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Abstract 

Ruthenium-doped manganese oxide nanoflowers (denoted as Ru-Mn3O4 NFs) were synthesized via 

microwave-assisted hydrothermal (MW-HT) method. The prepared NFs were evaluated for 

antimicrobial, anti-inflammatory, anti-oxidant and hemolytic assays. Because of their unique 

physicochemical features, low cytotoxicity, excellent stability, exceptional antibacterial action, and 

significant interest in biomedical field. Various analytical techniques were used to assess the related 

phase constitution, elemental content, and surface morphology. The X-ray diffraction (XRD) patterns 

and field-emission scanning electron microscopy (FE-SEM) micrographs revealed that the Ru-Mn3O4 

NFs had a tetragonal phase with a nanoflowers-like shape and Ru mainly existed as the metallic state. 

It has been found that Ru-Mn3O4 NFs hold higher microbial activities against various pathogens, 

making them ideal options for fighting bacterial infections. 
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Introduction 

In recent years, manganese-based 

nanomaterials (MnO2 or Mn3O4) a critical raw 

material in a number of applications including 

sensors, energy storage, photocatalysis, 

pharmaceuticals, therapeutic systems, and 

biological applications [1]. Owing to their 

inherent divergence in redox properties, 

morphology, crystalline structure, surface 

architectures, excellent biocompatibility, and 

low toxicity [2]. Mn3O4 is present in trace 

amounts in a number of tissues and organs, 

including the pituitary, pancreas, liver, 

intestinal mucosa, and bones. It is essential for 

numerous biological processes, including those 

involving enzyme cofactors and nerve 

conduction and release controllers [3]. In 

addition, Mn3O4 nanomaterials have gained a 

lot of attention as bactericidal agents and 

brought up a new way of dealing with 

antibiotic-resistant bacteria. This is because 

nanomaterials can penetrate through nanopores 

in the millimeter range of cell membranes and 

release poisonous O2* radicals to mutilate 

microbe cell membranes, resulting in an 

efficient limitation of microbial growth [4]. The 

biomedical, pharmaceutical, and drug delivery 

industries are paying increased attention to 

surface modification on Mn3O4 due to its 

magnetic behaviour, biocompatibility, and 

revolutionary features. For instance, Sukhdev et 

al. [5] evaluated the bioactivity properties of 

Mn3O4 NPs is a suitable material for 

antibacterial investigations. Likewise, Shaik et 

al [6] reported that Mn3O4 NPs are employed as 

antimicrobial and anticancer activity against 

A549 and MCF-7 cell lines. 

It is a significant low-cost semiconductor 

material and visible light driven photocatalysis 

mailto:veerakumarp.sdc@saveetha.com


 

with a small band gap (~2.10 eV) which has 

prospective of industrial applications [7]. In 

particular, a strong oxidation behaviour and a 

wide range of oxidation numbers (+2, +3, +4) 

result in the production of different crystal 

structures and stoichiometry (MnO, MnO2, 

Mn2O3, and Mn3O4), which is an essential 

constituent of metabolism and well regulated in 

biological systems [8]. Various methodologies 

have been developed to synthesize Mn3O4 NPs 

such as nanospheres (NSs), nanorods (NRs), 

nanowires (NWs), nanoflowers (NFs), 

nanoplates (NPLs), and nanourchins (NUs) 

have been widely explored for sustainable 

applications. 

However, because to their magnetic 

behaviour, biocompatibility, and revolutionary 

features, surface modification of these 

nanoparticles is receiving increased interest in 

the biomedical, pharmaceutical, and drug 

delivery sectors [9]. Antibiotics are commonly 

utilized across veterinary and human healthcare 

due to their strong antimicrobial qualities and 

reasonable cost. But mishandling or overuse 

can cause them to build up in the body or from 

food, which may result in harmful effects on the 

well-being of the public such as cytotoxicity, 

nephrotoxicity, allergic reactions, and bacterial 

resistance. [10]. Thus, it is essential to develop 

a simple, sensitive, quick, and selective 

analytical method for tracking the amounts of 

antibiotics in food and the human body. In 

recent years, Mn3O4 NPs have been collected 

for antibacterial, and anti-fungal actions, and a 

great agreement of interest as one of the 

important possible therapeutic drugs against 

cancer. 

