray
diffraction using copper characteristic radiation on PANalyticalX’Pert PRO MPD system. Lattice phonon signatures
were captured through inelastic light scattering analysis activated by 532 nanometer monochromatic excitation.
Furthermore, the surface morphology of the samples was examined via FESEM (MIRA3 TESCAN, Czech) analysis.

2.5 Cytotoxicity Test
2.5.1 Cell Culture

This experimental segment concentrated on measuring cell death induction by nanoscale entities directed toward human
cerebral grade IV glial malignancy cultures. Toward this aim, previously acquired cryopreserved specimens from an
Iranian national biomedical institution underwent defrosting before nutrient medium propagation. The cellular material
was thereafter relocated into conical polymeric sedimentation containers and subjected to rotational separation at eight
hundred thirty-three cycles per minute for a nine-minute duration. After decantation of the supernatant phase, nutrient-
replete cultivation matrix was incorporated with the cellular sediment, and the resultant dispersions distributed into
sterile culture containers. Cellular propagation employed DMEM medium augmented with ten percent bovine fetal
serum derivative, one hundred micrograms per milliliter aminoglycoside antibiotic, and 100 units per milliliter
penicillin-class agent to inhibit contaminant proliferation. Environmental maintenance at 37 °C under 5% carbon
dioxide atmosphere subsequently enabled cellular multiplication and population amplification.

2.5.2 WST-1 Test

Cellular lethality induced by nanoscale entities toward U87 cells was quantified employing a tetrazolium-derived
metabolic activity detection methodology, with five concentration tiers examined across a progressive spectrum from
one to one thousand micrograms per milliliter; basal nutrient matrix served as the baseline reference condition. The
protocol commenced with deposition of a cellular dispersion containing ten thousand units per compartment into a 96-
well plate, at physiological temperature. After validation of cellular adhesion to the substrate interface, the cultivation
matrix was withdrawn from discrete chambers of the 96-well plate. One hundred microliters of laboratory-prepared
nanoscale entity suspension were thereafter dispensed into the compartments, followed by supplementary twenty-four-
hour thermoregulated atmospheric exposure at 37 °C under 5% carbon dioxide conditions.

Following the initial thermal maintenance interval, ten-microliter aliquots of tetrazolium-derived redox indicator
reagent were dispensed into all microtiter compartments, succeeded by four-hour supplementary environmental
conditioning. Optical density values for each specimen were thereafter recorded at four hundred ninety nanometer
spectral wavelength via microplate spectrophotometric instrumentation. Each sample was tested in triplicate. The
subsequent analytical phase involved computation of metabolically active cellular population proportions through
application of the mathematical relationship specified in Equation (Eq. 1).

Cell viability % = [100 x (sample abs)/ (control abs)]  (Eq. 1)
2.5.3 Fifty Percent of Cellular Proliferation Activity (ICso)

The conduction of the probit examination required the employment of SPSS for measuring pharmaceutical agent
concentrations together with nanoscale entity dosages, which proved capable of attenuating fifty percent of cellular
proliferation activity (ICso). Additionally, this method was exerted to calculate the percent of controlling the cell growth
towards the applied volume.

3. Results and Discussion

3.1 PXRD Outcome

Figure 2 displays scattering intensity data acquired from powder X-ray diffraction examination of ZnO and Co-ZnO
nanoparticles. Examination of the undoped ZnO material revealed scattering maxima at diffraction angles ranging from
31.91° to 69.21°, indexed to lattice planes with Miller indices (100) through (201). This signature validates the
formation of a hexagonal wurtzite-type crystalline architecture in the pure compound (JCPDS card no. 36-1451) [34].
The finding illustrated in Figure 2 demonstrates modest angular displacement of the ZnO (101) Bragg reflection upon
cobalt incorporation; this shift likely stems from heteroatomic substitution of host cations within the crystalline
framework. Coherent scattering domain dimensions were subsequently derived through diffraction peak width analysis
methodology [49], yielding values of 18.65 nm for pristine ZnO and 29.8 nm for 3% cobalt-doped variants. Domain
enlargement correlated with dopant concentration elevation, presumably due to the slightly larger ionic radius of cobalt
cations (0.75 A) compared to zinc cations (0.74 A).
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Figure 2. XRD patterns of ZnO and Co-ZnO nanoparticles.
3.2 FESEM and EDX Outcomes

Topographical configurations alongside spatial extent metrics characterizing the laboratory-fabricated specimens
underwent detailed scrutiny employing FESEM imaging methodology. As displayed within the Figure 3 illustration, the
representative dimensional magnitude of ZnO and Co-ZnO nanoparticles approximated 5 and 10-15 nm, respectively,
with measurable enlargement of size parameters observed subsequent to transition metal integration within the host
crystalline framework. The visual representation additionally corroborates that elevated dopant incorporation ratios
precipitated progressive augmentation of particulate spatial dimensions. This progression corresponds with powder
diffraction outcomes linking spatial enlargement to the marginally greater ionic dimensionality of cobalt cations versus
zinc cations. Heteroatomic integration within the ZnO nanoscale framework was confirmed via EDX compositional
analysis, as presented in Figure 4. Graphical panel four displays cobalt compositional proportions of zero percent for
pristine ZnO material and 2.75 percent for cobalt-incorporated variants, further verifying minimal extraneous elemental
presence in the artificially generated product

