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1. Introduction

Fabrication of water-dispersible dye/polymer
matrix-stabilized B-FeOOH (Rh-B/F127@pB-FeOOH)
nanoparticles: synthesis, characterization and
therapeutic applications

Neela Mohan Chidambaram,@i*a Palanisamy Rajkumar,i® P. Arul Prakash,®
G. M. Rathika,® K. Prabhu,® Senthil Muthu Kumar Thiagamani,@*f

M. Khalid Hossain, © *9 Manikandan Ayyar, © *" Lalitha Gnanasekaran'

and Jinho Kim*°

In this study, dye/polymer matrix-stabilized B-FeOOH nanomaterials were fabricated for therapeutic
applications. Rh-B/F127@B-FeOOH nanomaterials were synthesized using two different methods: co-
precipitation (CoP) and hydrothermal (HT)
characterized using various spectroscopic techniques, including FT-IR, UV-Vis, PL, XRD, HR-TEM, and

methods. The as-synthesized nanoparticles were
XPS analysis. The functional groups and optical properties were confirmed by FT-IR spectroscopy, UV-
Vis and fluorescence spectroscopy. The Rh-B/F127@B-FeOOH nanomaterials exhibited both rod-like and
sphere-like morphology, as confirmed by HR-TEM analysis. Unlike the nanorods, the nanospheres
produced multi-colored emissions at 407, 446, 482 and 520 nm. The oxidative states and elements were
confirmed by XPS spectroscopy. MTT assays were used to analyze the cytotoxicity of the nanospheres
against A549 cells. The reactive oxygen species (ROS) generation and apoptotic cell death caused by the
B-FeOOH nanospheres were evaluated by flow cytometry. Cell cycle analysis indicated that the
treatment of nanospheres-induced S-phase cell cycle arrest in A549 cells. The synthesized nanospheres
induced late-stage apoptosis in the A549 cell line, with a cell death rate of up to 30.37% at the ICsq
concentration. Additionally, the antioxidant activities of the synthesized nanorods showed a high
scavenging activity against free radicals, as examined by different assays such as such as DPPH, RP, and
FRAP. The above results suggest that the synthesized nanorods and nanospheres are promising and
efficient material for therapeutic applications.

cancer is one of the most frequent malignancies and causes
about 19% of deaths worldwide. Nanoparticle research aims to

Recently, nanomedicines have been developed to boost cancer
treatment, creating new potential for improved effectiveness.
This is an important breakthrough as cancer is the leading
cause of death worldwide. Compared to other cancer types, lung
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minimize the adverse effects of cancer and allow the precise
targeting of tumors without any toxic side effects."

Several research studies have attempted to investigate novel
materials with great efficacy and low side effects for cancer
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treatment.”* Combining novel nanomaterials with specific
therapeutic technique has shown promise for cancer diagnosis
and therapy. However, there are still many challenges to over-
come for the development of new materials for use in the
preclinical and clinical research of tumors to improve the
therapeutic efficacy.’

Over the past few decades, nanostructured metal oxide
materials have attracted considerable attention due to their
distinctive intrinsic characteristics, including tunable surface
chemistry, morphology, structure, large surface-volume area,
and high chemical stability. Among the various iron-based
oxide materials, B-FeOOH (also referred to as akaganeite) with
a hollandite-type structure has been utilized as an effective
semiconductor, with a band gap of 2.12 eV. The monoclinic
crystal-structured akaganeite (B-FeOOH) has a specific gravity
(SG) of 3.52 and unit cell parameters of a = 10.587 A, b = 3.0357
A, c=10.527 A, and 8 = 90.14.” Its framework is made up of iron
oxyhydroxide and includes tunnels that are partially occupied
by chloride anions in environments containing chloride.®* The
tunnel structure make it a versatile material that can be used in
various areas of applications, like in catalysts, electrodes, ion-
exchange materials, and adsorbents.®™*

B-FeOOH nanoparticles are commonly synthesized through
various methods, like hydrolysis,”®* co-hydrolysis,** hydro-
thermal technique,”®™® thermolysis,'® precipitation and co-
precipitation method,* surfactant-templated synthesis,*" elec-
tric explosion,” and green synthesis.>® Also, nanocrystalline
akaganeite exhibits an elevated surface area and a narrow pore-
size distribution, showcasing diverse crystal morphologies,
such as rod and nanotubes,'” needles,* spindles,* and cigar-
shaped.’ The different shapes of B-FeEOOH materials have
ignited significant research interest regarding their nanoscale
derivatives, which have been used in magnetic storage devices,
catalysis, and sensors.* Besides, low-toxic B-FeOOH nano-
materials have recently been investigated for biological appli-
cations, such as MRI (magnetic resonance imaging) for medical
diagnosis and therapies.'®>**”

The use of organic dyes, like rhodamine-B (Rh-B) and its
derivatives, as fluorescent labels has also become prevalent in
biological applications due to their excellent physical and
chemical properties, such as high fluorescent quantum yield,
broad emission wavelength, and sensitivity.”® However, Rh-B
dyes have inherent limitations, such as hydrophobicity,
leading to self-bleaching, and poor selectivity, causing the non-
specific staining of tissues.*® To address these issues,
researchers have encapsulated Rh-B dyes into biocompatible
polymeric carriers to enhance their stability.**** Nonetheless,
Rh-B encapsulation within nanoparticles (NPs) often results in
aggregation and quenching, even when using polymeric
carriers.*

One strategy to mitigate aggregation and quenching is by
chemically conjugating Rh-B molecules to polymer chains. This
approach immobilizes the RB molecules, preventing aggrega-
tion and self-quenching. Polymers offer numerous functional
groups along their chains, making them suitable for such
functionalization or modification.** However, many of the
polymers that have been explored for this purpose to date lack
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mechanisms.*

In the recent past, amphiphilic triblock copolymers, partic-
ularly focusing on Pluronic copolymers like Pluronic F-127,
have attracted significant attention in various interdisciplinary
fields.*® Pluronic F-127, being a water-soluble triblock copol-
ymer composed of poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO), possesses several advan-
tageous properties including stability, good mechanical prop-
erties, biocompatibility, and a non-toxic nature.*” Pluronic F-
127 has also attracted significant attention due to its ability to
serve as a vehicle for drug delivery®**® and as a template for
nanoparticle synthesis.** Due to its biocompatibility, low
toxicity against cells and body fluids, and weak immunogenic
properties, it is highly suitable for biomedical applications.?”*°

The aim of this present study was to synthesize high-quality
Rh-B/F127@p-FeOOH nanorods and nanospheres for thera-
peutic applications by two different methods, namely co-
precipitation (CoP) and hydrothermal (HT) methods, using
dye-micelle (Rh-B/F127) matrix inclusion solutions. The
optical, structural, and morphological properties of the ob-
tained Rh-B/F127@pB-FeOOH nanoparticles were explored by
FT-IR, UV-Vis, PL, XRD, SEM, HR-TEM, and XPS analyses. The
synthesized Rh-B/F127@p-FeOOH nanoparticles exhibited good
anticancer activities. The cytotoxicity activity of the nano-
spheres was studied using an MTT assay. For the first time, we
demonstrate the Rh-B/F127@p-FeOOH nanospheres-induced
apoptosis effect on A549 cells with the help of cell cycle anal-
ysis, ROS generation, DAPI, intracellular uptake, and AO/EtBr
staining tests. The antioxidant activity of the nanorods was
examined by various assays, such as DPPH, RP, and PFRAP
assay.

poorly understood toxicity

2. Experimental
2.1 Materials

FeCl;-6H,0 (=98%), FeCl,-4H,0 (=96%) and urea (98%) were
purchased from Merck. Sodium hydroxide (NaOH, 99%) was
obtained from LobaChemie. Rhodamine-B (99%) was
purchased from Alfa Aesar. The F127 copolymer was purchased
from Sigma-Aldrich. All the chemicals were utilized in their
original state without any additional purification steps.

