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Abstract
The combination of Fe3O4@Ag superparamagnetic hybrid nanoparticles and nitric oxide (NO) represents an innovative
strategy for a localized NO delivery with a simultaneous antibacterial and antitumoral actions. Here, we report the design of
Fe3O4@Ag hybrid nanoparticles, coated with a modified and nitrosated chitosan polymer, able to release NO in a biological
medium. After their synthesis, physicochemical characterization confirmed the obtention of small NO-functionalized
superparamagnetic Fe3O4@Ag NPs. Antibacterial assays demonstrated enhanced effects compared to control. Bacteriostatic
effect against Gram-positive strains and bactericidal effect against E. coli were demonstrated. Moreover, NO-functionalized
Fe3O4@Ag NPs demonstrated improved ability to reduce cancer cells viability and less cytotoxicity against non-tumoral
cells compared to Fe3O4@Ag NPs. These effects were associated to the ability of these NPs act simultaneous as cytotoxic
(necrosis inductors) and cytostatic compounds inducing S-phase cell cycle arrest. NPs also demonstrated low hemolysis ratio
(<10%) at ideal work range, evidencing their potential for biomedical applications.

Graphical Abstract
Targeted and hemocompatible nitric oxide-releasing multi-functional hybrid nanoparticles for antitumor and antimicrobial
applications.

1 Introduction

The use of nanoparticles (NPs) in biomedicine has been
extensively reported in literature and continues to grow
mostly due to their inherent physicochemical properties, the
possibility of surface functionalization, in addition to anti-
microbials and antitumoral properties [1]. In this regard, NP
drug delivery systems lead to advantages over traditional
drugs and their carrier systems, because the efficient
delivery and release of the drug to the targeted location still
requires improvement for the treatment of different diseases
[2]. In the field of antibacterial treatments, the rapid emer-
gence of antibiotic-resistance is a major challenge [3, 4]. In
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this sense, nanoparticulate-based treatment presents two
outstanding points: (i) enhanced antibacterial activity com-
pared to traditional therapies with antibiotics, and (ii) a
decreased induction of resistance mechanisms [5]. Anti-
tumoral treatments also present limitations. Chemother-
apeutic drugs have to deal not only with induction of cell
resistance, but also poor solubility in biological environ-
ment, low blood circulation time, and non-targeted dis-
tribution [6]. Thus, the research and development of
efficient nanostructures are required for future advances in
medical treatments [7].

Considering the promising applications of both antibacterial
and antitumoral treatments, we developed a nitric oxide (NO)
based delivery nanostructure comprising a magnetite (Fe3O4)
and silver NPs (AgNPs) hybrid nanoplatform. Fe3O4 NPs have
been studied for biomedical applications for, at least, the past
three decades, mainly due to their intrinsic super-
paramagnetism at room and body temperatures, low toxicity,
and good biocompatibility [8–11]. The biomedical applica-
tions of the Fe3O4 NPs include biosensors, bioseparation,
hyperthermia therapy, and drug delivery [12–15]. Fe3O4 NPs
have also been used in the development of multifunctional
nanostructures, highlighting its combination with noble metal
NPs [15]. Among the noble metal NPs, AgNPs present pro-
mising application in the field of biomedicine, standing out
mostly for antibacterial applications in food storage, textile
coating, and cosmetics [16–18]. More recently, AgNPs have
been also shown as a promising system for antitumoral drug
delivery, acting as an active platform, due to their intrinsic
anticancer property [19].

Since NPs can also be functionalized with molecules of
medical interest, in this work we proposed the synthesis of
Fe3O4@Ag NPs that were further functionalized with thiol-
modified chitosan (TCS), acting not only as a biocompatible
layer, but also enabling the insertion of NO moieties and
their spontaneous release [20]. NO is an endogenous sig-
naling molecule, which plays pivotal roles in different
physiological and pathological processes, such as vasodi-
lation, neurotransmission, antibacterial activity, cell growth,
and apoptosis [21, 22]. NO also presents antitumoral
properties dependent on the applied concentration. At high
concentrations, NO is able to kill tumor cells, but at low
concentration, NO acts as a chemosensitizer, being promi-
sor for the combination with active NPs and/or che-
motherapeutics [22].

The synthesized NPs were characterized by several
techniques, demonstrating the formation of the super-
paramagnetic hybrid NP, with 3% TCS coating, and a NO
content of 1.21 ± 0.1 µmol per mg of Fe3O4@Ag/CS-NO
NPs. The diffusion mechanism of NO from the NPs was
evaluated and modeled by Korsmeyer–Peppas mathematical
model. Additionally, was examined their antibacterial and
antitumoral properties. Antibacterial activity was evaluated