200 nm :
|—| :

Figure 3. FESEM images of ZnO and Co-ZnO nanoparticles.
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Figure 4. EDX image of ZnO and Co-ZnO nanoparticles.
3.3 Ultraviolet-visible (UV-Vis)

Figure 5 presents the UV-Vis spectral data of ZnO and Co-ZnO nanoparticles. For ZnO nanoparticles, a wavelength in
the region of 340 nm is observed, which corresponds to the near-UV absorption edge and the onset of the electron
transition from the valence band to the conduction band. In the Co-ZnO nanoparticles, a similar absorption profile but
with a lower intensity is observed than for ZnO nanoparticles. The absorption maximum is at 340 nm and in the visible
region (above 400 nm) the absorption decreases more rapidly. The decrease in absorption intensity and a slight shift of
the absorption edge in the doped sample can be due to the change in the semiconductor band structure due to the
substitution of cobalt ions in the ZnO lattice. Overall, both samples show strong UV absorption, which is desirable for
photocatalytic and biomedical applications of these nanoparticles.
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Figure 5. UV-Vis spectral of ZnO and Co-ZnO nanoparticles.
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3.4 Cytotoxic Performance

Ultrafine-scale engineering has demonstrably enhanced modern oncological therapeutic protocols [50]. Elemental
nanoscale assemblies, owing to their distinctive physicochemical attributes, serve as promising delivery platforms for
macromolecular and small-molecule therapeutics, with ZnO constructs among the most extensively studied [51]. This
study evaluated the cellular lethality of ZnO and cobalt-doped variants, laboratory-fabricated using Prosopis farcta
phytoextract, against human cerebral grade IV glial malignancy cultures. To achieve this aim, cell populations were
exposed for twenty-four hours to incrementally escalating dosage tiers (1 to 1000 pg/mL) of the ultrafine assemblies,
with cellular lethality quantified via tetrazolium-based metabolic activity detection (Figure 6). The figure reveals that
cobalt-integrated variants induced deleterious effects comparable to pristine ZnO specimens; however, higher dopant
ratios precipitated progressively intensified cytotoxic effects. Dose-dependent amplification of cellular damage
culminated at the maximal concentration (1000 pg/mL), thereby confirming lethal efficacy against human cerebral
grade IV glial malignancy cultures. ICso determined 320, 480, and 392 pg/mL for DOX, ZnO, and Co-ZnO
nanoparticles, respectively. These results showed that the cytotoxic ability of Co-ZnO nanoparticles can compare to
DOX as positive control.

120
® untreated control © ZnQ
B doxorubicin Co-InO
100 -
=
Tol; =
o

=
S 80 A
o
E 11
T 60 &
= =1
3

40 - I

uE
20 el
I
0 - . - r r . r r
1 5 10 50 100 250 500 1000

Concentration (ug/ml.)

Figure 6. Cell viability of ZnO and Co-ZnO nanoparticles on U87 cell line after 24 h incubation. Experiments were conducted at
25 °C with three biological replicates (n=3).

Extensive literature documents the pronounced biological effects of phytoextract-fabricated ZnO nanoscale entities on
neoplastic cells. This study examined the tumoricidal potential of ZnO particulates generated via exothermic solution-
phase redox synthesis using pomegranate and tamarind organic derivatives as combustible agents. Significantly, plant-
mediated variants exhibited superior cellular metabolic persistence at a maximal dosage (100 pg/mL) relative to
industrially produced counterparts, which achieved only 66% viability under identical conditions [52-55].

4. Conclusion

The plant extract of Prosopis fracta proved to be an appropriate choice for carrying out the triumphant synthesis of ZnO
and Co-ZnO nanoparticles. The physicochemical properties of this material were assessed and characterized using the
results of laboratory testing equipment and analytical procedures, which confirmed the production of consistent,
roughly spherical nanoparticles synthesized at the nanoscale. Progressive augmentation of the longitudinal and
transverse dimensions of rod-shaped nanoscale entities was observed upon increasing cobalt dopant concentration
within the ZnO crystalline framework. In following, WST-1 examination provided data on the toxic impacts of
nanorods towards U87 cell line, indicating the superior inhibitory impact of doped nanoparticles than ZnO nanoparticles.
It is particularly noteworthy that the cytotoxic activity of ZnO nanoparticles was increased through increasing the
proportion of cobalt doped into the nanorod structure. Based on the accumulated evidence, one can confidently assert
the suitability of these synthesized nanorods for applications in biological and cancer therapeutic contexts. Furthermore,
these findings support their potential as a powerful and cost-effective option for the eradication of environmental
pollutants.
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