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ABSTRACT. In this study, a phytochemical-mediated synthesis approach was used to prepare indium oxide-coated 

indium nanoparticles (In@In2O3NPs). This environmentally friendly method employed aqueous rosemary extract 

rich in bioactive phytochemicals that act as reducing, capping, and stabilizing agents during NPs synthesis. The NPs 
were characterized using FTIR, XRD, EDX, FESEM, TEM, BET, and zeta potential. The particle size was                            

10-60 nm, and they were irregularly spherical. The specific surface area determined by BET analysis was                        

128.53 m²/g. The zeta potential was -39.9 mV, indicating strong electrostatic repulsion between the particles, thereby 
ensuring their stability and preventing agglomeration. Bioactivity was measured against Staphylococcus aureus, 

Enterococcus faecalis, Streptococcus mutans, and Escherichia coli. The minimum inhibitory concentrations (MICs) 

and sub-MICs of In@In2O3 NPs were found to be 234.38, 234.38, 117.19, and 234.38 µg/mL, and 117.19, 117.19, 
58.60, and 117.19 µg/mL, respectively. At a concentration of 234.38 µg/mL, the In@In2O3 NPs exhibited low 

toxicity (5.6%). The tested bacterial isolates exhibited weak to moderate biofilm-forming ability, and In@In₂O₃ NPs 

effectively inhibited biofilm formation. The antioxidant activity of the resulting NPs was examined using the DPPH 
assay. A relationship was found between the concentration of the In@In2O3 NPs solution and the inhibition rate, 

with inhibition increasing as the concentration increased. 
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INTRODUCTION 

 

In recent years, scientific interest has grown in the environmentally friendly fabrication of 

nanoparticles (NPs) using plant extracts that act as reducing, stabilizing, and coating agents. One 

such extract is rosemary, which has garnered significant attention in numerous studies due to its 

medicinal properties, including its antioxidant, antimicrobial, and anti-inflammatory effects. 

Rosemary is an aromatic, evergreen shrub belonging to the mint family (Lamiaceae), and it is rich 

in bioactive compounds, including rosmarinic acid, carnosol, and carnosic acid [1-3]. The NPs 

possess unique chemical and physical properties dependent on their size and surface area, 

including catalytic activity, electrical conductivity, and other essential characteristics for diverse 

and important applications, particularly in the medical field, where they are used in cancer 

treatment and drug delivery systems [4, 5]. In the environmental field, NPs have been widely 

applied in water treatment, including pollutant removal and the restoration of aquatic ecosystems 

[6, 7]. Among the various nanomaterials, core -shell NPs have garnered increasing attention from 

researchers due to their unique properties and wide-ranging applications in the medical, optical, 

and environmental fields. These properties can be modified by altering the composition of the 

core and shell materials or by adjusting the coating thickness [8, 9]. Furthermore, indium NPs 

have attracted considerable attention because of their unique optical and electronic properties, 

good chemical stability, and relatively low toxicity, which make them promising materials for 

various technological applications. Different synthesis strategies have been reported for 

producing indium NPs, including liquid-phase dispersion [10] and pulsed laser ablation [11]. 

Moreover, controlled oxidation of metallic indium has been successfully used to prepare 
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In@In₂O₃ core–shell nanostructures with enhanced photocatalytic activity [12]. Meanwhile, 

bacterial resistance to many antibiotics has recently increased. Previous studies have confirmed 

that antibiotic-resistant bacteria are responsible for a substantial proportion of hospital-acquired 

infections [13,14]. Bacteria regulate and coordinate biofilm formation, protecting themselves 

from harsh environmental conditions and antibiotics [15]. Several researchers have confirmed the 

ability of NPs to inhibit quorum-sensing molecules (the mechanisms that enable bacteria to form 

biofilms), thus preventing their formation [16-18]. In this study, In@In₂O₃ core–shell NPs were 

synthesized using rosemary extract, whose bioactive polyphenols served as reducing and 

stabilizing agents during the phytochemical-mediated synthesis process. The antibacterial and 

biofilm-forming activity of the synthesized NPs was investigated as a potential strategy for 

inhibiting biofilm formation and helping to overcome bacterial resistance to antibiotics.  