against two Gram-positive and one Gram-negative bacterial
strain, and was demonstrated a synergistic effect between
NPs and NO, resulting in a bacteriostatic effect against
Gram-positive bacterial strains and a bactericidal effect
against the Gram-negative one. Interestingly, pronounced
effects were observed for tumoral cell lines, in which NO-
releasing NPs demonstrated high efficacy. When compared
to non-tumoral cell lines, cytotoxicity was evidenced
between 5 and 40 µg mL−1 of Fe3O4@Ag/CS-NO NPs, and
interestingly was more pronounced for tumoral cell lines.
Flow cytometry revealed that Fe3O4@Ag/CS-NO NPs
induced cell cycle arrest, indicated by the decrease of cells
in the G0/G1 phase, and an increase in S phase. Apoptosis
assays revealed that the necrosis pathway prevailed, espe-
cially at higher concentrations (>40 µg mL−1). As blood
compatibility comprehends an important preclinical eva-
luation, the hemolytic toxicity of the NPs was studied and
indicated that, at the concentration range pointed in cell
viability assays, Fe3O4@Ag/CS-NO NPs presented minimal
hemolysis of whole blood (5.4%), suggesting promising
applications of the developed delivery system in the bio-
medical field. To the best of our knowledge, this is the first
report to present the synthesis of NO-releasing NPs com-
prise of Fe3O4@AgNPs/CS-NO, and their antibacterial,
antitumoral, and blood compatibility aspects.

2 Materials and methods

2.1 Chemicals

Resazurin sodium salt (alamar blue), thioglycolic acid, iron
chloride II tetrahydrate (FeCl2 ∙ 4H2O), copper chloride II
(CuCl2), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride, sodium nitrite (NaNO2), L-glutathione, and
chitosan (CS) (75% deacetylation, medium molecular
weight), propidium iodide (PI) and Annexin V (FITC) were
acquired from Sigma—Aldrich, St. Louis, MO, USA. Iron
chloride III hexahydrate (FeCl3 ∙ 6H2O), dimethyl sulfoxide,
ammonium hydroxide (NH4OH), acetic acid (HAc),
hydrochloric acid (HCl), silver nitrate (AgNO3), sodium
hydroxide (NaOH) were obtained from Synth, Diadema,
SP, Brazil. Powdered green tea (Camellia Sinensis) was
obtained from Sumioka Shokuhin Kabushikikaisha, Hir-
aguti, Japan. All experiments were carried out using ana-
lytical grade water from Millipore Milli-Q Gradient
filtration system (Millipore, 18.2 MΏ, USA).

2.2 Synthesis of Fe3O4@Ag NPs, TCS, and Fe3O4@Ag
NPs/TCS

Fe3O4@Ag NPs were prepared through chemical co-
precipitation and green tea reduction of Ag+ ions, as

23 Page 2 of 11 Journal of Materials Science: Materials in Medicine (2021) 32:23



previously reported [23]. TCS was prepared by the con-
jugation of thioglycolic acid in the presence of 1-etil-3-(3-
dimethylaminopropyl)carbodiimide [20]. For the obtain-
ment of Fe3O4@Ag NPs/TCS, Fe3O4@Ag NPs were dis-
persed in water (20% wt/wt) for 1 h in ultrasound bath,
followed by the addition of TCS dissolved in acetic acid
1%. The final suspension was stirred for 2 h. Fe3O4@Ag
NPs/TCS were magnetically separated, washed three times
with water and freeze dried (Fig. S1).

2.3 Characterization of Fe3O4@Ag/TCS NPs and
control NPs

The structure of Fe3O4@Ag/TCS NPs was characterized by
X-ray diffraction (XRD) and X-ray photoelectron spectro-
scopy (XPS). The morphology, size, and organic content of
the synthesized NPs were characterized by scanning elec-
tron microscopy (SEM) coupled with energy dispersive X-
ray fluorescence spectrometry, transmission electron
microscopy (TEM), and atomic force microscopy (AFM).
Hydrodynamic size, polydispersity index, and surface zeta
potential of Fe3O4 NPs, Fe3O4@Ag NPs, and Fe3O4@Ag/
TCS NPs were analyzed by dynamic light scattering (DLS).
The organic content on the surface of Fe3O4@Ag NPs and
Fe3O4@Ag/TCS NPs was quantified through thermogravi-
metric analyses. The magnetic properties of Fe3O4 NPs,
Fe3O4@Ag NPs, and Fe3O4@Ag/TCS NPs were evaluated
using a Quantum Design SQUID MPMS3 magnetometer.
Detailed information of each employed technique is found
in the Supplementary File.

2.4 Formation of Fe3O4@Ag/CS-NO NPs

Free thiol (SH) groups on the surface of Fe3O4@Ag/TCS
NPs were nitrosated by reacting the NPs with an aqueous
solution of NaNO2 at pH 6, followed by further removal of
NaNO2 excess with water. Total NO release from
Fe3O4@Ag/CS-NO NPs was quantified through ampero-
metric measurements with the Free Radical Analyzer TBR
1025 (World Precision Instruments, FL, USA), using a
specific NO probe (ISO-NOP 2 mm). A detailed procedure
is in the Supplementary File.

