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Abstract 

 

The aim of the current study was to synthesize and characterize the Bacillus subtilis-loaded starch nanoparticles against fungal 

pathogens. The starch nanobeads were synthesized via ultra-sonication and Bacillus subtilis was subsequently encapsulated onto the beads. 

The Bacillus subtilis loaded starch nanoparticles were characterized by XRD and SEM to confirm the crystalline structure and spherical 

shape of nanobeads. Bacillus subtilis loaded starch nanoparticles showed a Z-average size of 245 nm and zeta potential of −20.25 (mV) as 

indicated by zeta potentials. FTIR analysis demonstrated the interactions between starch nanobeads and Bacillus subtilus. The antifungal 

potential was tested against Fusarium oxysporum, Fusarium graminearum, Aspergillus flavus, Alternaria solani, Botrytis cinerea, 

Verticllium dahlia, and Cladosporium cucumirinum. A clear inhibition zone and minimum inhibition concentration (MIC) was observed 

that indicates the significant antifungal effect of the Bacillus subtilis loaded starch nanoparticles. Functional effectiveness of Bacillus 

subtilis starch nanoparticles for practical uses could be among the primary concerns of future research. 
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Introduction 

 

Enhancing agricultural productivity to meet the 

increasing demands for food and ensuring food security are 

crucial tasks in addressing the growing population. 

Protecting  human food resources and agricultural yields 

heavily relies on the effective management of diseases 

(Murhekar et al., 2021). One of the primary challenges 

encountered in agriculture is the infestations and diseases 

caused by fungi, bacteria, pests, and various pathogens. 

Among agricultural settings, phytopathogenic fungi are 

responsible for various diseases compared to other 

environmental pathogens. Fungi can colonize various 

substrates and to adapt any medium even in harsh 

environments. They can impact crops at any stage, from 

sowing to postharvest, utilizing chemical products that are 

cost-effective and easily accessible to manage 

phytopathogenic fungi. The indiscriminate use of chemical 

agents gives rise to several problems such as ecological 

disturbances, and diseases in animals and humans. 

According to (Santoso et al., 2022), chemical products that 

are inexpensive and readily available are employed to 

control phytopathogenic fungi. In addition, fungi have 

demonstrated enhanced resistance and potency against 

chemical agents. Nowadays, effective and eco-friendly 

substitutes such as plant extracts, essential oils, and 

biological control agents are being used to combat 

phytopathogenic fungi. These substitutions are considered 

highly advantageous due to their positive outcomes. 

However, despite their benefits, these alternatives 

encounter challenges such as delayed effects, high costs of 

acquisition, and the need for frequent applications, 

rendering them susceptible (Cruz-Luna et al., 2021). 

Microbes create metabolites that are known to improve 

plant development, carry out effective biocontrol operations, 

guarantee large-scale production, maintain appropriate 

structure, and be readily accessible (Elnahal et al., 2022). 

Plant diseases caused by microorganisms lead to significant 

losses in crops (Shahzad at el., 2021). The utilization of 

biological control methods diminishes the harm caused by 

pathogenic attacks, without posing hazards to the 

environment (Barton et al., 2020). The utilization of Bacillus 

spp., (Javed at el., 2024). as a biological control agent is 

widely acknowledged for its ability to generate potent 

antifungal compounds targeting various phytopathogenic 

fungi (Santoso et al., 2021). Bacillus subtilis is a Gram-

positive bacterium renowned for its economic and effective 

entomopathogenic properties, serving as efficient 

biopesticides. The pesticidal activity of Bacillus subtilis is 

due to the synthesis of insecticidal proteins. The majority of 

these proteins are synthesized and encapsulated during 

sporulation, leading to parasporal crystal formation, 

distinguishing Bacillus subtilis from other Bacillus spp., 

(Gul at el., 2023). Formulations combining Bacillus subtilis 

spores and parasporal crystals are considered safer and more 

precise alternatives to synthetic pesticides, constituting a 

significant portion of microbial-based biopesticides in the 

market. Bacillus subtilis produces crystal proteins (Cry) that 

are toxic to various insects, underscoring its role as a 

microbial pesticide and insecticide for enhancing plant 

resistance through genetic modification (Jurat-Fuentes et al., 

2021). Encapsulation is the act of enclosing active 

components like cells, tissues, and microbes within a 

protective shell. This method ensures the genetic reliability 

of products and provides support in various environmental 

conditions, thus preserving active ingredients for extended 
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periods. Microbial agents are susceptible to factors that can 

