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SYNTHESIS AND CHARACTERIZATION OF QUERCETIN-MEDIATED ZINC OXIDE 
NANOPARTICLES: IN-VITRO DRUG RELEASE KINETICS AND ANTICANCER 

EFFICACY AGAINST HELA AND MDA-MB-231 CANCER CELL LINES

INTRODUCTION
Cancer is the leading cause of death world-wide 

with nearly 10 million deaths per year accounting 
for one out of six deaths occurring [1]. According 
to WHO, 22.6% of the reported cases in 2020 are 
breast cancer cases and the leading type of cancer 
reported throughout the world. Cervical cancer also 
remains a significant cause of cancer-related mortality 
among women in low- and middle-income countries. 
Mortality is less in breast cancer compared to other 
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types of cancers with mortality-to-incidence ratio of 
15% [2]. Mortality can further be decreased by early 
detection and treatment of the disease. The disease is 
mainly associated with social and life style factors. 
Majority of breast cancer cases can be attributed to 
hormonal therapy, pregnancy associated factors, life 
style factors like obesity, inactivity, alcohol intake, 
low fiber diet and smoking [3]. Despite advances in 
screening and diagnosis, effective treatment remains 
a challenge due to therapeutic resistance, severe side 
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effects from conventional chemotherapeutic agents, and 
high recurrence rates. The current treatment strategies 
employed for cancer include chemotherapy, radiation, 
hormone therapy, and surgery. However, these strategies 
pose undesirable effects such as systemic toxicity 
and immune suppression, which leads to reduction in 
quality of life. Additionally, tumor heterogeneity and 
drug resistance further limit the long-term effectiveness 
of chemotherapy. Consequently, there is a growing 
emphasis on the development of alternative therapeutic 
strategies that are both effective and safe, particularly 
using naturally derived bioactive compounds. 
Consequently, there is a growing emphasis on the 
development of alternative therapeutic strategies that 
are both effective and safe, particularly using naturally 
derived bioactive compounds.

Numerous studies have showed that phytochemicals 
are effective in treating or preventing various 
diseases. Quercetin (QC), also known as 3, 3′, 4′, 5, 
7-pentahydroxyflavone is a poly phenolic flavanol, a 
member of flavonoid compounds [4] found in wide 
range of plants, particularly concentrated in fruits, 
vegetables, leaves, seeds etc. Quercetin is yellow in 
colour, sparingly soluble in hot water and quite soluble 
in alcohol and lipids [5]. It is usually found conjugated 
to sugars as QC glycosides. Quercetin is known for 
its multifaceted biological activities including anti-
inflammatory, antioxidant [6], anticancer [7], antiviral 
[8] and antibacterial [9] activities. 

The anticancer activity of QC can be attributed to 
its radical scavenging activity [10], inhibiting cell cycle 
progression and inducing apoptosis [11] or by altering 
PI3K/Akt/mTOR signaling pathway [12]. In addition, 
QC exhibits chemo-sensitizing effects, where it can 
enhance the efficacy of chemotherapeutic drugs like 
cisplatin [13] and tiazofurin [14] by decreasing the 
chemotherapeutic drug dose and counteracting the drug 
resistance making it a highly attractive candidate for 
integrative cancer therapy. 

In spite of the diverse therapeutic potential, 
QC has certain disadvantages like poor solubility, 
short biological half-life, hydrophobic nature, low 
permeability and instability in physiological medium 
thereby limiting its utilization as therapeutic agent. 
Quercetin also exhibits extensive first pass metabolism 
in liver before reaching the systemic circulation 
resulting in poor bioavailability [15]. 

In light of these challenges, it is desirable to have an 
alternate drug delivery system for QC. Nanotechnology, 
to some extent, may offer a better platform to address 
the disadvantages associated with the use of QC as 

therapeutic agent. The use of nanoparticles as drug 
carriers can improve drug stability, solubility, extends 
half-live, and enhances drug concentrations at the 
disease site [16, 17, 18]. Several studies have attempted 
to load or encapsulate quercetin into nanocarriers 
such as liposomes, polymeric nanoparticles, and 
micelles. However, many of these methods involve 
complex synthesis procedures, use of toxic organic 
solvents, or result in poor drug loading and stability. 
To address these limitations, we explored a green 
synthesis approach to fabricate quercetin-mediated zinc 
oxide nanoparticles (QZnO NPs), wherein quercetin 
itself acts as both the reducing and stabilizing agent. 
Hence, the current study was therefore designed to 
synthesize, characterize and to evaluate in-vitro release 
kinetics of quercetin mediated zinc oxide nanoparticles, 
and to compare the invitro anti-cancerous activity 
of quercetin, and quercetin mediated zinc oxide 
nanoparticles in MDA-MB (triple-negative breast 
cancer) and HeLa (cervical cancer) cancerous cell 
lines. The novelty of our approach lies in the dual role 
of quercetin in nanoparticle formation and therapy, as 
well as in establishing a clear relationship between 
physicochemical properties, drug release behaviour, and 
cytotoxicity.

