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ABSTRACT: Extremely short half-life therapeutic molecule nitric oxide (NO)
plays significant roles in the functioning of various physiological and pathological
processes in the human body, whereas doxorubicin hydrochloride (DOX) is a
clinically important anticancer drug widely used in cancer chemotherapy. Thus, the
intracellular delivery of these therapeutic molecules is tremendously important to
achieve their full potential. Herein, we report a novel approach for the
development of highly water-dispersible magnetic nanocarriers for codelivery of
NO and DOX. Primarily, bifunctional magnetic nanoparticles enriched with
carboxyl and thiol groups were prepared by introducing cysteine onto the surface
of citrate-functionalized Fe3O4 nanoparticles. DOX was electrostatically con-
jugated onto the surface of bifunctional nanoparticles via carboxyl moieties,
whereas the thiol group was further nitrosated to provide NO-releasing molecules.
The developed magnetic nanocarrier exhibited good aqueous colloidal stability,
protein resistance behavior, and high encapsulation efficacy for NO (65.5%) and
DOX (85%), as well as sustained release characteristics. Moreover, they showed superior cytotoxicity toward cancer (A549 and
MCF-7) cells via apoptosis induction over normal (WI26VA4) cells. Specifically, we have developed magnetic nanocarriers having
the capability of dual delivery of NO and DOX, which holds great potential for combinatorial cancer treatment.

1. INTRODUCTION
Despite significant advances in medical science and technol-
ogy, cancer remains the gravest threat for human beings, and it
has been one of the protruding reasons of death across the
globe for the past few decades.1 It refers to the anomalous
behavior and uncontrolled growth of cells without relying on
the signals that control the cell behavior and eventually
spreading to other regions of the body. Chemotherapy,
radiotherapy, and surgery are the most common strategies
for cancer management. Among these, chemotherapy has been
prevalent over the years due to its simplicity and accessibility in
treating cancer patients.2−4 The main challenges in conven-
tional chemotherapy are the side effects allied with nonspecific
delivery of the active ingredients followed by their toxicity to
normal cells, heavy dosage, severe multidrug resistance, and so
forth.5−7 To alleviate all these shortcomings, nanocarriers with
the ability to codeliver chemotherapeutic drugs and other
therapeutic molecules to the site of action are the emerging
choice by the researchers, which can exhibit augmented cancer
cell-killing efficacy.8−12

After the discovery of nitric oxide (NO), a water-soluble
short-lived free radical gas in 1980, as a signaling probe in
cardiovascular arrangement, it has attained tremendous interest
in various biological functions starting from angiogenesis,
apoptosis, neurotransmission, and immune response.13,14 It is

getting synthesized by homodimeric heme-containing nitric
oxide synthase (NOS) enzymes and produced in mammalian
cells in appropriate proportion to maintain the key signaling
routes for various physiological processes.15 The central dogma
in NO signaling is that NO, being a tiny neutral lipophilic gas,
readily transduces via diffusion over cell membranes from one
cell to another to reach its main target, soluble gyanylylcyclase
(sGC). NO then binds to the heme iron of sGC to activate and
generate cyclic guanosine monophosphate (cGMP).16 This in
turn activates the downstream kinases (cGMP-regulated
protein kinases) and ion channels to regulate a variety of
physiological processes like cardiovascular function, RBC and
platelet activity, metabolic regulation, neurotransmission, host
defense, and cancer.17−22

Recent studies on NO have shown great promise in anti-
inflammatory as well as anticancer properties, which are
essentially concentration dependent.23 At a very low
concentration (pM-nM), it helps in vasodilation to augment
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cancer cell infiltration, whereas at an elevated concentration
(μM-mM), it turns out to be a killer one by oxidation and
nitrosative stress.24,25 Therefore, the presence of the required
amount of NO in the tumor microenvironment (TME)
inhibits the expression of mammalian HIF-1α, base-excision
DNA repair enzyme, and NF-kB activation and the over-
expression of a transmembrane P-glycoprotein (P-gp) which is
involved in ATP-dependent drug effluxing from cancer
cells.26,27 Moreover, NO is also very much reactive with
superoxide (O2

.−) to generate more highly reactive ONOO− to
induce the oxidation of DNA and proteins and further
sensitizing radiotherapy, phototherapy, and chemodynamic
therapy.28,29 Due to the significant role of NO in inhibiting the
tumor growth and subsequent progression, there is ever
increasing curiosity in maneuvering the therapeutic potential of
NO to overcome the multidrug resistance (MDR) for cancer
cell killing. As NO is a free radical with very limited stability, a
prolific design of NO-releasing donor moieties with proper
release characteristics at the desired concentration range is a
challenging task.
Among several low-molecular-weight NO donor molecules,

S-nitrosothiols, namely, S-nitrosoglutathione (GSNO) and S-
nitrosocysteine, have been found in biological systems that can
spontaneously give rise to NO by hemolytic cleavage of the S−
N bond at elevated glutathione concentrations in the tumor
tissue. However, due to their limitation in delivering
therapeutic dosage of NO at the target site, NO donors or
NO prodrugs are allied or attached with smart nanomaterials
which can increase the stability of the NO donor in
comparison to the free NO donor molecule, augment the
NO loading efficiency, improve the NO concentration at the
site of action by virtue of enhanced permeability and retention
(EPR) effect, and thereby trigger the on-demand NO release
using different stimuli for a prolonged period of time.30 To
further improve the outcome of NO-releasing nanomaterials,
chemotherapeutic drugs have been combined on the same
platform. The down regulation of P-gp by NO molecules
essentially enhances the drug uptake by reversing the MDR.
Thus, several NO-releasing nanomaterials (liposomes, poly-
meric/inorganic nanoparticles) have been scrutinized in
combination with chemotherapeutic drugs for the controlled
NO delivery and synergistic cancer cell killing.31−38 Among
others, Fe3O4 magnetic nanoparticles (MNPs) are also
extremely important nanocarriers for delivery of NO due to
their nontoxic nature (biocompatible) and unique physico-
chemical and magnetic properties. For example, Yuan et al.
prepared NO donor-loaded Fe3O4-polydopamine core−shell
nanoparticles for biofilm treatment.35 Santos et al. have also
prepared PEGylated magnetic nanocarriers for NO delivery.38

Although various MNPs have been designed with the objective
of achieving enhanced therapeutic efficacy, spatiotemporal
control for the delivery of the required dosage of NO is yet to
be accomplished. Herein, L-cysteine conjugated magnetic
nanocarriers (SNO-Cy-CMNPs) were developed with a soft-
chemical approach for the codelivery of DOX and NO in a
sustained manner, which have the capacity to enhance the
cellular apoptosis in lung cancer (A549) and breast cancer
(MCF-7) cell lines. Further, being magnetic in nature, these
nanocarriers can be targeted to the site of interest using an
external magnetic field in addition to their passive targeting
ability.