Ru-based nanomaterials have grown in 

interest recently because of their unique redox, 

chemical, and physical characteristics, among 

others. In the field of biological sciences, they 

have demonstrated significant and effective 

antifungal and antioxidant properties [11]. For 

instance, Gopinath et al [12]. reported plant 

(Gloriosa superba) extract-mediated synthesis 

of Ru NPs and exhibited good antibacterial 

performance against gram-positive and gram-

negative bacterial strains using standard disc 

diffusion method. In addition to being surface 

active, Ru NPs can release metal ions that are 

bioactive within biological systems. Thus, the 

anticancer activity of Ru NPs can be attributed 

to their enhanced affinity towards cancerous 

cells as compared to normal cells. As a result, 

their mode of action is twofold: similar to Fe, 

Ru binds more frequently to carcinogenic 

proteins. The anticancer effect of these Ru NPs 

may also be attributable to their capacity to bind 

DNA like cisplatin [13]. 

In this work, to synthesize Ru-Mn3O4 NFs 

architecture based on MW-HT approach has 

been presented. The as-prepared nanomaterial 

was characterized by X-ray diffraction (XRD), 

Fourier transform infrared spectrum (FT-IR), 

and field emission scanning electron 

microscopy-energy dispersive analysis (SEM-

EDS) technique. The as-prepared Ru-Mn3O4 

NFs were investigated for their biological 

activities, which included hemolytic, anti-

microbial, anti-inflammatory, and antioxidant 

assay actions. 

Materials and Methods 

Chemicals and Reagents 

Ruthenium(III) chloride trihydrate 

(RuCl3·3H2O. 98%), manganese(II) chloride 

tetrahydrate (MnCl2. 4H2O, ACS reagent, 

≥98%), cetyltrimethylammonium bromide 

(C16H33N(CH3)3Br, CTAB, ≥98%), liquid 

ammonia (liq. NH3, 28-30%), 2,2-diphenyl-1-

picrylhydrazyl (DPPH), and phosphate-

buffered saline (PBS, 0.05% TWEEN® 20, pH 

7.4) were procured from the Sigma-Aldrich 

chemical company (Burlington, Massachusetts, 

United States). Escherichia coli (E. coli, ATCC 

25922™), Klebsiella pneumoniae (K. 

pneumoniae, ATCC 13883™), Staphylococcus 

aureus (S. aureus, ATCC 25923™), Candida 

albicans (C. albicans ATCC 14053™) 

microorganisms were obtained from American 

Type Culture Collection. All other chemicals 

were used with analytical purity in the 



 

experiment, and Milli-Q water was used 

throughout the work. 

Preparation of Ru-Mn3O4 NFs 

In a typical synthesis, ~50 mg of Ru(III), 

~500 mg of Mn(II), and 200 mg CTAB were 

mixed in 50 mL DI water. Then, the pH value 

of solution was adjusted to 8 using liq. NH3 (20 

mL) under rapid stirring (1000 rpm) in a light 

red solution. The whole mixture was transferred 

into a 50 mL high-pressure Teflon-lined vessel 

and subjected to heating up to 180 °C for 6 h. 

When the reaction was completed, the 

autoclave could naturally drop to room 

temperature, and the final products were 

collected, rinsed three times with MilliQ water, 

and then dried at 80 °C for overnight. The 

sample was later calcined at 300 °C for 2 h. The 

overall preparation procedure for Ru-Mn3O4 

MFs, as illustrated in Figure 1. 

 

Figure 1: The Preparation of Ru-Mn3O4 NFs by the MW-HT Process. 

Characterization 

The XRD pattern of Ru-Mn3O4 MFs was 

examined using an X-ray diffractometer of 

typical Cu-K radiation at a scan rate of 

0.05°/min in the 20-90° range. An FT-IR 

spectrum was recorded in attenuated total 

reflectance (ATR) mode with a Bruker IR 

spectrometer (Billerica, Massachusetts, United 

States) in the region 4000-500 cm‑1. The surface 

morphology was examined using scanning 

electron microscopy (JEOL JSM-IT800 SEM, 

Tokyo, Japan) and energy EDS with the JSM-

IT800 SEM apparatus equipped with a silicon 

drift detector (Oxford XMaxN 50 mm2, Oxford 

Instruments, Abingdon, Oxfordshire, United 

Kingdom). 