MATERIALS AND METHODS 
Chemicals and reagents
Quercetin dihydrate (≥95% purity), zinc acetate 

dihydrate, dialysis membranes (12,000–14,000 Da 
MWCO), MTT reagent (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide), dimethyl sulfoxide 
(DMSO), phosphate-buffered saline (PBS), Dulbecco’s 
Modified Eagle Medium (DMEM), fetal bovine serum 
(FBS), sodium pyruvate, L-glutamine, and non-essential 
amino acids were procured from Sigma-Aldrich (USA) 
unless otherwise stated. All other solvents and chemicals 
used were of analytical grade.

Synthesis of quercetin mediated zinc oxide 
nanoparticles (QZnO NPs)

The synthesis and characterization of QZnO NPs 
were carried out at Nanotechnology Laboratory, IFT, 
RARS, ANGRAU, Tirupati as per the method described 
by Prasad et al. [19]. A 2% QC solution was prepared 
by dissolving the appropriate quantity in distilled water 
and adjusting the volume to 100 mL. Subsequently, a 
0.1 M ZnO acetate solution was prepared by dissolving 
2.19 g of zinc acetate dihydrate in 100 mL of distilled 
water. 90 mL of zinc acetate solution was slowly added 
dropwise to 10 mL of 2% quercetin solution under 
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vigorous magnetic stirring at 65°C for 30 minutes. The 
resulting yellowish suspension was cooled to room 
temperature and allowed to incubate for 24 hours in 
a dark environment to ensure complete reaction and 
nanoparticle formation. The mixture was centrifuged at 
10,000 rpm for 15 minutes to collect the nanoparticles, 
which were then washed thrice with distilled water and 
once with ethanol to remove unbound quercetin. The 
final pellet was lyophilized with freeze-dryer (Alpha 1-2 
LD plus, MartinChrist®, Germany), and the resultant 
nanoparticles were stored for characterization at 4°C.

Characterisation of nanoparticles
Scanning electron microscopic (SEM) analysis 
SEM analysis was done using Hitachi S-4500 SEM 

machine to determine the size, shape and distribution 
pattern of the synthesized NPs. Thin layers of the 
specimen were deposited onto a carbon-coated copper 
grid by gently dispensing a minute quantity of the sample 
onto the grid. Subsequently, the SEM grid with the film 
was dried by exposing it to a mercury lamp for 5 minutes.

Zeta sizer analysis
The dynamic light scattering (DLS) method 

employing the zeta sizer (Nanopartica®, HORIBA, 
Japan), following the protocol outlined by Yegireddy 
et al. [20], was utilized to evaluate the zeta potential, 
average hydrodynamic diameter, and polydispersity index 
of both ZnO NPs and QZnO NPs in cell culture media.

The equipment utilized a laser beam with either 
10 mW or 100 mW power, operating at 532 nm 
wavelength. The surface charge of the NPs was 
determined through electrophoretic light scattering 
using folded capillary cuvette. The zeta potential 
measurements were carried out with an electrode 
voltage of 3.9 V at a temperature of 25°C

UV-Visible spectra analysis
The UV-VIS spectrophotometer (UV-2450, 

Shimadzu, Japan) was utilized to analyze the UV-
Visible spectrum of ZnO NPs and QZnO NPs. A small 
quantity of the sample was diluted in distilled water, and 
absorption maxima were scanned over the wavelength 
range of 200-800 nm.

In-vitro release kinetic studies
The in vitro drug release kinetics were investigated 

using the dialysis membrane technique [20]. To perform 
this, 3mg of QZnO NPs were dispersed in 1mL of the 
release medium and placed in a pre-soaked dialysis bag 
(M/s. Sigma Aldrich, USA) having 20.5 cm2 surface 

area (12,000–14,000 MWCO). The bag was then 
submerged in a beaker containing 50mL of test media 
maintained at 37±0.5˚C in a temperature controlled 
shaking water bath set at 50 rpm for 24 hours. The 
release media included phosphate buffer solution (PBS) 
with a pH of 7.4 and acetate buffer with a pH of 4.8. 