2. MATERIALS AND METHODS
2.1. Materials. Iron(II) chloride tetrahydrate, iron(III)

chloride hexahydrate, N-hydroxysuccinimide (NHS), bovine
serum albumin (BSA), and Griess reagent were obtained from
Sigma-Aldrich, Germany. Ammonia (25%), citric acid
monohydrate, dimethyl sulfoxide (DMSO), and 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC) were purchased
from SDFCL, Mumbai, India. L-cysteine hydrochloride
monohydrate and sodium nitrite were purchased from SRL,
Mumbai, India. Dulbecco’s modified eagle medium (DMEM),
fetal calf serum (FCS), antibiotics, MTT reagent (Thiazolyl
blue tetrazolium bromide), and dialysis membrane-60 were
procured from Himedia Laboratories Pvt. Ltd., Mumbai, India.
DOX was received as a kind gift from Advanced Centre for
Treatment, Research and Education in Cancer (ACTREC),
Navi Mumbai, India. A549 (human lung cancer), MCF-7
(breast cancer) and WI26VA4 (human lung normal) cells were
received as kind gifts from Radiation Biology & Health Science
Division, BARC, Mumbai.
All aqueous solutions were prepared using deionized water

from a Millipore-Milli Q system (resistivity ∼18 MΩ cm). The
acetate buffer (AB, pH 5.5) and phosphate-buffered saline
(PBS, pH 7.4) were prepared by using standard protocols. All
chemicals used were of AR grade unless otherwise specified and
used as such without further treatment.
2.2. Synthesis of Citrate and Cysteine-Functionalized

Magnetic Nanoparticles. Citric acid-functionalized mag-
netic nanoparticles (CMNPs) were synthesized by coprecipi-
tation of ferrous and ferric ions (1:2 molar ratio) in the
presence of ammonia as reported elsewhere.39 Briefly,
FeCl2.4H2O (1.988 g) and FeCl3.6H2O(5.406 g) were
dissolved in 80 mL of water in a round-bottom flask. The
reaction temperature was slowly increased to 70 °C under a N2
atmosphere with constant stirring and maintained for 30 min
at 70 °C. Then, 20 mL of ammonia solution was added
instantaneously to it and kept at the same temperature for
another 30 min. After this, 4ml of aqueous solution of citric
acid (0.5 g/mL) was added, and the reaction temperature was
slowly raised up to 90 °C under reflux and reacted for 60 min
with continuous stirring. The resulting black-colored precip-
itate (CMNPs) was thoroughly washed with deionized water
by magnetic separation.
In order to introduce bifunctionality (thiol and carboxyl

groups), L-cysteine (amino acid) was conjugated onto the
surface of CMNPs by an EDC-NHS coupling reaction. In a
typical synthesis, 800 mg of CMNPs (dried at room
temperature) was added to a round-bottom flask containing
10 mL of DMSO and 12 mL of H2O and sonicated for 15 min.
An aqueous solution of EDC (3.44 mmol, 441.6 mg dissolved
in 5 mL of H2O) was then added to the flask and sonicated for
another 15 min. Then, an aqueous solution of NHS (2.3 mmol,
397.8 mg dissolved in 5 mL H2O) was added to the reaction
flask and sonicated for another 15 min (the ratio of NHS/EDS
= 1.5). Using a mechanical stirrer, the reaction was further
stirred at 400−500 rpm for a period of 60 min. The dispersion
was then decanted by magnetic separation, and the activated
nanoparticles were then washed twice with deionized water to
remove any remnants of EDC and NHS and reaction
byproducts. The activated particles (725 mg, yield = 90.6%)
were then resuspended in 20 mL of deionized water, and 303.6
mg of L-cysteine was added to it. Stirring was continued at
400−500 rpm over a period of 12 h. The formed cysteine-

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03734
ACS Omega 2023, 8, 44545−44557

44546

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


functionalized magnetic nanoparticles (Cy-CMNPs) were
collected by magnetic separation. Both CMNPs and Cy-
CMNPs were dried at room temperature for solid-phase
characterization, while solution-phase studies were performed
with respective aqueous suspensions.
2.3. Introduction of NO Groups onto the Surface of

Cy-CMNPs. Cy-CMNPs were subjected to further treatment
for nitrosation of the S−H group of cysteine. In a typical
reaction, 200 mg of the dried Cy-CMNPs were dispersed in 64
mL of H2O and sonicated for 5 min, and then, 60 mM sodium
nitrite solution (165.6 mg of NaNO2 in 40 mL of H2O) was
added to it. The reaction mixture was stirred using a
mechanical stirrer at 400−500 rpm for a period of 1 h. The
formed nitrosated cysteine-functionalized magnetic nano-
particles (SNO-Cy-CMNPs) were obtained by magnetic
separation and then washed twice using deionized water.
Part of the SNO-Cy-CMNPs was dried for solid-phase
characterization, and the remaining was kept in suspension
for solution-phase studies. The supernatant solution obtained
after magnetic separation of SNO-Cy-CMNPs as well as their
washing solution were used for determining the percentage of
NO loaded onto the surface of the nanocarrier (by conversion
of -SH to -SNO via nitrosation) by the Griess reagent assay
using a UV−visible spectrophotometer. The assay was based
on the reaction between nitrite, sulfanilamide, and N-1-
naphthylethylenediamine dihydrochloride, which can produce
a compound with maximum absorption at 540 nm.22,40 For
this, 50 μL of supernatant/washing solution was mixed with
100 μL of Griess reagent, and the mixture was incubated for 15
min under stirring at 37 °C in the dark. Then, the absorbance
was measured using a microplate reader at 540 nm, and NO
uptake was quantified against the standard plot prepared under
a similar condition using sodium nitrite (concentration range =
0−100 μM, R2 = 0.9991).
2.4. Characterization of the Synthesized CMNPs, Cy-