2.2 Methods

Rh-B/F127@B-FeOOH nanorods and nanospheres were
prepared by co-precipitation (CoP) and hydrothermal (HT)
methods using ferric chloride and rhodamine dye/F127 (Rh-B/
F127) matrix solutions.

2.2.1 Preparation of urea@p-FeOOH and Rh-B@pB-FeOOH
nanomaterials

2.2.1.1 Co-precipitation (CoP) method. First, 1 mM of FeCl;-
-6H,0 and 1 mM urea (acting as fuel) were dissolved in 50 mL of
water and heated up to 50 °C for 1 h. Then, the obtained solu-
tion was filtered using Whatman No. 40 filter paper to remove
the insoluble impurities. Then the solution was heated at 80 °C
and maintained at this temperature for 30 min. To this solution,
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10 mL of 3 M NaOH solution was added, keeping the pH at 11.
After that, the whole solution was maintained at 80 °C for 2 h to
allow the growth of B-FeEOOH NPs. The prepared NPs were
separated by centrifugation and washed with ethanol. To
eliminate by-products, the process was repeated at least twice.
Finally, the obtained NPs were dried for 3 h at 80 °C.

For the Rh-B@B-FeOOH nanomaterials, 20 mL of
rhodamine-B (2.0 mg dissolved in 20 mL water) was initially
added instead of urea, followed by the same synthesis proce-
dure as mentioned above.

2.2.1.2 Hydrothermal (HT) method. The synthesis of B-
FeOOH nanoparticles was performed by a hydrothermal
method without the addition of any precipitating agents. First,
1 mM of FeCl;-6H,0 and 1 mM of urea were dissolved in 50 mL
of water, and the solution was heated up to 50 °C and main-
tained there for 1 h. The obtained solution was then filtered
using Whatman No. 40 filter paper. The obtained solution was
then transferred to a Teflon-lined stainless-steel autoclave for
hydrothermal treatment at 180 °C for 2 h and then cooled down
to room temperature. The obtained nanoparticles were sepa-
rated by centrifugation and washed with ethanol at least twice
to remove any by-products. Finally, the obtained nanospheres
were dried at 80 °C for 3 h.
the Rh-B@B-FeOOH nanomaterials, 20 mL of
rhodamine-B (2.0 mg dissolved in 20 mL water) was initially
added instead of urea, followed by the same protocol as
described above.

2.2.2 Preparation of Rh-B/F127@pB-FeOOH nanorods and
nanospheres

2.2.2.1 Preparation of the dye-micelle inclusion solution. The
rhodamine-B/F127 (Rh-B/F127) inclusion matrix solution was
initially prepared as follows:** first, 1 g of Pluronic F-127
copolymer and 2.0 mg of Rh-B dye were mixed with 100 mL
water and then stirred for 2 h to form a dye-polymer inclusion
solution.

2.2.2.2 Preparation of Rh-B/F127@@-FeOOH nanorods by the
co-precipitation (CoP) method. First, 1 mM of FeCl;-6H,0 was
mixed with 50 mL of dye-polymer matrix solution, and then the
mixture was heated up to 50 °C and maintained there for 1 h to
form a dye-polymer-metal-ion complex. Then, the obtained
dye-polymer-metal-ion complex solution was filtered using
Whatman No. 40 filter paper to remove any insoluble impuri-
ties. Then, 10 mL of 3 M NaOH solution was introduced into the
reaction mixture at 80 °C, maintaining the pH at ~11. After that,
the whole solution was maintained at 100 °C for 2 h to allow the
formation of Rh-B/F127@pB-FeOOH nanorods. The prepared
NRs were separated using centrifugation and washed with
ethanol. To eliminate any by-products, the process was repeated
at least twice. Finally, the obtained NPs were dried for 3 h at
120 °C.

2.2.2.3 Preparation of Rh-B/F127@(-FeOOH nanospheres by
the hydrothermal (HT) method. The synthesis of Rh-B/F12@§-
FeOOH nanospheres was performed by a hydrothermal method
without the addition of any surfactant or precipitating agents.
In brief, 1 mM of FeCl;-6H,0 was mixed with 50 mL of dye-
polymer matrix solution, and the mixture was heated up to 50 ©
C and maintained there for 1 h to form a dye-polymer-metal-

For
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ion complex. The obtained dye-polymer-metal-ion complex
solution was then filtered to remove any insoluble impurities
using Whatman No. 40 filter paper. The dye-micelle-metal-ion
complex solution was then transferred to a Teflon-lined
stainless-steel autoclave and heated at 180 °C for 2 h. The ob-
tained Rh-B/F127@B-FeOOH nanospheres were isolated by
centrifugation and washed with ethanol at least twice to remove
any by-products. Finally, the obtained nanospheres were dried
at 120 °C for 3 h.

2.3 Characterization techniques

Various spectroscopic methods were used to characterize the
synthesized Rh-B/F127@B-FeOOH nanorods and nanospheres.
UV-visible (Shimadzu) and fluorescence spectroscopy (Shi-
madzu) were used to investigate the optical (absorption and
emission) properties. Infrared spectroscopy (FT-IR) was used to
confirm the existence of functional groups in the samples. X-
Ray photoelectron spectroscopy (XPS) measurements were per-
formed to determine the phase purity and oxidative states of the
elements. To accurately interpret other elemental peaks in the
XPS spectrum, C-correction in XPS analysis was applied, which
uses the C 1s peak from adventitious carbon on a sample
surface as a reference point to calibrate the binding energy
scale. This is usually accomplished by setting the C-C bond in
the C 1s peak to a standard binding energy of 284.8 eV and
aligning all other peaks accordingly. Scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (HR-TEM) were used to examine the surface
morphology and particle sizes of the samples. A confocal laser
scanning microscope was used for intracellular fluorescence
imaging. Flow cytometry (FACSverse Cytometer, Becton, Dick-
inson and Company (BD)) was used to determine the ratio of
cell populations in various cell cycle phases, intercellular
uptake, ROS production, and apoptosis cell death.

2.4 Anticancer activity of Rh-B/F127@p-FeOOH
nanospheres

2.4.1 Cell viability. The MTT assay was used to determine
the cytotoxicity/viability of Rh-B/F127@p-FeOOH nanospheres
against the human lung cancer cell (A549) and normal vireo cell
(L132) lines, used as models for the cell cytotoxicity assays. In
this assay, A549/L132 cells were plated at a density of 1 x 10°
cells per well in a 96-well plate at 37 °C in a 5% CO, incubator.
After 24 h culture, the medium in the wells was replaced with
fresh medium with Rh-B/F127@p-FeOOH nanospheres in
varying concentrations (0-500 pg). Following 24 h and 48 h
incubation periods, 100 pL of a DMEM media solution con-
taining MTT dye (5 mg mL " in phosphate buffer at pH 7.4) was
introduced to each well. Subsequently, 4 h incubation was
performed at 37 °C with 5% CO,, and the culture medium was
aspirated, followed by the dissolution of formazan crystals
using 100 pL DMSO. The resulting solution was thoroughly
mixed to ensure complete dissolution of the reacted dye. The
absorbance of each well was measured at 492 nm using
a microplate reader. The spectrophotometer was zeroed with
a culture medium devoid of cells to provide a baseline. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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relative cell viability (%) compared to control wells containing
the cell culture medium was determined using the following
formula:*

AC - AS "
AC

where AC is the absorbance of the control and AS is the absor-
bance of a sample.

