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Synthesis, Characterization, and In Vitro 
Anticancer Activity of Fe3O4-PEG-Quercetin 
Nanoparticles in a Non-Small Cell Lung Cancer 
(NSCLC) Model

ABSTRACT

Objectives: Lung cancer is one of the leading causes of cancer-related mortality worldwide, with non-small cell lung cancer (NSCLC) accounting 
for the vast majority of cases. Conventional chemotherapeutic approaches are frequently limited by systemic toxicity, poor bioavailability, and 
non-selective biodistribution. Nanoparticle-based drug delivery systems have emerged as a promising strategy to overcome these limitations. 
The present study aimed to synthesize a novel PEGylated magnetite nanoparticle system containing quercetin (Fe3O4-PEG-QUER) and evaluate 
its effects on the impedance-based cellular responses of the A549 NSCLC cell line compared with non-tumorigenic bronchial epithelial cells 
(BEAS-2B).
Materials and Methods: Nanoparticles were synthesized via the coprecipitation method. Quercetin was introduced during the preparation of 
the Fe3O4-PEG formulation, resulting in the Fe3O4-PEG-QUER formulation. All formulations Fe3O4, Fe3O4-QUER, Fe3O4-PEG, and Fe3O4-PEG-
QUER were characterized using X-ray diffraction, fourier-transform infrared spectroscopy, Zeta-sizer, and nanoparticle tracking analysis. 
Impedance-based cellular responses were assessed in BEAS-2B and A549 cell lines using the xCELLigence real-time cell analysis system.
Results: Fe3O4-PEG-QUER showed apparent antiproliferative effects against A549 cells, with IC50 values of 289 µg/mL at 24 h and 160 µg/mL 
at 48 h. For BEAS-2B cells, the apparent IC50 values were above the highest tested concentration (> 400 µg/mL) at the evaluated time points. 
Fe3O4-PEG alone showed marked effects on the impedance-based cellular response of A549 cells, with apparent IC50 values of 27 and 19 µg/
mL at 24 and 48 h, respectively. Because quercetin loading was not quantitatively determined, the nanoparticle concentrations represent total 
formulation mass and cannot be directly converted to quercetin-equivalent doses.
Conclusion: Fe3O4-PEG-QUER nanoparticles altered the impedance-based cellular response in the A549 NSCLC cell line, with smaller changes 
observed in BEAS-2B cells at lower concentrations. These findings provide preliminary in vitro evidence supporting further investigation of 
Fe3O4-PEG-QUER in lung cancer models.
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INTRODUCTION
Super-paramagnetism arises from the limited size of magnetic 
nanoparticles (MNP).1 In biomedical applications, super-
paramagnetic nanoparticles can be used, which become 
magnetic in the presence of a magnetic field but lose their 
magnetic properties when this field is removed.2,3 Since MNP 
have a tendency to clump due to their high surface energy and 
magnetic interactions, the body perceives the nanoparticle 
as a foreign object and tries to get rid of it.2 To prevent such 
problems, coatings such as polyethylene glycol (PEG), polyvinyl 
alcohol (PVA), dextran, carbohydrate and protein are used.4-6 
PEG is a hydrophilic, neutral, non-toxic, protein-resistant 
polymer with high surface fluidity.7-12 Due to these properties, 
PEG was used as a surface coating agent in this study.

Inorganic nanoparticles, such as silica, gold, and iron-oxide, 
and organic nanoparticles, such as liposomes, polymeric 
nanoparticles, and micelles, are used as therapeutic 
nanoparticles. Since inorganic nanoparticles gave good 
results in preclinical studies, they are suitable for clinical 
use and have been approved for use in areas such as anemia 
treatment and thermal ablation of tumors.13,14 In addition, while 
inorganic nanoparticles provide benefits in areas such as 
magnetic resonance imaging and individual drug use, organic 
nanoparticles can be used for hemostasis, gene therapy and 
cancer treatment.15,16

There are eight iron-oxide compounds known in nature, 
including the most well-known types such as magnetite, 
hematite, and maghemite; while magnetite has a face-centered 
cubic structure in blackish-brown color, hematite is red-brown 
in color, formed as a result of volcanic activity, and maghemite 
is formed as a result of the oxidation of magnetite.17-19 Iron-
oxide nanoparticle (IONP) can be synthesized by several 
methods including coprecipitation, hydrothermal synthesis, 
and microemulsion. IONP can be used for medical purposes 
such as replacement therapy for anemia,20,21 and magnetic 
resonance imaging as a contrast agent.22-24 In imaging cancer 
and pathological types, IONP can be detected based on their 
behavior in the magnetic field.5

