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Bacterial resistance caused by antibiotic misuse has garnered substantial attention, prompting numerous 
researchers to develop materials that can combat these resistant pathogens. The hydrothermal method is 
employed to produce γ-MnO2 nanostars and to coat them with Fe2O3 nanoparticles. The materials are 
characterized using XRD, FE-SEM, EDX, and UV-vis spectrophotometry, as well as antioxidant and 
antibacterial activities. The nano γ-MnO2 star shapes are coated with tiny spherical Fe2O3 nanoparticles 
with diameters of 35-47 nm. The peaks located at the crystal planes (120), (031), (131), (230), (300), 
(160), (421), and (003) are represented by the values of 2θ = 22.36º, 34.36º, 37.22º, 38.78º, 42.56º, 
56.14º, 65.48º and 68.82º, respectively, and no additional peaks for any more materials showing pure γ-
MnO2. The SEM descriptions of the star shapes of γ-MnO2 nanostructure in three different 
magnifications. The diameters of the six-branched star-shaped γ-MnO2 are about 140 nm close to the 
star's center, 55–70 nm close to its tips, and 1.5–4 μm in length. The EDX analysis of the γ-MnO2 
nanostars are coated with Fe2O3 nanoparticles. It clearly shows the elemental composition that includes 
Mn, O, and Fe. The radical scavenging performance of the γ-MnO2 nanostars coated with Fe2O3 
nanoparticles is showed substantial enhancement compared to bare γ-MnO2 nanostars. The prepared 
materials exhibit comparable antibacterial properties, with noticeable activity against Gram-negative 
strains (Salmonella and Escherichia coli), but no effectiveness against Gram-positive strains (Bacillus 
subtilis and Staphylococcus aureus).  
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1. INTRODUCTION 
 
Nanoparticles possess unique size-dependent characteristics that add value in various fields, including 
cosmetics, agriculture, and the medical field [1-3]. They can be synthesized in three ways: physically, 
chemically, or biologically, with the latter being safer and more environmentally friendly [4]. 
Nanomaterials are substances with external dimensions of one or more nanometers [5,6]. Today, a 
variety of types are used as substitutes for traditional antibiotics, especially nanocomposites, because of 
their exceptional chemical and physical features and substantial potential as antibacterial agents [7], 
including silver nanoparticles [8], gold nanoparticles [8,9], zinc oxide [10,11], titanium dioxide 
nanoparticles [12,13], and bismuth nanoparticles [14]. Due to their unique qualities and increased surface 
area- to- volume ratio, manganese dioxide, particularly nanostructured MnO2, has gained much attention 
and can be effectively used in many applications, such as an electrode material in alkaline batteries [15], 
dye production [16], gas sensors [17], solar cells [18,19], wastewater treatment [20,21], biological 
applications [22,23], and supercapacitors [24]. The functionality of MnO2 varies because of different 
crystallographic forms, including δ, γ, α, β, λ, and ε, as well as its natural abundance, notable 
electrochemical properties, low cost, and environmental friendliness [25]. γ-MnO2 is often used as a 
cathode material in lithium and alkaline batteries due to its outstanding structure and pronounced 
electrochemical activity, along with other previously mentioned properties [26]. As proposed by De 
Wolff, the complex structure of γ-MnO2 can be understood as a random intergrowth of varying 
proportions of the pyrolusite phase (1 x 1) within the ramsdellite phase [27]. Applications of MnO2 
nanostructures include pure MnO2 nanostructures or those doped or combined with other materials or 
polymers [26,28].  
 
Although traditional antibiotics are commonly used to treat bacterial infections, excessive use can lead 
to bacterial resistance and increased illness [28]. Some studies on biosynthesized MnO2 nanostructures 
have shown substantial effectiveness against G + ve and G- Negative bacteria, as well as certain fungi 
[29, 30]. Nanomaterials can be produced via biological [31, 32, 33, 34], physical [35, 36], or chemical 
processes [37, 38, 39]. However, very few studies focus on chemically synthesized MnO2 nanostructures 
[40, 41]. Conversely, iron oxide exists in several forms, with hematite (α-Fe2O3), magnetite (Fe3O4), and 
maghemite (𝛾𝛾-Fe2O3) being the most stable [42,43]. Hematite, the most stable form under ambient 
conditions, has been used as an antibacterial agent [44]. In brief, the combination of bare γ-MnO2 
nanostars and γ-MnO2 nanostars coated with Fe2O3 nanoparticles is investigated to explore the capacity 
to hinder bacterial growth of the nanoparticles. 
 