To maintain the sink conditions, 1 mL of aliquot 
was collected at predetermined time intervals viz., 0.5, 
1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 10.0, 12.0, and 
24.0 hours and replaced with an equal volume of fresh 
media. A spectrophotometer (UV-2450, SHIMADZU, 
Japan) calibrated at 380 nm was used to measure the 
QC concentration in the release medium [21]. Each 
sample underwent triplicate analytical runs. The 
absorption intensity data were plotted over time to 
generate the desorption profile of QZnO nanoparticles.

The cumulative % release was calculated for each 
time point. The obtained data were analyzed using 
the KineticDS3 software [22] to determine the best-
fitted in-vitro release kinetic model, assessing the 
rate of quercetin release from QZnO NPs. Various 
mathematical models, including Zero-order, First-order, 
Korsmeyer-Peppas, Higuchi, Hill, and Hickson-Crowell 
kinetic models, were applied to characterize QC release 
kinetics. 

In-vitro anticancer activity assessment 
Cell lines
The MDA-MB 231 human breast cancer cell lines 

and HeLa, human cervical cancer cell lines used in this 
study were obtained from NCCS, Pune, India. Both 
cell lines were cultured in Dulbecco’s modified eagle’s 
medium (DMEM) containing 0.1 mM sodium pyruvate, 
0.5 mM L-glutamine, 1 mM non-essential amino acids 
(M/s. Sigma-Aldrich, USA) with 10% fetal bovine 
serum (M/s. Gibco, USA) at 37°C in a CO2 incubator. 
All the experiments were performed when cells were at 
80-90% confluency. 

MTT assay
The cells were plated at a density of 1x106 cells 

per well in 96-well plates. Subsequently, both cell 
types were exposed to test compounds at escalating 
concentrations for a duration of 24 hours. After 24h, 
20 µL of 5 mg.mL-1 MTT (3-(4, 5-dimethylthiozol-2-
yl)-2,5-diphenyltetrazoliumbromide) was added and 
incubated for another 4h. At the designated time point, 
cell lysis was induced by adding 200 µL of dimethyl 
sulfoxide (DMSO) to all wells to dissolve the MTT 
formazan crystals formed. In control experiments, 
cells were cultured in the same medium without test 



82

Synthesis and characterization of quercetin-mediated zinc oxide ...

compounds. Absorbance readings were taken at 570 
nm immediately after the appearance of a purple hue. 
The formazan produced in control cells was regarded 
as indicative of 100% viability. Relative cell viability 
was determined based on the amount of MTT converted 
into insoluble formazan salt. All experiments were 
conducted in triplicate, and mean ± standard error of the 
mean (S.E.M.) was calculated and reported as (%) cell 
viability versus concentration.

Statistical analysis
All experiments were performed in triplicate and 

results were expressed as mean ± SEM. IC50 values 
were determined using linear regression analysis. 
One-way ANOVA followed by Tukey’s post hoc test 
was performed using GraphPad Prism 8.4.3, with 
significance set at p < 0.05.

RESULTS AND DISCUSSION
Characterisation of nanoparticles
Scanning electron microscopic (SEM) analysis 
The SEM image analysis of ZnO NPs was depicted 

in Fig 1a.  The synthesized particles were irregular and 
tubular in shape with uniform distribution. Nevertheless, 
on numerous occasions, particle agglomeration has 

been observed primarily due to the lack of protective 
ligands on the surface. The SEM micrograph clearly 
indicates that the average size of each particle measures 
75 nm. Wang et al. [23] and Kumar et al. [24] reported 
the similar size and shape of ZnO NPs, whereas these 
results are in disagreement with some authors who 
reported the spherical shape and higher size range of 
60–120 and 80–130 nm [25, 26].

The QZnO nanoparticles (NPs) primarily exhibited 
a tetragonal morphology with some instances of 
agglomeration. These QZnO NPs were polydispersed, 
with sizes ranging from approximately 200 to 250 
nm (Fig. 1b). The higher size of the prepared NPs is 
due coating of the flavonoid around them. Sadhukhan 
et al. [27] reported similar size and shape of amino 
functionalized QZnO NPs, whereas, Jeyaleela et al. [28] 
reported small size of the QZnO NPs.

Zetasizer analysis
The hydrosol’s hydrodynamic diameter (HDD) 

and zeta potential were measured using the DLS 
technique. The HDD of the ZnO NPs and QZnO NPs 
were measured using DLS technique and recorded as 
68.6 nm (Fig. 2a) and 165.8 nm (Fig. 2b), respectively. 
These measurements align well with the findings from 

Table 1. Inhibitory concentration of quercetin and Quercetin mediated zinc oxide nanoparticles (QZnO NPs) against 
HeLa and MDA-MB 231 cancer cell lines.

