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ARTICLE INFO ABSTRACT

Keywords: Oxidative stress during sepsis could play a crucial role in the pathogenesis of several diseases, especially car-
Magnesium oxide diovascular disorders. In fact, myocardial dysfunction during sepsis is caused by a number of chemicals, one of
Nanorods

which is hydrogen peroxide (H202). Therefore, sepsis-induced cardiomyopathy can be controlled through

f\rinoxltc.lant modulation of oxidative stress. Despite the encouraging pharmacological activities demonstrated by inorganic
nteraction . . N s s . . . P .
Cardiac nanostructures, the mechanisms behind their blood protein interaction and antioxidant activity remain unclear.

In order to advance the investigation for fabricating nanostructure platforms and studying their antioxidant
effects as well as blood protein binding affinities, we explored the synthesis of manganese oxide (Mn3O4)
nanorods via hydrothermal method and subsequent characterization using various techniques. The antioxidant
effects against HpO»-induced oxidative stress in AC16 cardiomyocytes were then evaluated by different cellular
and molecular assays. Additionally, the interaction of Mn304 nanorods with hemoglobin was investigated by
experimental and and docking analyses. The results showed that synthesized Mn3O4 nanorods had an absorption
peak in the range of 260 to 420 nm, vibration bands centered at 510 cm’l, 629 cm ! and 410 cm’l, 13 distinct
XRD peaks, a rod-like morphology with a diameter range of 10 to 75 nm, a hydrodynamic size of 371.7 nm, and a
zeta potential of —43.3 mV. Moreover, the antioxidant assays indicated that synthesized Mn3O4 nanorods can
trigger a protective effect against HyO»-induced oxidative stress in AC16 cardiomyocytes through inhibition of
reactive oxygen species (ROS) overproduction, increased content of superoxide dismutase (SOD) and catalase
and glutathione (GSH), and reduction of caspase-3 activity. Furthermore, the fluorescence quenching mechanism
of hemoglobin by Mn3O4 nanorods was determined to be controlled by a spontaneous and static quenching
process, involvement of hydrogen bonds, a binding affinity (Kp) value of 10* M’l, and number of binding site (1)
of around 1.03. Additionally, it was found that Mn3O4 nanorods induced a slight conformational change in the
hemoglobin structure, where Tyr35 and Trp37 move to a hydrophilic microenvironment. In conclusion, it can be
suggested that Mn3O4 nanorods with a reasonable plasma protein binding affinity can be used as an antioxidant
co-therapy in cardiac dysfunction during sepsis.
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1. Introduction

One of the leading causes of death in intensive care units is known to
be sepsis. Even while the exact cause of sepsis is still unknown, there is
growing confirmation that antioxidants and oxidants are important
players (Mantzarlis et al., 2017). Reactive oxygen species (ROS) as one
of the main metabolites generated by cells are typically produced in the
mitochondrial electron transport chain and play a key role in intracel-
lular signaling to mediate the normal physiological functions of cells
(Brieger et al., 2012, Olajide et al., 2022). Typically, in normal condi-
tions, the ROS generation and decomposition can be balanced through
different enzymatic [superoxide dismutase (SOD), catalase (CAT), and
glutathione reductase (GSH-Px)] and non-enzymatic antioxidant
[reduced glutathione (GSH)] systems (Matés et al., 1999). However,
upon generation of excessive levels of ROS, the cells may undergo
physiological changes derived from oxidative stress (Brieger et al., 2012,
Olajide et al., 2022). The production of high levels of ROS during sepsis
is known as a main concern for the initiation and progression of several
oxidative stress-associated disorders, including cardiovascular disease,
cancers, neurodegenerative diseases, diabetes, and obesity (Essick and
Sam 2010, Mantzarlis et al., 2017, Olajide et al., 2022, Cojocaru et al.,
2023). In fact, oxidative stress during sepsis has been reported to play an
important role in the development of several cardiovascular disorders,
such as “heart failure, myocardial ischemia-reperfusion injury, and
cardiomyopathy (Matés et al., 1999, Lakshmi et al., 2009, Mantzarlis
et al., 2017, Zhang et al., 2018, Bertozzi et al., 2024). It has been re-
ported that oxidative stress can trigger endothelial dysfunction in car-
diovascular disorders (Shaito et al., 2022), pyroptosis and cardiac
hypertrophy (Wang et al., 2022a), and proliferation of cardiac fibro-
blasts (Janbandhu et al., 2022).

An emerging field, nanotechnology has shown numerous potential
applications in the sepsis diagnosis and management as well as the
development of antioxidant platforms (Ghorbani et al., 2019, Roudba-
neh et al., 2019, Pant et al., 2021, Fu et al., 2024). Nanoparticles are
smaller than 100 nm in size and present a unique surface texture, size,
shape, and chemical properties. Changing the physicochemical proper-
ties of materials at the nanoscale can cause magnetic, electrical, chem-
ical, structural, and morphological changes, as well as associated
protective effects. Therefore, nanomaterials with proper design can be
used as potential antioxidant agents. Indeed, nanoparticles, particularly
inorganic ones, show promising applications for the treatment of
oxidative stress diseases via various signaling pathways (Ghorbani et al.,
2019, Liu, Kim et al. 2021, Perez-Araluce et al., 2024).

One type of metal oxide nanoparticle that is commonly used in
biomedical research as a potential antioxidant agent is manganese oxide
(Mn3O4). For example, cerium oxide/Mn3O4 nanocrystals were used as
potential antioxidants against acute radiation syndrome of stem cells
(Han et al., 2020). Furthermore, a Mn304 nanozyme was able to prevent
the oxidative stress and corresponding damage of biomolecules without
a significant effect on the endogenous antioxidant system (Singh et al.,
2019). Additionally, the redox capability of Mn3O4 nanostructures could
be used as a potential strategy to alleviate the cytotoxicity in human
cells (Singh et al., 2017).

Various methods have been used in the fabrication of Mn304 nano-
structures for biomedical applications (Ding et al., 2020). In fact, the
synthesis of Mn3O4 nanocrystals with different shapes such as nano-
particles, nanorods and nanofractals has been reported previously in
different studies (Chen, Lai et al. 2006, Han et al., 2006). Depending on
the desired property, nanorods with anisotropic shape can display spe-
cial catalytic efficiency, plasmonic resonances, and biomedical proper-
ties. However, some well-established drawbacks such as reaction
residuals and contaminations, toxicity, and aggregation in different bio-
fluids may limit their biomedical applications. It appears that the hy-
drothermal method may result in the fabrication of nanorods based on
well-controlled chemical reactions with minimal loss of (nano)mate-
rials, proper orientation of crystals, and the control of the size and
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surface of nanoparticles (Polsongkram et al., 2008).