Antioxidant Activity 

It is a rapid and popular test for determining 

the anti-radical activity of nanomaterials, 

expressed as IC50, which denotes the 

concentration of each sample required to 

scavenge 50% of DPPH free radicals using 

ascorbic acid as a reference. DPPH is a typical 

nitrogen-concentrated free radical that is 

frequently employed to lessen the compound or 

vegetation extraction process's intense 

scavenger function. When hydrogen or 

electrons are accepted, the standard DPPH 

intensity is reduced. The DPPH assay is based 

on measuring the antioxidant capacity of Ru-

Mn3O4 NFs to scavenge the DPPH radical. The 

reduced activity of the samples was determined 

by altering the color of the DPPH solution from 

blue/purple to yellow [14]. Typically, 2.0 mL of 

an alcoholic solution containing 0.1 mM DPPH 

was combined with 1.0 mL of different Ru-

Mn3O4 NFs concentrations. The obtained whole 

mixture was incubated in the dark condition at 

least for 20 min\ at room temperature. The 

absorbance is measured at 517 nm against a 

control consisting of 1.0 mL DPPH in 

methanol. The percentage of DPPH radical 

scavenging activity was calculated using the 

following formula (1): 
𝑅𝑆𝐴(%) = (𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒)/(𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

× 100            (1) 



 

where Acontrol is the absorbance of DPPH 

without sample and Asample is the absorbance of 

DPPH with the sample. 

Antimicrobial Activity 

The as-prepared Ru-Mn3O4 NFs were 

evaluated for their ability to inhibit the growth 

of pathogens like E. coli, K. pneumonia, S. 

aureus, and C. albicans using the Agar well 

diffusion method. Here, dimethyl sulfoxide 

(DMSO) was used to suspend nanomaterials at 

a concentration of 100 g/mL. Then, 25 and 

100 mL of the Ru-Mn3O4 NFs were added to 

each well and the mixture was incubated for 18-

24 hours at 37 °C. The standard antibiotic discs 

of ampicillin, chloramphenicol, gentamicin, 

and fluconazole were used as positive controls 

for E. coli, K. pneumonia, S. aureus, and C. 

albicans, respectively. After an overnight of 

incubation, the zone of inhibition in diameter 

was measured. 

Hemolytic Activity 

Hemolysis refers to the release of 

haemoglobin into the plasma because of the 

erythrocyte membrane being damaged. Khan et 

al. [15] approach was slightly modified to 

conduct the hemolysis activity test against 

nanomaterials. Typically, 1.0 mL of 3.8% 

sodium citrate was added to 9.0 mL of the blood 

sample to prevent blood clotting. It was then 

centrifuged in a centrifuge tube for five minutes 

at 3000 rpm. The pellet containing RBCs was 

re-suspended in 10 mL of PBS at a pH of 7.4 

and the supernatant containing platelet poor 

plasma was discarded. he prepared Ru-Mn3O4 

NFs were loaded with different concentrations 

(12.5, 25, 50, 100, and 200 g/mL) in five test 

tubes, then, each test tube was gently inverted 

after receiving 2 mL of erythrocyte suspension. 

After that, the tubes were gently shaken to 

maintain blood contact with the nanoparticle 

and incubated for 90 minutes at 37 °C. The 

same volume of erythrocyte solution was added 

to Triton X-100 and PBS (pH 7.4), respectively, 

to create positive and negative controls. After 

incubation, the samples were centrifuged for 

five minutes at 3000 rpm to remove the RBC 

cells. The supernatant was then carefully 

separated out and used for absorption studies at 

540 nm using a UV-vis spectrophotometer 

against a PBS blank solution. The percentage of 

hemolytic index (%) was calculated by using 

the following formula (2): 

𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠(%) =
(𝐴𝑠 − 𝐴𝑜)

𝐴𝑠+ − 𝐴𝑜
   100  (2) 

Here As, A+ and Ao represent absorbance of 

RBCs treated with Ru-Mn3O4 NFs, absorbance 

of positive control and absorbance of negative 

control, respectively. 