CMNPs, and SNO-Cy-CMNPs,. The physicochemical char-
acterization of CMNPs, Cy-CMNPs, and SNO-Cy-CMNPs
was performed by Fourier transform infrared spectroscopy
(FTIR, Bomem MB series), X-ray diffraction (XRD, Rigaku
diffractometer), and transmission electron microscopic (TEM,
Philips CM 200). Thermogravimetric analysis (TGA) of
samples was carried out at a scan rate of 10 °C/min under a
N2 atmosphere using a Mettler Toledo TG/DSC stare system.
The average hydrodynamic diameter and light scattering
intensity were measured using a Malvern 4800 Autosizer
employing a 7132-digital correlator. The pH-dependent zeta
potentials were monitored using a Zetasizer, Nanoseries
(Malvern). The colloidal stability of SNO-Cy-CMNPs (0.1
mg/mL) was investigated by monitoring the changes in the
hydrodynamic diameter, light scattering intensity, and
absorbance with time. The changes in the absorbance of
aqueous suspension SNO-Cy-CMNPs were performed by a
JASCO V-650, UV−visible spectrophotometer at a wavelength
of 350 nm. The protein-particle interaction studies was
performed by measuring the absorbance at 280 nm as well
as the zeta potential upon interacting SNO-Cy-CMNPs (0.02
mg/mL) with BSA (0.025 mg/mL) in PBS solution for
different time intervals. The field and temperature dependence
magnetization studies were performed by a physical property
measurement system, Quantum Design.
2.5. Drug Loading and Release Studies. In order to

estimate the drug loading and release behavior of SNO-Cy-
CMNPs, DOX was used as a model drug. DOX was

electrostatically conjugated onto the surface of the nanocarrier
by interacting different amounts of SNO-Cy-CMNPs (0, 60,
100, and 140 μg of Fe) with 10 μL of DOX (1 mg/mL) as
reported elsewhere.41 Then, the amount of DOX loading was
calculated by measuring the fluorescence intensity of the
supernatant (λex = 485 and λem = 590 nm) obtained after
separation of DOX-loaded SNO-Cy-CMNPs (DOX-SNO-Cy-
CMNPs) using a SYNERGY/H1 microplate reader (BioTeK,
Germany). The loading efficiency (w/w %) was determined
using the following formula:41

I I I
I

loading efficiency(%) 100DOX S w

DOX
= ×

where IDOX is the fluorescence intensity of pure DOX
solution, IS is the fluorescence intensity of the supernatant, and
IW is the fluorescence intensity of washed DOX (physically
adsorbed DOX). The drug-loading content was obtained from
the following formula:41

drug loading content(%)
weight of encapsulated DOX

weight of nano carrier
100= ×

The encapsulation efficiency was also reconfirmed by the
absorbance intensity using a UV−visible spectrophotometer as
reported earlier.10,42 For the release study, drug-loading
experiments were performed at an increased scale with a
drug-to-particle (expressed in terms of Fe) ratio of 1:14 (w/
w). The drug release studies were carried out in AB pH 5.5 and
PBS pH 7.4 at 37 °C under reservoir-sink conditions. DOX-
SNO-Cy-CMNPs (5 mg) were immersed into 3 mL of buffer
medium (AB pH 5.5 or PBS 7.4) and then transferred into a
dialysis bag. The dialysis was performed against 150 mL of
respective release medium under constant stirring at 37 °C.
The amount of DOX released was determined by measuring
the fluorescence intensity at 590 nm (λex = 485) using a
microplate reader against the standard plot prepared
(concentration range = 0.3−7.6 μg/mL, R2 = 0.9995) under
similar conditions. Each experiment was performed in
triplicates, and standard deviation is given in the plots.
2.6. NO Uptake and Release Studies. The intracellular

uptake of NO was quantified by the Griess reagent assay as
discussed earlier. Briefly, A549 and MCF-7 cells were seeded in
a 6-well plate for 24 h followed by the treatment with known
amounts of SNO-Cy-CMNPs and DOX-SNO-Cy-CMNPs.
After 4 and 24 h of incubation, the cells were washed with PBS
(thrice). The cells were further lysed using 1% Triton-X 100 in
distilled water. The cell lysate was then centrifuged at 10,000
rpm for 10 min. The supernatant was then taken out for the
Griess reagent assay.
NO release studies were performed in a cellular mimicking

environment under reservoir-sink conditions at 37 °C as well
as in intracellular conditions using cancer cell lines (A549 and
MCF-7) and quantified by the Griess reagent assay through a
UV−visible spectrophotometer. For NO release under
reservoir-sink conditions, a known amount of the SNO-Cy-
CMNPs was incubated in AB pH 5.5/PBS pH 7.4). Then, it
was transferred into a dialysis bag (MWCO = 14 kDa). The
dialysis was performed against 50 mL of respective release
medium under constant stirring at 37 °C. At a predetermined
interval, 50 μL of the above solution from the external medium
was taken out and mixed with 100 μL of the Griess reagent
assay. For intracellular NO release (in the A549 and MCF-7
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cell lines), the cells were first seeded in a 96-well plate for 24 h.
Then, they were treated with a known amount of SNO-Cy-
CMNPs/DOX-SNO-Cy-CMNPs for 24 h (at a total volume of
200 μL). After 24 h of incubation, the culture medium of each
well was replaced by a fresh medium to investigate the release
behavior of NO. For this, 50 μL of medium was taken from the
wells at different intervals of time (0, 0.5, 1, 2, 4, and 24 h) and
mixed with 100 μL of Griess reagent for quantification of NO
release.
2.8. Cell Viability Studies by MTT Assay. The

