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1. Introduction

Synthesis of iron oxide quantum dots by non-
thermal atmospheric pressure plasma electrolysis:
influence of operating conditions and biomedical
applications

K. Navaneetha Pandiyaraj, & *@ M. Karuppusamy,® Vandana Chaturvedi Misra,”
S. Ghorui,® A. Raji,® P. Saravanan,® B. S. Unnikrishnan, (2 ¢ P. Gopinath, (9 ¢

M. Pichumani, @ S. Thangamani, 7 S. Yugeswaran, (29 M. C. Ramkumar”
and Babu Balraj

Iron oxide quantum dots (IOQDs) were synthesized in this work using a distinct non-thermal atmospheric
pressure plasma (NTAPP) electrolysis technique. The impact of the operational environment on the
synthesis process was thoroughly investigated. The physicochemical properties of the synthesized IOQDs
were studied using various methods, including scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and vibrating-sample
magnetometry (VSM). Further, a time-resolved spectrofluorometer equipped with a time-correlated single
photon counting (TCSPC) system was used to measure the photoluminescence lifetime. To explore their
potential in biomedical applications, the cytotoxicity and bio-imaging capabilities of the synthesized I0QDs
were evaluated through in vitro studies using A549 lung adenocarcinoma cells. A significant finding was the
predominant presence of magnetite (FesO,4) over hematite (Fe,Os) in the IOQDs, which exhibited notable
superparamagnetic properties. Interestingly, the specific operating environment during the synthesis process
played a crucial role in determining the properties of the IOQDs. The synthesized quantum dots displayed
a straightforward biexponential fluorescence decay profile with an average lifetime of 2.02 nanoseconds.
The in vitro analyses confirmed the non-cytotoxic nature of the IOQDs and highlighted their remarkable
bio-imaging potential, underscoring their suitability for integration into various biomedical applications.

environmental remediation, and healthcare, by enabling the
design of materials with tailored properties. Among these,

Nanotechnology has propelled significant advancements in magnetic nanomaterials have attracted significant interest due

diverse fields, including

electronics, energy storage, to their unique optical, electrical, and magnetic characteristics.
Rapid progress in biomedical technology has been significantly
influenced by innovations in nanotechnology, particularly the
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being explored for a range of applications, including hyper-
thermia under high-frequency magnetic fields, targeted drug
delivery, bio-sensing, and T2-contrast enhancement in MRI.
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stability,” making them highly effective for bioseparation tech-
niques.' Quantum dots (QDs) with sizes ranging from 2 to 10
nm" further enhance these capabilities due to their narrow
emission spectra,’”> superior photostability," and distinctive
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significant challenges, including high temperature require-
ments, lengthy processing times, excessive chemical usage, and
complexity in operation. Moreover, they offer limited control
over particle size.’** In contrast, non-thermal atmospheric
pressure plasma (NTAPP)-assisted electrolysis has gained
attention as a promising alternative for nanoparticle
synthesis.”® In this method, plasma serves as an electrode,
introducing electrons and ions into the electrolytic solution.
The interaction between NTAPP and the solution creates
a highly reactive chemical environment near the plasma-liquid
interface, enabling efficient nanoparticle synthesis. This
process generates various reactive species, including electrons,
radicals, ions, and excited hydroxyl radicals.>* By adjusting the
applied potential and plasma-forming gas, the synthesis
process can be precisely controlled, making it a highly versatile
technique.