Flavonoids are a diverse group of polyphenolic compounds 
whose names are derived from the Latin word flavus, meaning 
“yellow.” They are widely distributed in fruits, vegetables, 
tea, and other plant-based foods and are involved in various 
biological processes in plants.25,26 Flavonoids, which show 
effects such as anti-inflammatory, antimutagenic, antioxidant 
and anti-carcinogenic, are used in pharmaceutical and medical 
applications.27-29 Some of the flavonoids, also known as 
secondary metabolites of plants, attract attention in medicine and 
agriculture because they contain bioactive compounds that can 
interfere with nucleic acids and proteins, show anti-microbial 
and pharmacological properties, and kill insects.30 Flavonoids 
can also be used in areas such as butyrylcholinesterase, 
acetylcholinesterase, and BACE1 inhibition, prevention of 
atherosclerosis, insulin receptor activator, antithrombogenic, 
lipoxygenase inhibition, inhibition of H1N1 influenza disease and 
NDM-1 inhibition.25

Cancer is a disease that deeply affects the world, caused by 
an excessive proliferation in the number of cells as a result 
of uncontrolled division of cells.31 While lung cancer is the 
most common type of cancer in men worldwide, it is the type 
of cancer that comes right after breast cancer in women.32 
Early diagnosis of cancer is of great importance in terms of 
treatment because the development of cancer can be limited 
by early diagnosis.33 Growths and changes in organs can be 
detected with classical methods, but this process can take a 
long time because it must wait until thousands of cancer cells 
have formed, whereas, thanks to nanotechnology, it can be 
detected at much lower cell counts. Even if a cancer cell has 
formed, it is possible to diagnose it. Since nanoparticles have 
the ability to enter a single cancer cell, cancerous cells can 
be easily detected.34 Furthermore, classical methods such as 
radiotherapy, surgery and chemotherapy used to treat cancer can 
also damage healthy cells and tissues and have toxic effects.35 
MNP provide health benefits owing to their many features, such 
as a stable structure, high compatibility with cells and tissues, 
and ease of synthesis. It has received considerable attention in 
studies within the field. These substances have been used for 
years, and some types have been approved by the European 
Medicines Agency and the Food and Drug Administration (FDA) 
and have been used to treat people.36 Many clinically approved 
nanoparticles have been used for treatment purposes in various 
stages of some types of cancer; PEG-Doxil is the first medical 
nanomaterial approved by the FDA in 1995 and used in cancer 
treatment.37

In this study, the coprecipitation method was selected for 
the synthesis of the nanoparticle formulations. Fe3O4 was 
synthesized from FeCl2·4H2O and FeCl3·6H2O in air; quercetin 
and PEG were incorporated into the formulation, with PEG 
serving as a surface-modifying component. The intermediate 
and final formulations were characterized by X-ray diffraction 
(XRD), fourier-transform infrared spectroscopy (FT-IR), 
nanoparticle tracking analysis (NTA), Zeta-sizer, scanning 
electron microscopy (SEM), and energy-dispersive X-ray 
spectroscopy (EDX) to obtain complementary information 
on their physicochemical properties. The in vitro cellular 
responses to the formulations were subsequently evaluated 
in the A549 [non-small cell lung cancer (NSCLC)] and non-
tumorigenic bronchial epithelial (BEAS-2B) cell lines using the 
xCELLigence real-time impedance-based monitoring system. 
The study therefore provides comparative physicochemical 
data and in vitro cellular-response data for Fe3O4, Fe3O4-PEG, 
Fe3O4-QUER, and Fe3O4-PEG-QUER- based formulations.

MATERIALS AND METHODS
Chemicals and reagents
All chemicals were used as received without further purification. 
The reagents employed in this study, along with their suppliers 
and purity grades, are summarized in Table 1.

Preparation of IONP 
FeCl2.4H2O:FeCl3.6H2O was taken in the ratio of 1:2;38-43 
FeCl2.4H2O and FeCl3.6H2O were added to the reaction vessel, 
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10 mL of pure water was added and placed in the oil bath on 
the magnetic stirrer set at 80 °C and 300 rpm. When 3 mL of 
25% NH3 was added to the reaction vessel after 15 minutes, 
the brown-toned reaction color turned into silvery black and 
it was observed that the substance condensed/precipitated 
at the bottom. After 15 minutes, the reaction was terminated 
and transferred to 50 mL falcon tubes, centrifuged at 3900 
rpm-room temperature for 5 minutes, washed twice with pure 
water, and then left to dry in an oven set at 60 °C. The reaction 
pH was not measured or recorded during the original synthesis.

IONP-PEG synthesis
The IONP–PEG synthesis procedure was adapted from 
previously reported IONP–PEG formulations, particularly 
those described by Dorniani et al.44 and Rosman et al.45 In 
these studies, PEG was incorporated into magnetite-based 
formulations; Rosman et al.45 reported one based on 0.2 g of 
dried IONP. The reported formulation conditions were scaled 
down and adapted for an in situ procedure in which PEG was 
introduced during the IONP synthesis rather than after isolation 
and drying of the nanoparticles. After 30 min of synthesis, 5 
mL of a 10% (w/v) solution of PEG 1000, prepared by dissolving 
0.5 g of PEG 1000 in 5 mL of ethanol, was added to the 
reaction mixture. The mixture was subsequently subjected to 
centrifugation, washing, and drying.