cytotoxicity studies were performed with A549, MCF-7, and
WI26VA4 cells by the MTT assay. A549 is an epithelial cell
that was isolated from the lung of a 58-year-old, white male
with carcinoma (ATCC No. CRM-CCL-185). MCF-7 was
derived from the pleural effusion of a 69-year-old female
suffering from breast adenocarcinoma (ATCC No. HTB-22).
WI26VA4 is an SV40 virus-transformed derivative of WI-26, a
human diploid fibroblast cell line from the embryonic lung
tissue (ATCC No. CCL-95.1). The cells (5000) were seeded
overnight in 96-well plates containing 100 μL of DMEM
supplemented with 10% FCS and antibiotics (100 U/ml
penicillin and 100 mg/mL streptomycin) in a humidified
atmosphere of 5% CO2 at 37 °C. Then, different amounts of
pure DOX and DOX-SNO-Cy-CMNPs (with DOX concen-
tration of 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 μM) were added to
the cells, and these were incubated for another 48 h in culture
conditions. Then, the culture medium of each well was
replaced by a fresh medium having 0.5 mg/mL MTT and
further incubated for 3 h. After this, the MTT solution was
aspirated, and the formed formazan crystals were solubilized by
adding 100 μL of DMSO to each well. For the calculation of
cytotoxicity, the absorbance of each well was measured in a
microplate reader at 544 nm. The cell viability was obtained by
comparing the absorbance of the treated cells with that of
control cells, which was considered as 100%. Each experiment
was accomplished in triplicate, and the standard deviation was
specified in the plot. The cytotoxicity study of DOX-Cy-
CMNPs was also performed for comparative purposes at the
same concentration. MTT assay was also performed on A549,
MCF-7, and WI26VA4 cells after 48 h of incubation with
CMNPs, Cy-CMNPs, and SNO-Cy-CMNPs up to 100 μg.
The morphological changes of the cells upon the various
treatments were also captured using a bright-field microscope.
2.9. Cellular Internalization by Confocal Microscopy

and Flow Cytometry. Cellular internalization studies were
performed with A549, MCF-7, and WI26VA4 cells using
confocal microscopy and flow cytometry. For imaging, cells
(0.5 × 106) were seeded on glass coverslips and cultured
overnight. The cells were then treated with DOX and DOX-
SNO-Cy-CMNPs (at a DOX concentration of 5 μM) for 3 h
under culture conditions, followed by washing with PBS. The
cells were mounted on a glass slide in cell mounting medium
(Invitrogen, USA) containing DAPI for nuclear staining and
then imaged by confocal microscopy (FV 3000, Olympus)
using a red filter for DOX and a blue filter for DAPI. For flow
cytometry analysis, the cells were cultured on 6-well plates at
37 °C. When the cells reached approximately 70−80%
confluence, the medium containing DOX/DOX-Cy-CMNPs/
DOX-SNO-Cy-CMNPs (at a DOX concentration of 5 μM)
was subsequently added and incubated for 3 h. The cells were
then harvested by trypsinization and resuspended in culture
medium for flow cytometry analysis (FL-2 channel) using a
flow cytometer (CyFlow Space, Sysmex Partec GmbH,

Germany). Ten thousand gated events were collected and
analyzed with the FlowJo software.
2.10. Cell Cycle and Apoptosis Detection by Flow

Cytometry. For cell cycle analysis, both A549 and MCF-7
cells were treated with pure DOX and DOX-SNO-Cy-CMNPs
(5 μM) for 24 h. Cells were then harvested by trypsinization
and washed with PBS two to three times. Cells were
centrifuged at 2500 rpm for 5 min, the supernatant was
discarded, and then the cells were fixed by 70% ethanol with
continuous vortexing until single cell suspension is formed.
Cells were centrifuged again and resuspended in PBS to make
a cell suspension of 1 × 106 cells/ml. Cells were then treated
with RNase A at a concentration of 50 μg/mL for 30 min and
then treated with propidium iodide at a concentration of 100
μg/mL for 10 min. The cell suspension was immediately
subjected to flow cytometry analysis to record the status of the
cell cycle (Cyflow Cube 6, Sysmex). Cell apoptosis was
investigated using an annexin V-FITC (fluorescein isothio-
cyante)/PI (propidium iodide) apoptosis detection kit (Sigma-
Aldrich, APOAF). For this study, cells were cultured in 60 mm
culture dish overnight and then treated with free DOX, SNO-
Cy-CMNPs, and DOX-SNO-Cy-CMNPs with a drug concen-
tration of 5 μM for 24 h. Afterward, the cells were harvested
and resuspended in annexin V binding buffer at a
concentration of 1 million cells/ml. Cells were then treated
with the annexin V antibody tagged with FITC and PI for 10
min at room temperature. Cells were immediately analyzed
using flow cytometry (Sysmex, Cube 8), and dot blots of
annexin V vs PI were recorded for around 20,000 cells.
2.11. Statistical Analysis. All results and measurements

were shown as the mean ± SD (standard deviation).
Comparisons between the mean values of different groups
were analyzed by unpaired two-tailed Student’s t test (using t
test calculator, GraphPad), where (*) p < 0.05 was considered
statistically significant and (**) p < 0.01 was considered highly
statistically significant.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis, Colloidal Stability Assay, and

Magnetic Studies. A bifunctional nanocarrier (enriched with

carboxyl and thiol groups) was precisely designed with the
objective of the delivery of NO in association with a
chemotherapeutic drug for enhanced apoptosis in cancer
cells. This was achieved by the introduction of a biocompatible
amino acid, cysteine, onto the surface of CMNPs via EDC-
NHS coupling. The thiol groups of the bifunctional nano-
carriers were converted to S-NO by nitrosation, and anticancer
drug, DOX was electrostatically conjugated as shown in

Scheme 1. Schematic Representation of Cysteine
Functionalization, Nitrosation, and DOX Loading
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Scheme 1 for the augmented benefit in therapeutic modules in
cancer treatment.
The shape, size, and crystallographic phase of SNO-Cy-

CMNPs were investigated by XRD and TEM analyses. The
appearance of broad and intense diffraction peaks at around
30, 35, 43, 53, 57, and 62° (Figure 1a) corresponding to the
highly crystalline (220), (311), (400), (422), (511), and (440)
lattice planes suggested the formation of an inverse spinel
magnetite (Fe3O4) phase.43 The crystallite sizes were
calculated to be around 10 nm from X-ray line broadening
by using Scherrer’s formula. This result was further validated
using TEM micrograph (Figure 1b) which clearly shows the
formation of roughly spherical nanoparticles of average size 10
nm. The average interplanar distance of SNO-Cy-CMNPs was
measured to be ∼0.30 nm (Figure 1c), which corresponds to
the (220) plane of Fe3O4.