2. EXPERIMENTAL 
2.1 Synthesis of γ-MnO2 nanostars 
 
Synthesis of γ-MnO2 nanostars and γ-MnO2 nanostars coated with Fe2O3 nanoparticles: All substances 
used in this investigation are purchased from Sigma-Aldrich India, including sodium chlorate, 
manganese sulfate monohydrate, and ferric nitrate nonahydrate, and are utilized without further 
purification. Nano star-shaped γ-MnO2 is synthesized as depicted in Figure 1 by dissolving sodium 
chlorate (NaClO3) and manganese sulfate monohydrate (MnSO4·H2O) in a mole ratio of 2:1 in distilled 
water, as has reported in a previous paper [45]. The solutions are magnetically stirred to obtain a clear 
solution, then hydrothermally heated at 160 degrees Celsius for 12 hours. After filtering and washing 
repeatedly with distilled water, the dark brown γ-MnO2 precipitate is desiccated at 70ºC for 6 hours. For 
the synthesis of γ-MnO2 nanostars coated with Fe2O3 nanoparticles, ferric nitrate (Fe(NO3)3·9H2O) is 
dissolved in water and then mixed with γ-MnO2 nanostars powder at (1:1) weight ratio; this solution is 
then heated for 6 hours at 150ºC. After that, the solid product is collected and cleaned repeatedly using 
distilled water before being heated at 400ºC for 2 hours. 
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Figure 1 Graphic diagram of γ-MnO2 nanostars coated with Fe2O3 nanoparticles. 
 
2.2 Characterization 
 
The materials are characterized using Cu Kα radiation and Japan's XRD SHIMADZU (XRD 6000) 
(λ=1.54180Å). The samples' morphology is examined using FE-SEM (Hitachi /S-4160 /Japan), and 
EDX analysis is made using (Bruker X Flash 6l10). The radical scavenging performance is studied using 
a UV-vis spectrophotometer. 
 
2.3 Antibacterial Activity 
 
The capacity to hinder bacterial growth of (γ-MnO2 nanostars and Fe2O3 @γ-MnO2) is investigated 
against Gram-ve (Escherichia coli and Salmonella) and Gram+ve (Staphylococcus aureus and Bacillus 
subtilis) bacterial strains using the diffusion assay in agar wells [46] using Muller-Hinton (MH) agar. 
Various concentrations of Fe2O3@γ-MnO2 nanostars and γ-MnO2 nanostars are separately introduced 
into the bored wells. The data are statistically analyzed using GraphPad Prism. The data represent the 
mean ± SD of three studies, with a statistically significant difference at p<0.05 [47]. 
 
2.4 Antioxidant Activity 
 
The Antioxidant activity of γ-MnO2 nanostars and Fe2O3 @γ-MnO2 nanostructures is measured using 
the scavenging of DPPH radical method. The concentrations of the nanomaterials are 400, 600, 800, 
1000 μg\ml, and ascorbic acid served as a reference. 
 
3. RESULTS AND DISCUSSION 
3.1 Generated Fe2O3 @γ-MnO2 nanostructures and γ-MnO2 nanostars 
 
The generated Fe2O3 @γ-MnO2 nanostructures and γ-MnO2 nanostars' XRD peaks are displayed in 
Figures 2A and B, respectively. The pure phase of orthorhombic γ-MnO2 is represented by all of the 
diffraction peaks in Figure 2A, and these peaks are consistent with the standard published data (JCPDS 
card No.14-0644, with lattice parameters a=6.36Aº, b=10.15Aº Aº, and c=4.09Aº) [48]. The peaks 
located at the crystal planes (120), (031), (131), (230), (300), (160), (421) and (003) are represented by 
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the values of 2θ = 22.36º, 34.36º, 37.22º, 38.78º, 42.56º, 56.14º, 65.48º and 68.82º, respectively, and no 
additional peaks for any more materials showing pure γ-MnO2. In Figure 2 B, peaks located at 
(33.15 (104), 35.61 (110), 49.47 (024), 54.08 (116), 62.44 (214), 63.98 (300)) are indications of Fe2O3 
Hematite, which conforms well to the standard patterns (JCPDS card No.00-033-0664) [49]. 
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Figure 2 The X-Ray Diffraction image of (A) nanostars γ-MnO2 and (B) nanostars γ-MnO2 coated with 
Fe2O3 nanoparticles. 
 
The Debye-Scherrer equation is used to calculate the crystalline size of the nanomaterials as following: 
𝐷𝐷 = 𝐾𝐾𝐾𝐾

𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
                                                                                                                                                (1) 

where D is the average crystalline size of the nanoparticles, K is the Scherrer constant related to the 
crystallite shape, λ is the x-ray wavelength 1.54 Å for Cu-kα and β is the full width at half maximum 
(FWHM). The average crystalline size calculated from Debye-Scherrer equation are 22 nm and 24 nm 
for γ-MnO2 nano stars and γ-MnO2 coated with Fe2O3 nanoparticles respectively. 
 