While NTAPP-assisted electrolysis has proven to be a prom-
ising method for nanoparticle synthesis, only a handful of
studies have focused on its use for producing Fe;O,
nanoparticles.”*?® R. Wang et al. synthesized Fe;O, nano-
particles in a liquid medium using non-thermal argon micro-
plasma, achieving an average size of 12.5 nm.* H. Nolan et al.
reported the development of Fe;O, nanoparticles with a size
distribution of 9 nm through plasma-assisted electrolysis.*®
Naoki Shirai et al. investigated iron oxide nanoparticle synthesis
using glow discharge plasma-assisted electrolysis, obtaining
particle sizes in the range of 10-20 nm.** A previous study by our
group demonstrated a novel NTAPP-assisted electrolysis
method for synthesizing Fe;O, nanoparticles with an average
particle size of 17 nm.** However, the development of Fe;O,
quantum dots using this approach has not been investigated so
far. This study aimed to synthesize Fe;0, quantum dots using
NTAP-assisted electrolysis under different processing condi-
tions. The resulting quantum dots were characterized through
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), X-
ray diffraction (XRD), and vibrating-sample magnetometry
(VSM) to evaluate their morphology, surface chemistry, phase
composition, and magnetic properties. Time-resolved fluores-
cence decay analysis was employed to determine the average
lifetime of the Fe;O, quantum dots. Additionally, in vitro cyto-
toxicity and bio-imaging studies were conducted with A549 lung
adenocarcinoma cells to explore their potential for biomedical
applications.

2. Materials and methods
2.1 Materials

10QDs were synthesized using commercially available AR grade
ferric chloride (FeCl;) and ferrous chloride (FeCl,), both
purchased from Sigma-Aldrich, USA. 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) was also procured
from Sigma-Aldrich, USA, while acridine orange (AO) and
ethidium bromide (EtBr) were obtained from SRL Pvt. Ltd,
India. DMEM/F12 media, Phosphate-Buffered Saline (PBS), and
trypsin-EDTA were sourced from Himedia, India. Gibco™
Penicillin-Streptomycin (10000 U mL™ ') and Gibco™ Fetal
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Bovine Serum (FBS) were acquired from Thermo Fisher Scien-
tific, USA. A549 lung adenocarcinoma cells were purchased
from NCCS, Pune, India, and were maintained in DMEM
medium with 10% FBS at 37 °C in a 5% CO, incubator (NuAire,
USA). The cells were sub-cultured once they reached 60%
confluence.

2.2 Synthesis of IOQDs

I0QDs were synthesized using a custom designed non-thermal
plasma electrolytic reactor, as shown in Fig. 1. The reactor setup
comprised of several key components: a plasma torch, high-
voltage power source, electrolytic reaction chamber, mass flow
controllers (MFCs), gas cylinder, and an iron (Fe) anode. The
plasma torch was constructed with a rod-type live electrode
measuring 140 mm in length and 4 mm in diameter, paired
with a ring-shaped ground electrode made of copper. The inner
diameter of the ground electrode was 1.6 cm, while the outer
diameter was 2.5 cm. To prevent arc transitions during opera-
tion, the live copper electrode was encased in a primary quartz
tube and further positioned inside a secondary quartz tube. The
ring-shaped ground electrode was also enclosed within
a secondary glass tube located just below the live electrode. The
distance between the live and ground electrodes was adjustable
and fixed at 6 mm for this setup. The torch assembly was
enclosed in a Teflon housing to ensure safety and prevent
electric induction. This precise design played a crucial role in
maintaining the stability and efficiency of the plasma-assisted
synthesis process.

The plasma torch unit consists of a specialized gas flow port,
with gas flow controlled by a digital mass flow controller (MFC)
acquired from Aalborg, USA. The active electrode was connected
to a high-voltage power supply capable of delivering a maximum
voltage of 40 kv, a current of 50 mA, and a frequency of 50 Hz.
The electrolysis process took place in a three-port reaction
chamber. At first, the chamber was filled with a prepared elec-
trolytic solution by dissolving 5 mM of FeCl; and 2.5 mM of
FeCl, in distilled water. Argon gas was bubbled through the
solution, and its pH was adjusted to 10 by adding 2 M NaOH.
The plasma torch assembly was inserted through the top port of
the chamber, maintaining a fixed distance of 1 mm between the
solution surface and the torch. The second port was connected
to the gas flow unit, which regulated the reaction environment.
A separate Fe electrode, acting as the anode, was immersed in
the electrolytic solution through the third port, facilitating gas
exit. The plasma served as the cathode in this setup, while the
Fe rod functioned as the anode. Before the synthesis of IOQDs,
the chamber was filled with reactive gases, and argon gas used
for plasma formation was introduced between the electrodes via
MFCs. When a high voltage was applied across the electrodes,
a stable plasma jet emerged from the torch orifice and inter-
acted with the electrolytic solution. This interaction initiates
various electrochemical reactions at the plasma-liquid inter-
face, including reducing metal cations at the cathode and
dissolution reactions at the anode. These processes contributed
to the formation of IOQDs at the interface. After synthesis, the
crude reaction mixture containing iron oxide quantum dots

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the plasma electrolysis setup.