44 The organic modification on the
surface of the nanocarriers was explored by FTIR and TGA.
The vibration band at ∼585 cm−1 in the FTIR spectra of Cy-
CMNPs and SNO-Cy-CMNPs is associated with the
stretching mode of Fe−O of Fe3O4.

10 The vibrational bands
observed at 1612 and 1400 cm−1 correspond to the
asymmetric and symmetric stretching of COO−groups (citrate
and cysteine), respectively.39 The CH stretching vibrations of
citrate and cysteine molecules present on the surface of MNPs
appeared in the range of 2800−3000 cm−1.45 The broad band
observed in the region of 3000−3500 cm−1 can be associated
with the stretching vibration of carboxylic OH group of
cysteine.45 The successful conversion of Cy-CMNPs into
SNO-Cy-CMNPs was evident from the appearance of the

Figure 1. (a) XRD pattern of SNO-Cy-CMNPs showing different
lattice planes of the inverse spinel magnetite (Fe3O4) phase. (b) TEM
image and (c) high-resolution TEM micrographs of SNO-Cy-CMNPs
revealing the formation of roughly spherical nanoparticles and (220)
lattice plane, respectively. (d) FTIR spectra of Cy-CMNPs and SNO-
Cy-CMNPs showing the presence of vibrational bands corresponding
to respective functional moieties. (e) TGA plots of bare Fe3O4,
CMNPs, and SNO-Cy-CMNPs revealing the enhancement of weight
loss upon organic modification (bare Fe3O4 MNPs were prepared in a
similar method without using any organic coating agent for
comparative purpose).

Figure 2. (a) Intensity-weighted particle size distribution plot of SNO-Cy-CMNPs obtained from DLS studies (inset shows the corresponding
number-weighted particle size distribution), (b) their pH-dependent zeta potential plot indicating the variation of surface charge (inset show its
zeta potential at physiological medium, PBS pH 7.4), (c) M vs H plots of SNO-Cy-CMNPs at 5 and 280 K (inset A: M. vs H plot at low field
region; inset B: photograph showing attraction of particles toward external magnet of field strength 0.25 kOe), and (d) ZFC-FC plot of SNO-Cy-
CMNPs at an applied field of 100 Oe.
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vibrational mode corresponding to the N−O group at 1380
cm−1 in the FTIR spectrum of SNO-Cy-CMNPs.46 TGA plots
of CMNPs and SNO-Cy-CMNPs showed three steps of
thermal decomposition with a total weight loss of about 23 and
31%, respectively. The first step weight loss can be attributed
to the removal of physisorbed water and organic molecules,
whereas the second step weight loss corresponds to the
removal of chemisorbed organic molecules. The third step
weight loss beyond 400 °C can be associated with the
structural transition of Fe3O4 to Fe2O3.

39 However, the TGA
plot of bare Fe3O4 MNPs exhibited weight loss of about 5%
over the whole temperature range due to the loss of
physisorbed water and hydroxyl groups from the surface of
Fe3O4 particles and their structural transition. It is noteworthy
to mention that the observed higher weight loss in the TGA
analysis of SNO-Cy-CMNPs over CMNPs clearly suggests
their successful organic modification.
Light scattering measurements were performed on the

aqueous dispersion of SNO-Cy-CMNPs to explore the
hydrodynamic diameter and surface charge of particles as

well as their colloidal stability. The aqueous dispersion of
SNO-Cy-CMNPs showed an intensity-weighted average
hydrodynamic diameter of about 122 nm (Figure 2a). The
corresponding number average hydrodynamic diameter was
also determined using light scattering software and found to be
around 35 nm (inset of Figure 2a). The observed higher
number average diameter by DLS than TEM could be ascribed
to the associated hydrated organic layer on the surface of the
particles.47,48 Moreover, the polydispersity in size (d) and
particle aggregation will lead to higher average hydrodynamic
diameter as DLS is weighted toward large sizes (d6 dependence
of the scattering intensity on particle size). Further, the
colloidal stability of SNO-Cy-CMNPs was investigated by
monitoring the changes in the hydrodynamic diameter, light
scattering intensity, and absorbance with time (Figure S1a−c,
Supporting Information). The nominal changes in the
hydrodynamic diameter, light scattering intensity, and
absorbance with time suggested the good aqueous dispersi-
bility and colloidal stability of SNO-Cy-CMNPs. Further, the
typical UV−visible absorption spectrum of SNO-Cy-CMNPs

Figure 3. (a) Absorption spectra of DOX loading in SNO-Cy-CMNPs. (b) Drug release profile of free DOX and DOX-SNO-Cy-CMNPs at
different pH at 37 °C under reservoir-sink condition. (c) Standard calibration curve prepared using Griess reagent for NO determination. (d)
Intracellular uptake of SNO-Cy-CMNPs and DOX- SNO-Cy-CMNPs in A549 and MCF-7 cell lines at 4 and 24 h. (e) Intracellular (A549 and
MCF-7) NO release profile of SNO-Cy-CMNPs and DOX- SNO-Cy-CMNPs. (f) NO release profile of SNO-Cy-CMNPs at two different pH (7.4
and 5.5).
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revealing the shoulder at ∼350 nm is shown in Figure S1d
(Supporting Information).
These nanocarriers exhibit superparamagnetic behavior at

280 K and ferrimagnetic ordering at 5 K with coercivity and
remanence magnetization of 250 Oe and 12 emu/g,

respectively (inset A of Figure 2c). Further, the maximum
magnetizations of SNO-Cy-CMNPs were found to be 43 and
51.6 emu/g at 280 and 5 K, respectively, at an applied field of
50 kOe. It has been observed that these nanocarriers form a
good colloidal dispersion in aqueous medium and are easily

Figure 4. Viability of A549, MCF-7, and WI26VA4 cells upon incubation with (a) CMNPs, (b) Cy-CMNPs, and (c) SNO-Cy-CMNPs; viability of
(d) A549, (e) MCF-7, and (f) WI26VA4 cells incubated with pure DOX, DOX-Cy-CMNPs, and DOX-SNO-Cy-CMNPs for 48h in culture
conditions at 37 °C. Data represent the mean ± SD (n = 3); the statistically significant values were obtained using a t test; *p < 0.05, **p < 0.01.