2.5 In vitro diffusion of NO from Fe3O4@Ag/CS-NO
NPs

To evaluate the in vitro diffusion of NO from Fe3O4@Ag/
CS-NO NPs a vertical Franz diffusion cell (Hanson
Research Corporation, CA, USA) was employed with a
hydrophilic nitrocellulose membrane with 50 nm porosity
separating the donor and receptor compartments (Merck
Millipore, MA, USA) [24]. The receptor compartment of
the cell was filled with 7 mL of PBS and kept in constant

stirring at 37 °C. The donor compartment was filled with
10 mg of Fe3O4@Ag/CS-NO NPs dispersed in water. Ali-
quots of 500 µL were taken each 30 min from the receptor
compartment and the same volume was reposed by the
injection of 500 µL pf PBS. The amount of NO content was
quantified with the Free Radical Analyzer TBR 1025 with a
specific NO probe. Mathematical models were applied to
modeling the NO release from Fe3O4@Ag/CS-NO NPs.

2.6 Antibacterial assays

Gram-negative Escherichia coli (E. coli) ATCC 25922, and
Gram-positive Staphylococcus aureus (S. aureus) ATCC
25923, and Streptococcus mutans (S. mutans) UA159 were
employed for antimicrobial activity screening using CLSI
2018 (Clinical and Laboratory Standards Institute) standard.
Minimum inhibitory concentration (MIC), minimum bac-
tericidal concentration (MBC), and time-kill curves were
performed for antimicrobial activity testing of Fe3O4@Ag,
Fe3O4@Ag/TCS, and Fe3O4@Ag/CS-NO NPs. These
experiments were based on triplicate assays and accom-
plished following CLSI guidelines [25]. Detailed informa-
tion about the antibacterial experiments can be found in
Supplementary file.

2.7 Cells culture, treatment, and evaluation of
viability

The human prostate carcinoma (PC3) cell line was provided
by Prof. Marcelo Bispo de Jesus (State University of
Campinas, Brazil). The human osteocarcinoma (MG63) and
mouse preosteoblastic (MC3T3-E1) cell lines were pro-
vided by Prof. Juliana Marchi (Federal University of ABC,
Brazil), respectively. The human foreskin fibroblast (HFF-
1) cell line was provided by Dr. Giselle Zenker Justo
(Federal University of São Paulo, Brazil). African Green
monkey (Cercopithecus aethiops) kidney normal cells
(Vero) were provided by Prof. Christiane Bertachini Lom-
bello (Federal University of ABC, Brazil). The cells were
cultured in RPMI 1640 medium (PC3), Alpha-MEM
(MC3T3-E1), and Dulbecco’s DMEM with high (HFF-1,
Vero) or low (MG63) glucose. All media were supple-
mented with 10% (v/v) FBS, 100 U/mL of penicillin, and
100 μg/mL of streptomycin. For HFF-1 cells, Dulbecco’s
DMEM was supplemented with 15% (v/v) FBS and
1 mmol L−1 sodium pyruvate while MC3T3-E1 cells were
growth in absence of ascorbic acid. Cultures were main-
tained at 37 °C in a humidified incubator with a 5% CO2

atmosphere. Cells were passaged every 2–3 days, and via-
bility and cell density were periodically checked by the
trypan blue dye exclusion test.

The in vitro effects of Fe3O4@Ag, Fe3O4@Ag/TCS, and
Fe3O4@Ag/CS-NO NPs against viability of the cancer and
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non-tumor cells was verified through Alamar Blue assay
[26]. Cells were seeded at a density of 8.0 × 103 cells per
well, in 96-well plate for 24 h, and treated with the fol-
lowing concentrations of each NP: 5, 10, 40, 80, 100, 150,
and 200 µg mL−1. After 24 h incubation, 20 µL of Alamar
Blue solution (0.3 mg mL−1) was added to each well and
incubated for 3 h. The fluorescence was analyzed at 530/
25 nm excitation length and 590/35 nm emission length
using a plate reader (Synergy HT Multi-Mode Microplate
Reader, Biotek, USA). Cells without treatment were used as
a control for 100% cell viability.

2.8 Analysis of cell cycle distribution and apoptotic
incidence by flow cytometry

For cell cycle analysis, MG63 cells were with Fe3O4@Ag/CS-
NO NPs at the concentrations of 5, 40, and 100 µgmL−1.
Cells were seeded at a density of 1.4 × 106 cells per 100mm
tissue culture dish and were treated similarly to the previous
experiments. After 24 h treatment, cells were detached with
trypsin, collected, washed in PBS, and subsequently fixed in
paraformaldehyde (1% in PBS) and ethanol 70%. Following,
cells were resuspended in PBS and incubated with PI staining
solution (5 µL RNase A 10mg/mL, 20 µL PI 1mg/mL) in the
darkness for 30min. BD FACSCanto™ II Cell Analyzer
(Becton Dickinson, San Diego, NJ, USA) and FACSDiva
software were used for acquisition. For apoptosis assay, cells
treated with Fe3O4@Ag/CS-NO NPs were detached with
trypsin, collected, and centrifuged. Cells were resuspended in
100 µL of Annexin V-binding buffer and stained with 3 µL of
Annexin V-FITC and 1 µL of PI. Flow cytometry analyses
were performed similarly to the cell cycle analyses. Cisplatin
(50 µmol L−1) was used as positive control, and pure culture
medium as negative control. All data were analyzed using
Flowjo 10.6.1 (FlowJo, LLC, USA).