reduce their effectiveness and reliability, such as exposure to 

UV radiation and unfavorable temperatures (John et al., 

2011). Encapsulation presents a solution to overcome these 

challenges, especially in agriculture. It brings benefits like 

reducing losses, enhancing ecological stability, improving 

efficiency, and increasing commercial viability. Utilizing 

bioactive compounds in the formation of biofertilizers, 

bioinsecticides, and other products is a promising approach 

(Brindha et al., 2024). Different polymers are used as 

protective walls in encapsulation, such as Chitosan gums, 

starch, pectin, and others. These polymers help retain desired 

compounds in the system and extend the release of bioactive 

compounds (Alhaithloul et al., 2024). 

In this work, the potential of Bacillus subtilis as a 

sustainable alternative to synthetic agrochemicals for 

disease management in agriculture was observed. The 

primary objective of this work was to validate the efficacy 

of Bacillus subtilis and to evaluate the benefits of 

encapsulation technology in enhancing stability, targeted 

delivery, and control release. By focusing on the unique 

properties of Bacillus subtilis and the benefits of 

encapsulation, the purpose of this work was to develop eco-

friendly and sustainable agricultural practices. To assess 

the Bacillus subtilis-loaded starch nanobeads potential as 

efficient carriers, the study aims to offer a comprehensive 

characterization of them, focusing on important elements 

including surface charge, morphology, size, and structural 

veracity. The study we conducted integrates several 

characterization methods, such as XRD, FTIR, and SEM, 

Microbial cells are encapsulated to improve their vitality 

and stability against fungal infections. X-RD, Fourier 

Transform Infrared Spectroscopy, and scanning electron 

microscopy are used to characterize capsules and analysis 

of its antifungal properties. 

 

Materials and Methods  

 

Preparation of starch nanoparticles 

 
Material preparation: Rafhan Maize Products 
(Faisalabad), which is associated with global corporations 
and ensures high-quality products, provided maize starch 
with a weight percentage composition of 73 ± 1 amylopectin 
and 27 ± 1 amylose. Sigma-Aldrich (Darmstadt, Germany) 
supplied the sodium hydroxide (ACS reagent ≥ 97%, 
molecular weight: 40), calcium chloride (molecular weight: 
110.98 g/mol), and sodium alginate (viscosity, 5 – 40 cps, 
gluconate monomer units ≥ 60%). We acquired the Bacillus 
subtilis freeze-dried culture and more materials from the 
Industrial Biotechnology Lab of the Department of 
Biochemistry at Government College University in 
Faisalabad (GCUF) (Azeem at el., 2022; Bashir at el., 2022). 
 

Activation of Bacillus subtilis culture: To prepare a 

culture plate of bacterial strain, 100ml of the distilled water 

was added to 500ml beaker along with 0.8g nutrient broth 

and 4g Agar and the beaker was covered with aluminum 

foil. Then sterilized in an autoclave at 80⁰C along with Petri 

plates (Azeem at el., 2022). After autoclaving, all 

subsequent steps were performed in a sanitized Laminar 

Air Flow. The sterilized Petri plates were filled with the 

prepared medium and allowed to solidify for a few 

minutes. A liquid culture of the bacterial strain was 

streaked onto the plates using a red-hot sterilized rod. The 

plates were then sealed with parafilm and incubated for 24 

hours to allow bacterial growth (Bashir at el., 2022).  