IONP-QUER synthesis
The IONP–quercetin synthesis procedure was adapted 
from previously reported magnetite–PEG–active compound 
formulations, particularly those described by Dorniani et al.44 
and Rosman et al.45; Dorniani et al.44 reported a magnetite–PEG 
formulation containing 1% PEG and 2% gallic acid, whereas 
Rosman et al.45 reported a related Fe3O4–PEG–gallic acid 
formulation based on 0.2 g of dried IONP. In the present study, 
the reported formulation conditions were scaled down and 
adapted for quercetin and for an in situ synthesis procedure. 
0.0595 g FeCl2·4H2O and 0.140 g FeCl3·6H2O were added to 930 
µL of purified water in a 30 mL glass vial. The vial was placed 
in a 100 mL conical flask and maintained at 80 °C and stirred at 

300 rpm using a magnetic stirrer with an oil bath. After 15 min, 
280 µL of 25% NH3 solution was added. After an additional 15 
min, 0.0625 g of quercetin was dissolved in 3125 µL of ethanol 
to prepare a 2% (w/v) quercetin solution, which was added 
directly to the reaction mixture. Stirring was continued for 1 
h, after which the resulting reaction mixture was subjected to 
centrifugation, washing, and drying.

IONP-PEG-QUER synthesis
IONP was synthesized as described in the IONP-QUER 
synthesis, and 5 mL of a 1% (w/v) PEG 1000 solution (prepared 
by dissolving 0.05 g PEG 1000 in 5 mL of ethanol) was added 
after 30 minutes. After 1 hour, 0.0625 g of quercetin was 
dissolved in 3125 µL of ethanol to prepare a 2% (w/v) quercetin 
solution, which was then added to the reaction vessel. After 
30 minutes, 350 µL of 25% NH3 was added to the reaction 
vessel and the reaction was continued for another two and a 
half hours. At the end of this period, the reaction vessel was 
removed, centrifuged, washed, and dried (Figure 1).

Physicochemical characterization
All formulations were characterized by XRD for crystal 
structure and phase purity; FT-IR for verification of surface 
functionalization; dynamic light scattering (Zeta-sizer) for 
hydrodynamic size and zeta potential; NTA for size distribution 
and particle concentration; SEM for morphological evaluation; 
and EDX for elemental composition.

Cell culture conditions
A549 (ATCC CCL-185, NSCLC adenocarcinoma) and BEAS-
2B (ATCC CRL-9609, non-tumorigenic bronchial epithelial 
cells) cell lines were used. A549 cells were maintained in 
DMEM (high glucose; Sigma) supplemented with 10% FBS 
and 1% penicillin-streptomycin. BEAS-2B cells were cultured 
in RPMI-1640 (Sigma) supplemented with 10% FBS and 1% 
penicillin-streptomycin. Both lines were maintained at 37 °C 
in a humidified 5% CO2 incubator. Cells were harvested by 
centrifugation at 1000 rpm for 5 minutes at 25 °C prior to the 
experiments. 

Table 1. Chemicals and reagents used in this study.

Chemical Supplier Purity/grade CAS/notes

FeCl2·4H2O Supelco For analysis 13478–10–9

FeCl3·6H2O Isolab ≥ 97% 10025–77–1

Quercetin Merck ≥ 95% (HPLC) 117–39–5

PEG 1000 BLDpharm > 97% 25322–68–3

Ethanol Isolab ≥ 99.9% 64–17–5

Ammonia solution Supelco 25%, for analysis 1336–21–6

DMSO PanReac ≥ 99.5%, cell culture grade 67–68–5

PBS tablets Sigma pH 7.2–7.6 –

DMEM (high glucose) Sigma Cell culture grade A549 medium

RPMI-1640 Sigma Cell culture grade BEAS-2B medium

DMSO, dimethyl sulfoxide.
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Preparation of drug solutions
All formulations and free quercetin were prepared in dimethyl 
sulfoxide (DMSO) and in the appropriate culture medium (A549-
DMEM/BEAS-2B-RPMI). Serial dilutions were performed in 
the appropriate culture medium to yield final concentrations of 
12.5–400 µg/mL. After the prepared treatment solutions were 
added to the E-plate wells at a 1:1 volume ratio, the final DMSO 
concentration ranged from 0.5% at 400 µg/mL to 0.015625% 
at 12.5 µg/mL. A DMSO vehicle control was included in the 
experiments; however, concentration-matched vehicle controls 
were not included for each tested formulation concentration. 
Therefore, a possible contribution of the varying DMSO 
concentrations to the observed cellular responses cannot be 
fully excluded.

For experiments in which the cell index declined to approximately 
zero before 72 h, monitoring was terminated; therefore, a 72-h 
IC50 value was not determined and reported as N/D.