2.9 Hemolysis of whole blood

The experiments were performed in accordance with the
European Community guidelines (2010/63/EU) for the use
of experimental animals. Arterial blood samples were col-
lected from rats (Male Wistar), which were anesthetized
with isoflurane (4% in oxygen 2 L min−1) 15 min before

sampling. The blood was collected from abdominal artery,
in Vacutainer tubes with heparin lithium using a short
catheter. Before use, whole blood was diluted in the pro-
portion of 1 mL of blood to 1.25 mL of NaCl 0.9% solution.
After, 1 mL of diluted blood solution was added to 24 mL of
NaCl 0.9% solution, in order to obtain work blood solution.

Fe3O4 NPs, Fe3O4@Ag NPs, Fe3O4@Ag/TCS NPs, and
Fe3O4@Ag/CS-NO NPs were dispersed in concentrations
from 60 to 1200 µg mL−1 in NaCl 0.9% medium, for 1 h in
ultrasound bath. Then, NPs were diluted into work blood
solution, in the proportion of 500 µL of blood solution and
100 µL of NPs. The solutions (blood+NPs) were incubated
for 2 h, at 37 °C in a water bath WNB/WNE/WPE (Mem-
mert, Schwabach, Germany). The resulting suspension was
centrifuged at 4000 rpm for 10 min using a microtube cen-
trifuge MiniSpin Plus (Eppendorf) and the hemolysis ratio
(HR) was evaluated by spectrophotometric measurements
against negative and positive controls (NaCl 0.9% and
water, respectively), using a spectrophotometer UV-1800
(Shimadzu, France) at 541 nm in plastic cuvettes.

3 Results and discussion

3.1 Characterization of Fe3O4@Ag/TCS NPs and
control NPs

In this work, we synthesized Fe3O4 NPs by co-precipitation
followed by the reduction of Ag+ by green tea extract on the
surface of Fe3O4 NPs leading to the formation of
Fe3O4@Ag NPs, as previous reported [23, 27]. The surface
of Fe3O4@Ag NPs was coated with TCS, by thiolation of
CS backbone [20], leading to the formation of Fe3O4@Ag/
TCS NPs. The prepared NPs were characterized, as
described herein. The structure of the uncoated Fe3O4@Ag
NPs was previously confirmed, evidencing the formation of
a structure composed of 87% of Fe3O4 NPs and 13% of
AgNPs through XRD analyses, which was maintained in
Fe3O4@Ag/TCS NPs [23]. The presence of AgNPs and
Fe3O4 was also confirmed by XPS, as shown in Fig. 1a and
1b, respectively. The high-resolution Ag spectrum evi-
dences an efficient green tea reduction of Ag+ and forma-
tion of metallic AgNPs, as Ag 3d3/2 and Ag 3d5/2 core level

Fig. 1 a XPS spectrum of Fe 2p
region of Fe3O4 NPs and b Ag
3d region of Fe3O4 NPs
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binding energies are located at 374.7 and 368.8 eV,
respectively, presenting a split of 6.1 eV between the two
peaks, characteristic of the referred Ag0 structure [28]. The
fitted Fe 2p region shown in Fig. 1b indicates the presence
of Fe2+ and Fe3+ states in a ratio of, approximately, 40:60%
(2+/3+), and a 13.5 eV splitting between Fe 2p3/2 and Fe 2p1/
2, evidencing a structure between magnetite and maghemite
[29, 30].

The morphology of the Fe3O4@Ag/TCS NPs was
investigated by TEM (Fig. 2a). The NPs presented a sphe-
rical shape with an average size of 17.3 ± 2.8 nm, at solid
state. The results are in accordance to SEM and AFM
analyses (Fig. S2), confirming a spherical morphology, the
elementary composition, and the polymeric coating of the
NPs. Similar NPs reported in literature presented spherical
shape and diverse diameters depending on the synthesis
route and on the coating thickness [31, 32]. The hydro-
dynamic size (% number), polydispersity index, and zeta
potential of the Fe3O4 NPs, Fe3O4@Ag NPs, and
Fe3O4@Ag/TCS NPs were evaluated and compared through
DLS technique. Fe3O4 NPs presented high levels of
aggregation and polydispersity (350.6 ± 40.3 nm, PDI
0.54 ± 0.03), as expected for uncoated NPs, which
decreased after the Ag coating, leading to an average size of
25.97 ± 2.5 nm and PDI of 0.46 ± 0.03. After TCS coating,
Fe3O4@Ag/TCS NPs hydrodynamic size increased to
81.8 ± 3.8 nm due to the polymeric layer, although the PDI
decreased to 0.20 ± 0.01, indicating more homogeneous NP
size distribution. The zeta potential for Fe3O4 NPs,
Fe3O4@Ag NPs, and Fe3O4@Ag/TCS NPs were −8.56 ±
1.00, −32.73 ± 0.31, −19.40 ± 1.00, respectively.