 

Preparation of starch nanoparticles 

 
Synthesis of nano-capsules or beads via ultra-sonication: 
Starch-based nano-capsules were synthesized using a 
modified version of the method described by Ahmad et al. A 
10% (w/v) starch solution was prepared by dissolving 25.00 
g of maize starch in 250 mL of distilled water. The mixture 
was then agitated in an incubator shaker (WIS-20, Germany) 
at 60°C for 30 minutes. This solution was subjected to 
ultrasonication using a sonicator (VCX750, Sonics & 
Materials, Inc., Newtown, CT, USA) operating at a power of 
750 W and a frequency of 50 kHz. To prevent overheating, 
ultrasonication was performed for 30 minutes in 5-minute 
intervals. Ultrasonication generates intense shear forces that 
can disrupt the structure of starch granules, breaking them 
into smaller particles and modifying their physicochemical 
properties. This reduction in particle size is critical for the 
formation of starch-based nano-capsules or beads and for 
achieving nanoscale dimensions. Additionally, 
ultrasonication promotes uniform dispersion of starch 
molecules, preventing aggregation and ensuring the 
production of homogeneous and stable nano-capsules. After 
sonication, the starch suspension was stored at 4°C for 24 
hours. High-intensity ultrasonication is widely used in 
processes such as emulsification, dispersion, and particle 
size reduction (Shoukat at el., 2024). Notably, 
ultrasonication has minimal impact on the polymorphic 
structure of starch (Sandhya et al., 2021). Although 
significant changes in X-ray diffraction patterns and 
crystallinity are not typically observed, a decrease in the 
enthalpy of gelatinized maize starch has been reported. This 
is attributed to the partial breakdown of the starch's double-
helical structure. A reduction in viscosity of gelatinized 
starch solutions following ultrasonication has also been 
documented (Hassainia et al., 2018). 

 

Centrifugation and lyophilization: The refrigerated 

starch suspension was transferred into 15 mL Falcon tubes 

and centrifuged at 350 rpm. Centrifugation is a widely used 

technique in various disciplines such as pharmacy, 

biochemistry, and medicine to separate components within 

a mixture. It operates by applying a centrifugal force that 

enables the separation of substances based on their size, 

shape, or density. Samples that do not settle under standard 

conditions may be subjected to increased centrifugal force 

to accelerate sedimentation. This process plays a crucial 

role in the isolation of biomolecules from complex 

mixtures (Olatunde, 2024). Following centrifugation, the 

supernatant was removed, and the pellet was subjected to 

lyophilization (freeze-drying). In this process, the sample 

was initially frozen, after which the surrounding pressure 

was reduced to enable the sublimation of water directly 

from the solid (ice) to the gaseous phase. This technique 

ensures the removal of moisture while preserving the 

structural and functional integrity of the sample. One of the 

main challenges in solvent extraction and drying is to retain 

the physicochemical properties of the original material 

while maximizing product recovery (Shoukat at el., 2024; 

Paredes et al., 2016). After lyophilization, the dried starch 
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was transferred to sterile Petri plates and left at room 

temperature for an additional 24 hours to ensure complete 

drying. The resulting solid was then ground into a fine 

powder using a sterile mortar and pestle. This powdered 

form facilitates further characterization and application.  

 

Encapsulation of Bacillus subtilis in starch beads or 

capsules: A 2% (w/v) starch solution was prepared using 

lyophilized starch powder. To begin, 100 mL of distilled 

water was added to a beaker and heated on a hot plate. The 

beaker was covered with aluminum foil to maintain sterility, 

and a thermometer was inserted through a small opening to 

monitor the temperature. The temperature was maintained at 

75°C and carefully monitored to ensure it did not exceed 

80°C, as starch begins to lose its functional properties 

beyond this threshold. Once the solution reached 75°C, the 

hot plate was turned off, and 2 g of lyophilized starch powder 

was gradually added to the heated water in small raises with 

continuous stirring using a magnetic stirrer to prevent lump 

formation. After the starch had fully dissolved, 5 µL of 

nutrient broth containing Bacillus subtilis was added to the 

solution to initiate encapsulation within the starch matrix 

(Shoukat at el., 2024) The solution was maintained at a 

pourable consistency to ensure proper bead formation. To 

enhance bead stability and provide binding capacity, 2 g of 

sodium alginate was added to the mixture and stirred 

continuously until fully dissolved. Separately, a 3% (w/v) 

calcium chloride (CaCl₂) solution was prepared and poured 

into a sterile Petri plate. Using a sterile pipette, the starch-

alginate Bacillus subtilis mixture was dropped into the CaCl₂ 

solution, allowing bead formation via ionic gelation. The 

Petri plate was then placed in a freezer at −20°C for 24 hours 

to solidify the beads. After incubation, the beads were 

carefully collected from the CaCl₂ solution and soaked in 

fresh nutrient broth containing Bacillus subtilis for 1 hour 

under gentle shaking to promote bacterial enrichment. 