Anti-inflammatory Assay 

The procedure used in this study was adapted 

from other previously reported studies [16,17]. 

The anti-inflammatory potentials of Ru-Mn3O4 

NFs were examined through Bovine serum 

albumin (BSA) denaturation assay study. In this 

procedure, 50 μL of the Ru-Mn3O4 NFs was 

diluted with 450 μL of 5% weight/volume of 

BSA protein before being incubated at 37 °C for 

20 minutes and then heated at 60 °C for 3 

minutes. The percentage of inhibition was 

calculated with the following formula (3): 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛(%) = [
𝑉𝑡

𝑉𝑐
− 1] × 100                      (3) 

where, Vt = the absorbance of the test sample 

(Ru-Mn3O4 NFs and diclofenac) and Vc = 

absorbance of the control. 

Statistical Analysis 

Each experiment was carried out three times 

and was set up using a completely random 

block design. The results are shown as the mean 

and SD. GraphPad Prism 5 (version 6, 

Dotmatics, Boston, Massachusetts, United 

States) was used to do the statistical analysis. 

The one-way analysis of variance (ANOVA) 

Dunnett's multiple comparison test's p-value (p 

< 0.05) was used to determine the significance 

of the experiment. 



 

Results 

The construction of Ru-Mn3O4 NFs signifies 

one of the best nanomaterials in the 

pharmaceuticals field for biomedical 

applications. During the typical process, Ru-

Mn3O4 NFs was synthesized by MW-HT 

method where Ru NPs were doped on Mn3O4 

NFs. The MW-HT technique is a rapid and 

simple way to scale up nanomaterials with a 

flower-like structure. The HT technique and 

surfactant (CTAB) can be used in this process; 

the CTAB simultaneously serves as the 

structure-directing agent. The MW-HT 

synthesis approach not only makes rapid 

heating of the reaction medium possible but 

also significantly reduces the reaction time 

during the whole procedure. The possible Ru-

Mn3O4 NFs was synthesized utilizing Ru(III), 

Mn(II) salts and liq. NH3 solution. The possible 

reactions are shown in Equations (4-6). 

𝑁𝐻4𝑂𝐻 →
𝑀𝑊−𝐻𝑇

𝑁𝐻4
+ + (𝑂𝐻)−

(𝑎𝑞)
 (4) 

6𝑀𝑛2+ + 12(𝑂𝐻)−
(𝑎𝑞)

+ 𝑂2 →
𝑀𝑊−𝐻𝑇

2𝑀𝑛3𝑂4

+ 6𝐻2𝑂  (5) 

𝑅𝑢(𝐼𝐼𝐼) + 𝑀𝑛3𝑂4 →
𝑀𝑊−𝐻𝑇

𝑅𝑢(0) − 𝑀𝑛3𝑂4                  (6) 

The structure of Ru-Mn3O4 NFs is 

characterized by XRD, which is presented in 

Figure 2a. It exhibited a single phase hexagonal 

wurtzite structure that well matched with 

JCPDS values (JCPDS Card No. 24-0734). The 

sharp diffraction peaks are indicating the 

hausmannite crystal phase which is in good 

agreement with previous report [18]. In 

addition, there are no other diffraction peaks of 

any other impurities was observed 

demonstrating high crystalline quality. The Ru-

Mn3O4 NFs is also analyzed by FT-IR 

spectroscopy in the range of 4000–400 cm-1 

(Figure 2b). The absorption band at 3416 cm-

1 is attributed to O-H stretching mode and the 

absorption peak exists near around 1644 and 

1384 cm-1 could be attributed to O-H bending 

vibration combined with Mn atoms. The 

characteristic of Mn–O has both stretching 

modes (630–650 cm-1) in tetrahedral sites and 

distortion vibration (525–560 cm-1) in an 

octahedral environment. Typically, Ru-Mn3O4 

NFs have three standard significant bands 

~552, 723, and 756 cm-1, these bands 

correspond to the vibration of manganese 

species (Mn3+) at an octahedral site [19]. 

 

Figure 2. (a) X-ray Diffraction Pattern and (b) Fourier Transform Infrared Spectrum of the Ru-Mn3O4 NFs. 

JCPDS: Joint Committee on Powder Diffraction Standards. 