The organic and polymeric contents were investigated by
thermogravimetric analysis. The thermograms of
Fe3O4@Ag NPs and Fe3O4@Ag/TCS NPs are shown in
Fig. 2b. An initial mass loss is observed at ca. 100 °C
referent to the water content, followed by the decomposition
of the organic content from green tea molecules, such as
catechin and other polyphenols, adsorbed on the surface of
the hybrid NP, and the decomposition of both thiolated
chitosan and green tea extract molecules on the Fe3O4@Ag/
TCS NPs. From the mass loss difference, it was possible to
verify the presence of 28% derived from phytochemicals of
the green tea extract and 3% of TCS attached to the surface
of the NPs [33].

The influence of the diamagnetic layers on the super-
paramagnetic behavior of the NPs was evaluated with a
magnetometer at 300 K, and the resultant hysteresis loops
for Fe3O4 NPs, Fe3O4@Ag NPs, and Fe3O4@Ag/TCS NPs
are shown in Fig. 2c. A superparamagnetic behavior was
observed for all NPs, evidenced by the zero coercivity
(Hc= 0) and zero magnetic remanence (Mc= 0) [34]. The
magnetization saturation (Ms) values obtained were 76.8,
56.1, and 56.9 emu g−1 for Fe3O4 NPs, Fe3O4@Ag NPs,
and Fe3O4@Ag/TCS NPs, respectively. The Ms values
obtained for Fe3O4 NPs are similar to the reported for this
material in the literature, with values from 62 to 90 emu g−1,
confirming the magnetic properties expected for this nano-
material [27, 35]. For Fe3O4@Ag NPs and Fe3O4@Ag/TCS
NPs, lower Ms values are observed, in accordance to the
addition of diamagnetic layers (Ag, phytochemicals derived
from green tea, and TCS) [36]. A slight difference in the Ms
values is observed when comparing Fe3O4@Ag NPs and

Fig. 2 a Representative TEM
image of Fe3O4@Ag/TCS NPs,
scale bar indicates 50 nm; b
thermogram of Fe3O4@Ag NPs
and Fe3O4@Ag/CS-NO NPs; c
hysteresis curves at room
temperature for Fe3O4@Ag,
Fe3O4@Ag/TCS, and
Fe3O4@Ag/CS-NO; d Diffusion
profiles of NO from Fe3O4@Ag/
CS-NO NPs modeled by
Korsmeyer–Peppas. The error
bars represent the average
between three independent
experiments
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Fe3O4@Ag/TCS NPs, which is in accordance to thermo-
gravimetric analysis, as a small percentage of polymeric
content (TCS) was added. Thus, all NPs kept their super-
paramagnetic behavior, being promissory for targeted bio-
medical treatments.

3.2 Formation of Fe3O4@Ag/CS-NO NPs

Free thiol groups of TCS on the surface of Fe3O4@Ag/TCS
NPs were nitrosated by reacting with NaNO2 in slight acid
medium, in which nitrous acid is the nitrosating agent,
yielding S-nitroso (S-NO) moieties in the TCS [24]. This
process led to the formation of S-nitrosothiol groups
covalently linked to the CS backbone, in the coating of the
NPs (Fe3O4@Ag/CS-NO NPs). The obtained nitrosated NPs
act as spontaneous NO donor, as described below.

3.3 In vitro diffusion of NO from Fe3O4@Ag/CS-NO
NPs

Figure 2d shows the NO release profile from the nitrosated
NPs (Fe3O4@Ag/CS-NO NPs). It was possible to verify
that NO was linearly released during 3 h of analysis,
reaching 90% of the total amount of NO (1.21 μmol per mg
of NP). It is important to highlight that NO content was
measured through the NO release from S-NO bonds on the
surface of the NPs. Thus, the concentrations of NO, S-NO,
and SH are equimolar. At 3.5 h, NO release decreases, as
evidenced in Fig. 2d. We have recently reported that the NO
release profile from S-nitroso-chitosan (without the nano-
platform) was comprised of an initial rapid NO release for
1 h [37], whereas Fe3O4@Ag/CS-NO NPs presented an
initial burst of NO release after 3 h of monitoring.

To confirm the diffusion mechanism, the curves were
fitted using different mathematical models (order zero, first
order, Higuchi, Hixson–Crowel, and Korsmeyer–Peppas) as
previously reported in literature [38, 39]. The resulting
correlation coefficient (R2) was 0.993 for Korsmeyer–Peppas
indicating that NO release from Fe3O4@Ag/CS-NO NPs
was better modulated by this model. The Korsmeyer–Peppas
mathematical model indicates that NO was released by a
non-Fickian diffusion process, or concentration independent,
verified by the n= 0.73. Moreover, this model proposes that
the NO was not only being diffused, but also describes a
release based on the polymeric chain relaxation, which is in
according to the designed polymeric coated NPs [38, 39].