 

EXPERMENTAL 

 

Materials 

 

Rosemary was obtained from a local nursery. The following chemicals were used: hydrated 

indium sulphate (CDH, India), sodium hydroxide (Loba Chemie, India), sodium borohydride 

(Sigma-Aldrich, St. Louis, MO, USA), deionized water (Rafidain Environment Office, Iraq), 

absolute ethanol (Riedel-de Haën, Germany), absolute methanol (SRL, Maharashtra, India), 

nutrient broth (HiMedia Laboratories, India), Mueller–Hinton broth (Accumix, Spain), sodium 

resazurin salt (Sigma-Aldrich, USA), 0.9% isotonic saline (Sigma-Aldrich, USA), Triton X-100 

(Sigma-Aldrich, USA), crystal violet (HiMedia Laboratories, India), and 1,1-diphenyl-2-

picrylhydrazyl (DPPH) (Sigma-Aldrich, USA). 

 

Instrumentation 

 

The following instruments were used in this study. Fourier-transform infrared (FTIR) 

spectroscopy (Shimadzu, Japan) was used to identify the functional groups present in the 

rosemary extract and on the surface of the synthesized NPs. Ultraviolet–visible (UV–Vis) 

spectroscopy (Shimadzu, Japan) was used to monitor NPs formation. X-ray diffraction (XRD, 

Shimadzu, Japan) was employed to determine the crystalline phases and crystal structure of the 

synthesized NPs. Field emission scanning electron microscopy (FESEM, Carl Zeiss, Germany) 

and transmission electron microscopy (TEM, Carl Zeiss, Germany) were used to examine the 

morphology and particle size of the NPs, while energy-dispersive X-ray spectroscopy (EDX, Carl 

Zeiss, Germany) was used to determine their elemental composition. Atomic force microscopy 

(AFM, SPM AA3000, USA) was used to investigate the surface topography of the NPs. The 

specific surface area was measured using a Brunauer–Emmett–Teller (BET) surface area analyzer 

(Micromeritics, USA). Surface charge and colloidal stability were evaluated using a zeta potential 

analyzer (Brookhaven Instruments Corporation, USA). Bacterial identification was performed 

using the VITEK® 2 system (bioMérieux, France). An autoclave (Hirayama, Japan), incubator 

(Fisher Scientific, USA), centrifuge (Daihan Labtech, South Korea), hotplate stirrer (Daihan 

Labtech, South Korea), oven (Daihan Labtech, South Korea), and ultrasonic bath (Germany) were 

used during nanoparticle synthesis and microbiological experiments. An ELISA microplate reader 

(BioTek, USA) was used to measure absorbance during the broth microdilution antibacterial assay 

and the biofilm inhibition assay. A UV–Vis spectrophotometer (Shimadzu, Japan) was used to 

measure absorbance during the DPPH antioxidant and hemolysis assays. 
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Preparation of plant extract  

 

Fresh rosemary was obtained from local nurseries in Iraq. The leaves were washed and rinsed 

with deionized water, dried, and ground into a fine powder. About 500 mL of deionized water 

was mixed with 50 g of powdered rosemary leaves and stirred constantly for 30 min at 50 °C. The 

mixture was filtered, and the filtrate was centrifuged at 4000 rpm for 15 min, yielding a yellow 

aqueous extract with a pH of 6. 

 

Phytochemical-mediated synthesis of core- shell In@In2O3 nanoparticles 

 

First, 1 g (1.47 mmol) of hydrated indium sulfate, In₂(SO₄)₃·9H₂O, was dissolved in 100 mL of 

deionized water by heating and stirring at 70 °C for 30 min. Subsequently, 100 mL of the 

previously prepared aqueous rosemary extract was added to the indium sulfate solution, and the 

resulting mixture was maintained at 70 °C under continuous stirring for an additional 30 min. 