Table1l Typical operating parameters used during the plasma process

Working Air, O,, N, and Ar

environment

Plasma forming gas Ar

Precursors FeCl; and FeCl,

Working pressure Atmospheric
pressure

Gas flow Ar 4 lpm

Applied potential 17 kv

Processing time 15 min

(IOQDs) was purified through successive magnetic separation
steps. The magnetic fraction was isolated using a neodymium
(Nd) magnet to remove unreacted precursors and non-magnetic
impurities. The collected material was redispersed in deionized
(DI) water and washed three to five times, followed by magnetic
decantation to ensure removal of soluble by-products. The
resulting dispersion was filtered through Whatman Grade 42
filter paper to eliminate larger aggregates and insoluble resi-
dues. The filtrate containing the purified I0QDs was again
magnetically collected and subsequently washed four times
with DI water and once with ethanol to remove residual ions,
surfactants, and organic contaminants and allowed to dry
naturally at room temperature for 8-12 hours. The purified
10QDs were finally dried under vacuum at room temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry

and stored in airtight containers for further physicochemical,
optical, and structural characterisation. The key operational
parameters for synthesising IO QDs are summarised in Table 1.

2.3 Characterization of the synthesized I0QDs

The surface chemistry of the synthesized I0QDs was carefully
examined using an advanced X-ray photoelectron spectrometer
(XPS, ThermiScientific, Al K-Alpha KAN995413). The core level
spectra obtained were processed with XPSPEAK 4.1 software,
integrated with Lorentz-Gaussian peak shapes for curve fitting
to distinguish various chemical bonds within the spectra. FE-
SEM was employed with Zeiss Sigma FE-SEM (Germany),
which provides high-resolution imaging abilities. TEM analysis
was performed using the FEI-TECNAI, G2-20 TWIN at an oper-
ating voltage of 200 kV. The particle size distribution was
determined at room temperature by a particle size analyzer
(Horiba, Ltd, Kyoto, Japan), applying dynamic light scattering.
The change in phase of the QDs as a function of the reaction
atmosphere was examined through XRD analysis. The Bruker
D8 Advance, Panalytical X Pert3, Germany, equipped with 2.2 W
K Cu K alpha radiation (A = 1.54056 A), was used for this
measurement. A vibrating scanning magnetometer (VSM) was
used to investigate the magnetic properties of the QDs. The
fluorescence lifetime measurements were conducted using
a Time-Resolved Spectrofluorometer (Model: Deltaflex, Make:

RSC Adv, 2025, 15, 44145-44157 | 44147
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Horiba, Japan) equipped with a Time-Correlated Single Photon
Counting (TCSPC) system. The system features laser diodes
with a typical pulse width of 100 ps emitting at 405 nm and
470 nm and a PPD detection module for high-precision
measurements. Data acquisition is performed at a rate of up
to 1000 TCSPC measurements per second, making it ideal for
kinetic and anisotropy studies. To extract decay parameters, the
fluorescence decay profiles are analyzed using advanced fitting
techniques, such as re-convolution analysis, with measure-
ments ranging from 25 ps to 1 s. Wavelength-dependent decays
were also collected for detailed Time-Resolved Emission Spectra
(TRES) analysis. This setup ensures robust and precise evalua-
tion of fluorescence dynamics.