2.4.2 Cellular uptake of nanospheres using DCFH-DA
staining. The accumulation of intracellular reactive oxygen
species (ROS), including free radicals, was assessed in A549
cells using dichlorodihydrofluorescein diacetate (DCFH-DA)
staining. To perform this analysis, we initially seeded 105
cells per well in 6-well plates and allowed them to grow over-
night. Subsequently, the cells were incubated with Rh-B/
F127@B-FeOOH nanospheres for a period of 24 h. After
removing the medium, the cells were washed with PBS and
stained in the dark at room temperature with 100 nL of DCFH-
DA (50 puM) for 10-15 min. The resulting fluorescence was
observed under a fluorescence microscope (Olympus CKX53) at
20x magnification.

2.4.3 Cell cycle analysis using flow cytometry. The A549 cell
line was initially cultured in 6-well plates using a high-glucose
DMEM medium. After a certain incubation period, the cells
achieved optimal growth and were subsequently exposed to Rh-
B/F127@B-FeOOH nanospheres for 24 h treatment. After the
24 h treatment, the cells were trypsinized and resuspended in
complete media. The resulting cell pellet was washed twice with
PBS and subsequently fixed by incubating it with 1 mL of 70%
ice-cold ethanol overnight at 4 °C. After removing the ice-cold
ethanol, the cell pellet was washed twice with cold PBS, and
then added to 10 pL of RNase A 10 g mL~" and incubated for
30 min, followed by washing with PBS. The cells were then
resuspended in 1 mL of PBS together with 50 pL propidium
iodide (1 mg per mL stock) for 30 min in the dark. Next, the cells
underwent analysis by flow cytometry (FACSverse Cytometer,
BD) to determine their cell cycle phase.

2.4.4 ROS generation. A549 cells were treated with Rh-B/
F127@pB-FeOOH nanospheres in high-glucose DMEM media in
a 6-well plate for 24 h. Afterwards, the cells were trypsinized,
pelleted, and then added to 50 pL of 10 um DCF-DA (Sigma-
Aldrich) and kept under incubation in the dark for 30 min.
Finally, flow cytometry (FACSVerse Cytometer, BD) was used to
measure the ROS levels in the cells.

2.4.5 Apoptosis. Apoptosis detection was performed using
the FITC Annexin-V with PI (Apoptosis Detection Kit, BD Biosci-
ences USA) protocol. A549 cells, a lung cancer cell line, under-
went 24 h treatment with Rh-B/F127@p-FeOOH nanospheres in
high-glucose DMEM media. Following the treatment, the cells
were trypsinized, suspended in PBS, subjected to two washes, and
then centrifuged to remove the PBS. The cells were then sus-
pended in 100 pL of binding buffer, and then stained with 5 pL of
annexin-V and propidium iodide for 15 min incubation in the
dark at room temperature following the protocol advised by the
flow cytometer manufacturer's instructions (cat no. 556547). The
diluted cells, stained with 450 pL of binding buffer, were

Cell viability (%) = 100 (1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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examined by flow cytometry (FACSverse Cytometer, BD), and the
data were subsequently analyzed with FACSverse software.

2.4.6 DAPI staining. Fluorescence microscopy was
employed to visualize the morphologies of the cell nuclei using
the simple fluorescent stain 4’,6-diamidino-2-phenylindole
(DAPI). The A549 cells were treated with Rh-B/F127@pB-FeOOH
NPs for 24 h. Then the cells were washed using PBS (pH 7.4) and
fixed with ice-cold paraformaldehyde. After that, the cells
further washed using PBS (pH 7.4) followed by the addition of
DAPI and then incubation for 15 min at 37 °C and wrapped in
aluminum foil. The cells were examined under an Olympus
CKX53 fluorescence microscope to observe the staining pattern.

2.4.7 Apoptosis induction analysis by dual AO/EtBr stain-
ing assay. The apoptotic effect of Rh-B/F127@B-FeOOH nano-
particles on A549 cells was verified by acridine orange/ethidium
bromide (AO/EB) staining, in accordance with a methodology
previously outlined.* The Rh-B/F127@p-FeOOH NP-treated cells
were examined morphologically for indications of apoptosis using
AO/EB staining. In brief, 5 x 105 A549 cells were seeded on a cover
slip in a 6-well plate, and then exposed to nanoparticles at the
proper ICs, concentration. After removing the cover slips from the
plate, they were treated with 10 pL mL ™" of AO (10 mg mL ") and
EB (10 mg mL ') and cleaned again with 1x PBS buffer. Using 1x
PBS buffer, unbound dye was eliminated following a 15 min
incubation period. Using an excitation filter set at 480 nm,
representative fields of the cells were photographed at 40x
magnification for examination under a fluorescent microscope.

2.5 In vitro antioxidant assays of Rh-B/F127@p-FeOOH
nanorods

2.5.1 DPPH free-radical-scavenging assay. The antioxidant
activity of Rh-B/F127@p-FeOOH nanorods was screened using
the modified DPPH method as reported by Serpen et al. (2007).**
Briefly, a stock solution (10 mg mL™") of Rh-B/F127@B-FeOOH
nanorods and standard r-ascorbate solutions were prepared
and diluted to the desired concentrations. Different concen-
trations (100, 200, 300, 400, and 500 ug mL~ ") of Rh-B/F127@p-
FeOOH nanorods were added to 10 mL of 0.1 mM 2,2-diphenyl-
1-picrylhydrazyl (DPPH) solution and then incubated in the
dark for at least 30 min at room temperature. The mixture was
centrifuged for 2 min, and finally, the absorbance was analyzed
at 517 nm using a UV-Vis spectrophotometer. The antioxidant
activity was calculated by a DPPH radical scavenging assay using
the following formula:

AC - AS
AC
where AC is the absorbance of the control sample (DPPH) and

AS is the absorbance of a sample with DPPH. Additionally,
0.1 mM DPPH and r-ascorbate were used as a control and

Scavenging(%) = x 100 (2)

standard solution.

2.5.2 Reducing power assay. With a minor modification,
the method established by Pulido et al. (2000)* was used to
determine the reducing power of the nanorods. Five different
nanorods doses (100, 200, 300, 400, and 500 g mL ") were mixed
with 1 mL of potassium ferricyanide (K;Fe(CN)e) (1%, w/v) and
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1 mL of phosphate buffer (2 mM, pH 6.6). The mixture solutions
were then incubated at 50 °C in an incubator for 20 min. The
reaction was completed by adding 1 mL of 10% (w/v) tri-
chloroacetic acid (TCA) after centrifugation at 3000 rpm for
15 min. The supernatant solution (1.5 mL) was combined with
1.5 mL of distilled water and 0.1 mL of a 0.1% (w/v) ferric
chloride (FeCl;) solution, and the mixture was stirred for
10 min. Then, the absorbance was subsequently measured at
700 nm in comparison to a blank solution. An elevated absor-
bance measurement in the reaction mixture indicated a greater
degree of reducing power. Three replicates of each sample were
measured, and the average was recorded. Ascorbic acid was
used as a standard. To ascertain their reducing power, the
absorbance values of the samples were related to that of the
standard ascorbic acid.