3.4 Antibacterial assay

Considering the known antibacterial properties of individual
AgNPs, CS, and NO, was evaluated if their combination in
a single nanomaterial might enhance the antibacterial effect,
compared to the individual components. Thus, the

antibacterial effect of Fe3O4@Ag NPs, Fe3O4@Ag/TCS,
and Fe3O4@Ag/CS-NO was evaluated. Table 1 shows the
MIC and MBC values obtained. The results indicated a
synergism between Ag and NO in the same NP
(Fe3O4@Ag/CS-NO), leading to a higher toxicity against
both S. mutants and S. aureus, as lower values of MIC were
observed when compared to the other NPs. Regarding the
effects against E. coli, results were similar to the Fe3O4@Ag
NPs.

In order to better understand antibacterial effect of each,
time-kill curves were performed using MIC, as shown in
Fig. 3. Time-kill curves evidences a bacteriostatic effect for
all NPs during 5 h of treatment against both S. mutants and
S. aureus, demonstrated through a reduced growth when
compared to control strains. Regarding E. coli, a bacterio-
static effect was observed for Fe3O4@Ag NPs and
Fe3O4@Ag/TCS. While a bactericidal effect was confirmed
for the Fe3O4@Ag/CS-NO after 2 h of treatment [40]. These
results indicate promising use of these NPs in the treatment
of infectious diseases, especially because the magnetic
nanomaterial can be guided to the targeted location in
combination with antibiotics. Moreover, for E. coli, the
Fe3O4@Ag/CS-NO might be administered in multiple doses
of lower concentrations, minimizing the side effects [41].
Still, these NPs might find potential applications

3.5 Cytotoxicity

The cytotoxic effects of the NPs were evaluated against
MG63 tumoral cell line and compared to MC3T3-E1 non-
tumoral cells (Fig. 4). Moreover, the cytotoxicity was ver-
ified against PC3, HFF-1 and Vero cells lines, as shown in
Fig. S3 and described in Supplementary File. Figure 4a
shows the comparison between Fe3O4@Ag NPs,
Fe3O4@Ag/TCS NPs e Fe3O4@Ag/CS-NO NPs against
MG63, after 24 h treatment. A concentration-dependent
cytotoxicity was observed for all tested NPs, although
Fe3O4@Ag NPs and Fe3O4@Ag/TCS did not present high
toxicity even at the highest evaluated concentration (200 µg
mL−1), presenting a cell viability of 60% approximately, at
this concentration. Antitumoral activity has been reported

Table 1 Minimum inhibitory concentrations (MIC) and minimum
bactericidal concentration (MBC) values (µg mL−1 of NPs) for
bacterial strains after 24 h of incubation with Fe3O4@Ag NPs,
Fe3O4@Ag/TCS e Fe3O4@Ag/CS-NO

E. coli
25922

S. mutans
UA159

S. aureus
25923

MIC MBC MIC MBC MIC MBC

Fe3O4@Ag NPs 125 125 500 >500 250 500

Fe3O4@Ag/TCS 250 250 500 >500 250 500

Fe3O4@Ag/CS-NO 125 125 250 >500 125 500
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for NO [42], and might act as sensitizing agent. In previous
reported we have demonstrated that S-nitrosoglutathione
combined with AgNPs had a synergistic toxicity effect to
cancerous cells [43]. Therefore, in this work, was hypo-
thesized that the combination of AgNPs and NO in a single
nanostructure would have potent and synergist cytotoxic
effects. As expected, Fig. 4 shows that Fe3O4@Ag/CS-NO
NPs demonstrated higher toxicity, compared to Fe3O4@Ag
NPs and Fe3O4@Ag/TCS NPs, evidencing an effective
combination of NO and NPs [42, 44]. A significant statis-
tical difference (p < 0.05) of cells treated with Fe3O4@Ag/
CS-NO NPs was verified for all evaluated concentrations,
and the viability of MG63 cells was almost 0% at 200 µg
mL−1.

The cytotoxicity of Fe3O4@Ag/CS-NO NPs for MG63
and MC3T3 cell lines were compared. As shown in Fig. 4b,
compared to the tumoral cell line, the cytotoxicity was
significant lower (p < 0.05) for MC3T3 cells at 5 and 10 µg
mL−1, and slightly lower at 40 µg mL−1. For the highest
concentrations (80–200 µg mL−1) were too cytotoxic for
both cell lines. In this sense, a promising working range is

shown between 5 and 40 µg mL−1, in which a higher
cytotoxicity was more evident only for the tumoral cell line.
Additionally, the superparamagnetic properties of
Fe3O4@Ag/CS-NO NPs allow these to be targeted directly
to the tumor site, decreasing possible side effects [45].