Moreover, in recent years, the interactions between blood proteins
and nanoparticles have received a great deal of attention in the scientific
community. In fact, due to nanoparticles’ ability to reach and interact
with blood circulatory system, investigation of interactions between
nanoparticles and blood macromolecules is essential. Hemoglobin as the
main component of blood proteins, red blood cells, has a globular
quaternary structure with four polypeptide chains as well as corre-
sponding heme groups (Garabagiu 2011). It has shown that different
nanoparticles had the potential to interact with hemoglobin with
different binding affinities and induce some conformational changes on
the protein structure. For example, it was shown that synthesized gold
nanoparticles (25 nm) and hemoglobin are negatively charged at
physiological pH and hydrophobic forces play a key role in the forma-
tion of the resultant complex (Garabagiu 2011). Li et al. also reported
that upon the interaction of nanoparticles with different proteins,
including hemoglobin, trypsin, lysozyme, pepsin, and y-globulin, the
protein concentration needed to result in the formation of stable protein
corona is not comparable and the alterations in secondary conformer of
protein is not directly correlated with the binding constant (Li et al.,
2022).

As no direct study has been reported on the antioxidant and protein
binding properties of Mn3O4 nanorods, in this study, we fabricated
Mn304 nanorods using the hydrothermal method and after well-
characterization using various techniques, their protective effects
against sepsis-induced oxidative stress model in AC16 human car-
diomyocytes as well as hemoglobin binding characteristics were inves-
tigated by different techniques.

2. Material and methods
2.1. Materials

Human hemoglobin (CAT Nr.: H7379), manganese (II) sulfate
(MnSO4, >99.99 % trace metals basis, CAT Nr: 229784), potassium
permanganate (KMnOg, >ACS reagent, >99.0 %, CAT Nr: 223468) were
purchased from Sigma Aldrich (USA). All other chemicals used were of
analytical grade.

2.2. Synthesis of Mn3O4 nanorods

Mn304 nanorods were prepared through the hydrothermal method
as previously described with some modifications (Fl-Said et al., 2022).
Briefly, MnSO4 (1.69 g), KMnOy4 (3.1 g), and H02 (50 mL) were dis-
solved in deionized water (60 mL), followed by stirring for 60 min,
transferring into the autoclave vessel (80 °C, 2 h). The samples were
then washed with deionized water and ethanol and then dried in an oven
at 80 °C (El-Said et al., 2022).

2.3. Characterization of synthesized Mn30O4 nanorods

The structural and colloidal features of synthesized Mn3O4 nanorods
were determined through several analyses. Transmission electron mi-
croscopy (TEM) analysis was done at room temperature after drying a
droplet of samples on the TEM grid. The image was then obtained using
a JEOL 200CX at 80 kV. Dynamic light scattering (DLS) analysis was
done at room temperature to determine the diameter and zeta potential
value of synthesized Mn3O4 nanorods at aqueous using a Brookhaven
Instrument. X-ray diffraction (XRD) analysis was done to determine the
crystalline phase of fabricated Mn3O4 nanorods using a PANalytical
X'Pert Pro with a Cu X-ray source (45 kV, 40 mA). UV-Vis spectro-
photometry was used to determine the absorption characteristics of
synthesized Mn3O4 NPs using a CARY 50-BIO UV-Vis spectrophotom-
eter (Varian, Australia). FTIR analysis was also done on a Thermo sci-
entific™ Nicolet iIST™50 FTIR Spectrometer.
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Fig. 1. Characterization of Mn304 nanorods through the hydrothermal method. (A) UV-vis spectroscopy, (B) Fourier transform-infrared spectroscopy (FTIR), (C) X-
ray diffraction (XRD), (D) TEM analysis, (E) Zeta-sizer analysis for hydrodynamic size determination, (F) Zeta-sizer analysis for zeta potential determination.

2.4. Preparation of solutions

Mn304 nanorods were first exposed to UV for 50 min and then sus-
pended in cell culture medium or phosphate-buffered saline (PBS; 0.9 %
NaCl in 10 mM sodium phosphate buffer, pH 7.4) followed by sonication
(30 min at 50 W) for cell culture or protein binding assays, respectively.
Hemoglobin solution was also prepared in PBS (0.9 % NaCl in 10 mM
sodium phosphate buffer, pH 7.4).

2.5. Cell culture

AC16 human cardiomyocyte cells were used to explore the antioxi-
dant activity of Mn3O4 nanorods. AC16 cells obtained from American
Type Culture Collection (ATCC, Virginia 20110-2209, USA) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma, St.
Louis, MO, USA) supplemented with 10 % fetal bovine serum (FBS)
(Sigma, St. Louis, MO, USA) and 1 % penicillin—streptomycin solution at
37 °C and 5 % CO,.

2.6. Oxidative stress model stimulated by H202

After culturing the cells, sepsis-induced oxidative stress model was
performed by incubating AC16 cells with a fixed concentration of HoO2
(0.5 mM) for 6 h. AC16 cells without any HoO, addition were considered
as a control group.

2.7. Cell viability assay

The MTT assay was performed to assess the influence of H,O2 and
Mn304 nanorods on the viability of AC16 cells. In the nanorod-related
analyses, cells were incubated with increasing concentrations of
Mn304 nanorods (0.1-50.0 pg/mL) for 24 h. In protective assays, AC16
cells were pretreated with Mn3O4 nanorods in a fixed concentration of 5
pg/mL (the maximum concentration of Mn3O4 nanorods with no sig-
nificant cytotoxicity) for 18 h, followed by addition with 0.5 mM H0,
for additional 6 h. Cells without any treatment were used as a control
group. The cells were then added with MTT (5.0 mg/mL) for 4 h fol-
lowed by replacing the medium with DMSO (150 pL) for 10 min. Finally,



J. Wang et al.

the absorbance of samples was read at 570 nm on a microplate reader
(Multiskan™ GO, Thermo Scientific, Waltham, MA, USA).

2.8. ROS assay

Intracellular ROS levels in AC16 cells (1 x 10* cells/well, 96-well
plate) were assessed using 2',7'-dichlorofluorescein diacetate (DCF-DA)
detection kit (Sigma-Aldrich, USA) based on the manufacturer’s pro-
tocols. Briefly, after pretreating the cells with Mn3O4 nanorods with a
concentration of 5 pg/mL for 18 h and further incubation with 0.5 mM
H,0; for 6 h, the cells were added by 0.3 mL of DCFH-DA probe for 30
min. Afterward, the cells were exposed to washing at least two times
with DMEM. The fluorescence intensity was then measured using a
fluorometer (Invitrogen, Carlsbad, CA, USA) at 485Ex/535Em nm.

2.9. ELISA assay for measuring the content of SOD, CAT and GSH

AC16 cells were seeded (1 x 10° cells/well in a 6-well plate) and
treated. Then, the cells were lysed using RIPA lysis solution, and the
levels of antioxidant enzymes [SOD (Catalog number: A001-1) and CAT
(Catalog number: A007-2)], and non-enzymatic antioxidant [GSH
(Catalog number: A006-1)] in AC16 cells were determined based on the
protocols of assay kits (Nanjing Jiancheng Bioengineering Research
Institute, Jiangsu, China).