Following this, the nutrient broth was discarded, and the 

beads were harvested and stored in sterile Eppendorf tubes. 

For antifungal activity assessment, the beads were dissolved 

in dimethyl sulfoxide (DMSO) and tested as described by 

(Akalin & Pulat, 2020). 

 

Characterization of sonicated nanoparticles: The 

morphological characteristics of the ultrasonically 

produced starch nanoparticles were described. Using a 

scanning electron microscope (Emcraft cube series, Korea) 

at the Department of Physics (Government College 

University, Faisalabad), electron micrographs of the starch 

nanoparticles' surface morphology were examined. SEM 

was performed in a low vacuum field maintained at 8 kV 

with a working distance of 12.33 mm. Every scan was 

carried out three times. With certain modifications, the 

analysis was carried out using Atraki and Azizkhani's 

methods (Atraki & Azizkhani, 2021). 

 

Encapsulation efficiency: With some slight 

modifications, the method of (Afzaal et al., 2020). was 

used to evaluate the Bacillus subtilis-loaded microbeads' 

encapsulation efficiency (EE%). A stomacher was used to 

separate the encapsulated Bacillus subtilis from the 

phosphate buffer solution (Seward, UK). After centrifuging 

the resulting solution, an Eppendorf Bio Spectrometer® 

basic (Germany) was used to determine the absorbance of 

the supernatant spectrophotometrically at 306 nm. The 

following formula was used to calculate the EE percentage: 
 

EE% is (N/No) x 100 
 

EE% is (N/No) x 100  (1) 

 

Here, N is the number of remaining embedded cells that 

were eliminated, and No is the starting number of free cells 

that were added. 
 

Size of particles and zeta potential: The electrical 

potential difference between nanoparticles and their 

surrounding medium was measured using zeta potential. 

The particle size and zeta potential of Bacillus subtilis-

loaded microbeads were determined using Ahmad and 

Gani's methodology (Ahmad & Gani 2021). To completely 

disperse the particles, 0.02% (w/v) of the sample was 

sonicated in Milli-Q water at 40 kHz for a few minutes in 

a sonication bath before measurement. The cuvette was 

then filled with a 3 ml sample, and a zeta sizer was used to 

take the measurement. Before measurement, For the whole 

night, these 0.02% (w/v) samples were left to settle in KCl 

(0.10 mM) at a pH approximately neutral. The units used 

to measure size, and zeta potential were nm and mV, 

respectively. To determine the mean value, the 

measurement was made three times. 
 

Scanning electron microscopy (SEM): The dried powder 

that is obtained after lyophilization was subjected to 

scanning electron microscopy (SEM) to analyze the 

morphology, particle size and crystallinity of the starch 

particles. In this method, an electron beam originating from 

a particular source such as tungsten strikes on the surface 

of the specimen for visualization. The electrons are 

affected by the electromagnetic field produced by lenses, 

compelling the electron beam to interact with the surface 

of the specimen. Consequently, the electrons undergo 

diffraction in various orientations and produce multiple 

signals that are capable of being visualized on a display or 

screen. The average size determined through Scanning 

Electron Microscopy (SEM) is similar to the outcomes 

achieved through dynamic light scattering (Paredes et al., 

2016). The samples were then automatically analyzed 

using computer software. 
 

X-ray diffraction: The XRD analysis was executed on 

powders of pure wall materials. The crystallinity and particle 

size were analyzed using an X-ray diffractometer (XRD). 

Diffraction arises from the scattering of light by a periodic 

array characterized by long order, leading to the occurrence 

of constructive interference at specific angular orientations. 