Figure 5. Confocal microscopy images of (a) A549 and (b) MCF-7 cells after incubation with DOX and DOX-SNO-Cy-CMNPs under culture
conditions (DAPI was used for nuclear staining; red filter for DOX and blue filter for DAPI; scale bar: 40 μm).
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attracted toward an external magnet of field strength 0.25 kOe
(inset B of Figure 2c). The observed low value of
magnetization of SNO-Cy-CMNPs as compared to bulk
Fe3O4 (92 emu/g) can be attributed to the formation of
nanosized particles as well as to the presence of nonmagnetic
coating of organic molecules on their surface.49 Further, the
ZFC-FC plot shows that the blocking temperature (TB) of the
SNO-Cy-CMNPs is around 225 K, which strongly supports
the observed ferrimagnetic ordering at 5 K (Figure 2d). The
transition from superparamagnetic to ferrimagnetic behavior
below TB is typically observed for MNPs.
3.2. Loading and Release Studies of DOX and NO

Molecules. After successful structural characterization of the
magnetic nanoplatform (SNO-Cy-CMNPs), anticancer drug
(DOX) was electrostatically bound to the negatively charged
surface (via a carboxyl moiety). The percentage of drug
loading was optimized by varying the DOX-to-particle
(expressed in terms Fe concentration) ratio, and a maximum

loading efficiency of about 85% with a drug loading content of
3% was observed at 1:14 (Figure S2, Supporting Information).
The interaction of DOX molecules with SNO-Cy-CMNPs was
also evident from the decrease in absorbance of the
supernatant liquid after removal of DOX-loaded SNO-Cy-
CMNPs (DOX-SNO-Cy-CMNPs) as shown in Figure 3a. The
affinity of DOX for negatively charged moieties such as
carboxyl, phosphate, and sulfate groups has been investigated
earlier by our group.39,41 It is noteworthy to mention that the
intensity-weighted average hydrodynamic diameter of the
developed drug carriers (DOX-SNO-Cy-CMNPs) was found
to be 135 nm (Figure S3, Supporting Information), which is
well below the diameter of the blood capillary. Thus, this drug
formulation can easily pass through the blood capillary, and pH
sensitivity at the subcellular level can trigger the release of the
drug into endosomes or lysosomes (mild acidic environment).
Therefore, the release of DOX-SNO-Cy-CMNPs and pure
DOX was investigated at 37 °C under reservoir-sink condition
to mimic the cellular environment of the tumor (Figure 3b). It
has been observed that almost 66% of the loaded drug is
getting released from DOX-SNO-Cy-CMNPs slowly over a
period of 72 h at pH 5.5, whereas almost 100% of the drug is
released from pure DOX within 1 h. The sustained release of
DOX from DOX-SNO-Cy-CMNPs could be attributed to the
slow weakening/breaking of the electrostatic interactions
between the drug and partially neutralized carboxyl groups
present on the surface of carriers at lower pH. Further, the
short time release behavior of DOX from DOX-SNO-Cy-
CMNPs (Figure S4, Supporting Information) shows a linear
relationship between drug release and square root of time
(t1/2) as anticipated for the Higuchi drug release model,
suggesting that the DOX release process is diffusion-
controlled.50,51 It is worth mentioning that only 16.5% of

Figure 6. (a) Flow cytometric histogram and (b) MFI of different
cells treated with DOX, DOX-Cy-CMNPs and DOX-SNO-Cy-
CMNPs for 3 h at a DOX concentration of 5 μM under culture
conditions. Data represent the mean ± SD (n = 3); the statistically
significant values were obtained using a t test; **p < 0.01.

Figure 7. Cell cycle analysis of (a) A549 and (b) MCF-7 cell lines by
flow cytometry after 24 h of treatment with pure DOX and DOX-
SNO-Cy-CMNPs and (c) annexin V/PI staining in A549 cells for
estimating the apoptosis ratio after 24 h of incubation with DOX-
SNO-Cy-CMNPs and pure DOX.
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loaded DOX is released over a period of 72 h from DOX-SNO-
Cy-CMNPs at pH 7.4, indicating the good stability of the
developed formulation at physiological pH medium. A similar
pH-dependent release of DOX (65 and 25% at pH 5 and pH
7.4, respectively) was reported by Jia et al. from DOX and
Fe3O4 nanoparticles-coencapsulated poly (D, L-lactic-co-
glycolic acid)-based polymeric nanocarrier.52 The observed
pH-dependent release of DOX with higher levels at acidic
tumor sites than in plasma or normal tissues is desired for the
anticancer drug-delivery system.
The well-known molecular NO donors like GSNO suffer

from inadequate cellular uptake.53 Therefore, NO molecules
were introduced onto the surface of Cy-CMNPs by nitrosation
of thiol groups for enhancement of their intracellular level via
passive- as well as magnetic field-induced targeting. The NO
loading and their cellular uptake, and release (intracellular and
pH-dependent release under reservoir-sink condition) were
determined through the standard curve prepared with sodium
nitrite (NaNO2) solution in the concentration range 10−100
μM as shown in Figure 3c using Griess reagent. By comparing
with the calibration curve, the NO-loading efficiency of Cy-
CMNPs was found to be around 65.5%. The intracellular NO