2.4 Invitro cell assays

2.4.1 Cell viability study. A549 lung adenocarcinoma cells
were seeded in a 96-well tissue culture plate at a density of 10°
cells per well. The plates were incubated at 37 °C in a 5% CO,
incubator (NuAire, USA) to facilitate cell attachment and
growth. After overnight incubation, the cells were exposed to
different test samples and incubated again under the same
conditions for 24 hours. Following the incubation, 0.1 mL of
MTT solution (1 mg mL ™" in PBS) was added to each well, and
the plates were further incubated at 37 °C for 4 hours in the CO,
incubator. After this step, the excess dye was carefully removed
by aspiration. To dissolve the formazan crystals formed during
the assay, 0.1 mL of lysis buffer was added to each well. Using
a plate reader Epoch BioTek, Agilent Technologies, the absor-
bance of the dissolved dye was measured at 570 nm. The cell
viability percentage was evaluated using the standard formula.**

Signal A= Inens.
Mag = 100.00 KX

Date :28 May 2024
WD = 5.4 mm

View Article Online

Paper

(ODTreated - ODBlank)

% Cell viability =
’ Y (ODCOnlrol - ODBlank)

x100 (1)

where ODryeated; ODcontrol ad ODgjani are the optical density of
the treated, control and blank solutions respectively.

2.4.2 Morphological analysis of cell using dual AO-EtBr-
staining. A549 lung adenocarcinoma cells were seeded at
a density of 10° cells/well in a 96- well tissue culture plate and
incubated at 37 °C in a 5% CO, incubator (NuAire, USA). After
overnight incubation, cells were treated with samples at
concentration (0.1 mg mL ™). The cells along with the particles
were incubated at 37 °C in a 5% CO, incubator for 24 h. After
incubation time, cells were washed with PBS and incubated
with 50 uL of AO/EtBr (1 mg mL ') solution. Then, the cells were
visualized under a phase contrast fluorescence microscope
(EVOS M5000, Thermo Fisher Scientific).

2.4.3 Invitro cell imaging using fluorescence microscopy.
A549 lung adenocarcinoma cells were seeded at a density of 10>
cells/well in a 96- well tissue culture plate and incubated at 37 °©
C in a 5% CO, incubator (NuAire, USA). Following overnight
incubation, the cells were treated with samples. The cells along
with the particles were incubated at 37 °C in a 5% CO, incubator
for 24 h. After incubation period, the cells were washed with
PBS, stained with Hoechst 33342/rhodamine 123 and their
morphology was visualized under a phase contrast fluorescence
microscope.

3. Results and discussion

The synthesis of I0QDs under different atmospheric condi-
tions, including O,, air, N,, and Ar, leads to variations in their
morphology and structural characteristics. The impact of these

EHT =2000kV
WD = 55mm

Signal A= InLens
Mag = 100.00 K X

Date :28 May 2024

zE13S

SignalA=Inlens  Date :28 May 2024 —
Mag= 100.00K X

WD = 54mm

Fig. 2 FE-SEM images of IOQDs synthesized under different environments: (a) O,, (b) air, (c) N,, and (d) Ar.
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conditions on the particle formation was analyzed using scan-
ning electron microscopy (SEM), X-ray diffraction (XRD), and
transmission electron microscopy (TEM). These techniques
provide insights into the shape, size, crystallinity, and surface
features of the synthesized nanoparticles, allowing for
a detailed comparison of the effects of different atmospheric
environments on the properties of I0OQDs.

3.1 Morphological and structural analysis: SEM, XRD and
TEM analysis

Fig. 2 illustrates the morphological evolution of IOQDs
synthesized under different atmospheric conditions, including
0,, air, N,, and Ar. To determine the average particle size, the
particle size distribution was analyzed, as shown in Fig. 3. The
10QDs exhibited a generally spherical morphology with
a uniform particle size range of 2-7 nm. However, noticeable
particle agglomeration was observed in samples synthesized in
O, and air compared to those produced in N, and Ar environ-
ments. The average diameter of particles synthesized in an
oxygen atmosphere was approximately 3.7 nm. This size
progressively decreased in the order of oxygen > air > nitrogen >
argon. The particle size obtained from this distribution closely
matched the measurements from SEM analysis.