The atoms constituting a crystalline structure are positioned 

in a repeating pattern, hence enabling the phenomenon of 

light diffraction. X-ray wavelengths permit resemblance to 

the interatomic distances, a feature utilized in X-ray 

Diffraction methodologies to find crystalline properties of 

various materials. The interaction of X-rays with atoms 

results in the generation of a diffraction pattern that encodes 

details about the atomic configuration within the crystal 
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lattice. In contrast, amorphous substances such as glass lack 

the presence of a periodic array with long-range order, 

thereby precluding the emergence of prominent peaks in the 

diffraction pattern (Chauhan & Chauhan, 2014). 

 

FTIR analysis: Fourier-transform infrared (FTIR) 

spectroscopy was conducted to confirm the encapsulation 

of Bacillus subtilis into starch beads. For the 

identification of functional of characteristic functional 

groups present in both the maize starch matrix and the 

bacterial components. To assess the structural integrity of 

the starch beads after encapsulation, the dried samples 

were ground with KBr pellets and pressed into a mold. 

The infrared spectra were measured in the wavelength 

range of 4000–5000 cm-1 at a resolution of 4 cm-1 using 

a Perkin Elmer FTIR spectrophotometer. Antifungal 

activities of the produced fungicides were screened by 

using the agar well diffusion method. One ml of spore 

(adjusted to 106 spores’ ml-1) of freshly prepared fungal 

pathogens was inoculated into each plate containing 25 

ml of agar medium. Freeze-dried fungicides were 

dispersed by ultra-sonication in deionized water. Samples 

were withdrawn to elucidate the effect of antifungal 

compounds on fungal growth (McMullan et al., 2023). 

 

Antifungal activity: Antifungal activity of starch capsules 

or beads against Fusarium oxysporum, Aspergillus flavus, 

Aspergillus niger, Alternaria solani, Botrytis cinerea, and 

Verticillium dahliae was performed with the same well 

diffusion method. In antifungal activity, only two wells were 

made one is loaded with samples other one is blank. The 

nutrient media used in antifungal activity is potato dextrose 

agar media (PDA) media. PDA media was collected from 

the Plant Microbe Integration Lab, Department of Botany, 

Government College University Faisalabad. Plates were 

placed in an incubator at 37℃ temperatures for 72 hours. 

After 72 hours inhibition zones (around the well where there 

is no growth of fungi and bacteria) were measured with the 

help of scale. By evaluating the antibacterial and antifungal 

activities, it is ensured that the bacteria remain viable and 

effective against targeted pathogens after encapsulation. 

These activities were assessed to verify that the 

encapsulation process has not adversely affected the 

bacterial efficacy and prove that the starch beads or capsules 

provide a suitable environment for sustained bacterial 

activity (Kleindorfer et al., 2021). 

 

Results and Discussion 

 

Characterization of sonicated nanoparticles: Scanning 

Electron Microscopy (SEM), a powerful analytical 

technique capable of producing high-resolution, high-

magnification images, was employed to examine the 

morphological characteristics of the sonicated starch 

nanoparticles. The resulting micrographs are presented in 

Fig. 1. The morphology of the nanoparticles exhibited 

features characteristic of nano-beads synthesized via 

ultrasonication, as reported in recent studies. The SEM 

images revealed that the starch nano-beads had relatively 

smooth surfaces and predominantly round or oval shapes. 

These observations are consistent with the findings of 

(Ashwar et al., 2014), who reported that rice starch 

nanoparticles exhibited spherical shapes with uniform 

surface patterns. Similarly, in the current study, some starch 

nanoparticles displayed regular geometric features, although 

variations such as oval or slightly irregular forms were also 

observed. These morphological inconsistencies may be 

attributed to the ultrasonication process, which can cause 

deformation of starch granules, leading to the formation of 

aggregates or tracheid-like structures. As reported by 

Ahmed, (Ahmad et al., 2019), the presence of small, 

dispersed granules within the nanoparticle matrix is a 

common feature of sonicated starch. Furthermore, the high 

density of hydroxyl groups on the starch surface promotes 

intermolecular interactions, contributing to nanoparticle 

agglomeration (Nichols et al., 2022). This tendency toward 

aggregation results in variability in particle size and shape, 

which can complicate accurate morphological analysis by 

SEM and lead to a lack of consistent patterning (Robson et 

al., 2022). (Dong et al., 2022) noted similar issues in their 

nanoprecipitation-based study of four starch types, which 

also produced unstable colloidal dispersions prone to 

aggregation. These findings highlight the inherent instability 

of starch nanoparticles and the challenges associated with 

maintaining uniform morphology. 

