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Abstract: 

Nanotechnology has revolutionized materials research, leveraging nanoscale entities      
(1–100 nm) with extensive applications across diverse fields. This study explores the 
synthesis of silver nanoparticles (AgNPs) using aqueous leaf extract of Aegle marmelos 
(AMLAE) prepared via the decoction method. The Ag+ ions were reduced to Ag0 using 
AMLAE and without using any chemical for reduction and precipitation. The formation 
of AM-AgNPs was confirmed through UV-Vis spectroscopy, which exhibited a localized 
surface plasmon resonance (LSPR) band at 450 nm. Fourier-transform infrared (FTIR) 
analysis revealed surface functionalization, including O-H, C=C, C=O, and Ag-O bonds. 
X-ray diffraction (XRD) confirmed a face-centered cubic structure with an average crys-
tallite size of 14.07 nm, while high-resolution transmission electron microscopy 
(HRTEM) indicated spherical morphology and an average particle size of 16.07 nm.     
Dynamic light scattering (DLS) analysis showed a hydrodynamic size of 237.5 nm with 
a polydispersity index (PDI) of 0.243 and a zeta potential of -16.6 mV, indicating colloi-
dal stability. The antimicrobial efficacy of AM-AgNPs was assessed against six patho-
gens, with minimum inhibitory concentrations (MIC) as low as 15.62 μg mL-1 for Vibrio 
parahaemolyticus. Photocatalytic degradation of methylene blue (50 ppm) demonstrated 
a 99.24% degradation efficiency under visible light within 60 minutes. Cytotoxicity      
studies on Vero cell lines yielded an IC50 value of 253.73 μg mL-1, suggesting low tox-
icity levels. These findings represent the potential of green-synthesized AgNPs for bio-
medical and environmental applications, establishing AMLAE as an efficient and          
sustainable reducing agent. 
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1. Introduction 

The renowned scientist Richard Feynman conceptualized nanotechnology in 1959 and 

this branch of science has initiated a novel epoch in materials research with extensive 

applications in physics, chemistry, biological sciences, electronics, medicine, catalysis, 

optics, and bioengineering [1]. Nanotechnology deals with the study of nanoscale 

entities (1-100 nm) and is listed in the European Commission’s six “Key Enabling 

Technologies” acknowledged for its contribution to sustainable competitiveness and 

growth across diverse industrial applications [2]. The synthesis of nanoparticles (NPs) 

has been thoroughly investigated due to their dimensions (1–100 nm), high surface area, 

and distinctive physiochemical characteristics, which provide numerous potential 

applications [3]. The application of nanoparticles, referred to as 'Bhasma,' in therapeutic 

research at the nano-scale was initially documented over 5,000 years ago in Ayurveda 

[4]. The worldwide recognition of green nanotechnology is increasing, since it 

encompasses many methods that limits the use of toxic chemical compounds in 

synthesis of NPs and eco-friendly in nature [5]. Green synthesis of nanoparticles is 

chosen more often because of different qualities such as the low cost involved, minimal 

likelihood of mishaps, greater economical benefits, safe products, and suitability for 

pharmacy-based industries [6]. Among various nanoparticles, silver nanoparticles 

(AgNPs) are among the most significant and intriguing nanomaterials utilized in 

numerous biomedical applications. They have acquired prominence in recent years 

owing to their diverse applications, including antioxidant, antibacterial, anti-

angiogenic, wound healing, anti-inflammatory, anticancer properties, cost-

effectiveness, and environmentally friendly characteristics [7].  
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               Bael (Aegle marmelos (L.) Corr.), commonly known as wood apple, belongs 

to the Rutaceae family is an Indian medicinal plant which has enormous traditional 

values against various diseases [8]. Bael is considered an economically important tree 

species as it possesses multiple benefits: it is used as an element for the medical 

preparations of herbs and is popular for making pudding, jams, and syrup [8]. The 

different parts of Bael contain bioactive components, including various 

phytoconstituents such as marceline, xanthotoxol, alkaloids, coumarin, coumarins, 

terpenoids, fatty acids, amino acids, marceline, xanthotoxol, angeline, and imperatorin, 

with various pharmaceutical applications such as antifertility, insecticidal, 

immunogenic, and antidiabetic activities. A. marmelos is widely used in Ayurvedic and 

folk medicines to cure peptic ulcers, tuberculosis, headache, hypertension, dysentery, 

and diabetes [9].  