*The values in the backets are lower and upper limits of respective inhibitory concentrations with 95% Fiducial CI.

SEM analysis. The measured polydispersity index 
value of the ZnO NPs and QZnO NPs were 0.226 
(Fig. 2c) and 0.277 (Fig. 2d), respectively indicates 
the monodispersity of the formed nanoparticles. The 
measured zeta potential value of the ZnO NPs and 
QZnO NPs were -14.5 mV (Fig. 2c) and -36.7 mV 
(Fig. 2d), respectively, indicates the higher stability 
synthesized NPs. The findings align closely with prior 
research of Ahamed et al. [29] reported ZnO nanorods 
suspended in cell culture media had an average HDD 
of 97 nm and a zeta potential of -29 mV. Similarly, 
Kumar et al. [30] observed the mean HDD of 185 nm 
with a zeta potential of -26 mV, while Yedurkar et al. 

[26] found 145.1 nm with a zeta potential of -49.19 
mV for ZnO NPs. On the other hand, smaller ZnO 
loaded quercetin loaded nanocomposite was prepared 
by Satishkumar et al. [31] with a diameter of 21–39 
nm. The increased hydrodynamic diameter and more 
negative zeta potential of QZnO NPs compared to 
bare ZnO NPs suggest enhanced colloidal stability and 
potential for improved cellular interaction. 

UV-Visible spectra analysis
The localized surface plasmon resonance of the 

ZnO NPs and QZnO NPs was determined using UV 
spectral analysis. The scan was conducted over a 



83

Exploratory Animal and Medical Research, Volume 15, Issue 1, June, 2025

(a) (b)

Fig. 1. The representative Scanning electron microscopy (SEM) images of (a) Zinc oxide nanoparticles, (b) Quercetin 
mediated zinc oxide nanoparticles.

wavelength range of 200-400 nm, and the resulting 
spectrum is shown in Fig. 3. The spectral range of 
ZnO NPs was broad and it falls between 230 – 330 nm 
[32]. The maximum absorbance peak of ZnO NPs was 
found to be around 249 nm. These results are in good 
agreement with the previous reports [33, 34, 35]. The 
synthesized QZnO NPs exhibited an absorbance peak 
at approximately 360 nm, which is characteristic of QC. 
This confirms the presence of ZnO in the formulation 
and indicates that there is no chemical degradation of 
QC in the prepared compound.

In vitro release kinetics
The cumulative in vitro release of QC from QZnO 

NPs over a 24-hour period at pH 4.8 and 7.4 was shown 
in Fig. 5. The release curves indicate that QC release 
from QZnO NPs was slower at pH 7.4 compared to pH 
4.8. Within 24 hours, 54.76% of QC was released at pH 
4.8, while only 21.07% was released at pH 7.4. These 
results demonstrate that QC release from QZnO NPs is 
faster in acidic conditions, highlighting the significant 
role of pH in the release mechanism. It is crucial to 
remember that, in comparison to blood and healthy 
tissues, cancer cells have a greater acidic nature at 
higher temperatures. For the purpose of treating cancer, 
the drug delivery system should rapidly release the 
targeted medication at a pH of 5, while the same should 
be retained at a pH of 7 [31]. The release of QC from 
QZnO NPs in acidic conditions may be due to break 
down of the nanomaterial at pH 4.8. 

The cumulative release data of QC from QZnO NPs 
dispersion was analyzed using various kinetic models, 
including zero-order, first -order, Korsmeyer-Peppas, 

Higuchi, Hill and Hickson-Crowell to understand the QC 
release mechanism from the QZnO NPs and the results 
were presented in Fig. 5 (a-f). The QC release mechanism 
was chosen to be the kinetic model with the greatest 
estimated correlation value (R²). Accordingly, Higuchi 
kinetic model illustrates the best fit with R2 of 0.9668 
at pH 4.8 compared to R2 of 0.9075 at pH 7.4 (Fig. 5d). 
The release exponent ‘n’, derived from the Korsmeyer-
Peppas equation, indicates that the drug diffusion from 
QZnO nanoparticles exhibited anomalous and non-Fickian 
behavior. Specifically, the exponent values were determined 
to be 0.52 at pH 4.8 and 0.7 at pH 7.4, respectively. The 
release kinetic studies revealed that the QC release rate 
was quicker in acidic conditions compared to physiological 
pH. This favours the accumulation and rapid release of 
QC in the acidic environment of the targeted cancer site. 
The slow release of QC at physiological pH suggests that 
the QZnO NPs will be retained in the body for prolonged 
time. The sustained release profile at pH 4.8 suggests 
that QZnO NPs preferentially release quercetin in acidic 
tumor environments. This pH-sensitive behavior promotes 
endosomal escape and facilitates intracellular accumulation 
of quercetin, thereby enhancing cytotoxicity [31, 36].