 

Encapsulation efficiency: Sonicated starch nanoparticles 

were utilized to synthesize microbeads encapsulating Bacillus 

subtilis. The encapsulation efficiency was calculated using 

Equation (1), as described earlier. After encapsulation, the 

viable cell counts of Bacillus subtilis decreased from an initial 

value of 10.62 log CFU/mL to 9.05 log CFU/mL. A statistical 

analysis yielded a p-value of 0.03, indicating that the observed 

difference in mean values was statistically significant. Table 1 

presents the calculated encapsulation efficiency and highlights 

its influence on the viability of Bacillus subtilis during the 

final stage of encapsulation. The inclusion of sodium alginate 

alongside starch provided enhanced mechanical strength and 

facilitated effective crosslinking, thereby improving the 

encapsulation of Bacillus subtilis. In a previous study, Bacillus 

subtilis encapsulated in horse chestnut starch nanoparticles 

exhibited an encapsulation efficiency of 89.11% (Klionsky et 

al., 2021). The results of the present study, which involved 

encapsulating Bacillus subtilis isolated from camel milk in 

starch-based nanobeads, showed a comparable encapsulation 

efficiency of 78.00%. These findings align with previous 

research, demonstrating the effectiveness of starch-based 

nanoparticles in probiotic delivery systems. 

 

Table 1. Particle size, Zeta potential, and Encapsulation efficiency of starch nanoparticles  

with and without Bacillus subtilis. 

No of treatments Particle size Zeta potential 
Encapsulation efficiency 

(%) 

Starch Nano particles without bacteria 4.62 ± 2.02 −18.32 ± 4.10 – 

Starch Nano particles with bacteria 5.89 ± 2.03 −20.25 ± 2.02 78.00 ± 4.00 
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Fig. 1. SEM-based morphological representation of starch 

nanoparticles. 

 

 
 

 
 

Fig. 2. Characterization with scanning electron microscopy a) and 

b) At the magnification of 3um and 1um. 
 

Zeta size and potential: The particle size of polymer-based 

nanoparticles plays a crucial role in determining structure–

activity interactions and must be accurately monitored to 

avoid errors arising from incomplete substrate dissolution, 

size correction artifacts, or aggregation during shearing and 

separation (Le Quéré et al., 2016). Table 1 summarizes the 

average particle sizes of the microbeads with and without 

Bacillus subtilis encapsulation. The average particle diameter 

was 5.82 μm for Bacillus subtilis-loaded microbeads and 

4.62 μm for those without the probiotic. The increase in size 

upon encapsulation suggests the successful incorporation of 

Bacillus subtilis within the starch nanoparticle matrix. This 

result is consistent with previous findings demonstrating that 

an increase in particle size is indicative of effective microbial 

encapsulation (Atraki & Azizkhani, 2021). Xiao et al., 

reported that rice starch nanoparticles exhibited sizes around 

200 nm, significantly smaller than those produced in the 

current study. This discrepancy can be attributed to differences 

in starch origin and processing method. The ultrasonication 

treatment used in this study effectively broke down the 

amylopectin structure, contributing to the observed reduction 

in base particle size prior to encapsulation (Sun et al., 2009) 