            Several previous studies reported the synthesis of AgNPs using various parts of 

A. marmelos and different extraction methods. The AgNPs synthesized using leaves 

(Decoction method) [10], [11], [12], [13], fruit (agitation and maceration) [14], fruit 

(decoction) [15], and bark (decoction) [16] reported biological and photocatalytic 

properties. Despite of the advantages, these previous studies reported has several 

limitations. To explore more applications, the present study aims to synthesize AgNPs 

using leaves of A. marmelos and the reducing agent was prepared using decoction 

method. Thus, the objectives of the present study are (1) To synthesize the AgNPs using 

leaf extract of A. marmelos (2) To understand the synthesized properties of AM-AgNPs 

using various analytical techniques and (3) To study the photocatalytic, antimicrobial 

and healthy cell line cytotoxicity.  

2.  Materials and Methods: 

2.1. Preparation of Aegle marmelos aqueous leaf extract (AMALE):  

The fresh leaves of Aegle marmelos were collected from the Adikavi Nannaya Univer-

sity campus and shade dried for 7 days until complete evaporation of moisture. The 

pulverized powder of Aegle marmelos leaves was further subjected to preparation of 

aqueous extract using the decoction method [17]. This method involved suspending 5 

g of pulverized powder in 100 mL of double-distilled water, followed by an incubation 
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period of 20 min at 60°C in a water bath. After incubation, the solution was cooled 

down to room temperature and filtered using a Buchner funnel, muslin cloth, and What-

man filter paper No. 1, respectively, and the final solution was labelled as AMLAE. 

 

 2.2. Green synthesis of silver nanoparticles (AgNPs): 

The green synthesis of AgNPs was carried out using the bio-reduction method [18], 

where AMLAE was used as the reducing agent and no other chemical reducing or pre-

cipitating agent was used in this study. Briefly, 10 mM of silver nitrate (AgNO₃) was 

dissolved in distilled water, and the solution was wrapped with aluminum foil to prevent 

light irradiation and kept on a magnetic stirrer with a hot plate at 70°C. The solution 

was allowed to achieve heat, and the reducing agent, AMLAE, was slowly released into 

the AgNO₃ solution. Phytochemicals or secondary metabolites present in the AMLAE 

contribute to the reduction of Ag+ ions, and these molecules also serve as capping and 

stabilizing agents. After the addition of AMLAE, the reaction mixture was further irra-

diated with sunlight, which may enhance the formation and stabilization of AgNPs. 

After 3 hours, the obtained AM-AgNPs were collected by centrifugation and washed 

three times with 70% ethanol. 

 

2.3. Analysis of optical and morphological properties of AM-AgNPs: 

The localized surface plasmon resonance (LSPR) of AgNPs was observed at 200-800 

nm wavelength using a UV-visible spectrophotometer. The surface functionalization of 

AMLAE and AM-AgNPs was analyzed using Fourier transform infrared spectroscopy 

(FTIR) from 500 to 4000 cm⁻¹. The phase analysis, diffractogram, and average crystal-

lite size were carried out using X-ray diffraction (XRD) at a 2θ angle (10 to 90°). High-

resolution transmission electron microscopy (HRTEM) observed the size distribution 

and selected area electron diffraction (SAED) pattern, while field emission scanning 

electron microscopy (FESEM-EDX) carried out the surface morphology and elemental 

distribution. The hydrodynamic size and zeta potential were evaluated using a Zeta 

sizer. The obtained raw data of all the analytical methods was further subjected to anal-

ysis using Origin Pro, Xpert Hiscore, and Image J software. 
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2.4. Antimicrobial activity of AM-AgNPs: 

Broth microdilution (BMD) was used to assess the minimum inhibitory concentration 

(MIC) of AM-AgNPs on 6 significant pathogenic organisms, namely Vibrio parahae-

molyticus (MTCC 451), Staphylococcus aureus (MTCC 87), Streptococcus pyogenes 

(MTCC 442), Candida albicans (MTCC 183), Vibrio harveyi (ATCC 14126), and As-

pergillus niger (MTCC 282). Using the two-fold dilution method, we added 5% 

DMSO-dissolved AM-AgNPs to LB broth, containing a microbial inoculum of 105 

CFU mL-1. We also added 1% TTC solution to all the wells, maintaining both positive 

and negative controls. After a 24-hour incubation period, the wells containing concen-

trations of AM-AgNPs that did not develop a pink or red color are considered to have 

the MIC value. 

 

 2.5. Photocatalytic Degradation of AM-AgNPs: 

The photocatalytic degradation of AM-AgNPs was carried out on 50 ppm of methylene 

blue (aqueous) concentration under irradiation of visible light (100 W) for 60 minutes 

with a time interval of every 10 min. 100 μg mL⁻¹ of AM-AgNPs were added to the 

methylene blue solution, and a sample was taken every 10 min, and absorbance was 

measured at 664 nm. 