In-vitro anticancer activity
In vitro cytotoxicity assay was carried out in HeLa 

cervical cancer cells and MDA-MB 231 breast cancer 
cell lines for both free QC and QZnO NPs at various 
concentrations in triplicate. The cells were treated 
with free QC and QZnO NPs and kept for 48 hours 
of incubation. The IC50 values, representing 50% 
growth inhibition, were determined using the MTT 
assay. Significantly different IC50 and IC99 values were 
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Fig. 2. The Hydrodynamic diameter and Zeta potential of synthesized nanoparticles. HDD of ZnO NPs (a) and QZnO 
NPs (b); zeta potential and PDI of ZnO nPs (c) and QZnO NPs (d).
*HDD - Hydrodynamic diameter; ZnO NPs - Zinc oxide nanoparticles; QZnO NPs Quercetin mediated zinc oxide nanoparticles.

a b

c d

observed between QC and QZnO NPs in both the cell 
lines (p<0.01). There is 15-fold, and 8-fold decrease in 
IC50 for QZnO NPs compared to QC in HeLa cervical 
cancer cells and MDA-MB 231 breast cancer cell 
lines, respectively (Fig. 6; Table. 1). This variance 
may be attributed to the uptake of nanoparticles by 
cancer cells and the gradual release of the quercetin 
at acidic pH environment within the cells. The smaller 
IC50 values for QZnO NPs imply that the nanoparticle 
formulation facilitates better cellular uptake, likely via 

endocytosis, and protects quercetin from premature 
degradation [37]. This prolonged intracellular retention 
and localized release may activate apoptotic pathways 
more effectively compared to free quercetin. These 
findings support the hypothesis that the physicochemical 
properties of QZnO NPs directly influence their cellular 
uptake and subsequent cytotoxic mechanisms. Free QC, 
on the other hand, is less hazardous to cells because it is 
more sensitive to the cells’ efflux pump. 

Numerous studies have documented QC’s chemo 
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Fig. 3. UV spectrum of (a) Zinc oxide nanoparticles, 
(b) Quercetin mediated zinc oxide nanoparticles.

Fig. 4. Percent cumulative release of quercetin release 
from Quercetin Zinc oxide nanoparticles.

Fig. 5. Quercetin release kinetic models (a) Zero-order, (b) First-order, (c) Korsmeyer-Peppas, (d) Higuchi, (e) Hill and 
(f) Hickson-Crowell plots. (Obs- observed value; Pre- predicted value; R2- correlation coefficient).



86

Synthesis and characterization of quercetin-mediated zinc oxide ...

Fig. 6. Anticancer efficacy of quercetin and quercetin mediated zinc oxide nanoparticles against (a) HeLa cervical cancer 
and (b) MDA-MB 231breast cancer cell lines.

a b

preventive impact via various anticancer pathways, 
including cell cycle arrest, apoptosis induction, 
enhancement of antioxidative defence enzyme 
activity, inhibition of cell proliferation, metastasis, and 
angiogenesis [37, 38, 39]. However, the bioavailability 
of QC at the tumor site is greatly limited by its low 
stability and insolubility in bodily fluids [40, 41].

In light of these challenges, this study focused 
on leveraging nanotechnology to target QC delivery 
to tumor sites as the nano carriers offer substantial 
potential in cancer therapy [42, 43]. The synthesized 
QZnO NPs hold promise for delivering the QC to tumor 
microvasculature, enhancing bioavailability due to 
their size, morphology, and ability to sustain quercetin 
release in acidic tumor environments. Consequently, the 
observed significant decrease in IC50 value of QZnO 
NPs may be attributed to sustained QC release in the 
acidic tumor environment, triggering apoptosis in both 
the cancer cell lines.

Conclusion
In conclusion, the use of QZnO NPs represents a 

novel and effective strategy to overcome the intrinsic 
limitations of quercetin delivery in cancer therapy. This 
approach not only improves the bioavailability and 
stability of quercetin but also leverages the advantages 
of nanotechnology to ensure targeted and sustained 
release within the tumor microenvironment. However, we 
acknowledge the limitations of the current study and the 
need for further investigations to enhance its translational 
significance. Future work should include evaluation 
across a broader pH spectrum and in-vivo relevance 
through detailed pharmacokinetic and pharmacodynamic 
studies, alongside mechanistic analyses such as Annexin 

V/PI staining, ROS quantification, and selectivity 
assessments using non-tumorigenic cell lines to better 
elucidate the therapeutic potential and safety profile 
of the synthesized nanoparticles. Collectively, these 
future directions are intended to bridge the gap between 
laboratory research and clinical application, ultimately 
facilitating the development of a safe, effective, and 
scalable nanomedicine platform utilizing quercetin and 
zinc oxide nanoparticles.