2.10. Caspase-3 activity assay

The activity of caspase-3 was assessed using a Caspase-3 Activity
Detection Kit (Beyotime Institute of Biotechnology, Shanghai, China).
Briefly, 40 pL of the cells (1 x 10* cells/well in a 96-well plate) lysed
using RIPA lysis solution lysates were added by 10 pL Ac-DEVD-PNA (2
mM) and incubated for 60 min. Finally, the activity of caspase-3 was
determined at 570 nm on a microplate reader (Multiskan™ GO, Thermo
Scientific, Waltham, MA, USA).

2.11. Fluorescence spectra

All fluorescence studies were performed on the F-7000 spectrofluo-
rometer (Hitachi, Japan) employing a quartz cuvette of 1 cm path
length. The excitation wavelength was fixed at 280 nm and the fluo-
rescence spectra of hemoglobin (3 uM) either alone or with different
concentrations of Mn3O4 nanorods (1-30 pM) was read in the wave-
length range of 310-410 nm with a scan speed of 600 nm/min. The
fluorescence experiments were done at 298 K, 305 K, and 310 K.

2.12. Circular dichroism (CD) studies

CD spectra of hemoglobin (3 uM) either alone or with a fixed con-
centration of Mn3O4 nanorods (30 pM) were read on JASCO J1500 CD
spectrometer with a quartz cuvette of 1 mm path length. The wavelength
range was set at 190-250 nm and the scan speed was fixed at 100 nm/
min. All CD spectra were read at 298 K under continuous nitrogen flow.

2.13. Molecular docking study

A cylindrical (rod) MngO4 cluster with a 1 nm diameter and 4 nm
length as well as a spherical Mn3O4 cluster with a dimension of 2 nm
were constructed in Materials Studio software via repetition of the
Mn304 oxide unit cell. All other Mn3O4 clusters were derived from cy-
lindrical Mn3Oy4 clusters. The X-ray crystallographic 3D structure of
human normal adult hemoglobin (PDB ID: 2H35) was downloaded from
the online Protein Data Bank RCSB PDB (https://www.pdb.org). The
docking simulations were performed on AutoDock Vina software. The
docking box was centered on the protein structure and set to 80 x 70 x
80 A with a spacing of 1 A between grid points. The exhaustiveness
parameter was set to 8 to ensure that the docking simulations were
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thorough. The binding energy and interaction forces were analyzed
using Discovery Studio.

2.14. Statistical analysis

All assays in this study were done in triplicates and data were
expressed as the mean + standard deviation (SD) and the outcomes were
analyzed by Student’s t-test. The data were considered to be statistically
significant at P<0.05.

3. Results and discussion
3.1. Characterization of MnsO4 nanorods

As a result of the importance of metal oxide nanoparticles in the
development of potential antioxidant platforms and evaluation of their
pharmacokinetic properties, the current report attempted to explore the
characterization and antioxidant/protein binding properties of Mn3O4
nanorods prepared by hydrothermal method.

The absorption spectrum of Mn3O4 nanorods was analyzed using a
UV-Vis spectrometer, in order to reveal their optical characteristics. In
Fig. 1A the UV-Vis spectrum of Mn3O4 nanorods showed an absorption
peak in the range of 260 to 420 nm deriving from charge transferrin
between 0%, Mn%* and Mn>* species (Vazquez-Olmos et al., 2005,
Ghosh et al., 2017). Also, another absorption peak ranging from 420 nm
to 700 nm can be associated with the d-d crystal field transitions
observed on octahedral Mn3* species (Vazquez-Olmos et al., 2005, Giri
et al., 2014, Ghosh et al., 2017).

The FTIR spectrum of MngO4 nanorods is shown in Fig. 1B. The
successful synthesis of Mn3O4 nanorods was further supported by the
bands presented in the range of 410 cm™! to 621 cm™!. The Mn-O bond
shows one stretching mode at around 621 cm™! in a tetrahedral envi-
ronment and one distortion vibration at around 510 em ™! in an octa-
hedral environment (Xing et al., 2011, Ghosh et al., 2017, Wang et al.,
2021). Indeed, the peaks centered at around 510 em}, 629 em ™! and
410 cm ™! can be characteristics of the vibration of manganese species
(Mn3) in an octahedral state (Ghosh et al., 2017, Wang et al., 2021).
Moreover, the characteristic bands at around 3420 and 1619 cm™! were
attributed to the hydroxyl groups (Shaik et al., 2021). These FTIR
spectrum-based results are reliable with the data achieved from UV-vis
characterization outcomes.

Furthermore, the crystallinity of Mn3O4 nanorods produced via hy-
drothermal method was assessed using XRD techniques as presented in
Fig. 1C. XRD analysis indicated the presence of 13 distinct peaks
attributed to 112, 200, 103, 211, 004, 220, 105, 312, 303, 321, 224,
400, and 411 crystalline phases (Fig. 1C), which is consistent with XRD
values reported for Mn3O4 NPs (JCPDS No.24-0734) and previous
studies (Shaik et al., 2021, Yewale et al., 2022).

Additionally, a TEM investigation was done to determine the shape
and diameter of prepared Mn304 nanorods. The synthesized particles, as
depicted in Fig. 1D, had a rod-like morphology and a diameter range of
10 to 75 nm. In general, it was realized that the size of synthesized
nanorods was less than 80 nm. A variation in length was also found from
50 nm to greater amounts among the synthesized nanorods.

Furthermore, DLS analysis was used to determine the hydrodynamic
radius of Mn304 nanorods, which revealed that the hydrodynamic size
of prepared nanorods was 371.7 nm (Fig. 1E). According to the data,
synthesized Mn304 nanorods may exhibit an agglomeration tendency in
aqueous media. However, zeta potential analysis demonstrated that the
charge distribution of fabricated Mn3O4 nanorods was about —43.3 mV
(Fig. 1F), indicating the presence of a high surface charge to stabilize the
nanoparticles against agglomeration (Yang et al., 2018). Therefore, it
can be suggested that the prepared nanorods have good colloidal sta-
bility and dispersion properties.