The observed morphological variations can be attributed to
the reactive plasma environments. In oxygen and air atmo-
spheres, reactive gaseous species interact with the plasma jet,
generating oxygen-containing excited species that transfer to the
electrolyte solution. These reactive species further interact with
I0QDs formed at the plasma-liquid interface, incorporating
oxygen moieties. This incorporation enhances interactions
between I0QDs, leading to particle aggregation. In contrast, the
Ar and N, environments lack oxygen functionalities, resulting in
well-defined and separated particles. The SEM findings highlight
the significant role of the processing environment in influencing
I0QD morphology. Fig. 4 presents the morphology of I0QDs
analyzed using TEM. The TEM analysis confirmed a roughly

50
40 -
Ar
—_ /"
2 30 1 / \\
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Fig. 3 Variation of particle size distribution of 10QDs synthesized
under various environments.
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Fig. 4 TEM image of IOQDs synthesized under Ar environment.

spherical morphology, with an average particle size ranging from
2 to 10 nm (Fig. 4). These results align well with the findings from
SEM and particle size distribution analyses.

The crystallinity of the IOQDs was examined by XRD analysis
(Fig. 5). It was observed that no significant signal of Fe;0, was
observed in the IOQDs synthesized at all conditions. This may
be due to the low crystallinity of IOQDs. Runren Jiang et al.
observed the similar XRD diffraction pattern of the Fe;0, owing
to the lower degree of crystallinity.*

3.2 Surface chemistry of IOQDs: XPS analysis

The elemental composition and chemical state of the IOQDs
were analyzed using XPS. The survey scan spectra, shown in
Fig. 6, reveal the presence of Fe 2p, O 1s, and C 1s peaks on the

8000
- i Te—, 0
6000
= Air
3
L)
24000 - N
2 " 2
D
k=S
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0 T T T T T
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Fig. 5 XRD pattern of IO QDs synthesized under various

environments.
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Fig. 6 XPS survey scan spectra of IOQDs synthesized under various
environments.

surface of the IOQDs. Additionally, a prominent Na peak was
detected, likely originating from the electrolyte solution during
the electrolysis process. However, the presence of sodium did
not significantly affect the magnetic properties of the I0QDs.
The intensity of the Fe 2p peak increased in the order of O, < air
< N, < Ar, while the O 1s component showed a slight decrease.
This observation suggests that the Ar and N, environments
effectively reduce oxidation of the I0QDs, preserving their
chemical integrity. The change in the IOQDs chemical state was
further examined by deconvolution of the high-resolution Fe 2p
spectrum. Fig. 7a shows the Fe 2p high-resolution spectra of the
10QDS synthesized under an O, atmosphere. It exhibits two
distinct peaks at 711.4 and 724.8 eV attributed to Fe 2p;,, and Fe
2Py, indicating the mixed metal oxide of Fe** and Fe*'res-
pectively. The weak satellite peak was also identified at 719 eV
for Fe®*. Fe 2p;, was decomposed into two peaks due to Fe**
and Fe*" oxidation states at 710.2 eV and 713.6 eV. Likewise, the
Fe 2p,/, peak was further decomposed into two peaks due to
Fe”" and Fe** oxidation states at 723.5 €V and 725.1 €V.***” The
difference between Fe 2p;/, and Fe 2p,,, was calculated at about
13.6 eV indicating the presence of Fe;O, phase.***” The inten-
sity of the peak due to Fe*" oxidation state within both Fe 2p,,
and Fe 2p3, was also found to increase significantly on the
surface IOQDs synthesized in various environments in order of
O, <air < Ar < N, (Fig. 7b-d). The quantifiable examination of
the deconvoluted Fe2p spectra, represented in Fig. 7e endorses
these observations. The increase in Fe** ions in the I0QDs may
be attributed to the oxidation of Fe** and Fe®" ions provided by
the submerged iron rod in the electrolytic solution when the
processes carried out the O, and air environment leads to
exhibit the higher concentration of Fe*" ions in the I0QDs.
Consequently, the plasma jet allowed a highly energetic elec-
tron in the electrolytic solution, which further interacted with
the electrolytic solution, generating hydroxyl radicals (OH") at
the electrolytic solution-plasma interface. The obtained OH"
further reacted with the Fe®" ions in the electrolytic solution,
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resulting in the formation of Fe** ions, which further oxidized
in the processes carried out in an O, and air environment,
whereas the Fe*" ions were retained when the processes were
carried out in an inert environment. The presence of Fe*", Fe**
and OH’ radicals in the solution contributed to the generation
of I0QDs with magnetite phase via the following chemical
reactions.>**°