 

2.6. Vero cell cytotoxicity:  

Vero cell lines are healthy (non-cancerous) cell line model used for the study the cyto-

toxicity effect of natural and synthesized drug materials. In the present study, different 

concentrations of AM-AgNPs (0 to 200 µg mL− 1) were treated on Vero cell lines and 

the cell viability (%) was analysed at each concentration. In brief, the cells were revived 

from -20oC refrigerator into DMEM medium supplied with 10% fetal calf serum. The 

revived cells were incubated with sample of different concentration for 48 h at 37oC in 

a CO2 incubator. After incubation, the cells were treated with MTT reagent and cell 

viability (%) was estimated by taking absorbance at 540 nm using ELISA plate reader 

[56]. The Vero cell line viability (%) was estimated using equation 1.  

 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
஺௕௦௢௥௕௔௡௖௘ ௢௙ ௖௢௡௧௥௢௟ ௪௘௟௟ି஺௕௦௢௥௕௔௡  ௢௙ ௦௔௠௣௟௘ ௪௘௟௟ 

஺௕௦௢௥௕௔௡௖௘ ௢௙ ௖௢௡௧௥௢௟ ௪௘௟௟
× 100 (1) 
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 3. Result and Discussion:  

To meet green chemistry principles, the synthesis of metallic nanoparticles using plants 

and microbial extracts has gained research interest since the last few decades. Plant 

phytochemicals serve as efficient reducing and stabilizing agents, and their extraction 

process depends upon reaction time, reaction temperature, solvent, etc [19]. The present 

study utilized AMLAE as a reducing agent for the synthesis of AgNPs because it is one 

of the prominent medicinal plants utilized in Ayurveda. 

3.1. LSPR, Surface functional groups and Phase analysis of AM AgNPs:  

The addition of AMALE to the 10 mM AgNO₃ ssolution results in the appearance of a 

low-intensity localized surface plasmon resonance (LSPR) band at 450 nm, which was 

observed using UV-Vis spectroscopy (Fig 1(a)). The appearance of low-intensity LSPR 

may be due to the over capping of phytochemicals from AMLAE on silver ions. Similar 

studies were reported the appearance of LSPR for AgNPs synthesized using fruit and 

leaves of Aegle marmelos between 400-470 nm [10], [14]. LSPR identification only 

confirms the formation of AgNPs, not the surface functionalization. The biomedical 

and environmental applications of green AgNPs are directly proportional to the surface 

functional groups (AMLAE phytochemicals in this study). Figs. 1(b) and (c) represent 

the FTIR analyses of AMLAE and AM-AgNPs. AMLAE shows two major vibrational 

signals at 3309 cm⁻¹ (O-H stretching) and 1632 cm⁻¹ (C=O stretching) and a minor 

vibrational signal at 2114 cm⁻¹ (C≡C stretching), and the presence of these functional 

groups is correlated with phytochemicals polyphenols and flavonoids. The addition of 

AMLAE to the silver precursor results in the appearance of new vibrational stretching. 

AM-AgNPs consists of the following vibrational stretching peaks at 3232 cm⁻¹ (O-H 

stretching), 1584 cm⁻¹ (C=C stretching), 1351 and 1056 cm⁻¹ (C-O stretching), and a 

vibrational signal between 826–610 cm⁻¹ (Ag-O bond). These results confirmed the re-

duction of AgNPs by AMLAE, and the transitions of stretching vibrations may be due 

to the interaction of various phytochemicals with Ag ions.  

             The phase analysis and average crystallite size of AM-AgNPs were measured 

using XRD analysis (Fig. 1(d)). The diffraction peaks of AM AgNPs are found, and 

corresponding hkl values at 2θ angles of 38.20° (1 1 1), 44.40° (2 0 0), 66.60° (2 2 0), 
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77.59° (3 1 1), and 81.75° (2 2 2) correspond to face-centered cubic (fcc) silver. The 

diffraction data is correlated with the standard JCPDS card no. 01-087-0718 (silver), 

and the calculated average crystallite size using the Scherrer equation is 14.07 nm. The 

unassigned peaks of diffractogram represents the crystallization of phytochemicals on 

surface of AM-AgNPs.  