In addition, Yang et al. reported the synthesis of Mn3O4 in the form of
nanoparticles via laser ablation method and indicated the presence of


https://www.pdb.org

J. Wang et al.

Arabian Journal of Chemistry 17 (2024) 105952

% ok %k
- A B C * %k
1 120 - ok 600 7
120 | 3 500
. — ©
S = -
1 " = 80 - * % é. 400 ] .
g s0 5 £ 300 1
s | s & 40 ] £ 200
— Jd w
s ] 8 100 -
s 40 0- N o o 0 -
4 ¢
& ¢ &S S & 0¥ ¥
1 & & & & L © ©
i 2 & © O O
D 2 (\°
0 - 8 ) & &
& & > 0
0 01 05 5 10 50 & &N \&& &
o v
[Mn;0, NP] (ug/ml) A &
* * %
< _ 1D 1 ] = E xx = F 1 ]
£ 120 X 120 A ® 120
- b - | -
3 ] * 3 3 *
£ 90 2 90 - 2 90 A
c 4 * * c % % [
S 1 S * % % S *k K
a 60 = 60 - T 60 -
[s] 1 g a
v ] o
g 30 - 2 30 4 2 30 1
& 1 & &
E 0 - 2 0 - E 0 -
AN N ) AN a ) N a )
o © ¥ o) © bos o) S bos
& Q@O *ob & & Qa'o ‘ob & & QQ‘O xob L
Q (&) 8 (8) 9
& & ¢ & & (¢ & &
oo > o > O >
(&) 0 (8) P (8) o0
& & & & & &
&N N '\
o© o© o°
S > >

Fig. 2. AC16 cell viability in the presence of varying concentrations of Mn3O4 nanorods (0.1-50 ug/mL) after 24 h, evidenced by MTT assay (A). Protective effects of
Mn;304 nanorods (5 pg/mL) against HO, (0.5 mM)- induced cytotoxicity in AC16 cells, measured by MTT assay (B). Cells were pretreated with Mn304 nanorods (5
ug/mL) for 18 h and then added by H,0, (0.5 mM) for additional 6 h. ROS assay for determination of oxidative stress induced by H;05 (0.5 mM) and the protective
effects of Mn304 nanorods pretreatment, assessed by DCF fluorescence intensity measurement (C). The contents of SOD (D), CAT (E), and GSH content (F) in AC16
cells treated with different samples, analyzed by ELISA assay. *p < 0.5, **p < 0.01, ***p < 0.001.

large coercivity and exchange bias in the structure of synthesized NPs
(Yang et al., 2019). Furthermore, El-Said et al. reported that the
hydrothermal-based synthesis of MngO4 nanorods with an average
diameter of 100 + 30 nm, evidenced by SEM imaging (El-Said et al.,
2022), which is almost comparable with our TEM data. However, the
authors did not report any DLS data to enable us to compare the hy-
drodynamic radius of prepared nanorods.

3.2. Effects of Mn3O4 nanorods on the viability of AC16 cells

In order to choose a suitable and safe concentration of Mn3O4
nanorods for protective effects against oxidative damage in AC16 cells,
the cell viability was assessed by a well-known MTT assay. As displayed
in Fig. 2A, the cell viability significantly declined when treated with
Mn304 nanorods at concentrations of 10 and 50 pg/mL in comparison
with the control group. Whereas, no significant differences in AC16 cell
viability were detected in the range of 0.1 to 5 ung/mL of Mn3O4 nanorod
treatments. Therefore, 5 pg/mL of Mn3O4 nanorods was determined as
the appropriate concentration for inducing protective effects against
sepsis-induced oxidative damage model in vitro in this study.

3.3. Effects of Mn3O4 nanorods on H20»-triggered AC16 cytotoxicity

H50; has been widely used to induce oxidative damage during sepsis
in vitro (Ben Saad et al., 2019). Hence, in this study, H,O2 was used to

trigger sepsis-induced oxidative stress model in AC16 cells, in vitro.
Then, the protective effect of Mn3O4 nanorods on HyOy (0.5 mM)-
stimulated cytotoxicity and oxidative stress in AC16 cells were assessed
by cell viability and DCF assays. As exhibited in Fig. 2B, in comparison
with the control, the incubation of the cells with 0.5 mM H,O- for 6 h
significantly (***p < 0.001) mitigated the cell viability to 62.16 + 6.47
%, while pretreatment with Mn3O4 nanorods for 24 h revealed a sig-
nificant recovery (**p < 0.01) in the cell viability compared to the HyO2
group, indicating that Mn3O4 nanorods may potentially prevent cyto-
toxicity in AC16 cells. Indeed, in the HyO2/ Mn3O4 nanorods treated
group, the cell viability was calculated to be 89.10 + 4.29 %, which was
about 1.43- folds higher than the HyO4 group (**p<0.01). This data
might be attributed to the promising antioxidant activity of MnsO4
nanorods during sepsis, which was well-supported by the outcome of
Singh et al. (Singh et al., 2019) and Adhikari et al. (Adhikari et al.,
2017).

3.4. Effects of Mn3O4 nanorods on the generation of intracellular ROS

The incubation of Ac16 cells with HyOycan result in stimulation of
the generation of excessive ROS during sepsis. At normal conditions due
to low activity of antioxidant enzymes in AC16 cells, the ROS generated
inside the cells can attack the intracellular components and lead to
oxidative stress/damage during sepsis. ROS, a crucial indicator of
oxidative stress, is closely associated with heart disorders (Takano et al.,



J. Wang et al.

* %k

H

(=}

o
)

%k % %k

200

100

Relative caspase-3 activity (%)
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h, Mn304 nanorods for 24 h, or pretreated with Mn304 nanorods (5 ug/mL) for
18 h and then added by H,05 (0.5 mM) for additional 6 h. **p < 0.01, ***p
< 0.001.

2003, Lin et al. 2013). Fig. 2C demonstrates the effects of Mn3O4
nanorods on ROS production of AC16 cells in response to HoO»-triggered
oxidative stress. The level of ROS was significantly elevated in HyO5-
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treated cells (***p < 0.001), which were 5.38-fold higher compared to
the control group. A probable suggestion for this phenomenon is that the
addition of HyOscauses an oxygen reaction in the cells, leading to pro-
ducing excessive amounts of ROS (Yoon et al., 2019). Whereas Mn3O04
nanorods pretreatment apparently (**p < 0.01) inhibited HyO,-trig-
gered elevation of ROS level (Fig. 2C). These outcomes proposed that
Mn304 nanorods played a protective effect in HyOz-induced AC16 cells
by reducing the generation of ROS.

3.5. Effects of Mn3O4 nanorods on the levels of SOD, CAT and GSH

SOD, CAT, and GSH, crucial free radical scavengers, play a key role
in inhibiting oxidative damage during sepsis (He, He et al. 2017, Kumar
et al., 2018, Keshani et al., 2024). Importantly, SOD and CAT as anti-
oxidant enzymes and GSH as a non-enzymatic antioxidant biomolecule
can serve as free radical scavengers (Irato and Santovito 2021). There-
fore, evaluating the levels of these biomolecules can be used as a po-
tential indicator for determining the antioxidant activities of Mn3O4
nanorods. In this study, the influences of Mn3zO4 nanorods on the levels
of SOD, CAT and GSH in Hy0,-triggered AC16 cells were assessed. As
depicted in Fig. 2D, the SOD activity was significantly (*p < 0.05)
declined in HyO9-triggered AC16 cells in comparison with the control
cells, however promisingly increased in Mn3O4 nanorods-pretreated
groups. The content of SOD was 83.52 + 2.84 % in the Mn3O4
nanorods-pretreated groups, which was significantly higher than the
H»03 group (*p < 0.05), while lower than the control group (*p < 0.05).