Then, a 0.1 M NaOH solution was added dropwise to the mixture until the pH reached 12, causing 

the solution to turn yellow. Subsequently, 15 mmol (0.57 g) of sodium borohydride (NaBH₄) was 

added as an excess reducing agent. Upon continuous stirring, the color of the reaction mixture 

changed from yellow to gray, indicating the formation of In@In₂O₃ NPs. The reaction mixture 

was allowed to stand for 24 h, after which the NPs were collected by filtration. The precipitate 

was washed several times with deionized water, followed by absolute ethanol, and then dried in a 

vacuum oven at 250 °C for 3 h. After drying, approximately 0.30 g of gray In@In₂O₃ NPs was 

obtained, corresponding to an approximate yield of 89%, calculated with respect to the initial 

indium content in the precursor salt. 

                                               

Studies of bioactivity  

 

Microtiter plate method for minimum inhibitory concentration (MIC) with Resazurin   
 

The minimum inhibitory concentration (MIC) was determined using the broth microdilution 

method in a 96-well microtiter plate (CLSI, 2020; document M07). This was done in compliance 

with the requirements established by the Clinical and Laboratory Standards Institute (CLSI). The 

bacterial suspensions were adjusted to approximately 5×10⁵ CFU/mL after repeated twofold 

dilutions of each chemical (7500, 3750, 1875, 937.5, 468.75, 234.38, 117.19, 58.60, 29.30, and 

14.65 µg/mL) were prepared in Mueller-Hinton broth. Each well received 20 μL of 0.01% 

resazurin solution after the plate was incubated for 24 hr. at 37 °C. This dye allows for a noticeable 

colour change. A colour change from blue to pink signified bacterial growth, and wells that did 

not experience this change were considered growth-inhibited. Because of this, the minimum 

inhibitory concentration, also known as the MIC, is the lowest concentration at which there is no  

colour change [19]. 

 

Toxicity 

 

A hemolysis experiment assessed the toxicity of the In@In₂O₃ NPs produced. Plasma was 

separated by centrifugation at 3000 rpm for 5 min, yielding fresh red blood cells (RBCs). The 

RBCs were washed multiple times with normal saline and resuspended to a 2% hematocrit. In 

equal amounts, NPs and a red blood cell suspension (at the minimal inhibitory concentration) 

were incubated at 37 °C for 1 hr. The centrifuge was run for 10 min at 1500 rpm. To measure 

hemoglobin release, the absorbance of the supernatant was measured at 540 nm. The positive 

control was 0.1% Triton X-100 with RBCs, while the negative control was saline containing 

RBCs [20, 21].  
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Formation of biofilms and anti-biofilm actions 

 

Biofilm formation was done using a 96-well microtiter plate [22]. Three wells were cultured for 

24 hr. at 37 °C after receiving 200 μL of nutrient broth and 5-10 μL of bacteria. After the 

incubation, the wells were thoroughly rinsed with deionized water several times and allowed to 

dry. A thin biofilm layer developed. After 200 μL of absolute methanol was added for a few 

minutes, the wells were removed and left to air-dry completely for 15 min. 200 μL of 0.5% crystal 

violet was then added to each well. The wells were thoroughly cleaned and dried again. Lastly, 

the optical density (OD) was measured at 630 nm after 10-15 minutes, using 200 µL of absolute 

ethanol. Three wells containing only nutrient broth were used to measure the negative control. 

According to Table 1 [23], all treated isolates were categorized as weak or moderate biofilm 

producers based on optical density (OD) and optical density control (ODC) values. The 

experiment was repeated using identical procedures to determine whether the NPs produced could 

prevent biofilm formation. However, before incubation, 100 μL of nutrient broth and the MIC 

concentration of the produced NPs were introduced in place of 200 μL of nutrient broth. Equation 

(1) below was used to determine the inhibition percentage after the optical density was measured 

and compared to the negative and positive control groups: 

Inhibition% =  
ODcontrol−  ODtreated

ODcontrol−  ODblank
 × 100%                                                                                      (1) 

Table 1. Biofilm intensity based on the OD and ODc values. 

 

OD value Biofilm intensity 

OD ≤ ODc Non-producer 

ODc < OD ≤ 2X ODc Weak 

2ODC < OD < 4ODC Moderate 

OD > 4X ODc Strong 

 

Properties of antioxidants   
 
A standard antioxidant test uses the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical. A DPPH 

solution was prepared at 1 mmol in methanol. Various concentrations of nanoparticle solution 

(25, 50, 75, and 100 µg/mL) were combined with equal amounts of DPPH solution. After 30 min 

of dark swirling, the solution was measured for absorbance at 517 nm. DPPH and ascorbic acid 

were positive controls, while only DPPH was the negative control. The free radical scavenging 

activity was determined using the following Equation (2) [24]. 