Figure 3 demonstrates SEM descriptions of the star shapes of γ-MnO2 nanostructure in three different 
magnifications. The diameters of the six-branched star-shaped γ-MnO2 are about 140 nm close to the 
star's center, 55–70 nm close to its tips, and 1.5–4 μm in length. Figure 4 shows the nano γ-MnO2 star 
shapes coated with tiny spherical Fe2O3 nanoparticles with diameters of 35-47 nm. Figure 5 shows the 
EDX analysis of the γ-MnO2 nanostars coated with Fe2O3 nanoparticles. It clearly shows the elemental 
composition that includes Mn, O, and Fe. The differences in size between Scherrer’s equation and the 
SEM is related to the fact that Scherrer measures the internal crystalline size while the measurement 
from SEM shows external size for agglomerated particles so it is always larger than the size from 
Scherrer’s equation.     
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Figure 3 FE-SEM images of γ-MnO2 nanostars. 

 
 

 
Figure 4 FE-SEM images of γ-MnO2 nanostars coated with Fe2O3 nanoparticles. 

 

 
Figure 5 EDX analysis of γ-MnO2 nanostars coated with Fe2O3 nanoparticles. 

 
3.2 Antibacterial activity 
 
The antibacterial activities of the bare γ-MnO2 nanostars are presented in Figures 6 and 7 against E. coli 
and Salmonella, respectively, in different concentrations, and for γ-MnO2 nanostars coated with Fe2O3 
nanoparticles are presented in Figures 8 and 9 against E. coli and Salmonella. Respectively. The 
antibacterial activities for bare γ-MnO2 nanostars and the γ-MnO2 nanostars coated with Fe2O3 
nanoparticles against Bacillus subtilis are depicted in Figure 10, and against Staphylococcus aureus are 
depicted in Figure 11. According to the values of the inhibition zones displayed in Table 1, it is evident 
from these figures that the γ-MnO2 nanostars coated and uncoated with Fe2O3 nanoparticles have a 
substantial potential to combat Salmonella and E. coli. These samples show increased inhibition zones 
with increasing concentration. At the lower concentration used 400 μg /ml, the inhibition zones show 
some difference between the coated and uncoated samples against E. coli, however it is almost identical 
inhibition for the samples used against Salmonella at this same concentration. Where the inhibition zone 
for γ-MnO2 nanostars against E. coli is 17 mm, and it is 13mm for γ-MnO2 nanostars coated with Fe2O3 
nanoparticles at concentration of 400 μg/ml, but the inhibition zone for γ-MnO2 nanostars against 
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Salmonella is 18 mm, and it is 17 mm for γ-MnO2 nanostars coated with Fe2O3 nanoparticles at 
concentration 400 μg/ml. However, the results are nearly identical when higher concentrations are used. 
The inhibition zone for γ-MnO2 nanostars against E. coli is 24 mm, and it is 23 mm for γ-MnO2 nanostars 
coated with Fe2O3 nanoparticles at a concentration of 1000 μg/ml. Whereas the inhibition zone for γ-
MnO2 nanostars against Salmonella is 26 mm, and it is 27 mm for γ-MnO2 nanostars coated with Fe2O3 
nanoparticles at a concentration of 1000 μg/ml. However, these nanostructures do not exhibit any 
antibacterial action against S. aureus and B. subtilis; this phenomenon can be explained by the bacterial 
cell wall structures of Gram-positive and Gram-negative bacterial species. The bacterial species 
classified as Gram-negative have an outer membrane that includes lipopolysaccharides and a 
peptidoglycan layer [52,53]. In contrast, the bacterial species categorized as Gram-positive have an outer 
membrane that consists of peptidoglycans, lipoteichoic acid, and teichoic acid [54,55]. The proposed 
antibacterial mode of action of nanomaterials is believed to arise from the generation of reactive oxygen 
species (ROS), such as hydrogen peroxide (H2O2), hydroxyl free radicals (·OH), or superoxide anion 
radicals (·O2−) [56]. The extensive surface area can increase the production of ROS; these molecules 
can damage biomolecules by their pronounced oxidation potential [57-60].  
 
The antibacterial inhibition of MnO2 nanoparticles is explained by some mechanisms; the first 
mechanism is that when MnO2 nanoparticles are attached to the bacterial membrane it will release (Mn+2 
) and oxygen. The manganese ions can interact with some functional groups in the proteins of the 
bacterial membrane, which will cause inactivation of enzymes, and then the membrane will be disrupted. 
The other mechanism is the generation of reactive oxygen species (ROS). These actions will disrupt the 
cell membrane of the bacteria, leading to leakage of cell contents [61]. the smallest the nanomaterials, 
the better the penetration of the cell membrane. We can see that the uncoated MnO2 shows better 
antibacterial inhibition than the coated samples, maybe due to the larger overall size of the coated 
samples, or maybe due to coating the MnO2 surface with another material, which will hinder the release 
of (Mn+2) and oxygen.  
 