Ar+e — Ar*f+e (2)

Ar*+ H,O - OH' + H + Ar (3)

e +H,O—- OH +H +e” (4)
OH' + OH" — H,0, (5)

H,0, + Fe** — Fe’* + OH" + OH™ (6)
Fe’* + ¢~ — Fe** (7)

Fe'* + Fe’* + 8OH™ — Fe;0, (magnetite) + 4H,0  (8)

In addition, three major steps are involved in forming I0QDs.
Initially, the plasma jet and electrolytic solution interaction
provided Fe*" ions, Fe* ions, and OH radicals. Interaction of
OH radicals with Fe ion in the solution promoted the reduction
from Fe’" to Fe** to Fe’. The reduced Fe-formed nuclei are
known as nucleation processes. The nuclei were further inte-
grated with developing nanoparticles to the specific
morphology. In the third step, nanoparticles end up being of
a constant size and a definite morphology. In this way, the Fe**
ions and Fe®* ions have played significant role in forming
nanoparticles with specific phases. Fig. 8 depicts quantifiable
information about the various oxygen-containing groups on the
surface of IOQDs obtained by deconvolution of the C1s core
level spectra of the IOQDs synthesized. The C1s spectra of the
10QDS synthesized at the O, atmosphere exhibited four peaks
at 285.0 eV, 286.4 eV, 288.0 eV, and 288.9 eV corresponding to
C-C/C-H, C-O, C=0 and O-C=O0O groups respectively
(Fig. 8a).*® After IOQDs were synthesized in an air environment,
the intensity of the peaks due to C-O, C=0, and O-C=0
decreased markedly and further decreased the sample prepared
at N, and Ar environments (Fig. 8b-d). Fig. 8e shows the relative
percentages of the aforementioned functional groups, which
quantitatively validated that the amounts of the functional
groups (C-O, C=0, and O-C=0) decreased gradually while
groups due to C-C/C-H amplified in the order processing
environment Ar < N, < air < O,. The observed changes are
apparently due to the prevention of the oxidation of I0QDs
during the electrolysis, which facilitates the formation Fe>" state
rather than the Fe*" state, which is confirmed by the results of
Fe 2p spectra.

3.3 Time-correlated single photon studies

The synthesized IOQDs exhibited a fluorescence decay profile
characterized by a biexponential fitting curve with an average
lifetime of 2.02 ns, as shown in Fig. 9. Chauhan and Watson
evaluated fluorescence decay profiles by examining residual

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 High-resolution C 1s XPS spectra of IOQDs synthesized under different environments: (a) O, (b) air, (c) N, and (d) Ar. Panel (e) shows the
deconvoluted Cls contributions, including peaks assigned to C—C/C=C (sp? carbon), C-O, C=0, and O-C=0 functional groups.

distributions and chi-square values, with 0.95 to 1.40 consid-
ered an acceptable range.* They introduced additional expo-
nential components only when these significantly improved chi-

44152 | RSC Adv, 2025, 15, 44145-44157

square values and refined residual plots over time. The decay
profile of I0QDs yielded a chi-square value of 1.21, confirming
the reliability of the fit. In comparison, Sedat Nizamoglu et al.
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Fig. 9 Fluorescence decay profile showing the instrument response
function (IRF, red dashed line) and biexponential decay components
(P4.4T1in green, P4.4 T2 in blue) with normalized intensity plotted on
a semi-log scale as a function of time.