uptake was calculated in two different time frames (4 and 24 h)
in A549 and MCF-7 cell lines. The result obtained showed a
time-dependent uptake of NO-releasing magnetic nanocarriers.
The intracellular NO uptakes of 72.1 and 69.6 μM were
observed in A549 cells after 4 h of incubation of SNO-Cy-
CMNPs and DOX-SNO-Cy-CMNPs, respectively, whereas
those in MCF-7 cells were found to be 62.5 and 64.5 μM.
Moreover, the corresponding intracellular uptake was
increased to 264.8 and 300.0 μM in A549 cells and 280.6
and 290.4 μM in MCF-7 after 24 h of incubation (Figure 3d).
The amounts of NO released from SNO systems (obtained
after 24 h incubation of DOX-SNO-Cy-CMNPs and SNO-Cy-
CMNPs with cancer cells)-treated cancer cells was monitored.
It was found that NO release in A549 and MCF-7 cells
proceeds through a time-dependent manner for DOX-SNO-
Cy-CMNPs and SNO-Cy-CMNPs with a maximum of 42.5
and 41.2% in A549 and 38.8 and 38.6% in MCF-7 cells,
respectively. (Figure 3e). The pH-dependent NO release
profile was also investigated over a period of 24 h in the
cellular mimicking environment under reservoir-sink condition,
and it was found that NO release is pH independent in the
experimental range of 7.4−5.5.54 A cumulative release of 35.0

Figure 8. Bright-field microscopy images of (a) A549 and (b) MCF-7 cells after different treatments with SNO-Cy-CMNPs, pure DOX, and DOX-
SNO-Cy-CMNPs at 24 and 48 h. Red arrows indicate cells depicting apoptotic morphology.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03734
ACS Omega 2023, 8, 44545−44557

44553

https://pubs.acs.org/doi/10.1021/acsomega.3c03734?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03734?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03734?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03734?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and 39.4% of NO was observed after 24 h at pH 7.4 and 5.5,
respectively (Figure 3f). It is believed that the NO released
from DOX-SNO-Cy-CMNPs and SNO-Cy-CMNPs mainly
occurred through the homolytic cleavage of S−N bond.55 In
general, at elevated levels of glutathione (GSH), the intra-
cellular NO donors (S-NO) were degraded in NO and NH3
depending upon the GSH concentration.
3.3. Cytotoxicity, Cellular Uptake, and Cell Cycle

Analysis Studies. Cytotoxicity of CMNPs (used as core
material for preparation of Cy-CMNPs) and Cy-CMNPs (used
as nanocarriers for NO and DOX) was investigated on normal
(WI26VA4) and cancer (A549 and MCF-7) cell lines after 48
h of incubation by the MTT assay. Both CMNPs and Cy-
CMNPs were found to be nontoxic toward normal
(WI26VA4) and cancer (A549 and MCF-7) cell lines even
up to 100 μg/mL concentration (Figure 4a,b). This result
indicates that our nanocarriers are biocompatible and do not
have significant adverse toxicity. It is noteworthy to mention
that more than 90% of WI26VA4 cells were viable even after
48 h of incubation with 80 μg/mL of NO-loaded system
(SNO-Cy-CMNPs), whereas A549 and MCF-7 cells have
realized significant toxicity suggesting the effect of NO (Figure
4c) over cancer cell lines. A similar cytotoxicity result was
observed by Seabra et al., where S-nitrosated-coated particles
exhibited higher toxicity effects over thiol-coated iron-oxide
nanoparticles.56

Further, the cytotoxicity effect of pure DOX and DOX-
loaded systems (DOX-Cy-CMNPs and DOX-SNO-Cy-
CMNPs) was also explored on A549, MCF-7, and WI26VA4
cell lines after 48 h of incubation (Figure 4d−f). The
developed DOX-loaded systems retained the cytotoxicity effect
of the drug, and a concentration-dependent toxicity is observed
toward proliferation of cells. It has been observed that DOX-
SNO-Cy-CMNPs showed higher toxicity than without nitroso-
modified counterpart (DOX-Cy-CMNPs), indicating the
positive role of NO in the killing of cancer cells. The IC50
values of DOX-SNO-Cy-CMNPs and DOX-Cy-CMNPs in
A549 cell were found to be 1.06 and 1.34 μM, respectively, and
that of pure DOX was 1.75 μM. In the case of MCF-7 cells, the
IC50 values were 1.72 and 2.98 μM for DOX-SNO-Cy-CMNPs
and DOX-Cy-CMNPs, respectively, and that of pure DOX was
2.36 μM. Thus, the present studies clearly indicate the effect of
NO in augmenting the cell-killing efficacy. Similarly, Song et
al.57 and Alimoradi et al.58 reported the enhancement in the
antitumor efficacy for NO and DOX-loaded nanocarriers.
Moreover, our developed nanocarriers (DOX-SNO-Cy-

CMNPs) showed significantly lower cytotoxicity (>20%) at
higher concentrations in WI26VA4, suggesting their relatively
selective toxicity to cancer cells than normal cells. However,
the observed toxicity of DOX-SNO-Cy-CMNPs in normal
cells than SNO-Cy-CMNPs (without conjugation of DOX)
may be attributed to the presence of DOX, which may impose
higher inherent toxicity in normal cells.59

To investigate the cellular internalization, confocal micro-
scopic studies were carried out on A549 (Figure 5a) and MCF-
7 (Figure 5b) cells after incubation with DOX and DOX-SNO-
Cy-CMNPs under culture conditions. The cells without
exposure to DOX and DOX-SNO-Cy-CMNPs were used as
a negative control and showed only autofluorescence from
cells. The blue color fluorescence emission arises from the
DAPI-stained nuclei. A considerable uptake of DOX-SNO-Cy-
CMNPs was evident from the red color fluorescence emission
coming from DOX. The magenta color emission originating

from the merged image of DOX and DAPI fluorescence clearly
suggests that pure DOX shows mainly nuclear internalization,
whereas DOX-SNO-Cy-CMNPs are localized in the cyto-
plasm. Further, the confocal microscopy images of WI26VA4
cells (Figure S5, Supporting Information) were also acquired
after incubation with DOX and DOX-SNO-Cy-CMNPs.
Though the uptake of DOX in WI26VA4 cells was evident
from confocal microscopic studies, its fluorescence signal
intensity was found to be less than that A549 and MCF-7 cell
lines. This result further supports the higher uptake of DOX-
SNO-Cy-CMNPs in cancer cells over normal cells. We
believed that DOX-SNO-Cy-CMNPs directly transferred to
the cytoplasm by internalization through membrane pene-
tration (passively targeted to the tumors via EPR effect).60 It is
well-reported that the nanocarriers cannot pass through the
tight junction between normal vascular linings, whereas the
leaky vasculature of the cancer region favors their uptake.
Moreover, being magnetic in nature, the developed nano-
carriers can be targeted to the tumor site by applying an
external magnetic field.
The uptake of DOX, DOX-Cy-CMNPs, and DOX-SNO-Cy-