Impedance-based cellular response assessment (xCELLigence)
Cytotoxic effects were evaluated using the xCELLigence RTCA 
system (ACEA Biosciences/Agilent). A549 and BEAS-2B 
cells at the 5th passage were used for experiments. Cells were 
counted using a Bio-Rad cell counting device and seeded at 
a density of at least 10,000 cells per well in an xCELLigence 
E-plate (E-plate ID: 761460). Following cell seeding, impedance 
signals were monitored to establish the cellular baseline. The 
test formulations were applied at approximately 2 h and 22 h 
after cell seeding, according to the respective experimental 

setups. The treatment application times are also indicated in 
the corresponding xCELLigence graphs.

Fe3O4-PEG, Fe3O4-QUER, Fe3O4-PEG-QUER, and free quercetin 
were tested at concentrations of 12.5, 25, 50, 100, 200, and 
400 µg/mL. Cellular responses were monitored for 48-72 
h following treatment. At least three independent biological 
experiments were performed, each with two technical replicate 
wells for each tested concentration.

The xCELLigence RTCA system measures changes in electrical 
impedance associated with cellular attachment, spreading, 
proliferation, and other cellular responses; these changes are 
expressed as cell index values. Therefore, the cell index does 
not represent a direct measurement of cell viability. Apparent 
IC50 values were estimated separately at 24, 48, and 72 h using 
the corresponding cell index concentration–response data in 
the RTCA software. The concentration–response data were 
fitted to a sigmoidal dose–response model using DRC analysis 
(cell index at a time point vs. concentration). The curve settings 
were selected according to the concentration–response 
profile and goodness of fit. The resulting IC50 values were 
exported to GraphPad Prism 8.0.2 for statistical analysis. The 
corresponding culture medium was used as the control medium 
for each cell line: DMEM for A549 cells and RPMI-1640 for 
BEAS-2B cells. DMSO vehicle controls were also included in 
the experiments. These controls were included in the recorded 
RTCA data, and no separate manual normalization of cell index 
values was performed before IC50 analysis.

Statistical analysis
The xCELLigence results were calculated using RTCA software. 
For additional statistical evaluation, the data were analyzed 
using GraphPad Prism (version 8.0.2; GraphPad Software, 
San Diego, CA, USA). One-way analysis of variance, followed 
by Tukey’s multiple comparisons test, was used for statistical 
comparisons. Each experimental condition was measured in 
technical duplicate wells. A p-value < 0.05 was considered 
statistically significant.

Ethics
There are no circumstances requiring ethics committee 
approval for this study. 

Since only in vitro experiments were conducted within the 
scope of this study, patient consent was not required.

RESULTS
FT-IR
The FT-IR spectra of Fe3O4, Fe3O4-PEG, Fe3O4-QUER, and 
Fe3O4-PEG-QUER nanoparticles are shown in Figure 2a. While 
the O-H bond peak was observed in the 3000-3232 range39 the 
Fe-O bond in the iron-oxide structure gave a peak in the 540-
555 cm-1 range.40 The C = O bond from quercetin in the 1651 
cm-1 range,38 while the CH2 peak at 1344-1375 cm-1 and the C-C-
O/C-O-H peak at 987-1056 cm-1 were observed. The C-H peak 
gave a peak of 833-871 cm-1 and the C = C aromatic ring peak of 
1589-1612 cm-1.40,43

Figure 1. Experimental setup and schematic representation of IONP-PEG-
QUER synthesis.
IONP, iron-oxide nanoparticle; QUER, quercetin.



178 SIS and YERER. Activity of Fe3O4-PEG-QUER NP on NSCLC

XRD analysis
In the Fe3O4 structure, 30, 35, 43, 53, 57 and 62 2Ө values ​​
are respectively (HighScore Plus-ICPDS No: 88–0315); Bragg 
reflections were determined as 220, 311, 400, 422, 511, 440 
and it was observed that the cubic crystal structure of IONP 
was formed.44 The addition of PEG and quercetin during the 
preparation process did not result in an apparent loss of the 
characteristic cubic crystal structure of Fe3O4 (Figure 2b).

NTA 
One mg of Fe3O4, Fe3O4-PEG, Fe3O4-QUER and Fe3O4-PEG-
QUER was weighed and dissolved in 2000 µL ethanol and 
size analyses were performed on the NTA device (ethanol 
was chosen because it is a good solvent for quercetin). 
Measurements were made in three repetitions and the average 
was taken as basis. According to NTA analysis, the average 
size of IONPs is 99.1 nm. Since the number of particles with a 
size of 54.6 nm was high, iron-oxide gave the strongest peak 
at this point. The size distribution is not homogeneous (Figure 
3a). When coated with iron-oxide PEG, an increase in size was 
observed and the average size increased to 170.5 nm as the 
polymer was attached to the structure (Figure 3b). For the 
formulation containing quercetin, the particle size decreased 
(average size: 66.6 nm) (Figure 3c). When PEG was present in 
the iron-oxide–quercetin formulation, the particle size increased 
compared to the structure of iron-oxide-quercetin. However, 
its size remained between 1–100 nm where nanoparticles are 
found (Figure 3d). 