2.5.3 Ferric reducing antioxidant power (FRAP) assay. A
ferric reducing antioxidant power (FRAP) assay was performed
for the Rh-B/F127@pB-FeOOH nanorods following a previously
reported method.”” Briefly, a stock FRAP solution was formu-
lated through the combination of 10 mM TPTZ (2,4,6-tripyridyl-
s-triazine), 300 mM acetate buffer (consisting of 3.1 g of sodium
acetate trihydrate and 16 mL of acetic acid, adjusted to a pH of
3.6), and 20 mM ferric chloride hexahydrate in a 40 mM HCI
solution. Different concentrations of nanorods (0.5 mL) were
individually placed into distinct test tubes, and 4.5 mL of the
FRAP reagent was introduced to reach a final volume of 5 mL.
The mixture was then incubated at 37 °C for 30 min. Finally, the
absorbance was recorded at a wavelength of 593 nm. The
formation of a dark blue color indicated that the TPTZ-Fe**
complex was reduced to TPTZ-Fe** by the antioxidant.

3. Results and discussion

3.1 Formation of dye/copolymer matrix-stabilized B-FeOOH
NPs

We developed rhodamine-B/F127 polymer matrix-stabilized B-
FeOOH (Rh-B/F127@pB-FeOOH) nanorods and nanospheres by
co-precipitation and hydrothermal methods. To synthesize Rh-
B/F127@pB-FeOOH nanorods, a co-precipitation approach was
conducted. In this reaction system, NaOH solution was intro-
duced into the reaction mixture at 80 °C. The color of the
mixture suddenly changed from light pink to yellowish-brown,
and then the temperature increased to 100 °C to form a dark-
brown precipitate, which indicated the formation of an iron
oxyhydroxide (B-FeOOH) colloidal suspension. Eqn (3) depicts
the synthesis route for the Rh-B/F127@pB-FeOOH nanorods.*®

Fe** + 30H™ — Fe(OH); — FeOOH + H,O 3)

Also, a simple hydrothermal approach was used to synthe-
size Rh-B/F127@B-FeOOH nanospheres at a high temperature
(180 °C) for 2 h. In this reaction, no precipitating agents were
used. The chemical reaction that occurred in this reaction can
be represented as follows (eqn (4)):*

Fe** + 2H,0 — FeOOH + 3H* (4)

1528 | Nanoscale Adv., 2025, 7, 1524-1542
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Scheme 1 shows a schematic representing the synthesis
routes for the Rh-B/F127@B-FeOOH nanomaterials using co-
precipitation (CoP) and hydrothermal (HT) methods.

3.2 Fourier-transform infrared (FT-IR) analysis

The capping of the dye/copolymer matrix and its interaction
with the surface of B-FeOOH NPs was performed for the FT-IR
spectroscopy investigations. The presence of functional group
over the surface of the pure B-FEOOH nanoparticles was
confirmed using the FT-IR bands Fig. 1(a) and (b) displays the
FT-IR spectra of B-FeOOH, Rh-B@p-FeOOH, and Rh-B/F127@-
FeOOH nanoparticles.

Fig. 1(a1) and (b1) shows the presence of functional groups
over the surface of f-FeOOH nanoparticles, as confirmed by the
FT-IR bands at ~3440, ~1630, ~1450, ~820, and ~620 cm .
The bands at ~3450 cm ™" corresponded to the presence of N-H
stretching modes in amide groups. The absorption peak around
1655 cm™ ' represented the C=O stretching of the amide, while
C-N stretching frequency appeared at 1450 cm™". The FT-IR
bands at ~1600 cm ' were ascribed to the -OH stretching
vibration, while the bands at 922 and 620 cm ™" were ascribed to
the -OH bending modes in B-FeOOH.* The FT-IR spectrum
indicated that the urea was coordinated with the B-FeOOH
nanorods surface through the oxygen atom of the C=0 group
or the nitrogen atom of the N-H group, resulting in the
formation of urea-capped B-FeOOH nanoparticles.

Several specific absorption bands appeared in the FT-IR
spectra of the rhodamine-B capped B-FeOOH nanorods. As
shown in Fig. 1(a2) and (b2), the intense peaks at ~1410 cm ™"
corresponded to the asymmetric and symmetric C-N stretches.
The appearance of an intense peak may be due to the large
dipole moment of carboxylate. The bands at ~3420 cm ™" were
ascribed to the existence of N-H stretching. The appearance of
bands at ~1630 cm ™' was attributed to the -OH stretching
vibration, while the bands at 840 and 626 cm ™" were ascribed to
the -OH bending modes in B-FeOOH.** The overall results
confirmed the formation of Rh-B-capped B-FeOOH NPs.

In order to prove the conjugation of the dye/polymer matrix
over the B-FeOOH NPs, FT-IR was carried out. Fig. 1(a3) and (b3)
clearly shows the presence of a peak located at ~1100 cm ™,
which was accredited to the stretching vibration of C-O-C in the
polymer chain of the F127 copolymer, and was ascribed to the
newly formed ester bond between the F127 copolymer and Rh-B
dye. In addition, the absence, as shown in Fig. 1(a2) and (b2), of
a band at 1450 cm™ ' confirmed the formation of the Rh-B/F127
polymer matrix. The presence of a broadband at ~3620 cm ™"
was accredited to the stretching vibration of -OH groups in the
F127 polymer. The characteristic peaks at 650 cm ' corre-
sponded to the Fe-O stretching vibration mode in B-FeOOH.*®
These findings confirmed the formation of Rh-B/F127@p-
FeOOH NPs containing both Rh-B and F127 copolymer, as
predicted by the preparation process.

3.3 UV-Vis analysis

The absorption spectra of the synthesized -FeOOH, Rh-B@p-
FeOOH, and Rh-B/F127@pB-FeOOH nanomaterials are shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of the synthesis routes for B-FeOOH nanoparticles. (a) Synthesis of B-FeOOH nanomaterials by co-precipitation
(CoP) and hydrothermal (HT) methods; the corresponding TEM images confirm the rod-like and spherical-like morphologies. (b) Proposed
mechanisms for the formation of B-FeOOH nanorods and nanospheres.
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Fig. 1 FT-IR spectra of B-FeOOH NPs prepared by (a) co-precipitation and (b) hydrothermal methods; (a' and b?) urea-capped B-FeOOH NPs,
(a% and b?) Rh-B@p-FeOOH, and (a® and b®) Rh-B/F127@B-FeOOH NPs.

Fig. 2. As can be seen in Fig. 2(a1) and (b1), an onset absorption
band can be clearly observed in the visible region. This result is
consistent with data from other studies.* In both cases, the
absorption peaks of Rh-B and the Rh-B/F127-capped B-FeOOH
nanomaterials were blue-shifted compared to the pristine -
FeOOH nanoparticles. The appearance of the blue-shift may be
due to the formation of B-FeOOH NPs by the dye/copolymer
matrix. The band gap (E,) for the synthesized samples was

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

ascertained by extrapolation from the absorption edge, which is
given by the following equation:**

(ahw)" = A(hv — Eg) (5)
where « is the absorption coefficient, 4 is a constant, iv is the
energy of light, and n is a constant depending on the electron
transition. Fig. 2(a2) and (b2) display a plot of («hv)* versus hv.
The energy gap, Eg, was determined by finding the point where
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Fig. 2 (a and b') UV-Vis spectra and (a® and b bandgaps of the Rh-B/F127@B-FeOOH nanorods and nanospheres. The bandgap of the
nanoparticles was calculated by the Tauc equation. The optical bandgaps were obtained by extrapolating the linear portion of (hv)? versus hy

and were found to be between 2.52 and 3.50 eV.

the linear absorption edge intersected the energy axis, specifi-
cally when (ahv)* equals zero. Table 1 shows the bandgaps of the
synthesized nanomaterials. The bandgap of the as-synthesized
nanoparticles was found to vary between 2.52 and 3.50 eV.
The decrease in particle size, difference in crystallinity, or
shape-dependent properties may be responsible for increasing
the optical bandgap of the B-FeOOH nanoparticles.