 3.2 Morphology, Size Distribution and Zeta Potential:  

The surface morphology, topology, and elemental composition of AM-AgNPs were 

studied using FESEM-EDAX. Fig 2(a) represents the well-dispersed and spherical-

shaped nanoparticles, and a strong signal of Ag at 3 keV was in EDAX confirmed the 

formation of AM-AgNPs (Fig 2(b)). The appearance of other elements such as C, O, 

Al, Cl, and K in EDAX in traces may be from AMLAE. The amorphous nature of AM-

AgNPs was analyzed using selected area electron diffraction (SAED) patterns and cor-

related with diffraction angles of the XRD pattern (Fig. 2(d)). The HRTEM micrograph 

(Fig. 2(c)) shows homogeneously dispersed nanoparticles with a particle size distribu-

tion of 0-35 nm and an average particle diameter of 16.07 nm (Fig. 3(a)). 

             DLS analysis determines the hydrodynamic size and zeta potential of AM-

AgNPs, which helps in understanding the colloidal stability and interparticle forces of 

interaction [20]. The average hydrodynamic size/eta size of AM-AgNPs was 237.5 

d.nm, and a calculated polydispersity index (PDI) of 0.243 was obtained (Fig. 3(b)). 

The surface charge of -16.6 ± 4.95 was identified using zeta potential with a conduc-

tivity of 0.0363 (Fig. 3(c)). The average hydrodynamic size of nanoparticles is greater 

than the average crystallite size and average particle size diameter, and the similar was 

observed in the present study. The PDI value, which ranges from 0 to 1, indicates a 

homogeneous distribution of AM-AgNPs with minimal particle agglomeration. The 

negative zeta potential value represents the stability of nanoparticles [21].  
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Figure 1: LSPR, Surface functionalization and Phase analysis of AM-AgNPs (a) 

UV-Vis absorbance spectrum (b) AMLAE FTIR spectrum (c) AM-AgNPs FTIR 

spectrum and (d) X-ray diffractogram of AM-AgNPs.  
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Figure 2: Electron Microscopy analysis of AM-AgNPs (a) FESEM Micrograph 

(b)EDAX spectrum (c) HRTEM Micrograph and (d) SAED pattern 

 

3.3. Antimicrobial Activity: 

The antimicrobial efficacy of AM-AgNPs was determined in terms of MIC using a 

dilution micro broth assay with concentrations ranging from 1000 to 3.9 μg mL⁻1 on 6 

microbial species. However, AM-AgNPs had the lowest MIC range against G-ve bac-

teria, specifically V. parahaemolyticus (15.62 μg mL-1) and V. harveyi (62.5 μg mL-1). 

On the other hand, they had higher MIC ranges against G+ve bacteria and fungi (Fig. 

3(d)). Inhibition of microbial growth at high concentrations of AgNPs limits their ap-

plications in real time and may also cause toxicity toward life and the environment [22]. 

Green-synthesized AgNPs are effective in antimicrobial properties due to the synergism 
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of plant phytochemicals and Ag. But challenges associated with green synthesis are 

phytochemicals and their quantity differing among geographical regions, extraction 

procedures, thermolabile phytocompounds, fungal contamination, etc. Purifying bioac-

tive compounds from plants and using them as reducing agents could overcome these 

challenges and produce nanoparticles with homogeneous size and shape [23]. Recent 

studies on synthesis of AgNPs using leaf aqueous extracts of Mirabilis jalapa [24] and 

Euphorbia hitra [17] shown efficient antimicrobial activity on V. parahaemolyticus and 

V. harveyi. Therefore, improving the surface properties of AgNPs could result in more 

efficient antimicrobial properties to combat the increased incidences of AMR. 

3.4. Photocatalytic Degradation of MB:  

Photocatalytic degradation of 50 ppm aqueous methylene blue (MB) solution by AM-

AgNPs was assessed under visible light irradiation for 60 minutes with every 10-minute 

interval. At a concentration 100 μg mL⁻¹ of AM-AgNPs, 99.24% of MB was degraded 

at 60 minutes. The degradation (%) of MB against time was represented in Fig 4(a).  

3.5. Vero Cell Cytotoxicity:  

The synthesis of AgNPs using green routes and green reducing agents necessitates de-

termining their toxicity towards life and the environment. Apart from their antimicro-

bial activity, the present study aims to evaluate the cytotoxicity of AM-AgNPs on Vero 

cell lines, healthy cell lines derived from Cercopithecus aethiops kidney epithelial cells. 