Zeta potential analysis
While 1 mg of Fe3O4, Fe3O4-PEG and Fe3O4-PEG-QUER was 
weighed and dissolved in 1000 µL of ethanol and given to the 
device, 1 mg of Fe3O4-QUER was also weighed and dissolved 
in 2000 µL of ethanol and given to the device. Zeta potential 
measurements were performed in triplicate under room-
temperature conditions using a Malvern Zeta-sizer. The 
reported zeta potential values represent the mean of the three 
repeated measurements. The “Zeta Deviation” values represent 

the standard deviation of the zeta potential distribution reported 
by the instrument software and do not represent the variability 
between repeated measurements (Figure 4a-d). 

Zeta potential measurements are summarized in Table 2. Bare 
Fe3O4 carried a negative surface charge (-9.74 mV). PEGylation 
shifted the surface charge to near-neutrality (+0.183 mV), 
consistent with the electrically neutral nature of PEG and its 
established charge-shielding effect. The formulation containing 
quercetin exhibited a more negative surface charge (-14.0 mV 
for Fe3O4-QUER), attributable to the phenolic hydroxyl groups 
of quercetin. The Fe3O4-PEG-QUER formulation exhibited an 
intermediate charge of -8.18 mV.

SEM images
The morphology of the synthesized Fe3O4-PEG-quercetin 
nanoparticles was analyzed using SEM. Figures 5a-d present 
SEM images and particle-size distributions of functionalized 
magnetite nanoparticles, both with and without quercetin. The 
particles exhibited sizes predominantly in the 100–200 nm 
range. A predominantly spherical morphology was observed; 
however, some degree of particle agglomeration was also 
evident in the SEM images.

EDX analysis 
Elemental analysis was performed to determine the presence 
of expected elements in the synthesized formulations and to 
evaluate their elemental percentages. Elemental analysis was 
performed to determine the presence of expected elements 
in the synthesized formulation and to evaluate their elemental 
percentages. The Fe peak confirmed the presence of Fe3O4 in 
the formulation (Figure 6a). In formulations containing PEG and 
quercetin, relative iron percentages decreased, which may be 
attributable to these components (Figure 6b-d).

Impedance-based cellular response (xCELLigence)
The cellular responses to all formulations were evaluated 
at concentrations ranging from 12.5 to 400 µg/mL using the 
xCELLigence system (Figure 7). Cellular responses were 

Figure 2. a. FT-IR spectra- 400–4000 cm-1; b. XRD graph.
FT-IR, fourier-transform infrared spectroscopy; XRD, X-ray diffraction; QUER, quercetin.
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monitored for 48–72 h, depending on the response profile. IC50 
values determined at 24, 48, and 72 h are summarized in Table 
3. Statistical comparisons between the tested conditions and 
untreated controls were significant (p < 0.0001).

Free quercetin exhibited significant cytotoxic activity at low 
concentrations (approximately 25 µg/mL) in both BEAS-2B and 
A549 (NSCLC) cell lines. Fe3O4-PEG exhibited cytotoxic activity 

in A549 cells (IC50 values: 27 and 19 µg/mL at 24 and 48 h, 
respectively), whereas higher concentrations were required to 
elicit a comparable response in BEAS-2B cells (IC50 values: 
394, 394, and 360 µg/mL at 24, 48, and 72 h, respectively). 
These findings indicate that Fe3O4-PEG has greater cytotoxic 
activity in A549 cells than in non-tumorigenic BEAS-2B cells 
under the tested conditions.

Figure 3. a. NTA result for Fe3O4 (mean particle size: 99.1 nm; strongest peak: 54.6 nm); b. NTA result for Fe3O4-PEG (mean particle size: 170.5 nm; strongest 
peak: 61.1 nm); c. NTA result for Fe3O4-QUER (mean particle size: 66.6 nm; strongest peak: 46.2 nm); d. NTA result for Fe3O4-PEG-QUER (mean particle size: 
96.8 nm; strongest peak: 56.6 nm).
NTA, nanoparticle tracking analysis; QUER, quercetin.
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In contrast, Fe3O4-PEG-QUER showed IC50 values above the 
highest tested concentration (> 400 µg/mL) in BEAS-2B cells 
at 24, 48, and 72 h. In A549 cells, Fe3O4-PEG-QUER exhibited 
cytotoxic activity at relatively low concentrations, with IC50 

values of 289 and 160 µg/mL at 24 and 48 h, respectively. Thus, 
compared with free quercetin, Fe3O4-PEG-QUER showed lower 
cytotoxic activity in BEAS-2B cells while retaining measurable 
cytotoxic activity in A549 cells under the tested conditions.