CAT activity was also determined to be increased significantly in the
Mn304 nanorods-pretreated group relative to the HyOy group (**p <
0.01) (Fig. 2E), which well-agreed with the SOD results (Fig. 2D).
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Fig. 4. Intrinsic fluorescence spectroscopy analysis of hemoglobin (3 uM) either alone or with different concentrations of Mn304 nanorods (1-30 pM) at 298 K (A),

305 K (B), and 310 K (C). The excitation wavelength was fixed at 280 nm.
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nanorods (1-30 pM).

In Fig. 2F, the GSH level was detected to have a 2.18-fold reduction
in the HoO4 group in comparison with the control (***p < 0.001). After
pretreatment with MngO4 nanorods, the level of GSH was enhanced,
with a GSH level of 74.21 + 13.81 %, significantly higher than that of
the HyO5 group (45.73 + 7.61 %) (**p < 0.01), which was the same as
the SOD data.

In general, synthesized Mn30O4 nanorods showed potential antioxi-
dant activity. Indeed, the aforementioned outcomes manifested that
incubation with Hy05 could remarkably decrease the levels of SOD, CAT
and GSH, while pretreatment with Mn3O4 nanorods could apparently
recover the levels of these biomolecules in HyO,-stimulated cells as a
model of oxidative stress during sepsis, indicating that Mn3O4 nanorods
pretreatment may protect the cells against oxidative damage during
sepsis through intensifying cellular antioxidant activity.

3.6. Caspase-3 activity

One common feature of cardiomyocyte oxidative damage during
sepsis is apoptosis (Zhang et al., 2024). In fact, a number of studies
indicate that ratio of Bax/Bcl-2, overexpressed by an excessive amount
of ROS, induces the initiation of apoptosis by elevation of caspase-3
activity (Li et al. 2021, Fan et al., 2023). It has been shown that some
modified nanoparticles can mitigate oxidative stress and apoptosis in
myocardial cells during sepsis (Xiao and Chen 2020, Wang et al.,
2022b). To further evaluate whether Mn30O4 nanorods are able to protect
AC16 cardiomyocytes from HyOo-triggered apoptosis, we used a
caspase-3 activity assay. As shown in Fig. 3, the activity of caspase-3
activity in the HpOy group is markedly enhanced from 100 % to

333.12 + 32.53 % in comparison with the control group, while Mn3O4
nanorods pretreatment reduced apoptosis induction on AC16 cells
(216.56 + 22.72 %). Indeed, Mn3O4 nanorods pretreatment led to a
significant decrease in apoptosis rate (1.53-fold) compared to the HyO4
group (Fig. 3).

3.7. Mechanism of interaction of Mn304 nanorods with human
hemoglobin

In the present study, we then analyzed the binding mode of the
Mn304 nanorods to hemoglobin under simulated physiological condi-
tions through intrinsic fluorescence measurements as well as CD study
combined with molecular docking studies. Poor solubility of Mn3O4
nanorods in aqueous buffer solutions along with their heterogenous
distribution disables the application of different types of calorimetry-
based techniques for biomolecular interaction study. Then, we
explored the consequences of Mn304 nanorod interaction and inspected
their influence on the spatial and secondary structure of the protein by
standard spectroscopic approaches. The purchased human hemoglobin
was used to study the effects of prepared Mn304 nanorod on protein and
we then compared our data with the literature, i.e., the binding affinity
of the human hemoglobin—different nanoparticles.

3.7.1. Fluorescence quenching study

Quenching investigation of protein fluorescence induced by nano-
particles is known as a convenient approach for studying ligand-receptor
interactions. The hemoglobin with a tetramer structure is composed of
two af dimers. It has been shown that each dimer typically has three
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Table 1
Quenching parameters of the interaction of Mn304 nanorods with hemoglobin at
298 K, 305 K, and 310 K.
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Table 2
Binding parameters of the interaction of Mn304 nanorods with hemoglobin at
208 K, 305 K, and 310 K.

T (K) Ksy (M™Y) R? kqM~'s™) T (K) logKy, R? n

298 4.02 x 10* 0.98 4.02 x 10'? 298 4.72 0.98 1.03
305 1.89 x 10* 0.99 1.89 x 102 305 3.61 0.99 0.85
310 1.30 x 10* 0.96 1.30 x 102 310 3.21 0.98 0.78

tryptophan (Trp) amino acid residues, namely a-Trp-14, p-Trp-15, and
B-Trp-37. Moreover, five tyrosine (Tyr) amino acid residues are located
in each of dimer: a-Tyr-24, a-Tyr-42, o-Tyr-140, p-Tyr-34, and p-Tyr-
144 (Platanic Arizanovic et al., 2023). Therefore, by excitation of the
protein samples at 280 nm and the resultant changes in the intrinsic
fluorescence of hemoglobin at 340 nm in the presence of the Mn3O4
nanorods may provide us with some useful detail regarding the local
microenvironment of the Trp and Tyr moiety during binding (Cao et al.,
2021, Li, Guo et al. 2022). Fig. 4 shows the typical quenching of he-
moglobin fluorescence upon addition of increasing concentrations of the
Mn304 nanorods. The optimum concentration of hemoglobin was fixed
at 3 uM to reduce the auto-quenching of Trp/Tyr fluorescence by heme
moieties (Hirsch and Nagel 1981, Platani¢ Arizanovi¢ et al., 2023).
Human hemoglobin showed a strong fluorescence spectrum with a
maximum emission at around 340 nm upon excitation at 280 nm, and
Mn304 nanorods displayed a relatively low fluorescence intensity in
comparison with the protein. Also, the probable fluorescence intensities
of Mn3O4 nanorods were subtracted from the corresponding protein
spectra. It was shown that Mn3O4 nanorods resulted in the fluorescence
quenching of hemoglobin in a concentration-mediated manner at three
temperatures of 298 K (Fig. 4A), 305 K (Fig. 4B), and 310 K (Fig. 4C),
while no significant shift of the peak maximum was detected at all three
temperatures. The data suggested that Mn3O4 nanorods interact with
human hemoglobin and the fluorescence quenching could derive from a
certain protein-nanorod complex formation (Li, Guo et al. 2022, Platani¢
Arizanovi¢ et al., 2023).