3.4 Photoluminescence analysis

The PL spectra of the synthesized B-FeOOH nanoparticles were
recorded at an excitation wavelength of 360 nm and the corre-
sponding emission spectra are shown in Fig. 3. The synthesized
nanorods displayed three different emissions with lower

Tablel Bandgaps of the synthesized Rh-B/F127@B-FeOOH nanorods
and nanospheres

Bandgap (eV)

S. no. Samples Nanorods Nanospheres
1 B-FeOOH 2.52 2.60
2 Rh-B@B-FeOOH 2.80 2.86
3 Rh-B/F127@pB-FeOOH 2.90 3.50

1530 | Nanoscale Adv., 2025, 7, 1524-1542

intensities located at 437, 477, and 518 nm, respectively and
their respective spectra are presented in Fig. 3(a).

Unlike the nanorods, the nanospheres emitted five different
emissions at 360, 407, 446, 482 and 520 nm upon excitation at
the 320 nm wavelength (Fig. 3(b1) and (b2)). The existence of an
emission peak at 360 nm (due to UV emission) may be related to
the recombination of electron-hole pairs in the free excitons.*?
The emission bands located at 407, 446, 482, and 520 nm led to
violet, deep-blue, a deep greenish-blue (cyan color), and green
emissions, respectively. The emission peak that appeared at
407 nm may be due to LMCT related to the HOMO of the ligand
and the LUMO centered over Fe*" metal ions.* The other peaks
at 446, 482, and 520 nm could be ascribed to (i) °A;; — *T'¥ and
°A'® — “T,, transitions involving d-d orbitals of Fe*" ions, and
may be to the crystal field splitting of a FeOg octahedron with an
Oy, symmetry*** or (ii) ligand effects between the ligand func-
tional groups and Fe*" centers at the NPs' surfaces.*®

In addition, compared to the fluorescence spectra of Rh-
B@pB-FeOOH nanoparticles, the Rh-B@F127 matrix-stabilized B-
FeOOH NPs exhibited slightly higher emission intensities with
2-4 nm blue-shifts. This phenomenon may be attributed to
either (i) surface modification by the growth of the Rh-B/F127
matrix over the surfaces of the B-FeOOH nanoparticles, which
may reduce the sizes of the nanomaterials, or (ii) the interaction

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00595c

Open Access Article. Published on 24 January 2025. Downloaded on 1/18/2026 3:19:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Nanoscale Advances

(@

oP Method

Intensity (a.u)

B-FeOOH

—— Rh-B@p-FeOOH
—— Rh-BIF127@p-FeOOH

v T v T r T v T —T T
400 450 500 550 600 650 700
Wavelength (nm)
1
(CD) v — BFcOOH (b)] Rh-B/F127@p-FcOOH
~——Rh-B@B-FeOOH
—— Rh-B/F127@B-FeOOH - VN
~A\
] ‘7 W
3 sl S0
= z - N
£ I DAY \/\\
b - / . o ®
£ ¥ \“\ 1 Y
4 |‘I l\ I'\‘ v\ / \\
. . | :
] SN LY B
g . \; .
J. 7 % N/ AT
L] L] L] L] L] ._" = l_ L L s .‘
53 400 Ao =00 a50 350 400 450 500 550 600

600
Wavelength (nm)

Wavelength (nm)

Fig. 3 (a) PL spectra of B-FeOOH nanorods using an excitation wavelength of 380 nm, (bY) PL spectra of B-FeOOH nanospheres using an
excitation wavelength of 320 nm; and (b?) Gaussian band deconvolution of the PL spectra of the Rh-B/F127@pB-FeOOH nanospheres.

between the dye/F127 matrix and the internal surface of the B-
FeOOH nanoparticles which may increase electron-hole
recombination over the surfaces of the B-FeOOH NPs.

3.5 XPS analysis

XPS analysis confirmed the oxidation states and elemental
compositions of the Rh-B/F127@B-FeOOH nanospheres. The
core-level XPS spectra and their corresponding energy levels are
presented in Fig. 4(a)-(f). The survey spectrum (Fig. 4(a))
showed the presence of Fe 2p, O 2p, and C 1s peaks. As shown in
Fig. 4(c), the Fe 2p core was split into Fe 2p;, and Fe 2py),
peaks. The binding energies of Fe 2p;, and Fe 2p,, were
located at 712 and 726 eV, respectively, which were in good
agreement with the reported literature for f-FeOOH.*>*”*® Small
shake-up satellite peaks at 718.9 and 733.4 eV could also be
detected in the XPS spectra, which were characteristic of Fe*" in
the octahedral sites of the synthesized f-FeOOH nanospheres.*®
As shown in Fig. 4(b), the presence of C 1s was shown by a peak
that appeared at 283 eV due to the presence of rhodamine-B and
the F127 matrix over the B-FeOOH nanospheres. From Fig. 4(d),
the presence of oxygen atoms was further confirmed from the O
1s core-level spectrum, with two bands appearing at 530.1 and
531.5 eV, which were assigned to Fe-O-Fe and Fe-O-H bonds,
respectively.*® The above result indicates that the oxidation state
of oxygen in the present case was —2. The XPS spectrum of Fe 3p

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

is shown in Fig. 4(e). From Fig. 4(f), the binding energy of Cl 2p
at 200.00 eV suggested the presence of Cl atoms, which would
be located in the hollandite channels of B-FeOOH.*® The XPS
results provide evidence for the formation of Rh-B/F127@p-
FeOOH nanospheres with hollandite structures. The binding
energies, oxidation states, and percentage compositions of the
elements present in the nanospheres are listed in Table 2.

3.6 Crystal structural analysis

X-Ray diffraction analysis (XRD) was used to further confirm the
crystal structures of the as-produced nanorods and nano-
spheres, and the corresponding XRD patterns are shown in
Fig. 5(a) and (b). Obviously, all the diffraction peaks of the
prepared sample were in good agreement with the reference
data for the B-FeOOH phase.”® The peaks appearing at 20 =
11.81°, 16.71°, 26.50°, 33.75°, 34.95°, 38.95°, 46.07°, 52.01°,
55.71°, 61.20°, 64.18°, and 68.58° could be ascribed to the (110),
(200), (130), (400), (211), (301), (411), (600), (251), (002), (541),
and (132) reflection planes.®* The observed peaks aligned with
the tetragonal structure of the pure B-FeOOH phase (JCPDS 34-
1266) and thus could be accurately indexed. There were no
additional peaks from other phases, like Fe,03, or FezOy,
observed. The absence of peaks from other iron oxide phases
suggested that the synthesized B-FeOOH nanoparticles were
successfully prepared without any impurities. The widening of

Nanoscale Adv., 2025, 7, 1524-1542 | 1531
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(a—f) XPS spectra of the Rh-B/F127-matrix-stabilized B-FeOOH nanospheres; (a) XPS survey spectrum; (b) XPS spectrum of C 1s; (c) XPS

spectrum of Fe 2p; (d) XPS spectrum of O 1s. (e) XPS spectrum of Fe 3p and (f) XPS spectrum of Cl 2p.