The morphology of the Ru-Mn3O4 NFs was 

analyzed by FE-SEM and exhibit a flower-like 

morphology (see Figures 3a-3c). In the 

meantime, it was evident that they had great 

densities and primarily had sizes of 300–500 

nm. It contains several NPs approximate to 



 

spherical shaped formed at nanoscale range 

with an average size of 50 nm. The EDS spectra 

show peaks relevant to Ru, Mn, and oxygen (O) 

signals, confirming the formation of Ru-Mn3O4 

NFs (Figure 3d). The carbon signal emitted by 

the carbon tape is noticeable. The quantities of 

Ru, Mn, and O elements are evaluated from the 

corresponding EDS analysis (Figure 3d inset), 

confirming that the Ru-Mn3O4 NFs are 

composed of only Ru, Mn, and O elements. 

 

Figure 3. (a-b) Field Emission Scanning Electron Microscope Images and (c) Energy Dispersive X-ray 

Spectroscopy Spectrum of the Ru-Mn3O4 NFs. 

Antimicrobial Activity 

The Ru-Mn3O4 NFs antimicrobial action was 

observed against the predominant opportunistic 

human pathogens such as E. coli, K. 

pneumonia, S. aureus, and C. albicans; the 

corresponding ampicillin, chloramphenicol, 

gentamicin, and fluconazole were used as 

reference drugs and to compare the efficacy of 

Ru-Mn3O4 NFs antibacterial properties. We 

tested anti-bacterial activity in a dose-

dependent manner using the Ru-Mn3O4 NFs, as 

displayed in Figure 4. The antibacterial activity 

was very low (<1 mm) against E. coli (Gram-

negative), K. pneumonia (Gram-negative), S. 

aureus (Gram-positive), and C. albicans. (i.e., 

minimum zone of inhibition was observed at a 

concentration of 25 µg/mL. In the case of 100 

µg/mL, 13 ± 0.3, 17 ± 0.4, 26 ± 0.3, and 15 ± 

0.2 were observed for the E. coli, K. 

pneumonia, S. aureus, and C. albicans. The 

maximum antibacterial activity was observed in 

Gram-negative (K. pneumonia) and Gram-

positive (S. aureus). This is due to the size of 

the particles arranged at NFs and it possesses 

unique properties. Figure 4 represents a 

selective mechanism of Ru-Mn3O4 NFs that 

depends on the Ru concentration and the type 

of cell membrane structure according to the 

microbiological properties of specific bacterial 

strains. At the application of a higher 

concentration of Ru-Mn3O4 NFs (100 µg/mL), 

a greater bactericidal effect of Ru-Mn3O4 NFs 

was observed when compared to 25 µg/mL. 

The reason for growth inhibition can be the 

possible interaction between the external 

membrane of bacteria and the Ru-Mn3O4 NFs. 

It may disrupt the integrity of cell membranes 

causing malfunctioning of enzymes and 

increasing cell permeability leading to bacterial 

cell death [20,21]. Also, Ru-Mn3O4 NFs exhibit 

stronger anti-bacterial activity against the 

studied bacterial strains because of their 

excellent stability in the growing medium, 

which promotes more interactions between 

bacterium and Ru-Mn3O4 NFs. The results 

indicate that the as-prepared Ru-Mn3O4 NFs is 



 

a favorable contender for usage pharmaceutical 

industries and food packaging applications. 

 

Figure 4. The Antimicrobial Activity of Ru-Mn3O4 NFs Against Various Pathogens: Escherichia coli (E. coli), 

Klebsiella pneumonia (K. pneumonia), Staphylococcus aureus (S. aureus), and Candida albicans (C. albicans). 

Antioxidant Activity 

The DPPH scavenging activity of Ru-Mn3O4 

NFs is shown in Figure 5. The potential of 

ascorbic acid (AA) to scavenge DPPH radicals 

is directly proportional to the concentrations. 

DPPH radical scavenging activity of Ru-Mn3O4 

NFs and standard AA is presented in Figure 5. 