CMNPs in A549, MCF-7, and WI26VA4 cells was further
verified by flow cytometric analysis. The flow cytometric
histogram and the corresponding mean fluorescence intensity
(MFI) of different cells treated with DOX, DOX-Cy-CMNPs,
and DOX-SNO-Cy-CMNPs are shown in Figure 6a,b,
respectively. Compared to the control, a distinguishable
increase in the fluorescence intensity was observed in all of
the above cells treated with pure DOX and DOX-loaded
systems. However, the increase in fluorescence intensity is
higher in cancer cell lines (A549 and MCF-7) over normal
cells (WI26VA4). Further, it has been observed that the
fluorescence intensity from cells treated with DOX-SNO-Cy-
CMNPs was more than that of cells treated with DOX-Cy-
CMNPs. This study mainly suggests a higher uptake of DOX-
SNO-Cy-CMNPs in cancer cells. However, the cellular uptake
of nonfluorescent SNO-Cy-CNPs (without DOX) as well as
DOX-SNO-Cy-CMNPs was also confirmed from the bright-
field microscopy imaging (Figure S6 Supporting Information),
where the black-colored Fe3O4 nanoparticle deposition is
clearly visible in and around treated A549 cells, which was not
seen in control cells.
To identify the mechanism of cell death induced by DOX-

SNO-Cy-CMNPs, Sub-G1 analysis was performed by flow
cytometry after PI staining (Figure 7a,b). Results showed that
control cells without any treatment were mostly found to be in
the G0/G1 phase and S phase of the cell cycle in both A549
and MCF-7 cell lines. Treatment with pure DOX (5 μM)
showed an increase in the accumulation of cells in the S phase
(48.40%) of the cell cycle in A549 cells. On the other hand,
treatment with DOX-SNO-Cy-CMNPs caused significantly
higher accumulation of cells in the S phase of the cell cycle
such as 58.41 and 45.60% in A549 and MCF-7, respectively,
after 24 h of treatment. To further validate the contribution of
apoptosis in DOX-SNO-Cy-CMNPs mediated enhanced cell
death, a more specific assay for apoptosis, annexin V/PI
staining, was carried out at 24 h (Figure 7c). Untreated cells
showed subtle or no annexin V expression, indicating no
apoptosis induction, whereas treatment of DOX and DOX-
SNO-Cy-CMNPs showed significant levels of annexin V
expression in comparison to the control, which has indicated
robust apoptosis induction in A549 cells. Notably, treatment of
DOX-SNO-Cy-CMNPs showed more than 40% increase in
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late apoptotic cells with annexin V expression and PI uptake.
On other hand, cells treated with only DOX showed relatively
slower cell death, as was observed in the low percentage of cells
with PI expression. Thus, this result indicated the tumor
suppressive role of NO in augmenting the cell-killing efficacy
of DOX in inducing apoptosis in cancer cells. Similarly, Xia et
al.61 and Li et al.62 reported higher antiproliferative effect of
DOX loaded in selenium nanoparticles and DOX-loaded
polyglycerol-nanodiamond composites on U87 GBM cell line
over pure DOX.
Bright-field microscopy images also confirmed the presence

of cells depicting apoptotic morphology (cellular detachment,
circularization, and change in opacity) in DOX-SNO-Cy-
CMNPs-treated A549 and MCF-7 cells (Figure 8a,b). It is
clearly visible that the cells treated with pure DOX and DOX-
SNO-Cy-CMNPs have shown time- and concentration-
dependent cellular apoptosis which are marked by red arrows.
With increasing concentration, incremental change of cellular
morphology was observed in both cell lines postulating the
higher induction of apoptosis by DOX-SNO-Cy-CMNP
nanoplatform. Thus, after all this rigorous cellular study, it
can be ascertained that the induction of apoptosis is the major
cell death pathway induced by DOX-SNO-Cy-CMNPs
nanoplatform in both the cancer cells as validated by cell
cycle analysis and annexin V/PI assay. Moreover, these
nanocarriers do not exhibit any significant change in
absorbance (Figure S7, Supporting Information) as well as
zeta potential (Table S1, Supporting Information) even after
interacting with the BSA protein in a physiological medium
(0.01 M PBS, pH 7.4). This suggests the protein resistance
characteristic of the developed NO-releasing nanocarriers in a
physiological medium, which is essential for their therapeutic
applications.

4. CONCLUSIONS
In summary, a highly water dispersible magnetic nanoplatform
was developed by precise surface modification for dual delivery
of NO and the chemotherapeutic drug, DOX. These smart
magnetic nanocarriers exhibited good water dispersibility and
enhanced the stability of NO in PBS and cellular mediums.
They showed sustained release of both DOX and NO, and the
passive targeting capacity of the developed nanocarriers was
found to significantly inhibit the growth of human lung cancer
cell (A549) and human breast cancer (MCF-7) cell lines in a
concentration-dependent manner. The codelivery of NO along
with DOX was found to increase the late apoptotic cell death
in DOX-loaded NO-releasing nanoplatform (DOX-SNO-Cy-
CMNPs) in comparison to free DOX molecules. Thus, the
developed NO prodrug based on smart magnetic carriers can
be utilized as a promising pH-sensitive platform for achieving
the combinatorial effect of NO and chemotherapeutic drugs
for effective killing of cancer cells. In the future, the in vivo
antitumor effect using various tumor models will be performed.
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