Table 2 Binding energies, oxidation states, and % composition (atomic%) of the Rh-B/F127@B-FeOOH nanospheres

S. no. Core-levels Splitting Binding energy (eV) Splitting width (eV) Oxidation state % composition (at%)
1 Fe 2p Fe 2p3/2 712.0 13.0 +3 20.6
Fe 3p1/2 725.0
2 O1s 0 1s (Fe-OH) 532.0 2.0 -2 78.3
0 1s (Fe-0) 530.0
3 C1s — 283.0 — — —
4 cl2p — 200.0 — — 1.1

the diffraction peaks further confirmed that the nanoparticles
had nanocrystalline structures, indicating their small size and

The approximate crystallite size “D” of the synthesized
nanoparticles was estimated using the following Scherrer's

high surface area. equation:**
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Fig.5 XRD patterns of B-FeOOH and Rh-B/F127@pB-FeOOH nanoparticles synthesized by (a) CoP and (b) HT methods. The observed peaks well
matched with the tetragonal structure of the B-FeOOH phase and JCPDS card no. 34-1266.
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kA
b= B cos 6

(6)

where k is the so-called shape factor (0.9), A is the wavelength
(0.15418 nm, CuKa), § is the full width at half maximum
(FWHM), and 4 is the diffraction angle. From the XRD patterns,
we could estimate the average size of the nanospheres as 45 +
2 nm. The average crystallite size obtained by XRD was very
close to that obtained from the TEM results, indicating a high
level of agreement between the two techniques.

3.7 HR-TEM analysis

HR-TEM analysis was next used to investigate the morphology
and size of the nanoparticles. Fig. 6 shows the HR-TEM images
of the as-obtained Rh-B/F127@p-FeOOH nanomaterials
synthesized using co-precipitation and hydrothermal methods.
The typical TEM image (Fig. 6(al), synthesized by CoP) dis-
played a rod-like morphology with widths of 17-20 nm and
lengths of 0.5-1.0 pm. The SAED pattern of single nanorods is
shown in Fig. 6(a3). The alignment of bright spots in parallel
affirmed the single-crystalline nature of the nanorods. In
addition, clear lattice fringe could be observed from Fig. 6(a2),
which revealed the single-crystalline nature of the samples. The
interplanar distance measured approximately 0.511 nm, align-
ing with the d-spacing observed in the (200) plane of 3-FeOOH.

As shown in Fig. 6(b1), the TEM images revealed that the
hydrothermally prepared B-FeOOH nanoparticles were nearly
spherical in morphology with an average diameter of 45.0 nm,
which was very close to the crystallite size (nm) calculated from
the XRD pattern. Fig. 6(b3) shows the SAED pattern of the

View Article Online
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nanospheres, indicating the high crystallinity of the f-FeOOH
NPs. Fig. 6(b2) clearly illustrates the interatomic separation was
0.470 nm, which was good agreement with the interatomic
separation in the (101) plane.

3.8 Anticancer activity of the Rh-B/F127@p-FeOOH
nanospheres

To the best of our knowledge, no study has yet evaluated the
anticancer activity against Rh-B/F127@B-FeOOH nanospheres.
Here, we aimed to evaluate the potential anticancer activity of -
FeOOH nanospheres against A459 cells. Flow cytometry was used
to investigate the cellular uptake, cell cycle arrest, ROS genera-
tion, and apoptotic cell death, by Rh-B/F127@f-FeOOH nano-
spheres using annexin-V and propidium iodide (PI) staining.

3.8.1 Invitro cytotoxicity activity analysis. To determine the
potential for biomedical applications of the synthesized Rh-B/
F127@pB-FeOOH nanospheres, the cytotoxicity of the synthe-
sized materials was evaluated by exposing them to cultured
human lung cancer cells (A549) and a normal cell line (L132).
Cytotoxicity studies can greatly help to assess the utility of
synthesized nanoparticles as an efficient material in cancer
treatments. The MTT assay was studied to determine the cell
viability of the A549 and L132 cell lines.

The A549 and L132 cells were treated with various concen-
trations ranging from 0-500 pg mL™' for 24 and 48 h. The
concentration-dependent cell viabilities are shown in Fig. 7,
which clearly indicate that the cell viability decreased with
increasing the nanoparticles’ concentration. As can be seen in
Fig. 7, the L132 cells displayed more than 80% cell viability at

Fig. 6 HR-TEM micrographs of the Rh-B/F127@pB-FeOOH nanomaterials prepared by (a) CoP and (b) HT methods. (a® and b') TEM images
showing the nanorods- and nanospheres-like morphologies of Rh-B/F127@B-FeOOH nanoparticles; (a® and b?) interplanar spacings, and (a* and
b%) SAED patterns of the Rh-B/F127@B-FeOOH nanorods and nanospheres.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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300 ug mL " for 24 h (Fig. 7(a1)) after being exposed to Rh-B/
F127@pB-FeOOH nanospheres, whereas the A549 cells showed
less than 45.0% cell viability (Fig. 7(a2)). The calculated ICs,
concentration of Rh-B/F127@B-FeOOH nanospheres was 260 pg
mL . Previous studies have investigated the cytotoxicity of iron
oxide nanoparticles and their nanocomposites. For instance,
Bhushan et al. (2018) demonstrated that o-Fe,03/C030, nano-
composites exhibited greater toxicity than a-Fe,O; toward MCF-
7 cells after 24 h,*® while Alkinani et al. (2024) demonstrated
that Fe;0,@Glu-gingerol NPs displayed selective cytotoxicity,
with a markedly lower IC5, value in A549 cancer cells (190 pg
mL ") versus normal cells (554 pug mL™').** Another study re-
ported that iron oxide nanoparticles showed 50% viability in
A549 cells at a concentration of 970 ug mL ™" after 24 h.*® In
contrast, our result showed that the Rh-B/F127@p-FeOOH
nanospheres achieved 50% viability in A549 cells at a signifi-
cantly lower concentration of 260 pg mL ‘. These findings
suggested that the Rh-B/F127@p-FeOOH nanospheres hold
promise as a cytotoxic agent against cancer cell lines. The above
results confirmed that the hydrothermally synthesized nano-
spheres have good biocompatibility and can be used as a ther-
apeutic agent.

3.8.2 Cellular uptake of Rh-B/F127@B-FeOOH nano-
spheres. For quantification of the nanoparticle uptake and
intracellular distribution by human lung cancer cells (A549 cell
line), we adopted a flow cytometry approach. Fig. 7(b) shows the
cellular uptake of nanoparticles in A549 cells with fluorescein
isothiocyanate (FITC) used as a fluorescent marker. Fig. 7(b1)
shows there was a definite uptake of Rh-B/F127@p-FeOOH
nanospheres by A549 cells with the 24 h incubation time. As
shown in Fig. 7(b1), the FITC channel moved to larger intensi-
ties compared to the untreated cells, which clearly indicated
that Rh-B/F127@p-FeOOH nanoparticles were largely taken up
by A549 cells after 24 h treatment.

3.8.3 Cell cycle analysis. The cell cycle advanced through
various stages, including GO (the resting phase), G1 (the gap
phase following the previous cell division), S (the phase dedi-
cated to synthesizing nucleotides and proteins for the next
division, including DNA replication), G2 (second gap phase),
and M (phase focused on kinetic cell division). It has been re-
ported that the checkpoints in G1 and G2 have a significant
impact on the control of the cell cycle and are involved in
regulating the processes of entering the S and M phases.®

FACSVerse cytometry is a capable method to verify the ratio
of a cell population in various phases, such as Go/G1, S, and G2/
M, by performing quantitative measurements of the nuclear
DNA content in each cell cycle. In our study, propidium iodide
(PI) was used to stain the nuclear DNA without disturbing the
function of the nucleus. Fig. 7(c1)-(c3) show the cell cycle
distribution for the untreated and treated A549 cells measured
at 24 h incubation. The quantitative results (histogram) for cell
cycle arrest are summarized in Fig. 7(c3). As shown in Fig. 7(c1),
the cell cycle analysis indicated that the untreated cells
exhibited a distribution of 52.68% in G1/G0, 22.97% in G2/M,
and 22.78% in the S phase, respectively. Treatment with the
Rh-B/F127@B-FeOOH nanospheres induced a significant accu-
mulation of cells in the S phase (increasing from 22.78% to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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27.77%), along with a decrease in G2/M population (decreasing
from 22.97% to 15.54%). Notably, the G0/G1 phase exhibited
minimal changes (Fig. 7(c2)). These findings indicated that the
Rh-B/F127@B-FeOOH nanospheres could impair A549 cell
proliferation by inducing S-phase cycle arrest, resulting in
a reduced G2/M phase population.