The cumulative effect of Ru-Mn3O4 NFs shows 

maximum efficiency, which is 57.28 ± 0.15%, 

60.84 ± 0.11%, 70.62 ± 0.12%, 74.51 ± 0.12%, 

and 78.82 ± 0.15% in DPPH radical scavenging 

activity at 100 µg/mL, whereas the standard AA 

exhibit 80.58 ± 0.15% activity. The inhibition 

of DPPH activity assumes the existence of a 

linear relationship (with should also be 

validated) between DPPH activity and Ru-

Mn3O4 NFs concentration (Figure 5) the 

relationship could be magnified by coefficient 

correlation and also be tested by p-value and it 

was compared with AA [22]. 

 

Figure 5. The Antioxidant Property of Ru-Mn3O4 NFs Using DPPH Radical Scavenging Potential with 

Different Concentrations (n = 3). The Experiment was Performed in Triplicates and Values are Expressed in 

mean ± SD. *Values are Statistically Significant from the Group Incubated (P < 0.05). 

Anti-inflammatory Assay 
Inflammation is caused by cellular and tissue 

damage resulting from an imbalance between 



 

the regulatory signals of the inflammatory 

process, which leads to the development of 

cancer [23]. In this study, a dose-dependent 

activity profile at the concentration range of 25 

to 400 µg/mL was observed for the Ru-Mn3O4 

NFs and the used standard drug of diclofenac, 

as shown in the histogram plot (see Figure 6). 

The standard diclofenac drug showed better 

activity in all the used concentrations than the 

prepared Ru-Mn3O4 NFs. However, at 400 

µg/mL, the percentage inhibition was near 

close. Furthermore, the maximum inhibitory 

percentage of 80.54 and 88.21% were observed 

at the highest concentration of 25-400 µg/mL 

for the Ru-Mn3O4 NFs and diclofenac, 

respectively. The experiment was performed in 

triplicates and values are expressed in mean ± 

SD. This shows that the Ru-Mn3O4 NFs may 

reduce inflammation and help develop new 

anti-inflammatory drugs [24]. 

 
Figure 6. Anti-inflammatory Activity of Ru-Mn3O4 NFs. The Experiment was Performed in Triplicates and 

Values are Expressed in mean ± SD. *Values are Statistically Significant Between Different Concentrations (P 

< 0.05). 

Hemolytic Assay 

To estimate the possible hemolysis, a 

biocompatibility assay was conducted to verify 

the toxicity of Ru-Mn3O4 NFs on RBCs. The 

results of biocompatibility assay with Ru-

Mn3O4 NFs were showed less hemolysis with 

respect to positive control (Figure 7). The less 

toxic nature of Ru-Mn3O4 NFs was observed 

through in-vitro analysis which showed their 

reliability and suitability in biomedical sciences 

[25]. The graph was illustrated the percentage 

of hemolysis in Ru-Mn3O4 NFs treated samples 

with positive control. In comparison to the 

control, the Ru-Mn3O4 NFs demonstrated less 

than 5% hemolysis in erythrocytes at a lower 

concentration of 12.5 μg/mL. The hemolytic 

assay test results are shown in Figure 7. 

However, hemolysis increased as a function of 

increasing the concentrations of Ru-Mn3O4 NFs 

from 25, 50, 100, and 200 μg/mL. The results 

illustrated the dose-dependent raising 

protective action of Ru-Mn3O4 NFs with a 

gradual increase in the concentration from 25 to 

200 µg/mL. These encouraging results of Ru-

Mn3O4 NFs with significant protective action 

intern low hemolysis percentage show the 

manifestation of hemocompatibility of Ru-

Mn3O4 NFs towards human RBCs [26]. 



 

 

Figure 7. Hemolytic Activity of Ru-Mn3O4 NFs. The Experiment was Performed in Triplicates, and it 

was Expressed as Mean ± Standard Deviation (SD). *Values are Statistically Significant Compared to 

the Control Group (P<0.05). 

Discussion 

In this present work, the XRD diffractions 

plane (112), (103), (211), (004), (220), (105), 

(321), (224), and (400) at 2θ = 29.1º, 32.5º, 

36.3º, 38.2º, 44.6º, 50.8º, 58.7º, 60.0º, and 64.8 

º, respectively represented the tetragonal phase 

and matched with JCPDS card no. 24–0734 

(Figure 2a). It exhibited tetragonal structure 

(hausmannite, I41/amd) with constant lattice 

values ‘a’ = 0.5746 nm and ‘c’ = 0.9463 nm. 