DPPH radical scavenging activity (%) =  
𝐴0−𝐴𝑠

𝐴0
 ×  100%                                                                (2)          

Where A0 and As represent the absorbance values for the corresponding blank and sample. 

 

RESULTS AND DISCUSSION 

 

FTIR spectroscopy 

 

This approach was used to identify functional groups. Both rosemary extract (Figure 1(a)) and 

indium sulfate salt hydrate (Figure 1(b)) exhibit the loss of significant functional groups in the 

salt and the plant as a result of the production of In@In₂O₃ NPs (Figure 1(c)). 

Figure 1(a). The broad absorption band at 3346 cm⁻¹ is attributed to the stretching vibration 

of hydroxyl (O–H) groups, while the bands at 2921 and 2852 cm⁻¹ correspond to the asymmetric 

and symmetric stretching vibrations of aliphatic C–H (CH₂ and CH₃) groups, respectively. The 

absorption bands at 1156, 1100, and 1021 cm⁻¹ are assigned to C–O stretching vibrations, whereas 
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the bands at 1730 and 1667 cm⁻¹ are attributed to the stretching vibrations of carbonyl (C=O) 

groups [25]. 

Figure 1(b). The broad band observed at 3286 cm⁻¹ is assigned to the stretching vibration of 

hydroxyl (O–H) groups from adsorbed water molecules. The characteristic absorption bands in 

the regions of 1100-1200 cm⁻¹ and 960-1190 cm⁻¹ are attributed to the asymmetric and symmetric 

stretching vibrations of sulfate (SO₄²⁻) groups, respectively [26]. 

Figure 1(c) presents the FT-IR spectrum of the synthesized In@In₂O₃ NPs. The disappearance 

of the characteristic sulfate bands, together with the reduction in the intensity of the bands 

associated with the rosemary extract, indicates the successful formation of the NPs. In addition, 

the absorption bands observed in the 400-600 cm⁻¹ region are assigned to In–O stretching 

vibrations, confirming the presence of indium oxide in the synthesized core–shell NPs [27]. 

 

 

a 

b 
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Figure. 1 FTIR spectrum of (a) rosemary extract. (b) In2(SO4)3.9H2O. (c) In@In2O3 NPs. 

 

UV-Vis spectroscopy 

 

The UV–Vis spectroscopy measurement was performed using an aqueous suspension of the 

synthesized In@In₂O₃ NPs. As shown in Figure 2, a characteristic absorption band at 268 nm is 

attributed to the surface plasmon resonance (SPR) of indium NPs [28]. In addition, a broad 

absorption band in the range of 300-350 nm is assigned to the In₂O₃ shell [29]. These spectral 

features support the formation of core–shell In@In₂O₃ NPs. 

 

 
Figure 2. UV-Vis of In@In2O3 NPs. 

c 
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EDX elemental analysis and morphological characterization of In@In₂O₃ nanoparticles by 

FESEM, TEM, and AFM 

 

EDX (energy-dispersive X-ray spectroscopy), TEM (transmission electron microscopy), FESEM 

(field-emission scanning electron microscopy), and AFM (atomic force microscopy) were used 

to determine the size, shape, and composition of the resulting NPs. Figure 3(a) shows the EDX 

spectroscopy results, which confirmed the presence of indium and oxygen elements in the 

synthesized NPs with surface residues of carbon and oxygen. The oxygen is attributed to the thin 

indium oxide layer covering the indium NPs. In contrast, the carbon is attributed to the extract 

residues. The EDX results, together with FTIR, XRD, and TEM analyses, support the formation 

of the In@In₂O₃ core-shell structure. Figure 3(b) shows the FESEM results, which indicate that 

the prepared particles are irregularly spherical due to the residual extract on their surfaces and the 

thin oxide layer. Furthermore, TEM (Figure (c)) was used to measure the particles' dimensions 

and shape. Most particles were found to be irregularly spherical. The figure also illustrates the 

structure of the nucleus and shell; the contrast variation observed in the TEM image may be 

attributed to the difference in electron density between the metallic indium core and the 

surrounding In₂O₃ shell. Finally, the nanoscale size of the prepared particles was verified by AFM 

examination (Figure 3(d)). The average size, as determined by FESEM, TEM, and AFM, was 

approximately 10-60 nm. 