3.8.4 Rh-B/F127@B-FEOOH nanospheres-induced ROS
generation. The amount of intracellular ROS formation in the
A549 cells upon interaction with Rh-B/F127@p-FeOOH nano-
spheres was determined using DCFH-DA, an oxidation-sensitive
fluorogenic marker of ROS in live cells. There was a correlation
between the fluorescence intensity and the quantity of ROS
produced in the cells. As illustrated in Fig. 8(a2) and (a3), the
intracellular ROS generation produced by Rh-B/F127@B-FeOOH
nanoparticles demonstrated that there were increasing intra-
cellular ROS levels compared to the control cell levels
(Fig. 8(a1)). According to this study, A549 cells treated with Rh-
B/F127@pB-FeOOH nanospheres showed increased fluorescence
at the ICso concentration. With a possible connection to the
overproduction of ROS, cytotoxicity effects may be exerted over
the induction of oxidative stress and apoptosis. These results
suggest that the increased fluorescence intensity found in the
A549 cells treated with Rh-B/F127@pB-FeOOH nanospheres
could be related to the increased production of ROS, as illus-
trated in Fig. 8(a3). Therefore, it is clear that the generation of
ROS plays a crucial role in B-FeOOH-induced apoptosis in A549
cells. This supports the hypothesis that oxidative stress and
apoptosis may play roles in the cytotoxicity effects of these
nanospheres. Additional research is required to fully under-
stand the mechanisms underlying this association and its
potential implications for therapeutic applications.

One of the main mechanisms of cell death brought on by
nanoparticles-induced oxidative stress has been identified as
apoptosis. Among the various apoptotic pathways, the intrinsic
mitochondrial apoptotic pathway has been found to play
a pivotal role in nanoparticles-induced cell death since mito-
chondria are one of the major target organelles for
nanoparticles-induced oxidative stress. The overproduction of
ROS levels reduces the ROS-antioxidant equilibrium and initi-
ates cell death by apoptosis. Previous literature has indicated
that an increase in the intracellular free iron levels affects the
normal ROS-antioxidant balance by promoting ROS production
through Fenton and/or Haber-Weiss reactions.®”

Until now, numerous iron-based nanomaterials have been
developed as Fenton agents. The Fenton reaction is commonly
associated with Fe>* or Fe**, which can produce hydroxyl radical
("OH) through peroxidase mimicking the catalytic decomposi-
tion of H,0,. It is well known that superoxide-driven Fenton
reactions and/or Haber-Weiss reactions provide an effective
method for generating OH" in A549 cells. If superoxide and
H,0, are generated in cells, they might induce significant
energy and selective cancer cell death. In this catalytic reaction,
the superoxide, O, serves as a precursor for H,O, and
a reductant for Fe*" (Fe** — Fe®"). Finally, the Fenton reaction
generates hydroxyl radicals ("OH) from H,O, through the
oxidation of Fe** (Fe** — Fe’") (as shown in Fig. 8(d)).*”
Generally, in living systems, a “leakage” of electrons from the
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Fig. 8 Apoptosis study. (a) Rh-B/F127@B-FeOOH nanospheres-induced ROS generation in A549 cells: (a}) control, (a®) ROS induced by
nanoparticles, (a*) FCM analysis of intracellular ROS using a DFCH-DA probe. (b) Evaluation of apoptosis in A549 cells using the annexin-V/dead
cell assay: A549 cells were treated with Rh-B/F127@B-FeOOH nanospheres for 24 h and apoptosis was assayed via flow cytometry using the
annexin-V/dead cell assay; (b%) control, (b) treated, and (b®) histogram showing % cell death. (c) Morphology of A549 cell nuclei observed using
DAPI staining: (c*) control, and (c?) treated cells. DAPI images were recorded using laser light excitation at 360 nm. The scale bars represent 100
um. (d) Proposed mechanism for ROS generation and apoptosis cell death by the overproduction of ROS generation (generation of OH™ and

‘OH™ radicals through Fenton and/or Haber—Weiss reactions).

electron-transport chain produces superoxide radicals and
hydrogen peroxide in both intracellular and extracellular
volumes. The overproduction of ROS through f-FeOOH nano-
spheres leads to mitochondria membrane destruction and DNA
fragmentation and thereby induces cancer cell apoptosis. The
mechanism in the present study allows efficient tumor-specific
treatment without producing significant side effects in healthy
cells (IC5, value > 500 ug mL ™).

Fe'* + 0, — Fe’" + O, (Haber-Weiss reaction)

Fe** + HO, — Fe** + OH™ + "OH~ (Fenton reaction)

3.8.5 Apoptosis cell death. Further, the percentage of
apoptosis was measured by annexin-V analysis using flow
cytometry. As shown in Fig. 8(b1)-(b3), the apoptotic cell

1536 | Nanoscale Adv,, 2025, 7, 1524-1542

profiles showed a quadratic format with four different stages:
lower-left quadrant (% of live cells), lower-right quadrant (% of
early apoptosis), upper-left quadrant (% of late apoptosis), and
upper-right quadrant (% of necrosis), respectively.

The annexin-V assay demonstrated a marked induction of
late apoptosis in A549 cells treated with Rh-B/F127@3-FeOOH
nanospheres for 24 h. Specifically, the percentage of late
apoptotic cells increased from 0.34% (untreated controls) to
30.37% at the ICs, concentration, indicating a late apoptotic
effect (Fig. 8(c)). The histogram in Fig. 8(c3) shows the
quantification% of cell death.

3.8.6 DAPI staining. Rh-B/F127@B-FeOOH nanospheres-
induced nuclear fragmentation in A549 cells was investigated
by DAPI fluorescent nuclear staining. The findings are pre-
sented in Fig. 8(c1) and (c2), where the untreated cell nuclei
appeared normal and smooth with low fluorescence, whereas

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the treated cells showed obvious changes in chromatin
condensation, DNA fragmentation, and membrane blebbing.**
The above results suggest that the nanoparticles caused cell
death. In addition, the distinct morphology of the treated cells
showed bright images owing to the fluorescence effect, which
indicated that the nanoparticles may be undergoing later stages
of apoptosis, supporting the findings from the apoptosis study.

3.8.7 Cellular morphology analysis by dual AO/EtBr stain-
ing assay. As shown in Fig. 9, flow cytometry analysis demon-
strated the nanospheres-induced cell apoptosis death in A549
cells. The effects of Rh-B/F127@3-FeOOH nanospheres-induced
apoptosis were further visualized using AO/EtBr dual staining.
Untreated and treated A549 cells were stained with AO/EtBr for
15 min, and subsequently, the cells were rinsed in PBS to
remove the non-internalized nanoparticles and then imaged
using fluorescence microscopy. Fig. 9(a) and (b) present the
fluorescence images of untreated and f-FeOOH nanospheres-
induced apoptosis A549 cell death with AO/EtBr dual staining.