Acknowledgement
The authors acknowledge Sri Venkateswara Veterinary 

University, Tirupati, Andhra Pradesh, India for providing 
the facilities to carry out the research work.

REFERENCES 
1. Ferlay J, Colombet M, Soerjomataram I, Parkin DM, 

Piñeros M, et al. Cancer statistics for the year 2020: An 
overview. Int J Cancer. 2021; 149(4): 778-789, DOI: 10.1002/
ijc.33588.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 
2020. CA Cancer J Clin. 2020; 70(1): 7-30, DOI: 10.3322/
caac.21590.

3. Nur U, El Reda D, Hashim D, Weiderpass E. A 
prospective investigation of oral contraceptive use and 
breast cancer mortality: findings from the Swedish women’s 
lifestyle and health cohort. BMC Cancer. 2019; 19(1): 807, 
DOI:10.1186/s12885-019-5985-6.

4. Lakhanpal P, Rai DK. Quercetin: A versatile 
flavonoid.  Internet J Med Update.  2007; 2(2): 22-37, 
DOI:10.4314/ijmu.v2i2.39851.



87

Exploratory Animal and Medical Research, Volume 15, Issue 1, June, 2025

5. Anand David AV, Arulmoli R, Parasuraman S. 
Overviews of biological importance of quercetin: A 
bioactive flavonoid. Pharmacogn Rev. 2016; 10(20): 84-89, 
DOI:10.4103/0973-7847.19404.

6. Lesjak M, Beara I, Simin N, Pintać D, Majkić T, et 
al. Antioxidant and anti-inflammatory activities of quercetin 
and its derivatives. J Funct Foods. 2018; 40: 68-75, DOI: 
10.1016/j.jff.2017.10.047.

7. Srivastava S, Somasagara RR, Hegde M, Nishana M, 
Tadi SK, et al. Quercetin, a natural flavonoid interacts with 
DNA, arrests cell cycle and causes tumor regression by 
activating mitochondrial pathway of apoptosis. Sci Rep. 2016; 
6:24049, DOI: 10.1038/srep24049. 

8. Ninfali P, Antonelli A, Magnani M, Scarpa ES. 
Antiviral properties of flavonoids and delivery strategies. 
nutrients. 2020; 12(9): 2534, DOI: 10.3390/nu12092534. 

9. Jaisinghani RN. Antibacterial properties of quercetin. 
Microbiol Res. 2017; 8(1):13-14, DOI:10.4081/mr.2017.6877. 

10. Bors W, Saran M. Radical scavenging by flavonoid 
antioxidants. Free Radic Res Commun. 1987; 2(4-6): 289-
294, DOI: 10.3109/10715768709065294. 

11. Choi JA, Kim JY, Lee JY, Kang CM, Kwon HJ, at al. 
Induction of cell cycle arrest and apoptosis in human breast 
cancer cells by quercetin. Int J Oncol. 2001; 19(4): 837-844, 
DOI:10.3892/ijo.19.4.837.

12. Li X, Zhou N, Wang J, Liu Z, Wang X, at al. 
Quercetin suppresses breast cancer stem cells (CD44+/CD24-
) by inhibiting the PI3K/Akt/mTOR-signaling pathway. Life 
Sci. 2018; 196: 56-62, DOI: 10.1016/j.lfs.2018.01.014. 

13. Daker M, Ahmad M, Khoo AS. Quercetin-induced 
inhibition and synergistic activity with cisplatin - a 
chemotherapeutic strategy for nasopharyngeal carcinoma 
cells. Cancer Cell Int. 2012; 12(1): 34, DOI: 10.1186/1475-
2867-12-34.

14. Shen F, Herenyiova M, Weber G. Synergistic 
down-regulation of signal transduction and cytotoxicity by 
tiazofurin and quercetin in human ovarian carcinoma cells. 
Life Sci. 1999; 64(21): 1869-1876, DOI:10.1016/s0024-
3205(99)00133-2.

15. Salehi B, Machin L, Monzote L, Sharifi-Rad J, Ezzat 
SM, et al. Therapeutic potential of quercetin: New insights 
and perspectives for human health. ACS Omega. 2020; 5(20): 
11849-11872, DOI: 10.1021/acsomega.0c01818. 