encapsulated Bacillus subtilis using a pectin–alginate matrix 

and observed microbead sizes around 5.89 μm, which is 

comparable to the sizes obtained in this study. Similarly, 

(Zubair & Bandyopadhyay, 2023) reported that taro starch 

microbeads exhibited diameters of 4.62 μm without Bacillus 

subtilis and 5.82 μm with encapsulation—values that align 

closely with our findings. Regarding surface charge, zeta 

potential measurements indicated a significant difference 

between the two formulations. As shown in Table 1, the zeta 

potential of Bacillus subtilis-loaded microbeads was 

−20.25 mV, whereas that of unloaded microbeads was 

−18.32 mV. A higher negative zeta potential enhances 

electrostatic repulsion and reduces Van der Waals interactions 

between particles, contributing to colloidal stability 

(Masoudipour et al., 2017). The increased surface charge in 

the loaded beads is likely due to the surface properties of 

Bacillus subtilis, which interact with the starch matrix and 

alter surface chemistry. Although a zeta potential greater than 

±25 mV is generally considered optimal for nanoparticle 

stability, encapsulation matrices such as starch and sodium 

alginate can provide additional physical barriers that prevent 

aggregation, even at slightly lower zeta potential values. 

Ahmad et al., reported that water chestnut starch nanoparticles 

loaded with Bacillus subtilis had a zeta potential of 

−20.00 mV, closely matching the value observed in this study. 

The negative surface charge prevents recombination of 

particles, thereby enhancing nanoparticle dispersion and long-

term stability. Overall, the observed changes in particle size 

and zeta potential confirm the successful encapsulation of 

Bacillus subtilis within starch-based Nano carriers. The 

slightly reduced zeta potential in the presence of the probiotic 

reflects surface modifications due to bacterial integration. 

Notably, the method used in this study produced microbeads 

with a more negative surface charge than those formed using 

nanofiber electrospun carriers (Atraki & Azizkhani, 2021), 

suggesting that ultrasonication-assisted encapsulation may 

offer superior colloidal stability. 
 

Scanning electron microscopy (SEM): Scanning Electron 
Microscopy (SEM), a high-resolution imaging technique 
widely used to investigate surface morphology, was employed 
to examine the structural characteristics of microbeads. The 
SEM images are presented in Fig. 1. Starch nanoparticles 
without Bacillus subtilis exhibited smooth cubic and tubular 
structures. As shown in Fig. 2, micrographs of beads with and 
without Bacillus subtilis did not display any visually distinct 
differences in surface morphology. This observation aligns 
with the findings of (Yadav et al., 2022), who also reported no 
visible presence of Bacillus subtilis on the surface of the 
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encapsulation matrices in SEM images. This is likely due to 
the limitations of SEM, which only reveals surface features 
and cannot detect bacteria embedded within the matrix 
(Martin et al., 2023). Despite the overall smooth morphology, 
some regions of the micrographs showed granular structures 
with void spaces between them, suggesting a gel-like network. 
The Bacillus subtilis-loaded microbeads exhibited 
predominantly oval or round shapes with smooth and porous 
surfaces. Some particles displayed polygonal grains with 
smooth edges on one side and ridges or surface irregularities 
on the other. The SEM analysis of starch nanoparticles 
encapsulating Bacillus subtilis revealed symmetrical 
structures and circular forms, consistent with the findings of 
(Atraki & Azizkhani, 2021), who described probiotic-loaded 
starch granules as smooth and spherical in appearance. 
Similarly, (Noman et al., 2023) characterized Bacillus subtilis 
encapsulated in starch-based matrices as having round, 
uniform surfaces. Ahmad et al., (2019) reported that 
encapsulated probiotics within starch nanoparticles appear as 
granular or oval forms. However, in the present study, the 
encapsulated Bacillus subtilis was not clearly visible in the 
SEM images, likely due to its entrapment within the internal 
matrix. This is consistent with earlier work by (Fareez et al., 
2015), who demonstrated that Bacillus subtilis encapsulated 
in alginate-xanthan beads was not visible on the surface, 
indicating successful internal entrapment. Overall, the SEM 
results confirmed the formation of well-structured microbeads 
with smooth surfaces and consistent morphology. The internal 
encapsulation of Bacillus subtilis was supported by the 
absence of bacterial structures on the outer surface, 
highlighting the efficiency of the encapsulation method. 
 