3.7.2. Quenching mechanism

The Stern-Volmer Eq. (1) was used to determine the quenching
mechanism of human hemoglobin induced by Mn304 nanorods as fol-
lows (Platani¢ Arizanovic et al., 2023):

Fo/F =1+ky x [Q] = 1+Ksy x [Q] @

where Fj and F are receptor fluorescence at 340 nm without and with
Mn304 nanorods, respectively, kq defines the quenching rate constant,
T is the average lifetime of the hemoglobin (1 O’s), [Q] is the quencher
(nanorod) concentration, and finally Kgy is the Stern-Volmer dynamic
quenching constant, which can be determined from the slope of the
linear Fo/F against [Q] plot. The Stern-Volmer plots of the human
hemoglobin-Mn304 nanorod complex at different temperatures were
shown to be almost linear for Mn3O4 nanorod concentrations up to 30
pM (Fig. 5A), suggesting that only one quenching mechanism (either
static or dynamic) governs the protein quenching (Platanic Arizanovic
et al., 2023). In the static quenching mechanism, the formation of the
ligand-protein system takes place in the ground state, while in the dy-
namic quenching mechanism the resultant complex is formed in the
excited state of the fluorophore (van de Weert 2010). It was then
deduced that Kgy values for the interaction of Mn30O4 nanorods and
human hemoglobin were on the order of 10* M~! (Table 1), revealing
that there was a strong reduction in protein fluorescence with the
addition of nanorods. Based on the data summarized in Table 1, the
variations of the Kgy values are inversely proportional to temperature,
characterizing the static quenching mechanism as a preferable process
for the formation of Mn3s04 nanorods-hemoglobin complex (Ghalandari
et al., 2022).

Also, the estimated values of kq for the Mn304 nanorod binding to
hemoglobin were found to be in the order of 10'2 M~ 57! (Table 1),

much greater than the reported value of 2 x 101 M ™! s, regarded as
the basis of maximum associated constant in the dynamic quenching of
macromolecules (Ware 1962). Therefore, this calculation further proved
that the fluorescence quenching mechanism of hemoglobin is controlled
by a static quenching process.

3.7.3. Binding affinity determination

When ligands/nanoparticles interact with proteins and attach inde-
pendently to a set of equivalent sites on a receptor, the equilibrium
between unbound and complex molecules is defined by the following Eq.
(2) (Maity et al., 2017):

logF, — F/F = n x log|Q] 4 logK, @

where F( and F are the fluorescence intensities of protein without and
with ligand (nanoparticle), [Q] is the concentration of ligand, n is the
number of binding sites, and K, is the binding constant. By plotting log
(Fo — F/F) against log [Q], the values of K, and n can be evaluated. These
parameters can characterize the binding affinity between a receptor and
ligands/nanoparticles. Using Eq. (2) and the corresponding straight lines
at three temperatures, the value of K, and n for the binding of Mn3O4
nanorod with human hemoglobin were deduced from the intercept and
slope of the double log plot, respectively (Fig. 5B). Following the inverse
relationship between Kgy and temperature, K, tends to decrease as
temperature rises (Table 2).

It has been reported that ligands may bind reversibly with moderate
affinity to proteins if the Ky, value is in the magnitude of 10* M~ (Dufour
and Dangles 2005, Nedic et al., 2023, Platanic¢ Arizanovic et al., 2023).
So, the Ky, values determined in this study indicate that the binding
between Mn304 nanorods and human hemoglobin was in the magnitude
of 10* M1 at 298 K and at higher temperatures, 305 K and 310 K, these
values were reduced to the magnitude of 10° M~ ™.

Therefore, it can be discussed that Mn304 nanorods show a moderate
affinity to human hemoglobin and these nanoparticles can be stored and
carried by this blood protein, used as a model, in the human body
(Platanic¢ Arizanovi¢ et al.,, 2023). In comparison with other nano-
particles, these binding constants were not comparable to those of the
gold nanoparticles with a diameter of around 25 nm (Kp, = 1.893 x 10'°
M~! at 301 K and K, = 22.715 x 10'° M~ at 311 K (Garabagiu 2011)
and silver nanoparticles (5-10 nm) (K, = 1.30 x 10 5 at 310 K)
(Zolghadri et al., 2009). However, it was found that the interaction of
gold nanoparticles with a size of around 100 nm with hemoglobin results
in the formation of a complex with K values of 1.4 to 2.2 x 10 5,
depending on the temperature (Mandal et al., 2009). Also, upon the
interaction of ferric oxide nanoparticles (10-20 nm) with human he-
moglobin a Ky, value 0of 6.10 x 10 4 was reported (Zolghadri et al., 2010).
Therefore, it can be deduced that several parameters such as nano-
particle type, physicochemical properties of nanoparticles, and tem-
perature can play a key role in the binding affinity of nanoparticles with
proteins.

3.7.4. Thermodynamic study

The binding forces involved in the interactions of ligands with pro-
teins mostly are van der Waals forces, hydrophobic effects, electrostatic
interactions, and hydrogen bonding (Zeinabad et al., 2016). The ther-
modynamic parameters, [standard enthalpy change (AH°), standard
entropy change (AS°), and standard Gibbs free energy change (AG®)]
used as the main evidence for determining the binding forces between
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Table 3
Thermodynamic parameters of the interaction of Mn3O4 nanorods with hemo-
globin at 298 K, 305 K, and 310 K.

T (K) AH° (kJ/mol) AS° (J/mol.K) AG° (kJ/mol)
298 —225.77 —668.56 —26.54
305 —21.86
310 —18.52

Full structure of nanorod
(1 nm diameter and 4 n

% diameter, % length
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ligands and proteins are calculated from the van’t Hoff Eq. (3) (Zeinabad
et al., 2016):

InK, = — AH°/R x 1/T+AS°/R 3)

and the Eq. (4):
AG° = AH° — T x AS° (€))

where K}, expresses the binding constant, R is the universal gas constant,
and T denotes the absolute temperature. The values of AH° and AS° can

% length

\
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Fig. 6. Molecular docking study of the interaction of Mn304 clusters with hemoglobin. The interaction of Mn304 nanorods with a dimension of 1 nm diameter and 4
nm length and hemoglobin (i), amino acid residues in the binding pocket (ii) (A). The interaction of Mn3O,4 nanorod with 3/4 length of original cluster and he-
moglobin (i), amino acid residues in the binding pocket (ii) (B). The interaction of Mn304 nanorods with a dimension of ;> diameter, % length of original cluster and
hemoglobin (i), amino acid residues in the binding pocket (ii) (C). The interaction of Mn3O4 nanorod with a dimension of ', diameter of original cluster and he-
moglobin (i), amino acid residues in the binding pocket (ii) (D). The interaction of Mn304 nanorods with a dimension of ! diameter, ' length of original cluster and
hemoglobin (i), amino acid residues in the binding pocket (ii) (E). The interaction of Mn304 nanorod with a dimension of : length of original cluster and hemoglobin
(i), amino acid residues in the binding pocket (ii) (F). The interaction of Mn304 nanoparticles with a spherical shape and a size of 2 nm and hemoglobin (i), amino

acid residues in the binding pocket (ii) (G).
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Table 4

The interaction of Mn3O4 clusters (nanorods) with different geometries and

human hemoglobin, studied by molecular docking analysis.