Table 1 Inhibition zone values for the γ-MnO2 nanostars shape and Fe2O3@γ-MnO2. 
 

Sample  A B C D E 
Fe2O3@γ-MnO2 
against E. coli 6 13 18 19 23 

 Fe2O3@γ-MnO2 
against Salmonella  6 17 20 21 26 

γ-MnO2 nanostars 
against E. coli  6 17 18 19 24 

 γ-MnO2 nanostars 
against Salmonella  6 18 19 20 27 

 
 
 
 
 
 
 
 
 
 
 
 
 

about:blank
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Figure 6 Antibacterial activity of γ-MnO2 nanostars against Escherichia coli. In different concentrations, 
(A) control (solvent only), (B) 400(μg /ml), (C) 600(μg/ml), (D) 800(μg /ml), and (E) 1000 (μg/ml). 

 

 
 
Figure 7 Antibacterial activity of γ-MnO2 nanostars against Salmonella in different concentrations (μg 
/ml), (A) control (solvent only), (B) 400, (C) 600, (D) 800, and (E) 1000. 
 

 
 
Figure 8 Antibacterial activity of Fe2O3 @γ-MnO2 against Escherichia coli in different concentrations 
(μg /ml), (A) control (solvent only), (B) 400, (C) 600, (D) 800, and (E) 1000. 
 

 
 
 
 
 
 
 
 

Figure 9 Antibacterial activity of Fe2O3 @γ-MnO2 against Salmonella in different concentrations 
(μg/ml), (A) control (solvent only), (B) 400, (C) 600, (D) 800, and (E) 1000. 
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Figure 10 Antibacterial activity of (1) Fe2O3 @γ-MnO2 and (2) γ-MnO2 nanostars shape against Bacillus 
subtilis in different concentrations, (μg /ml) (A) 400, (B) 600, (C) 800, and (D) 1000. 
 

 
 
Figure 11 Antibacterial activity of (1) Fe2O3 @γ-MnO2 and (2) γ-MnO2 nanostars against 
Staphylococcus aureus. In different concentrations (μg /ml): (A) 400, (B) 600, (C) 800, and (D) 1000. 
 
3.3 Antioxidant Activity 
 
The DPPH scavenging activity (% inhibition) is investigated using varying concentrations (200, 400, 
500, 500,800, and 1000 µg / ml) of both γ-MnO2 nanostars and Fe2O3 @ γ-MnO2 nanostructure. The 
absorbance at 517 nm is measured using ascorbic acid as a reference [51]. 
 
The ability of the DPPH radical scavenging system is derived using the following formula: 
%𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (% 𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) = 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −  𝐴𝐴 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐   
 𝑥𝑥 100                                       (1)  

 
In this case, a test means sample absorbance, and A control corresponds to control absorbance. The 
antioxidant activities of the synthesized nanomaterials are expressed as the IC50, where the IC50 value is 
the concentration of the antioxidant required to reduce the DPPH free radical by 50%. The lower the 
value of IC50, the more enhanced the inhibition action of the antioxidant. The scavenging percent of the 
samples at various concentrations is depicted in Figure 12. The findings reveal the IC50 values of γ-MnO2 
nanostars, Fe2O3 @ γ-MnO2 nanostars, and ascorbic acid, which are 962, 766, and 424 μg\ml, 
respectively. These outcomes reveal that the Fe2O3 @γ-MnO2 nanostars have enhanced radical 
scavenging performance compared to bare γ-MnO2 nanostars. This could be because this material can 
donate more electrons and inhibit the DPPH free radical [31]. The Fe2O3@γ-MnO2 nanostars and bare 
γ-MnO2 nanostars show % inhibition (68.6% and 52%), respectively at the highest concentration (1000 
μg/ml), while ascorbic acid shows % inhibition (93%) at the same concentration. 
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Figure 12 Antioxidant activity of γ-MnO2 nanostars, Fe2O3 @ γ-MnO2 nanostars, and ascorbic acid on 
DPPH radical. 
 
4. CONCLUSIONS 
 
Synthesis of γ-MnO2 nanostars and γ-MnO2 nanostars coated with Fe2O3 nanoparticles is successfully 
achieved using the hydrothermal synthesis route. With the highest inhibitory zone, the materials exhibit 
notable antibacterial action against bacterial species classified as Gram-negative (27mm), but don’t show 
antibacterial action against the bacterial species categorized as Gram-positive; the capacity to hinder 
bacterial growth of the materials is almost the same. This result is significant since G-ve bacteria are more 
resistant to antibiotics than G+ve. The γ-MnO2 nanostars coated with Fe2O3 nanoparticles exhibite 
enhanced radical scavenging performance compared to bare γ-MnO2 nanostars.  
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