Fig. 9(a) shows the bright field images of A549 cell lines
without the incubation of nanoparticles, wherein their cellular
boundaries are clearly visible. Fig. 9(b) shows the A549 cells
with Rh-B/F127@pB-FeOOH nanospheres visualized under
a fluorescence microscope, wherein the results showed green,
yellow-orange, and red emissions that originated from the live
cell membrane and early-stage and later-stage apoptosis of A549
cells, respectively. Green fluorescence appeared in the normal
viable control cells because AO can only bind to viable cell
membranes. The yellow-orange-colored bodies originated from
early apoptosis, which may be due to nuclear shrinkage and
blebbing (condensed chromatin), whereas red fluorescence
showed the later-stage apoptotic cells. The above results verified
the Rh-B/F127@pB-FeOOH nanospheres-induced apoptosis of
A549 cells, which occurred for any one of the following reasons:
(i) changes in chromatin condensation, (ii) fragmented nuclei,
and (ii) membrane blebbing.*
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3.9 Antioxidant activity of Rh-B/F127@B-FeOOH nanorods

Reactive oxygen species (ROS) are unfavorable by-products of
cellular respiration that are essential for cell signaling but can
also lead to oxidative damage in living cells. ROS are molecules,
ions, and free radicals that are extremely active due to their
unpaired valence shell electrons. An excess of ROS in the body
has been linked to a number of disorders, such as cancer, aging,
cataracts, diabetic milieus, cardiovascular disease, and cogni-
tive dysfunction. Antioxidants are crucial in stopping free
radicals before they damage cells and other biological targets
and for preventing a number of diseases because of their
capability to scavenge free radicals.

The antioxidant activity of iron-based nanoparticles, like
Fe,0; and Fe;O, NPs, has been well-established in previous
studies””* and is rooted in their capacity to neutralize free
radicals through hydrogen atom transfer or electron donation.
This mechanism protects biomolecules from oxidative damage.

Based on the above literature, the antioxidant capacities of
Rh-B/F127@p-FeOOH nanorods showed potential free-radical-
scavenging activity against all three separate assays: DPPH,
ferric reducing antioxidant power (FRAP), and reducing power
assay (RP), with each of them performed at different concen-
trations from 100 to 500 ug mL ™" and the results are depicted in
Fig. 10(a)-(c). Ascorbic acid was used as a positive control in the
same concentration range.

The antioxidant activity of Rh-B/F127@p-FeOOH nanorods
was assessed using the 1,1-diphenyl-2-picryl-hydrazyl (DPPH)
scavenging assay, as shown in Fig. 10(a). The DPPH assay
provided a rapid and straightforward method for evaluating the
nanorods' free-radical-scavenging capacity. The antioxidant
activity is attributed to electron transfer from oxygen atoms on
the particle surface to the nitrogen atom of DPPH molecules,
resulting in stable molecule formation.” Fig. 10(a) illustrates
the dose-dependent (100-500 pg mL~') DPPH-scavenging
activity against Rh-B/F127@p-FeOOH nanorods. The results
exhibited their potent inhibitory action and dose-dependent

Fig. 9 Fluorescence images of A549 cells stained with acridine orange/ethidium bromide (AO/EB). (a) Untreated cells (control); (b) cells
incubated with Rh-B/F127@B-FeOOH nanoparticles. The cells were observed at an excitation wavelength of 480 nm. The bright-green emis-
sions originated from the live cells (untreated cells), while yellow-orange indicated early-stage apoptotic cells. Red emissions originated from late

apoptosis. The scale bars represent 20 pm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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free-radical-scavenging capability. The values of the DPPH
radical scavenging efficiencies against Rh-B/F127@p-FeOOH
nanorods were 62.42% (100 pg mL™"), 66.64% (150 ug mL™ "),
70.86% (200 pg mL "), 81.06% (300 pug mL ), and 88.56% (500
pg mL™"). The free-radical-scavenging activity of Rh-B/F127@8-
FeOOH nanorods was slightly higher compared with the stan-
dard (52.4-71.1%) inhibition. Therefore, our results demon-
strate that Rh-B/F127@B-FeOOH nanorods have substantial
antioxidant potential, consistent with or even exceeding that
reported in previous studies.

The ability of an antioxidant to contribute an electron can be
quantified by the reducing power assay. However, the reducing
power assay may not accurately measure the overall antioxidant
capacity of a compound as it only evaluates its ability to donate
electrons, neglecting other important aspects, such as its
stability and ability to neutralize free radicals. This assay relies
on the interaction of samples with potassium ferricyanide (Fe*")
to generate potassium ferrocyanide (Fe**). Subsequently,
a reaction with ferric chloride (FeCl;) results in the formation of
a ferric-ferrous complex, exhibiting a maximum absorbance at
700 nm, as illustrated in Fig. 10(b). For the measurement of the
reductive ability, we investigated Fe** to Fe*" transformation in
the presence of B-FeOOH NRs following the standard method.”
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The reducing capacity of a compound may serve as a significant
indicator of its potential antioxidant activity. It was observed
that, the antioxidant activity and the reducing power of B-
FeOOH NRs increased with their increasing concentration.

The FRAP assay can evaluate antioxidant potency by
measuring the reduction of ferric ions (Fe*") to ferrous ions
(Fe**) via electron transfer.” This process, described by the
reaction Fe** + e~ — Fe®', was significantly enhanced by the
presence of B-FeOOH nanorods. The ferric reducing power of
the Rh-B/F127@B-FeOOH nanorods was evaluated using the
FRAP assay. Fig. 10(c) shows a dose-dependent (100-500 pg
mL ") increase in the reducing power was observed. The ob-
tained results showed significant inhibition at 500 pg mL™".
Notably, the Rh-B/F127@B-FeOOH nanorods exhibited a supe-
rior ferric-ions-reducing capacity compared to ascorbic acid
(vitamin C) at 500 pg mL™", indicating their robust antioxidant
potential.

The above results strongly suggest that the B-FeOOH nano-
rods have a strong antioxidant capacity and could potentially be
used as a natural alternative to ascorbic acid in certain appli-
cations. Further analyses are required to examine the under-
lying mechanisms behind this enhanced reducing power and to
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Fig. 10 Antioxidant activity of Rh-B/F127@B-FeOOH nanorods. (a) DPPH assay, (b) reducing power assay, and (c) FRAP assay. The antioxidant
activity of B-FeOOH nanorods was found to increase with the increase in concentration from 100 to 500 mg mL ™.
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explore the potential benefits of using f-FeEOOH nanorods in
various industries and applications.

4. Conclusions

In summary, dye/polymer matrix-stabilized B-FeEOOH nano-
materials were developed and characterized and showed
potential to serve as therapeutic agents. The as-prepared
nanomaterials were characterized using various techniques,
including FT-IR, UV-Vis, PL, XRD, HR-TEM, and XPS. The
hydrothermally synthesized Rh-B/F127@3-FeOOH nanospheres
produced multi-colored emissions. The XRD results provided
additional confirmation of the crystal structure. The oxidative
states and presence of various elements were confirmed by XPS
spectroscopy. The obtained B-FeOOH nanomaterials showed
rod-like and spherical-like morphologies, as confirmed by HR-
TEM analysis. The cytotoxicity activity of B-FeOOH nano-
spheres against A549 cells was analyzed by MTT assay. Flow
cytometry was used to analyze the reactive oxygen species (ROS)
generation and apoptotic cell death caused by the B-FeOOH
nanospheres. The induction of apoptosis in A549 cells was
revealed by annexin-V with propidium iodide (PI) and DAPI
staining. From the cell cycle analysis, it was observed that the -
FeOOH nanospheres blocked the cell cycle development of A549
cells in the S phases supported by an increase in the S-phase cell
population. The antioxidant activities of the nanorods were
confirmed by different assays, such as DPPH, FRAP, and PFRAP.
The results showed that the nanorods have a high scavenging
activity against free radicals. Overall, the present study suggests
that the synthesized Rh-B/F127@pB-FeOOH nanoparticles are
attractive and efficient candidates for various biomedical
applications, including anticancer and antioxidant activities.
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