Figure 4. a. Fe3O4; b. Fe3O4-PEG; c. Fe3O4-QUER; d. Fe3O4-PEG-QUER zeta potential graph.

QUER, quercetin.

Table 2. Zeta potential results of the synthesized nanoparticle formulations based on three repeated measurements.

Formulation Zeta potential (mV) Zeta deviation (mV) Charge

Fe3O4 (IONP) -9.74 6.66 Negative

Fe3O4-PEG +0.183 5.97 Near-neutral

Fe3O4-QUER -14.0 6.52 Negative

Fe3O4-PEG-QUER -8.18 5.35 Negative

QUER, quercetin.

Table 3. Apparent IC50 values (µg/mL) derived from xCELLigence cell index concentration-response data for all formulations in 
BEAS-2B and A549 cells at 24, 48, and 72 h.

Formulation BEAS-2B A549 (NSCLC)

IC50 24h IC50 48h IC50 72h p-value IC50 24h IC50 48h IC50 72h p-value

Fe3O4-PEG 394 µg/mL 394 µg/mL 360 µg/mL p < 0.0001 27 µg/mL 19 µg/mL N/D* p < 0.0001

Fe3O4-QUER > 400 170 µg/mL 363 µg/mL p < 0.0001 161 µg/mL 182 µg/mL N/D* p < 0.0001

Fe3O4-PEG-QUER > 400 > 400 > 400 p < 0.0001 289 µg/mL 160 µg/mL N/D* p < 0.0001

QUER 25 µg/mL 25 µg/mL 24 µg/mL p < 0.0001 25 µg/mL 25 µg/mL 134 µg/mL p < 0.0001

*N/D: Not determined. IC50 values were determined from the corresponding cell index concentration-response data at 24, 48, and 72 h after treatment. Values > 
400 µg/mL indicate that the IC50 was not reached within the tested concentration range. N/D indicates that the cell index values decreased to zero before 72 h, 
resulting in termination of the experiment before the corresponding time point could be evaluated reliably. The reported p-values represent the overall one-way 
ANOVA results. 
BEAS-2B, non-tumorigenic bronchial epithelial cells; QUER, quercetin; ANOVA, analysis of variance; NSCLC, non-small cell lung cancer.
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Figure 5. SEM images of the nanoparticle formulations: a. Fe3O4 (scale bar: 100 nm); b. Fe3O4 PEG (scale bar: 200 nm and 100 nm); c. Fe3O4 QUER (scale 
bar: 100 nm); and d. Fe3O4 -PEG-QUER (scale bar: 200 nm).
SEM, scanning electron microscopy; QUER, quercetin.

Figure 6. EDX spectra of the nanoparticle formulations: a. Fe3O4; b. Fe3O4-PEG; c. Fe3O4-QUER; and d. Fe3O4-PEG-QUER.
EDX, energy-dispersive X-ray spectroscopy; QUER, quercetin.
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Overall, Fe3O4-PEG and Fe3O4-PEG-QUER produced measurable 
cytotoxic responses in A549 cells, whereas responses in BEAS-
2B cells generally occurred at higher concentrations. Statistical 
comparisons with untreated controls were significant for the 
tested conditions (p < 0.0001).

Synthesized formulations were applied to cells in the 
concentration range of 12.5–400 µg/mL, and their effects were 

monitored for 48–72 hours using a time-dependent real-time 
xCELLigence system. As shown in the xCELLigence results 
tables, the cytotoxicity profiles differed between A549 and 
BEAS-2B cell lines. Because this is a real-time analysis, the 
graphs allow the toxicity profiles to be compared over time 
(Figure 7).

Figure 7. Real-time monitoring of the effects of Fe3O4-PEG, Fe3O4-QUER, Fe3O4-PEG-QUER, and free quercetin (QUER) on BEAS-2B and A549 cells using 
the xCELLigence system at 48 and 72 h.
BEAS-2B, non-tumorigenic bronchial epithelial cells.
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The selectivity index (SI), calculated as the ratio of the IC50 
value in BEAS-2B cells to that in A549 cells, was used to 
describe the relative difference in response between the two 
cell lines. SI values greater than 1 indicate a higher relative IC50 
in BEAS-2B cells than in A549 cells, whereas values below 1 
indicate a lower relative IC50 in BEAS-2B cells than in A549 
cells. The SI values calculated for the tested formulations at 24, 
48, and 72 h are presented in Table 4.