16. Khan T, Gurav P. Phyto(-)Nanotechnology: Enhancing 
delivery of plant based anti-cancer drugs. Front Pharmacol. 
2018; 8: 1002, DOI: 10.3389/fphar.2017.01002. 

17. Wilhelm S, Tavares AJ, Dai Q, Ohta S, Audet J, et 
al. Analysis of nanoparticle delivery to tumours. Nat Rev 

Mater,  2016; 1: 16014, DOI: 10.1038/natrevmats.2016.14. 

18. Bisht G, Rayamajhi S. ZnO Nanoparticles: A 
promising anticancer agent. Nanobiomed. 2016; 3: 9, 
DOI:10.5772/63437.

19. Prasad TNVKV, Sudhakar P, Sreenivasulu Y, Latha P, 
Munaswamy V, et al. Effect of nanoscale zinc oxide particles 
on the germination, growth and yield of peanut. J Plant Nutr. 
2012; 35(6): 905-927, DOI: 10.1080/01904167.2012.663443.

20. Yegireddy M, Nadoor P, Rao S, Hanumanthu PB, 
Rajashekaraiah R, et al. Chitosan encapsulated meloxicam 
nanoparticles for sustained drug delivery applications: 
Preparation, characterization, and pharmacokinetics in 
Wistar rats. Molecules. 2022; 27(21): 7312, DOI:10.3390/
molecules27217312. 

21. Yunita E, Yulianto D, Fatimah S, Firanita T. Validation 
of UV-Vis spectrophotometric method of quercetin in ethanol 
extract of tamarind leaf. J Appl Pharm Sci. 2020; 1(1): 11-18, 
DOI: 10.18196/jfaps.010102. 

22. Mendyk A. Jachowicz R. Unified methodology of 
neural analysis in decision support systems built for phar-
maceutical technology. Expert Syst Appl. 2007; 32: 1124-
1131, DOI: 10.1016/j.eswa.2006.02.019.

23. Wang H, Wick RL, Xing B. Toxicity of 
nanoparticulate and bulk ZnO, Al2O3 and TiO2 to the 
nematode Caenorhabditis elegans. Environ Pollut. 2009; 157: 
1171–1177, DOI: 10.1016/j.envpol.2008.11.004.

24. Kumar P, Walia YK. Synthesis and structural 
properties of zinc oxide nano particles (ZnO NPs): A review. 
Asian J Adv Basic Sci. 2014; 2(3): 39–49.

25. Kirthi AV, Rahuman AA, Rajakumar G, Marimuthu 
S, Santhoshkumar T, et al. Acaricidal, pediculocidal and 
larvicidal activity of synthesized ZnO nanoparticles using 
wet chemical route against blood feeding parasites. Parasitol 
Res. 2011; 109(2): 461-472, DOI:10.1007/s00436-011-2277-8. 

26. Yedurkar S, Maurya C, Mahanwar P. Biosynthesis of 
zinc oxide nanoparticles using Ixora Coccinea leaf extract-A 
green approach. Open J Synthesis Theory Appl. 2016; 5: 
1–14, DOI: 10.4236/ojsta.2016.51001.

27. Sadhukhan P, Kundu M, Chatterjee S, Ghosh N, 
Manna P, et al. Targeted delivery of quercetin via pH-
responsive zinc oxide nanoparticles for breast cancer therapy. 
Mater Sci Eng C Mater Biol Appl. 2019; 100: 129-140, 
DOI:10.1016/j.msec.2019.02.096.

28. Jeyaleela GD, Vimala JR, Sheela SM, Agila A, 
Bharathy MS, et al. Biofabrication of zinc oxide nanoparticles 
using the isolated flavonoid from Combretum ovalifolium 
and its anti-oxidative ability and catalytic degradation of 
methylene blue dye. Orient J Chem. 2020; 36(4): 655-664, 



88

Synthesis and characterization of quercetin-mediated zinc oxide ...

DOI: 10.13005/ojc/360409.

29. Ahamed M, Akhtar MJ, Raja M, Ahmad I, Siddiqui 
MK, et al. ZnO nanorod-induced apoptosis in human 
alveolar adenocarcinoma cells via p53, survivin and bax/bcl-2 
pathways: role of oxidative stress. Nanomedicine. 2011; 7(6): 
904-913. https://doi.org/10.1016/j.nano.2011.04.011.

30. Kumar A, Pandey AK, Singh SS, Shanker R, Dhawan 
A. Engineered ZnO and TiO(2) nanoparticles induce oxidative 
stress and DNA damage leading to reduced viability of 
Escherichia coli. Free Radic Biol Med. 2011; 51(10): 1872-
1881, DOI: 10.1016/j.freeradbiomed.2011.08.025.