investigated a white-light-emitting hybrid system composed of
QWs and QDs, which displayed a multi-exponential decay
pattern.*

This system included two components corresponding to
nanocrystal lifetimes of 12.87 ns and 49.99 ns, along with
a short lifetime of 2.00 ns characterized by a negative ampli-
tude, indicative of resonant energy transfer. The chi-square
value of 1.0171 confirmed the fit's accuracy. Unlike the hybrid
system, which demonstrated complex interactions such as
energy transfer, the I0QDs showed a simpler biexponential
fluorescence decay with no evidence of multi-component
dynamics. Additionally, the IO QDs displayed strong blue fluo-
rescence when illuminated with UV light, as shown in Fig. 10.

3.4 Magnetic properties of the synthesized I0QDs: VSM
results

The magnetic properties of the IOQDs were assessed using
a Vibrating Sample Magnetometer (VSM) under ambient

Fig. 10 Photograph of IOQDs (a) before and (b) after illumination of
UV light.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Magnetization curve of IOQDs synthesized under different
environments.

conditions. Fig. 11 presents the magnetization curves of IOQDs
synthesized in different environments. The hysteresis curves
shown in the figure indicate the superparamagnetic behavior of
the IOQDs across various synthesis conditions. The saturation
magnetization (M;) of IOQDs synthesized in an O, atmosphere
was measured at 42.65 emu g~ . After synthesizing the IOQDs in
different environments, the M values were found to increase in
the following order: O, (42.65 emu g~ ') < air (49.25 emu g ') <
N,) (51.51 emu g~ ') < Ar (54.98 emu g~ *). This increase in M is
likely due to a higher presence of Fe®" ions in the I0QDs
synthesized under the argon environment, which facilitates the
formation of a larger magnetite phase. Aseya Akbar et al. re-
ported that an increase in the Fe*" ionic state plays a crucial role
in enhancing the magnetite phase, thereby significantly boost-
ing the saturation magnetization.** The VSM results strongly
support the remarkable superparamagnetic properties of the
I0QDs, making these nanoparticles potential candidates for
various biomedical applications. Such superparamagnetic iron
oxide nanostructures have been widely explored for MRI and
targeted drug delivery applications, as reported in recent
studies.*?

3.5 Invitro cytocompatability and cell imaging analysis

The cell viability of the synthesized I0QDs in different envi-
ronments was assessed using the MTT assay with A549 lung
adenocarcinoma cells, which serves as an indicator of the
toxicity of the IOQDs (Fig. 12). The cell viability of the QDs was
compared with the standard tissue culture plate (TCP), which
was considered 100%. The results showed that the cell viability
of QDs synthesized under an O, atmosphere was 52%. For the
other environments, the cell viability increased in the following
order: O, < air < N, < Ar. The variation in cytocompatibility of
the QDs is likely linked to their phase, particularly the magne-
tite phase, as well as their particle size.

Previous studies by Xi Zhou et al. indicated that IOQDs with
a magnetite phase showed significantly higher cell viability

RSC Adv, 2025, 15, 44145-44157 | 44153
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Fig. 12 Cell viability percentage of IOQDs synthesized under various
environment.

compared to hematite.”® In line with this, the IONP QDs
synthesized under the Ar atmosphere provided an effective
surface for cell adhesion and proliferation, similar to the
control (TCP). These non-cytotoxic results, with 99.16% cell
viability, highlight the potential of IOQDs as suitable materials
for biomedical applications. Our findings are consistent with
reports that surface-modified iron oxide nanoparticles exhibit
high biocompatibility and negligible cytotoxicity at sub-
millimolar concentrations.** Additionally, the cell compati-
bility of the IONP QDs was further evaluated by examining the

View Article Online
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The cell adhesion, morphology, and proliferation of A549
lung adenocarcinoma cells were cultured in the presence of
I0QDs were examined through fluorescence microscopy for an
incubation time at 24 h (Fig. 13). The results were compared
with those of TCP, which acts as a control. Results showed that
all IOQD treated cells emit a high density of green fluorescence,
perhaps an indication of significant adhesion and spreading of
cells on 10QD surfaces. Furthermore, the cells did not reveal
any remarkable changes in morphology (i.e., non-toxic), indi-
cating that adhered cells are healthy, with normal morphology
and intact membrane structures. When looking at the images
obtained with a red fluorescent filter and displaying the dead/
damaged cells stained with EtBr, a few dead/damaged cells
were perceived after culturing with IOQDs synthesized under air
atmosphere, related to a higher density of live cells.