Type Full structure of nanorod (1 nm diameter and 4 nm length)
Interactions Distance  category Type Score
(kcal/
mol)
C:LYS139:HN — 2.81918 Hydrogen Conventional —15.41
ligand:O Bond Hydrogen Bond
A:LYS139:HE2 — 2.14989 Hydrogen Carbon Hydrogen
ligand:O Bond Bond
A:LYS139:HE2 — 2.511 Hydrogen Carbon Hydrogen
ligand:O Bond Bond
D:GLU101:0E1- 2.25919 Other Metal-Acceptor
ligand:MN —
Type ¥ length
A:LYS99:HZ3 — 2.22402 Hydrogen Conventional —9.39
ligand:O Bond Hydrogen Bond
A:LYS139:HZ3 — 2.71573 Hydrogen Conventional
ligand:O Bond Hydrogen Bond
D:TRP37:HE1 — 2.6764 Hydrogen Conventional
ligand:O Bond Hydrogen Bond
A:SER133:0G — 2.72698 Other Metal-Acceptor
ligand:MN —
Type Y, diameter, % length
B:GLU101:0E2 — 1.29928 Hydrogen Conventional —4.18
ligand:H Bond Hydrogen Bond
D:GLU101:0E2 — 2.71252 Hydrogen Conventional
ligand:H Bond Hydrogen Bond
B:GLU101:0E2 — 2.18796 Hydrogen Conventional
ligand:H1 Bond Hydrogen Bond
D:TYR35:0H — 2.87338 Hydrogen Conventional
ligand:H Bond Hydrogen Bond
C:ALA130:0 — 2.83614 Hydrogen Conventional
ligand:H Bond Hydrogen Bond
Type Y, diameter
B:TYR35:HH — 2.31725 Hydrogen Conventional -5.70
ligand:O Bond Hydrogen Bond
C:LYS99:HA — 2.48242 Hydrogen Carbon Hydrogen
ligand:O Bond Bond
C:SER133:HB2 — 2.38252 Hydrogen Carbon Hydrogen
ligand:O Bond Bond
A:SER102:0G- 3.39788 Other Metal-Acceptor
ligand:MN
A:LEU129:0 — 3.30877 Other Metal-Acceptor
ligand:MN
Type Y2 diameter, 4, length
B:GLU101:0E2 — 2.11782 Hydrogen Conventional -1.13
ligand:H1 Bond Hydrogen Bond
Type length %2
D:GLU101:0E1 — 3.00628 Hydrogen Conventional —4.79
ligand:H Bond Hydrogen Bond
A:VAL96:HA — 2.49543 Hydrogen Carbon Hydrogen
ligand:O Bond Bond
A:LYS99:HE1 — 2.81764 Hydrogen Carbon Hydrogen
ligand:O Bond Bond
Type Spherical
C:ASN78:HD22 — 1.68362 Hydrogen Conventional 29.56
ligand:O Bond Hydrogen Bond
C:ASP75:HA — 2.07268 Hydrogen Carbon Hydrogen
ligand:O Bond Bond
C:PRO77:HD1 — 2.1597 Hydrogen Carbon Hydrogen
ligand:O Bond Bond

be calculated from the slope and intercept of the linear plot of InK,
against 1/T under the assumption that these values are almost inde-
pendent of absolute temperature (Platanic Arizanovic et al., 2023). Also,
protein does not experience significant structural changes at the studied
temperatures (298 K, 305 K, and 310 K).

The sign of thermodynamic parameters contributed to receptor-
ligand interaction provides useful information for the exploration of
the discovery of binding forces involved between human hemoglobin
and the nanoparticles tested. Therefore, the quenching analyses were
performed at three different temperatures to ascertain the interaction
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thermodynamic factors. From the slope (AH®) and intercept (AS°) of the
linear van’t Hoff plots (In K, against 1/T; Fig. 5C) and Egs. (3), (4),
thermodynamic parameters were determined and summarized in
Table 3.

In all temperatures, the negative value of the AG® reveals the spon-
taneity of the molecular interaction between Mn3O4 nanorods and he-
moglobin (Zeinabad et al., 2016). The values of AH® (—225.77 kJ/mol)
and AS° (—668.56 J/mol. K) were negative for Mn3O4 nanorods-
hemoglobin system. The negative values of AH° and AS° apparently
indicate that this complex formation is an enthalpy-driven and
exothermic interaction mechanism (Zeinabad et al., 2016). Further-
more, the negative AS° value indicates that the randomness around the
formed complex reduces (Zeinabad et al., 2016). The negative AS° value
may suggest that hydrogen bonding is involved in the complexation of
Mn304 nanorods with hemoglobin (Zeinabad et al., 2016). In fact, these
findings were further verified by the molecular docking analysis (next
sections).

3.8. Molecular docking study

Many studies have used molecular docking to examine the atomic-
level interactions between ligands/nanoparticles and proteins. The
findings gained from molecular docking analysis can be used to learn
more about the interaction forces and the different ways that ligands and
proteins bind. In this study, the interaction of Mn3O4 nanorods with
human hemoglobin was studied by molecular docking analysis. As in the
TEM investigation, a heterogenous distribution of Mn304 nanorods was
observed, we tried to design different kinds of Mn3O4 clusters showing
different dimensions and explore their interaction with hemoglobin.
First of all, we designed a Mn3O4 nanorod with a dimension of 1 nm
diameter and 4 nm length and explored its interaction with hemoglobin.
As shown in Fig. 6A, Mn3O4 nanorods interact with the region between
a/p subunits (Fig. 6A(i)), while Lys 139 and Glu 131 have surrounded
this cluster (Fig. 6A(ii), Table 4). Also, it was shown that these amino
acid residues are in a distance in the range of 2.14-2.81 with oxygen
atoms of ligands and can result in the formation of conventional
hydrogen bonds and carbon-hydrogen bonds. The latter forces are
regarded as covalent, which may result in a strong binding energy be-
tween Mn3O4 nanorods and hemoglobin (—15.41 kcal/mol, Table 4).
The contribution of Lys 139 in the formation of hydrogen bonds is in line
with experimental thermodynamic parameters. To further analyze the
interaction of Mn3O4 nanorods with hemoglobin, different types of
nanoclusters were designed. Therefore, the interactions of MnzO4
nanorods with 3/4 length (Fig. 6B (i, ii)), % diameter, % length (Fig. 6C
(i, ii)), ¥ diameter (Fig. 6D (i, ii)), % diameter, % length (Fig. 6E (i, ii)), %
length (Fig. 6F (i, ii)), as well as spherical MngOy4 clusters (2 nm) (Fig. 6G
(i, ii)) with hemoglobin were assessed and the resultant data were
summarized in Table 4. As summarized in Table 4, it can be observed
that Mn3O4 nanorods with 1 nm diameter and 4 nm length showed the
strongest binding affinity (—15.41 kcal/mol) with hemoglobin among
all other types of clusters, followed by Mn304 nanorods with % length
(—9.39 kcal/mol), » diameter (—5.70 kcal/mol), % length (—4.79 kcal.
mol), % diameter, % length % (—4.18 kcal/mol), ' diameter, ' length
(—1.13 kcal/mol), and spherical shape (2 nm, 29.56 kcal/mol). There-
fore, it may be discussed that although all designed clusters have the
same chemical composition, their binding energies can vary. Addition-
ally, it was found that for all clusters the main dominant force upon the
interaction of Mn3O4 nanorods with human hemoglobin was hydrogen
bonding, which is in good agreement with experimental outcomes. Also,
based on fluorescence spectroscopy data which determined that fluo-
rescence quenching occurs in the presence of varying concentrations of
Mn304 nanorods, we can claim that Tyr35 (interaction of ' diameter/%
length and ', diameter Mn3O4 clusters with hemoglobin) and Trp37
(interaction of % length Mn304 cluster with hemoglobin) are placed in
the vicinity of binding site of Mn3O4 clusters-hemoglobin complex.