DISCUSSION
Magnetic IONP are particularly important in diseases due 
to oxidative damage.46,47 However, there are several factors 
that strongly affect the antioxidant activity of nanomaterials, 
such as chemical composition, surface charge, particle size, 
and coating of the surface.48-50 The surface coating can be 
biocompatible, non-toxic, and allow targeted drug delivery.51,52

In biomedical applications where MNP are used, stable, 
biocompatible nanoparticles are obtained by coating metals and 
metal oxides with a polymer. Fe in iron-oxide nanoparticles is 
reversibly used by cells.53,54

PEG, PVA and polyvinylpyrrolidone; superparamagnetic Fe3O4 
material coated with coatings such as peptide, carbohydrate or 
protein facilitates drug loading and controlled release.55

Cancer is one of the leading causes of death, and the number 
of cancer-related deaths is increasing over time. Whether 
nanostructures can have an anticancer effect on the targeted 
area is a difficult research; many researchers have integrated 
commercial anticancer drugs into magnetite.56,57 Drug systems 
integrated into this magnetite face challenges such as poor 
solubility, poor circulation in the bloodstream, and reduced drug 
clearance. Therefore, an effective drug delivery mechanism 
must be formulated to overcome such problems.58 Quercetin 
is a widely known flavonoid found in fruits and vegetables.59,60 
Quercetin can be used in many fields as anticancer, anti-
inflammatory, and antioxidant.61 In addition to these areas of 
use, it has anticancer properties; It has high effectiveness 
on colon, breast and lung cancer.62 More recently, quercetin-
containing PEG-coated magnetic iron-oxide nanoparticles have 
also been investigated for their potential anti-tumor effects in 
cancer cells.63 The present study was designed to examine a 
quercetin-containing Fe3O4 formulation in vitro. Similarly, the 
physicochemical properties of quercetin-containing Fe3O4 
nanoparticles are suitable for use as an anticancer agent.64 

This provided the rationale for investigating an Fe3O4-based 
formulation containing PEG and quercetin, and for evaluating 
its in vitro effects on A549 and BEAS-2B cells.

The sizes and shapes of MNP vary depending on the method 
of synthesis. If MNP are synthesized in non-aqueous 
environments such as solvothermal, microwave and thermal 
decomposition methods, they are not suitable for use in 
the field of bio-application because they are hydrophobic.57 
Hydrophilic, cost-effective and environmentally friendly MNP 
can be synthesized by the precipitation method, which is easy 
to synthesize.65 However, MNP obtained with this method has 
limitations such as not having a homogeneous size distribution 
and low stability.66

In their IONP (Fe3O4) synthesis, Jarzebski et al.67 found an 
average peak of 208 nm and the most intense peak of 154 nm in 
the NTA results. (They used a laser beam with a wavelength of 
405 nm). In this study, the mean particle size was determined 
to be 99.1 nm, while the most intense peak was observed at 
54.6 nm. Thus, the particle size falls within the 1–100 nm range 
generally defined for nanoparticles. If we could control the 
size of our formulation, we could achieve an average size of 
approximately 54.6 nm, which corresponds to the strongest 
peak. Using the Microfluidics M110P device, we were able to 
further reduce particle sizes under high pressure.

Nurbas et al.68 synthesized IONP from FeCl2.4H2O:FeCl3.6H2O 
(2:1) and added NaOH to the medium instead of NH3. They 
found the Zeta potential of NP, which they obtained with a size 
of approximately 35 nm, to be -24.80 mV. The value found is 
more negative than that of the IONP synthesized in this study, 
although the IONP has a smaller particle size. If they had applied 
the NP they synthesized to the cell, they would likely have 
obtained better results, since the particle size was smaller than 
that of the NP we obtained. Since the zeta potential of the IONP 
synthesized in this study is -9.74 mV, this may have contributed 
to the observed cellular response through interactions with the 
cellular environment.

Verma et al.49 synthesized IONP from FeCl2 and FeCl3 using 0.4 
M HCl and 0.5 M NaOH, and attached Quercetin and PLGA to 
IONP. They administered PLGA-MNP and MNP at dosages of 
10–250 µg/mL to the A549 cell line and analyzed the cells with 
xCELLigence (Roche). They observed that the MNP they applied 
reduced the cell index slightly, whereas  MNP coated with PLGA 
did not cause a significant change. According to TEM, they found 

Table 4. Selectivity index (SI) values of Fe3O4-based formulations and free quercetin in A549 and BEAS-2B cells at 24,48 and 72 h.