3.6 Flow cytometry

Considering the promising results for Fe3O4@Ag/CS-NO
NPs in cytotoxicity assays, and in order to better understand
of its effects on MG63 tumoral cell line, flow cytometry was
used in cell cycle and apoptosis assays to evaluate the
influence of the treatment in the induction of cell arrest and/
or cell death by apoptosis. Figure 5a shows the percentage
of MG63 cells at G0/G1, S, G2, and sub-G1 phases, after
24 h treatment at different concentrations of Fe3O4@Ag/
CS-NO NPs. The results showed that all concentrations the
Fe3O4@Ag/CS-NO NPs induced a reduction in the per-
centage of cells at G0/G1 and G2/M phases followed by a
simultaneous increase in S-phase population. Thus, the
results demonstrated that Fe3O4@Ag/CS-NO NPs presents

Fig. 3 Time-kill curves for a E. coli, b S. aureus, and c S. mutans. The green lines represent the control, in black Fe3O4@Ag NPs, in blue
Fe3O4@Ag/TCS NPs, and in red Fe3O4@Ag/TCS-NO NPs. The error bars represent the average between three independent experiments

Fig. 4 Effects of NPs on tumoral and non-tumoral cell lines. a Via-
bility of MG63 cells treated with different concentrations of
Fe3O4@Ag, Fe3O4@Ag/TCS, and Fe3O4@Ag/CS-NO for 24 h was
assayed by alamar blue test. Asterisk indicates significative difference
(p < 0.05) between treatments and control. a,b indicates a statistically
significant difference (p < 0.05) between “a” Fe3O4@Ag and

Fe3O4@Ag/CS-NO, and “b” Fe3O4@Ag/TCS and Fe3O4@Ag/CS-
NO. b Cell viability of MG63 and MC3T3 cells treated with
Fe3O4@Ag/CS-NO at different concentrations for 24 h assayed
through alamar blue test. *P < 0.0274, and ****P < 0.0001, showed by
Two-Way ANOVA
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a cytostatic effect inducing cell cycle arrest at S phase for
MG63 cells. During cell cycle, S phase checkpoint protects
the replication of damaged DNA inducing the cell cycle
arrest and inhibiting the ongoing the DNA synthesis
[46, 47]. DNA damage might be induced, for example, by
external genotoxic effects, suggesting potential genotoxicity
of Fe3O4@Ag/CS-NO NPs against MG63 cells [48]. This
result is expected considering the combined treatment of
AgNPs and NO. Previous works evidenced that NO is able
to induce cell cycle arrest in other cell lineages, while
AgNPs are well known to induce oxidative stress, DNA
damage and have also been reported to arrest cell cycle at S
phase [48–51].

Since sub-G1 population have been shown significantly
increased after Fe3O4@Ag/CS-NO NPs treatment, indicat-
ing the presence of dead cells, it was analyzed the possible
induction of apoptotic cell death through flow cytometry.
Figure 5b shows the percentage of cells in early apoptosis
(AN+/PI−), late apoptosis (AN+/PI+) and necrosis
(AN−/PI+), quantified using the scatterplots presented in
Fig. 5c. Considering total apoptotic population (early+ late
apoptosis) it is possible observed that for Fe3O4@Ag/CS-
NO NPs treatment at 5 and 40 μg mL−1 we found only a 3%
increase in apoptotic cells in relation to control while in the
higher concentration, no increase in the number of apoptotic
cells was detected. However, in all treatments Fe3O4@Ag/
CS-NO NPs induced at least 10 times increase in the

number of necrotic cells compared to control reaching the
highest increase for 100 μg mL−1. AgNPs have already been
reported to induce both apoptosis and necrosis in human
breast adenocarcinoma (MCF-7) and in L929 fibroblast
cells depending on the size and concentration [52–54].
Moreover, NO is well described in literature as a tumor
sensitizer, which might have potentialized the effects when
treating MG63 with the combined NP [55].

Interestingly, besides the increase in necrotic population
it is important to highlight that even at higher concentration
of Fe3O4@Ag/CS-NO NPs the percentage of necrotic cells
was low (13.5%) considering that this treatment induced
reduction in viable cells of around 70%. Thus, in this
condition a significantly percentage in cell viability reduc-
tion seems associated to the ability of NP to cause cell cycle
arrest. The cytostatic effect is also important for the
reduction in viability in the treatments with smaller con-
centrations of Fe3O4@Ag/CS-NO NPs [48–51].