Additionally, the solvent-accessible surface (SAS) of the ligand is
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(1 nm diameter and 4 nm length)
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Fig. 7. Determination of solvent accessible surface (SAS) of Mn3O4 nanorod determined by molecular docking study of the interaction of Mn3O4 clusters

with hemoglobin.

often less than that of the free ligand when it interacts with proteins
because a portion of the ligand that was solvent accessible in the free
forms is buried during interaction. As shown in Fig. 7, the surface area of
designed clusters is heavily correlated with their morphology, as Mn3O4
clusters with 1 nm diameter and 4 nm length as well as !, diameter
exhibited the highest levels of ASA among the designed clusters. It re-
veals that these clusters have failed to reach the core site of hemoglobin
and preferentially bind to the surface amino acid residues.
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3.9. Circular dichroism study

To obtain a further understanding of secondary structural changes of
the hemoglobin in the presence of Mn3O4 nanorods, a CD study was
carried out. This technique is a quantitative and sensitive approach
studying the structure of proteins in an aqueous solution (Zeinabad
et al., 2016). From Fig. 8, an intensive positive peak at 195 nm and 2
negative minima at 208 and 222 nm were observed, characterizing the
presence of a-helical structure (Chakraborty et al., 2018). Thus, a
thorough understanding of the secondary structure of hemoglobin was
gained from far-UV CD analysis in the wavelength range of 190 to 250
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Fig. 8. Circular dichroism (CD) spectroscopy study of hemoglobin (3 pM)
either alone or with Mn304 nanorods (30 uM) at 298 K.

nm. As shown in Fig. 8, the intensities of all bands at 195, 208 and 222
nm decrease upon the addition of Mn3O4 nanorods (30 uM). Indeed, in
the presence of Mn3O4 nanorods (30 uM), the reduction in the ellipticity
changes of the negative minima at 208 and 222 nm as well as the pos-
itive peak at 196 nm, provide us with some information regarding the
secondary structural changes of hemoglobin in the presence of Mn3O4
nanorods. Quantitative analysis of the a-helix percentage in hemoglobin
either alone or with Mn3O4 nanorods was determined by CDNN soft-
ware. It was determined that the a-helix percentage of free hemoglobin
was around ~ 61.24 %, while this amount decreased to ~ 58.77 % in the
presence of Mn3O4 nanorods (30 uM). It has also been determined that
gold nanoparticles after the interaction with hemoglobin resulted in a
slight decrease in the a-helix percentage of protein (Chakraborty et al.,
2018). In fact, the CD spectra of human hemoglobin at both minima, in
the absence and presence of Mn3O4 nanorods altered slightly and seem
to be comparable in shape. Thus, this observation revealed that the
structure of hemoglobin remained predominantly a-helical even upon
the interaction with the highest concentration of Mn3zO4 nanorods (30
uM).

Furthermore, it has been shown that ferric oxide nanoparticles
(10-20 nm) did not induce any alteration in the secondary structure of
hemoglobin even up to 40 M, evidenced by CD analysis (Zolghadri et al.,
2010). However, it was found that the addition of silver nanoparticles
(5-10 nm) with different concentrations of 18.7, 37.4, and 74.8 pM to
hemoglobin solution resulted in a significant change in the secondary
structure of the protein (Zolghadri et al., 2009), while green synthesized
hexagonal silver nanoparticle did not induce a significant effect
(Shahabadi et al., 2023). Additionally, Chetty et al. reported that cerium
oxide nanoparticles (20.9 nm) with different concentrations of 25 pM
and 150 uM upon the interaction with Hb led to a significant decrease in
minima at 222 and 211 nm with around 20 and 50 % reduction of
a-helices, respectively (Chetty and Singh 2020). Therefore, upon addi-
tion of Mn3O4 nanorods, the spectral shape of hemoglobin remains
almost unchanged though a marginal variation in the amount of ellip-
ticity, CD signal, was detected. This data indicated that although slight
alterations had appeared in the secondary structure of hemoglobin as
anticipated for the interaction of (nano)particles, the overall secondary
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structure of the protein was normally unchanged and its integrity was
kept intact even after the interaction with a high concentration of Mn3O4
nanorods. Therefore, after the interaction of Mn304 nanorods with blood
proteins like hemoglobin, we can deduce that no significant change in
the secondary structural pattern of the proteins may occur.

All these findings stipulated that Mn3O4 nanorods may be employed
as a promising co-antioxidant therapy.

4. Conclusion

In conclusion, in the present study, nanorod-shaped Mn3O4 NRs
synthesized through the hydrothermal method were shown to have a
size of around 10-75 nm with good colloidal stability. Afterward, it was
shown that synthesized Mn3O4 nanorods triggered antioxidant effects
against HyO,-triggered oxidative stress, as a model of oxidative stress
during sepsis, in AC16 cardiomyocyte cells through elevation of both
enzymatic and non-enzymatic antioxidant systems. Furthermore, the
study of direct interaction between Mn3O4 nanorods and hemoglobin
showed that the synthesized nanoparticles form a static complex with
protein through the contribution of hydrogen bonds. Moreover, it was
shown that the secondary structure of hemoglobin underwent minor
changes through reduction of a-helix percentage and displacement of
Tyr35 as well as Tyr 37 amino acid residues.

Lastly, we should highlight the primary limitations of this study,
which included the production of Mn304 nanorods using a single syn-
thetic technique and the examination of a single signaling pathway/
target for the assessment of the compounds’ effects on protein binding
and antioxidants. Antioxidant signaling pathways during sepsis trig-
gered by Mn3O4 nanorods with varying physicochemical parameters
need to be further studied in future studies employing both in vitro and in
vivo testing. Also, protein binding properties of Mn3O4 nanorods with
other blood proteins as well as protein corona formation should be
investigated to provide us with detailed information about opsonization
and direct interaction of nanoparticles with proteins.
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