In order to evaluate the morphology of cells adhering to the
10QDs, HO/RB staining was conducted (Fig. 14). HO is a nuclear
stain, while RB labels the cytoplasmic vesicles by binding to AT-
rich regions in DNA. In this study, toxicity was assessed by
observing the reduction in cytoplasmic or nuclear fluorescence
of the stained cells.***” The staining revealed uniform fluores-
cence in the nucleus and cytoplasm of cells on the I0OQDs
surface, with no significant decrease in fluorescence emission.
However, the nucleus exhibited very weak emission signals.
Based on these observations, it can be concluded that the
I0QDs are non-toxic and do not cause any harmful effects on
cell health. Overall, the in vitro cell compatibility analysis
reveals that the IOQDs exhibit excellent compatibility under all
conditions, making them suitable for use as fluorescence
probes or staining agents in bioimaging applications. Beyond
bioimaging, the iron oxide core enables them to function as

surface morphology of A549 lung adenocarcinoma cells in nanozymes. The potential application of magnetic
Fig. 13.
Operating Conditions
N, Ar

Control 0, Air

Fig. 13 Phase contract and fluorescent micrographs of A549 lung adenocarcinoma cells subjected to a dual AO/EtBr staining and cultured on
a TCP and in the presence of IOQDs synthesized under various environment.
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Fig. 14 Fluorescence microscopic images of HO/RB stained A549 lung adenocarcinoma cells in the presence of IOQDs synthesized under

various environment (a) O, (b) air, (c) N, and (d) Ar.

nanoparticles to tumours through catalase-
mimicking activity is currently a major focus in cancer nano-
medicine.*® This indicates that IOQDs not only serve as excel-
lent bioimaging agents but also hold significant promise for
synergistic cancer therapy applications due to their inherent

catalytic properties.

overcome

4. Conclusion

This study introduces a novel non-thermal atmospheric pres-
sure plasma electrolysis technique to synthesize IOQDs,
exploring various operating environments such as air, O,, N,,
and Ar. The physicochemical properties of the synthesized
10QDs were thoroughly examined using XPS, XRD, SEM, TEM,
and VSM. The photoluminescence lifetime was measured with
a Time-Resolved Spectrofluorometer, equipped with a Time-
Correlated Single Photon Counting (TCSPC) system. The cyto-
toxicity and bioimaging potential of the IOQDs were assessed
using A549 lung adenocarcinoma cells. XPS analysis confirmed
the presence of both Fe;0, and Fe,O; phases in the IOQDs, with
a higher concentration of Fe** oxidation state, indicating the
dominance of the magnetite phase. XRD results revealed no
significant Fe;0, signals due to the lower crystallinity of the
I0QDs. SEM, TEM, and particle size analysis showed that
the size of the synthesized I0QDs was approximately 2-4 nm.
VSM analysis confirmed the superparamagnetic behavior of
the I0QDs, with a saturation magnetization (M;) value of
54.98 emu g~ ' for samples synthesized in the Ar environment.
The properties of the IOQDs were influenced by the synthesis
conditions, with the samples produced under Ar showing the
best performance. The fluorescence decay profile of the IOQDs
synthesized in the Ar environment followed a simpler

© 2025 The Author(s). Published by the Royal Society of Chemistry

biexponential pattern with an average lifetime of 2.02 ns.
Finally, in vitro studies confirmed the non-cytotoxic nature of
the I0QDs and highlighted their potential for bioimaging
applications in biomedical fields.
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