 

 

a 

b 
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Figure. 3(a) EDX of In@In2O3 NPs, (b) FESEM of In@In2O3 NPs, (c) TEM of In@In2O3 NPs, 

(d) AFM of In@In2O3 NPs 

 

X-ray diffraction (XRD) 

 

Figure 4 shows the X-ray diffraction (XRD) pattern of biologically synthesized In@In₂O₃ NPs. 

The signals are attributed to the indium NPs with a tetragonal central phase, exhibiting a broad, 

dominant peak at 31.9°, representing level 101, and a set of peaks at 36.54°, 39.49°, 53.94°, 

56.34°, 64.34°, 67.14° and 68.14°, representing levels 002, 110, 112, 200, 103, 211, and 202, 

which corresponds to card JCPDS card no. 05–0642. The weak signals (31.04, 35.04, 50.69, 

59.74, and 60.89°), representing levels (222, 400, 440, 541, and 622), are attributed to cubic 

indium oxide reflections (JCPDS 06-0416). The broad background and noise are due to 

phytochemical residues from the plant extract used in the nanoparticle preparation. The presence 

of both metal and oxide phases in XRD analysis strongly supports the formation of a core-shell 

structure, consistent with previous studies demonstrating spontaneous surface oxidation of indium 

NPs [30]. 

 
Figure.4 XRD of In@In2O3 NPS. 

 

 

c 

d 
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Brunauer-Emmett-Teller (BET) 

 

A BET study was conducted to measure the surface area porosity. The surface area of the 

produced NPs was approximately 128.53 m²/g. The H3 hysteresis loop observed in the adsorption-

desorption equation is quite similar to that of the IUPAC type IV isotherm. The pore diameter is 

6.46 nm on average, which is within the IUPAC-recommended range of 2-50 nm. The pore radius 

is 1.87 nm, and the pore volume is 0.2075 cm³/g. 

 

Zeta potential   
 

Previous studies have reported that zeta potential values greater than +30 mV or lower than -30 

mV generally indicate good colloidal stability due to strong electrostatic repulsion between NPs 

[31]. The zeta potential of the synthesized In@In₂O₃ NPs was -39.9 mV, indicating excellent 

colloidal stability and a low tendency for particle agglomeration. This high negative surface 

charge can be attributed to the phytochemical-mediated synthesis process, in which bioactive 

phytochemicals from the rosemary extract act as reducing, capping, and stabilizing agents. In 

addition, the oxide shell formed on the nanoparticle surface further contributes to the observed 

surface charge and stability. 

 

Bioactivity of In@In2O3 NPs 

 

Minimum inhibitory concentration (MIC) 

  

To determine the minimum inhibitory concentration (MIC) and sub-minimum inhibitory 

concentration (Sub-MIC) of In@In₂O₃ NPs, four Gram-negative and Gram-positive bacterial 

strains were analyzed using a 96-well plate test with Mueller-Hinton broth and resazurin dye. The 

results demonstrated that the minimum inhibitory concentrations (MICs) for S. aureus, E. faecalis, 

S. mutans, and E. coli were 234.38 µg/mL, 234.38 µg/mL, 117.19 µg/mL, and 234.38 µg/mL, 

respectively. The sub-MICs were 117.19, 117.19, 58.60, and 117.19 µg/mL. 

 

Toxicity 

 

A straightforward and efficient method for quantifying hemolysis. Figure 5 illustrates the negative 

control group (N.C.), comprising RBCs in saline solution, which demonstrates a hemolysis rate 

of 0%. The positive control group (P.C.), consisting of 0.1% Triton X-100 and RBCs that 

underwent 100% hemolysis, indicated that the In@In₂O₃ NPs were non-toxic, resulting in 5.6% 

haemolysis. 