Formulation SI 24 h* SI 48 h* SI 72 h*

Fe3O4-PEG 14.59 20.74 N/D

Fe3O4-QUER > 2.48 0.93 N/D

Fe3O4-PEG-QUER > 1.38 > 2.50 N/D

Free quercetin 1.00 1.00 0.18

*SI. SI was calculated as the ratio of the IC50 value in BEAS-2B cells to that in A549 cells at the corresponding time point (SI = IC50, BEAS-2B / IC50, A549). Values 
preceded by “>” indicate that the IC50 value in BEAS-2B cells was not reached within the tested concentration range and therefore represent a lower limit of the SI. 
N/D indicates that the corresponding IC50 value was not determined; see the IC50 table footnote for the experimental reason.
BEAS-2B, non-tumorigenic bronchial epithelial cells; QUER, quercetin.
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the MNP particle size they produced to be approximately 9 nm, 
and the MNP-PLGA size to be approximately 54 nm.49 Although 
the size of the PLGA-coated particles they produced and the 
methods used to measure size differed from those of our 
MNP-PEG formulation, we can say that the observed response 
at a lower concentration under the tested conditions, relative 
to our formulation, may be associated with it being smaller 
in size. Since PLGA is a negatively charged polymer, it may 
have increased the negative charge of the magnetite, making 
cellular entry difficult. In our study, when neutral PEG was 
used, the magnetite shifted to the neutral area and therefore the 
24-hour IC50 and 48-hour IC50 values ​​for the A549 cell line 
were approximately 27-19 µg/mL, respectively. It was effective 
at very small doses.

Study limitations
Several limitations should be considered when interpreting 
the findings of this study. The amount of quercetin associated 
with the Fe3O4-PEG-QUER formulation was not quantitatively 
determined; consequently, quercetin loading efficiency, 
encapsulation efficiency, recovery yield, and release kinetics 
could not be established. The available physicochemical 
characterization techniques did not allow a definitive 
determination of the molecular nature of the interaction between 
Fe3O4, PEG, and quercetin; therefore, covalent conjugation 
should not be inferred from the present data. 

Cytotoxicity experiments were performed using total 
formulation concentrations, which precluded direct 
comparisons of quercetin-equivalent doses. The maximum 
concentration tested was 400 µg/mL, and IC50 values above 
this concentration were therefore considered > 400 µg/mL. 
The original experimental design did not include a bare Fe3O4 
treatment group, nanoparticle-only impedance controls, or an 
orthogonal viability assay. The absence of nanoparticle-only 
impedance controls limited the assessment of potential particle-
related interference with the impedance-based measurements, 
while the lack of an orthogonal viability assay prevented 
independent confirmation of the observed cellular responses. 
In addition, the final DMSO concentration varied across the 
tested formulation concentrations, and concentration-matched 
vehicle controls were not included at each dose. Therefore, 
a potential contribution of DMSO to the observed cellular 
responses cannot be excluded.

Collectively, these findings provide preliminary in vitro 
evidence of the physicochemical characteristics and 
cellular responses of Fe3O4-PEG-QUER and warrant further 
investigation in appropriate experimental models. The observed 
cellular responses should not be interpreted as evidence of 
established safety, targeted delivery, enhanced cellular uptake, 
or therapeutic efficacy. The current study is limited to in vitro 
experiments; further studies incorporating complementary 
cellular assays, appropriate nanoparticle controls, quantitative 
quercetin analysis, and characterization under biologically 
relevant conditions are needed to address these limitations. 
Further in vivo and, subsequently, clinical investigations would 
be required to establish the therapeutic potential of these 
formulations.

CONCLUSION
In the present study, a ternary Fe3O4-PEG-QUER nanoparticle 
formulation was synthesized via the coprecipitation method. A 
nanoscale formulation was designed to combine Fe3O4, PEG, 
and quercetin. Comprehensive characterization using XRD, FT-
IR, NTA, Zeta-sizer, SEM, and EDX provided complementary 
information on the physicochemical properties of the four 
formulations.

XRD confirmed the presence of the inverse spinel cubic crystal 
structure in the Fe3O4-containing formulations. FT-IR provided 
information on the characteristic functional groups associated 
with PEG and quercetin. NTA showed that Fe3O4-PEG-QUER 
had a mean particle diameter in the sub-100 nm range under 
the measurement conditions. Zeta potential analysis showed 
that the PEG-containing formulation exhibited a near-neutral 
surface charge, which may influence cellular interactions. SEM 
showed predominantly spherical particle morphology, while 
EDX provided information on the elemental composition of the 
formulations.

In vitro assessment of impedance-based cellular responses 
using the xCELLigence system demonstrated differential 
impedance profiles between A549 NSCLC and BEAS-2B cells 
under the tested conditions. The apparent IC50 values for 
Fe3O4-PEG-QUER in A549 cells were 289 µg/mL at 24 h and 160 
µg/mL at 48 h, whereas those exceeded 400 µg/mL. Notably, 
Fe3O4-PEG alone exhibited lower apparent IC50 values in A549 
cells than Fe3O4-PEG-QUER did, indicating that the addition 
of quercetin did not enhance the observed antiproliferative 
response under the present experimental conditions. Because 
the concentrations were expressed as total formulation 
mass and the quercetin content of Fe3O4-PEG-QUER was not 
quantitatively determined, the observed responses could not be 
directly compared at equivalent quercetin doses. These findings 
represent preliminary in vitro observations and do not establish 
the safety, targeted delivery, enhanced cellular uptake, or 
therapeutic efficacy of the formulations. Further studies using 
complementary cellular assays and appropriate experimental 
models are needed to clarify the contribution of quercetin to 
the observed effects and to investigate the potential of these 
formulations.
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