This study shows that the Ru-Mn3O4 NFs are 

tetragonal with crystalline in nature and the 

average crystallite size is estimated by 

Scherrer's equation [27] from the full-width-

half-maximum of the (110) peak of the XRD 

pattern. Based on the above Scherrer's equation, 

the average crystalline size is ~50 nm ± 5 nm. 

The FT-IR absorption peaks revealed the 

vibrational modes of Ru-Mn3O4 NFs in the 

range 700-400 cm-1 with stretching of Mn-O, 

which shows that the metal oxide peak suggests 

the formation of the Mn3O4 nanocrystals 

(Figure 2b). It should be note that most of the 

Ru-Mn3O4 NFs in the FE-SEM images were 

found to be flower-like morphology and 

uniformly dispersed in nature. Notably, these 

nanostructures have rough surface and large 

number of voids (Figure 2c). The EDS 

spectrum for the Ru-Mn3O4 NFs confirmed Ru, 

Mn, and O in the Ru-Mn3O4 NFs with no 

impurity peaks (Figure 2d). The Ru-Mn3O4 NFs 

were exploited for hemolytic assay, anti-

microbial, anti-inflammatory, and antioxidant 

activities, owing to the doping of Ru, large 

surface-to-volume ratio, excellent redox 

behaviour, and remarkable biocompatibility 

[28]. The antibacterial activity of the 

synthesized Ru-Mn3O4 NFs against the Gram-

negative (K. pneumonia) and Gram-positive (S. 

aureus) pathogens were observed, with the 

maximum ZOI, shown in Figure 4. The same 

type of highest-growth inhibitory result was 

reported in Gram-negative and Gram-positive 

pathogens by Pazos-Ortiz et al [29]. The Ru-

Mn3O4 NFs have a large surface area, redox 

behaviour making them highly reactive. 

Doping of Ru to the metal oxide matrix has 

been demonstrated to improve physical, 

chemical and bactericidal properties of metal 

oxides. The distinctively high surface-to-

volume ratio of Ru-Mn3O4 NFs permits them to 

interact with the cell membrane of the bacteria 

through their surface, resulting in the death of 

the bacteria. Notably, with an increased DPPH 

radical impact, it is stated that MW-HT 



 

synthesized Ru-Mn3O4 NFs have more 

antioxidant properties, are non-toxic, and are 

environmentally friendly, as well as they are a 

prospective candidate for a variety of medicinal 

applications [30]. Another study employed Ru-

Mn3O4 NFs to assess protein denaturation in 

comparison to the nonsteroidal inflammatory 

drug diclofenac. The protein denaturation 

experiment results indicate that it helps break 

down proteins, which gives it anti-

inflammatory features. For Ru-Mn3O4 NFs, 

the range of protein denaturation inhibition is 

80.54 and 88.21% at doses between 25 and 400 

μg/mL (Figure 6). This outcome is comparable 

to the anti-inflammatory properties of 

diclofenac (94%) and metformin (85.9%) used 

to treat diabetes. Navada et al. [31] reported for 

phytofunctionalized CuO NPs demonstrated 

anti-inflammatory study with inhibitory 

potential of 67-92%. Similarly, ZnO NPs 

synthesized from a mixture of clove buds and 

cinnamon bark sticks were found to have a 

91.1% anti-inflammatory activity [32]. 

Therefore, our findings provide a viable 

foundation for mitigating inflammation and 

protein breakdown in hyperglycemic situations. 

As shown in Figure 6, at all concentrations of 

Ru-Mn3O4 NFs, except at 25 µg/mL, hemolysis 

is below the 5% allowed by the International 

Organization for Standardization (ISO) 10993-

4 [33]; therefore, concentrations below 25 

µg/mL (Figure 7) can be considered 

hemocompatible. Based on these findings, it 

can be concluded that Ru-Mn3O4 NFs have 

promising uses in biomedicine and other 

biological processes. 

Recently, there have been efforts by 

researchers to modify the morphology or size of 

Ru-Mn3O4 NFs to enhance biological activity. 