Upon exposure to the various concentrations of AM-AgNPs (0–200 µg mL⁻¹), the con-

centration-dependent decrease in Vero cell viability was observed (0–64.54%), which 

was observed using the MTT assay (Fig 4 (b) & (c)). The calculated IC50 value of AM-

AgNPs was 253.73 µg mL⁻¹; this indicates that the addition of IC50 concentration of 

AM-AgNPs is able to kill 50% of healthy cells. Previous studies reported that selenium 

NPs synthesized using extract of Allium sativum exhibited an IC50 concentration of 31.8 

µg mL⁻¹ [25], whereas AgNPs synthesized using Catharanthus roseus exhibited 589 

µg mL⁻¹ of IC50 concentration [26]. A higher IC50 concentration is inversely propor-

tional to the toxicity of healthy cell lines. Several hypothetical mechanisms were pro-

posed on cytotoxicity patterns of AgNPs, and the most common one is generating the 

oxidative stress ultimately leading to the disruption of cell organelles and cell mem-

branes [27], [28].   
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Figure 3: DLS and Antimicrobial activity of AM-AgNPs (a) Particle size diameter 

histogram (b) Hydrodynamic size (c) Zeta potential and (d) Antimicrobial activity.  
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Figure 4: Photocatalytic and healthy cell line cytotoxicity of AM-AgNPs (a) Pho-

tocatalytic degradation of methylene blue (b) Concentration dependent cell viabil-

ity and (c) Morphological alterations of Vero cell lines treated with various con-

centrations of AM-AgNPs.  

 

            Previous studies reported the synthesis of AgNPs using various parts of Bael 

and the reducing agent prepared using various methods is reported in table 1.  
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Table 1: Comparative analysis of size, shape and activities of AgNPs synthesized 
using Bael. 

S.No Part of 
the plant 
(AM) 

Phyto-
chemical 
extraction 
method 

AgNPs 
size 

AgNPs 
shape 

Activ-
ity/Appli-
cation 

Refer-
ence 

1 Leaves Decoction 
(Distilled 
Water) 

30-50 
nm 

Spheri-
cal 

Antimicro-
bial, Anti-
oxidant, 
Anticancer 
and Photo-
catalytic 
degradation 
of basic 
fuchsin dye 

[10] 

2 Fruit Agita-
tion/Macer-
ation 
(Methanol) 

10-200 
nm 

Spheri-
cal 

Antimicro-
bial 

[14] 

3 Leaves Decoction 
(Distilled 
Water) 

60 nm Spheri-
cal 

No reported 
applica-
tion/activ-
ity 

[11] 

4 Fruit Decoction 
(Distilled 
Water) 

   _    _ Antibiofilm 
assay 

[15] 

5 Leaves Decoction 
(Distilled 
Water) 

5-30 nm Spheri-
cal and 
irregu-
lar 

Antibacte-
rial, Anti-
larvicidal, 
Photocatal-
ysis and 
Cytotoxi-
city activi-
ties.  

[12] 

6 Leaves Decoction 
(Distilled 
Water) 

_ _ Antibacte-
rial activity 

[13] 

7 Bark Decoction 
(Distilled 
Water) 

20 nm Spheri-
cal 

DNA cleav-
age, DNA 
binding, an-
tioxidant 
and anti-
bacterial 
activities 

[16] 
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4. Conclusion:  
The green approach for the synthesis of AgNPs using AMLAE was successfully 
achieved, with AMLAE functioning as a reducing and stabilizing agent. The structural 
and functional properties of AM-AgNPs were confirmed through various analytical 
techniques, including UV-Vis spectroscopy, FTIR, XRD, HRTEM, and DLS. The na-
noparticles exhibited spherical morphology with an average crystallite size of 14.07 nm 
and a hydrodynamic size of 237.5 nm. The antimicrobial activity showed effective in-
hibition of pathogens, with a minimum inhibitory concentration of 15.62 μg mL-1. for 
Vibrio parahaemolyticus. Photocatalytic degradation experiments revealed a 99.24% 
efficiency in degrading methylene blue under visible light within 60 minutes. Cytotox-
icity studies on Vero cell lines indicated an IC50 value of 253.73 μg mL-1, demonstrating 
low toxicity within the tested concentration range. Future work should focus on under-
standing the detailed molecular mechanisms involved in the AMLAE-mediated synthe-
sis process and exploring the impact of varying synthesis parameters on nanoparticle 
properties. Expanding applications to real-world scenarios such as wastewater treat-
ment, antimicrobial coatings, and biomedicine is necessary. Comprehensive in vivo 
studies on biocompatibility and therapeutic efficacy will further establish the potential 
of these nanoparticles. Using purified phytochemicals from Aegle marmelos could en-
hance the consistency and functionality of nanoparticles, supporting their application 
in diverse industrial and medical fields. 
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