 

 
 

Figure.5 Toxicity of (3R), (P.C), and (N.C). 
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Biofilm and anti-biofilm activity   

 

Biofilms were produced using 96-well microtiter plates. Their absorbance was subsequently 

quantified with a plate reader. The data indicate the robustness of the biofilm developed on the 

well surface. To evaluate anti-biofilm efficiency, a similar film approach was employed, utilizing 

diminished concentrations of the nanocomposites below the minimum inhibitory concentration 

(sub-MIC) during incubation. A reduction in absorbance relative to the untreated control was 

observed for all examined bacterial strains, thereby affirming anti-biofilm activity, as 

demonstrated in Figure 6 and Table 2.  

 

  
 

Figure 6. Control and biofilm, no treatment, and anti-biofilm treatment with In@In2O3 (3R) NPs 

for (A)S. aureus, (B) E. faecalis, (C) S. mutans, and (D) E. coli. 

 
Table 2: Biofilm formation and anti-biofilm activity (Control Avg. reading (0.089)). 

 

Isolates Biofilm no treatment Anti-biofilm of In@In2O3 NPs 

 Abs. Result Abs. I 

S. aureus 0.154 Weak 0.114 62% 

E. faecalis 0.184 Moderate 0.131 56% 

S. mutans 0.144 Weak 0.097 85% 

E. coli 0.199 Moderate 0.130 63% 

 

Antioxidant properties 

 

For the purpose of determining the antioxidant properties of In@In₂O₃ NPs, the free radical 2,2-

diphenyl-1-picrylhydrazyl (DPPH) was applied. Different amounts of In@In2O3 NPs were added 

to a combination of DPPH in equal proportions. The mixture was then blended with the In@In2O3 

NPs solution. The findings indicated that, with increasing concentration levels, the inhibition 

percentage increases and the absorbance decreases, as shown in Figure 7 (a-e) and Table 3 below. 

62% 56%

85%
63%

0%

50%

100%

ANTI-BIOFILM 
OF 3R

S. aureus E. faecalis

S. mutans E. coli
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Figure. 7 (a) Positive control (DPPH and Vitamin C) and the negative control DPPH, antioxidant 

of  (b) 25 µg/mL In@In2O3 NPs, (c) 50 µg/mL In@In2O3 NPs, (d) 75 µg/mL In@In2O3 

NPs, (e) 100 µg/mL In@In2O3 NPs. 

 
Table 3. Antioxidant properties of In@In2O3 NPs. 

 

Conc. of In@In2O3 NPs Abs. I 

25 µg/mL 0.576 51% 

50 µg/mL 0.375 68% 

75 µg/mL 0.351 70% 

100 µg/mL 0.346 71% 

DPPH 1.174 - 

 

CONCLUSION 

 

The objectives of this study included fabricating In@In2O3 NPs using environmentally friendly 

methods. The particles were evaluated using FTIR, UV-vis, XRD, EDX, FESEM, TEM, AFM, 

BET, and Zeta potential. The particles had an irregular spherical shape, with an average size of 

10-60 nm and an approximate surface area of 128.53 m²/g. IUPAC classification revealed an H3 

hysteresis loop in the adsorption-absorption equation, similar to a type IV heat equation. The 

research showed that the particles were stable and evenly distributed in the dispersed liquid. 

According to the antibacterial activity study, the In@In2O3 NPs exhibited antimicrobial activity 

against the tested bacteria. The minimum inhibitory concentration (MIC) of 234.38 µg/mL was 

used in the erythrocytosis test for these particles, the highest value tested. In@In2O3 NPs 

disintegrated only a small percentage of red blood cells, demonstrating their non-toxicity, 

consistent with previous research. Furthermore, biofilms were generated in the research bacteria, 

and their antibacterial activity was tested using In@In2O3 NPs. The prepared particles prevented 

the formation of biofilms that contribute to antibiotic resistance. Finally, results from a DPPH 

(2,2-diphenyl-1-picrylhydrazyl) assay assessing the antioxidant activity of In@In2O3 NPs 

indicated that increasing their concentration enhances this activity. 
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