We could attempt a plethora of additional 

combinations. Additionally, metal doped 

Mn3O4-based nanocomposites have become a 

viable option for obtaining enhanced and 

sustainable biological properties. [34-37] The 

biological performance translates into more 

active sites, adaptability, and selectivity as a 

result of the synergistic effects. Therefore, 

more research in these fields is required to 

demonstrate the potential production and use of 

Mn3O4-based biological activities in modern 

drug discovery. Finally, we think that further 

study is required to assess and possibly even 

relate the structure of the modifying material 

containing Ru-Mn3O4 NFs to the anticipated 

future performance of the developed 

biomedical studies. 

Novelty of the Work 

Various metal oxide-based nanomaterials, 

including cobalt oxide (Co3O4), nickel oxide 

(NiO), copper oxide (Cu2O), and zinc oxide 

(ZnO) have been used in biomedical 

applications due to their high electrical 

conductivity, redox behaviour, large surface 

area-to-volume ratio, and biocompatibility. On 

the other hand, Mn3O4 also offers many benefits 

over other transition nanomaterials, including 

low cost and being an essential trace metal in 

the human body that is mostly absorbed in the 

stomach and small intestine before being 

eliminated in the bile. Additionally, it plays a 

significant catalytic role and regulates many 

enzymes and proteins in the body through 

multiple mechanisms. The MW-HT approach is 

one of the most well-known and widely 

employed methods for the synthesis of diverse 

Mn3O4 nanostructured materials, including Ru-

Mn3O4 NFs. This method is simple, cost-

effective, eco-friendly, and easily controllable. 

These characteristics make it highly 

advantageous for the large-scale synthesis of 

Ru-Mn3O4 NFs. Herein, the Ru-Mn3O4 NFs 

were prepared by the MW-HT method and 

characterized with different sophisticated 

analytical tools and used for applications. The 

Ru-Mn3O4 NFs so prepared were utilized for 

anti-microbial, antioxidant, anti-inflammatory, 

and anti-hemolytic activities. 

Limitation 

This study explored the application of Ru-

Mn3O4 NFs and addressed several biomedical 



 

functions with encouraging outcomes in 

laboratory-based practical studies. However, 

additional research is required to transition 

from controlled laboratory settings to practical, 

real-world scenarios. While most of our present 

research has been on immediate consequences, 

there is clearly a need to examine long-term 

impacts, considering the possibility of 

bioaccumulation. Another limitation is that a 

single antibiotic is chosen as a reference. 

Although hemolytic activity has been 

evaluated, the future research path has to 

include a more thorough cytocompatibility 

assessment that considers unintended 

consequences, the dosage of Ru-Mn3O4 NFs, 

and turning the form stability. Moreover, a 

thorough analysis of Ru-Mn3O4 NFs 

interactions with bioenvironments and 

adherence to regulatory requirements give a 

route for future research in medicine. Further 

studies need to be performed in natural 

conditions (in vitro or in vivo) to find the actual 

mechanism of Ru-Mn3O4 NFs in reducing 

inflammation. However, it is important to 

search for efficient Ru-Mn3O4 NFs, to use low 

concentrations for safety, and also to explore 

their cytotoxicity in different mammalian cell 

lines. 

Conclusions 

In summary, we were able to effectively 

create the Ru-Mn3O4 NFs using an easy-to-

afford MW-HT method. The Ru-Mn3O4 NFs 

were characterized using XRD, FT-IR, and FE-

SEM-EDS methods. The morphology of the 

nanoflowers was confirmed by FE-SEM 

microscopy, while the XRD pattern revealed a 

tetragonal structure. We tested the 

antimicrobial activities using Ru-Mn3O4 NFs 

through the agar disk-diffusion method, and the 

results were more effective. Notably, the 

hemolytic assay revealed that Ru-Mn3O4 NFs is 

compatible with low doses and have the 

potential to be well-tolerated in therapies. In 

addition, the antioxidant and anti-inflammatory 

activity results showed that the Ru-Mn3O4 NFs 

perform better when compared to the standard. 

Moreover, Ru-Mn3O4 NFs can be exploited as 

a biocompatible nanomaterial in the fields of 

biomedicine, pharmaceuticals, nutrition, 

agriculture, and the environment because of 

their favorable antifungal activity. 
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