For future research, the amounts of NO, AgNPs and
Fe3O4 NPs contents in the final Fe3O4@Ag/CS-NO NPs can
be tailored to treat different types of tumors, achieving the
desired cell death pathway or decreasing cell proliferation.
Moreover, Fe3O4 NPs are well-known for their magnetic
properties, which may be applied not only for NP targeting,
but also in hyperthermia therapy, with important effects in
the treatment of malignant tumors [37]. When exposed to
alternating external magnetic field, Fe3O4 may promote a

Fig. 5 Effects of NPs in cell
cycle and apoptosis induction in
MG63. a Cell cycle analysis
indicating cytostatic effect of
Fe3O4@Ag/CS-NO NPs at
different concentrations
(***P < 0.009, and ****P <
0.0001, in relation to control,
evaluated by Two-Way
ANOVA); cell apoptosis assay
(PI/Annexin V) by flow
cytometry indicated by (b)
percent of cells (healthy,
undergoing apoptosis, late
apoptosis and necrosis); c
scatterplots of each treatment
group of MG63 cells
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local temperature increase from 43 to 46 °C [56]. This
phenomenon not only contributes to cancerous cells death,
but directly affects the NO release pattern from the poly-
meric coating, as S-nitrosothiols decomposition is directly
affected by light, pH, and temperature [57]. In this sense, it
is important to highlight that future studies regarding the
NO release modulation from Fe3O4@Ag/CS-NO NPs and
the combination with other therapeutic mechanisms of the
nanomaterials synthesized in this work might comprehend
important advances in the biomedical field.

3.7 Hemolysis of whole blood

When distributed in blood circulation, NPs may also
interact with other components that could lead to the
destruction of red blood cells, resulting in serious patholo-
gic conditions such as thrombotic disorders, caused by the
hemostatic dysregulation, anemia, or renal failure [58].
Therefore, the NPs interaction with plasma proteins and
hemolysis of whole blood comprehends a fundamental
preclinical evaluation of the NPs’ biocompatibility [59]. In
this sense, the hemolytic toxicity of Fe3O4 NPs, Fe3O4@Ag
NPs, Fe3O4@Ag/TCS NPs, and Fe3O4@Ag/CS-NO NPs
and the influence of each layer added to the Fe3O4 NPs in
the % of hemolysis of whole blood was investigated. Rat
blood was incubated with each type of NP at 10, 50, 75,
100, and 200 µg mL−1, in the range of the cell viability
assays.

Figure S4 shows the % of hemolysis for each NP at
different concentrations. It was possible to observe that
Fe3O4 NPs did not present concentration-dependent hemo-
lysis, as it was kept constant from the lowest to the highest
evaluated concentration. The observed result might be
related to the aggregation of uncoated Fe3O4 NPs, as these
NPs tend to present high ratio of aggregation without
polymeric or metallic coatings [60]. On the opposite, the
increasing concentration of AgNPs, TCS and NO had a
direct relation to the hemolysis percentage, similar to the
previously reported in literature for pure AgNPs [2].

Furthermore, at low concentrations (10–50 µg mL−1), no
significant difference (p < 0.05) were observed between the
NPs, as all presented hemolysis percentages between 5 and
15%. At higher concentrations (75–200 µg mL−1), the
hemolysis ratio was higher for the NPs with more layers,
which is in accordance to cell viability results previously
presented. Figure 6 shows the hemolysis ratio (%) for all
NPs at 50 µg mL−1. It is possible to observe small hemo-
lysis ratio for all NPs, especially for Fe3O4@Ag/TCS NPs,
and Fe3O4@Ag/CS-NO NPs, suggesting that, at low con-
centrations, the addition of a polymeric layer, and the NO
release corroborate to a higher hemocompatibility of the
NPs. Thus, considering a promising range for antitumoral
applications and low hemolysis ratio at 50 µg mL−1,
Fe3O4@Ag/CS-NO NPs is a promising candidate for loca-
lized cancer treatment.

4 Conclusion

The results obtained from the combination of Fe3O4,
AgNPs, and NO demonstrated a potential application for a
combined treatment with antibacterial and antitumor capa-
city. The design of a functionalized hybrid NP was strate-
gically developed to achieve a superparamagnetic behavior,
due to presence of Fe3O4 core, allowing to easily guide the
NPs upon the application of an external magnetic field, in
addition to the functionalization of the magnetic core with
AgNPs and NO, both with known antibacterial and anti-
tumoral effects. As expected, the final NP was super-
paramagnetic and able to delivery therapeutic relevant
levels of NO (1.21 ± 0.1 µmol de of NO per mg of the NP).
This nanoplatform presented both antibacterial and anti-
tumoral properties, highlighting the bactericidal activity
against E. coli and an improved cytotoxic and cytostatic
effects against MG63 tumoral cell line. Moreover, the
hemolytic potential of the Fe3O4@Ag/CS-NO NPs evi-
denced an ideal range for future studies, in a safe manner.
Therefore, based on the promising results observed for these

Fig. 6 a Hemolysis ratio at
50 µg mL−1 for negative control
(C−), positive control (C+),
Fe3O4@Ag NPs, Fe3O4@Ag/
TCS NPs, and Fe3O4@Ag/TCS-
NO NPs. *P < 0.0332, and
****P < 0.0001, in relation C−;
b representative image of results
obtained for the nanoparticles at
the condition shown in the
graphic
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NPs, our group is further investigating the stability of these
NPs under physiological conditions, in addition to the stu-
dies of blood protein interactions and inflammatory
responses resultant of the impact of these NPs in the bio-
logical system.
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