31. Sathishkumar P, Li Z, Govindan R, Jayakumar R, 
Wang C, et al. Zinc oxide-quercetin nanocomposite as a 
smart nano-drug delivery system: Molecular-level interaction 
studies. Appl Surf Sci. 2021; 536: 147741, DOI: 10.1016/j.
apsusc.2020.147741.

32. Revina AA, Oksentyuk EV, Fenin AA. Synthesis 
and properties of zinc nanoparticles: The role and prospects 
of radiation chemistry in the development of modern 
nanotechnology. Prot Met. 2007; 43: 554–559, DOI: 10.1134/
S0033173207060069. 

33. Sindhura SK, Prasad TNVKV, Selvam PP, Hussain 
OM. Synthesis, characterization and evaluation of effect of 
phytogenic zinc nanoparticles on soil exo-enzymes. Appl 
Nanosci. 2014; 4(7): 819-827, DOI: 10.1007/s13204-014-
0310-9.

34. Supraja N, Prasad TNVKV, Krishna TG, David 
E. Synthesis, characterization, and evaluation of the 
antimicrobial efficacy of Boswellia ovalifoliolata stem bark-
extract-mediated zinc oxide nanoparticles. Appl Nanosci. 
2014; 6(4): 581-590, DOI: 10.1007/s13204-015-0472-0.

35. Kancharana S, Chengalva RV, Kothapalli SR, 
Yegireddy M, Bollini S, et al. Assessment of acaricidal 
activity of nanoscale ZnO encapsulated piperine formulation 
against Rhipicephalus microplus. IET Nanobiotechnol. 2020; 
14(8): 722-731, DOI: 10.1049/iet-nbt.2020.0159.

36. Manju CP, Sharma K, Sreenivasan K. Targeted 
coadministration of sparingly soluble paclitaxel and 
curcumin into cancer cells by surface engineered magnetic 
nanoparticles. J Mater Chem. 2011; 21: 15708-15717, DOI: 
10.1039/C1JM12528A.

37. Baksi R, Singh DP, Borse SP, Rana R, Sharma V, et al. 
In vitro and in vivo anticancer efficacy potential of Quercetin 
loaded polymeric nanoparticles. Biomed Pharmacother. 2018; 
106: 1513-1526, DOI:10.1016/j.biopha.2018.07.106.

38. Sharmila G, Bhat FA, Arunkumar R, Elumalai P, Raja 
Singh P, et al. Chemopreventive effect of quercetin, a natural 
dietary flavonoid on prostate cancer in in vivo model. Clin 
Nutr. 2014; 33(4): 718-726, DOI: 10.1016/j.clnu.2013.08.011. 

39. Rezaei-Sadabady R, Eidi A, Zarghami N, Barzegar 
A. Intracellular ROS protection efficiency and free radical-
scavenging activity of quercetin and quercetin-encapsulated 
liposomes. Artif Cells Nanomed Biotechnol. 2016; 44(1): 
128-134, DOI:10.3109/21691401.2014.926456.

40. Dian L, Yu E, Chen X, Wen X, Zhang Z, et al. 
Enhancing oral bioavailability of quercetin using novel 
soluplus polymeric micelles. Nanoscale Res Lett. 2014; 9(1): 
2406, DOI: 10.1186/1556-276X-9-684.

41. Tran TH, Guo Y, Song D, Bruno RS, Lu X. Quercetin-
containing self-nanoemulsifying drug delivery system for 
improving oral bioavailability. J Pharm Sci. 2014; 103(3): 
840-852, DOI: 10.1002/jps.23858.

42. Bertrand N, Wu J, Xu X, Kamaly N, Farokhzad OC. 
Cancer nanotechnology: the impact of passive and active 
targeting in the era of modern cancer biology. Adv Drug Deliv 
Rev. 2014; 66: 2-25. DOI: 10.1016/j.addr.2013.11.009.

43. Shaikh MV, Kala M, Nivsarkar M. Formulation and 
optimization of doxorubicin loaded polymeric nanoparticles 
using Box-Behnken design: ex-vivo stability and in-vitro 
activity. Eur J Pharm Sci. 2017; 100: 262-272, DOI: 
10.1016/j.ejps.2017.01.026. 

Cite this article as: Sravanthi M, Muralidhar Y, Adilaxmamma K, Prasad TNVKV, Praneeth PNS. Synthesis 
and characterization of quercetin-mediated zinc oxide nanoparticles: in-vitro drug release kinetics and anticancer 
efficacy against Hela and mda-mb-231 cancer cell lines. Explor Anim Med Res. 2025; 15(1), DOI: 10.52635/
eamr/15.1.79-88.