FTIR analysis: Fourier Transform Infrared (FTIR) 
spectroscopy was employed to investigate the interactions 
between Bacillus subtilis and starch nanobeads produced 
through sonication. The FTIR technique provides valuable 
information about the absorption and transmission of 
infrared light by materials, allowing the identification of 
both inorganic and organic components. This is achieved 
through the characteristic absorption frequencies of different 
molecular groups, typically ranging from 600 to 4000 cm⁻¹. 
FTIR spectra of the Bacillus subtilis-loaded starch 
nanobeads revealed prominent peaks at 3221.58 cm⁻¹ and 
2946.47 cm⁻¹, corresponding to the stretching vibrations of 
the O–H group in carboxylic acids. A peak at 2168.94 cm⁻¹ 
was attributed to the C–N stretching of amine groups. 
Additionally, the amide group (N–H) was represented by 
peaks at 1606.38 cm⁻¹ and 1422.90 cm⁻¹. Other significant 
peaks included 1352.84 cm⁻¹ (phenolic O–H stretch), 
1181.73 cm⁻¹ (C–O stretching in aliphatic ethers), 1022.49 
cm⁻¹ (C–O stretching in alcohols), and 825.99 cm⁻¹ (C–H 
wagging vibration). For the starch nanoparticles without 
Bacillus subtilis, FTIR spectra displayed peaks at 3217.74 
cm⁻¹ and 2945.44 cm⁻¹, corresponding to carboxylic acid 
(O–H) groups. A distinct peak at 2006.53 cm⁻¹ was observed 
for C=C conjugation, and additional peaks at 826.07 cm⁻¹ 
and 592.94 cm⁻¹ were assigned to halo compounds (Fig. 3). 
The FTIR spectrum of the Bacillus subtilis-encapsulated 
nanobeads indicates the presence of various functional 
groups, suggesting the involvement of carboxylic acids, 
esters, fatty acids, triterpenoids, amines, amides, and other 
secondary metabolites from the encapsulated bacteria. 
Furthermore, the spectra provide insights into the capping 
and reduction effects of bacterial extracts on the 
nanoparticles, as evidenced by the functional groups present. 

XRD analysis: In order to analyze the properties of 
microcapsules made from nanoparticles, crystallinity is an 
important consideration. Crystalline parts may act as a 
barrier to shield Bacillus subtilis from damaging 
environmental variables such as moisture, heat, and 
enzyme degradation (Le Quéré et al., 2016). Bacillus 
subtilis must have a controlled release; a higher 
crystallinity results in slow rate of breakdown for a more 
tenacious release. Early Bacillus subtilis release may result 
from amorphous regions' increased susceptibility to water 
absorption and rapid rate of breakdown. Consequently, 
there must be a balance between crystalline and amorphous 
components for nano and microscale capsule optimization 
(Feng et al., 2021). XRD can be used to describe 
nanoparticles of any size, as shown in Fig. 4, which shows 
changes in the locations of the diffraction peaks. 
Depending on the size and shape of the nanoparticle, 
conclusions can be made about the cellular characteristic 
factors and the crystal sections with an amorphous 
structure. XRD can also be used to investigate the creation 
of crystal structures as well as their chemical and physical 
characteristics. XRD analysis was performed to determine 
the crystallinity exerted from the structure of Bacillus 
subtilis-loaded microbeads in starch nanoparticles. The 
Bacillus subtilis-loaded microbeads' crystallinity points 
were shown by sharp peaks. Peak dispersion underneath 
amorphous humps also showed that certain areas had lost 
their crystallinity. The starch nanoparticle arrangements 
have been shown by the strong crystallinity peaks. The 
physical appearance of the amorphous structure matched 
the Bacillus subtilis incorporation. The combination of 
crystalline and amorphous regions caused the peaks to 
seem disorganized (Hassainia et al., 2018). 

The findings of this study indicated that the size of 
sonicated starch nanoparticles in Bacillus subtilis-loaded 
microbeads influenced their transmissibility. The process 
of ultrasonication used for the production of starch 
nanoparticles, along with the encapsulation technique 
employed to create the microbead structures, altered the 
natural starch structure by breaking down the starch 
crystals in the granules. The FTIR spectrum of the starch 
nanoparticles showed characteristic peaks that reflected 
changes in the O–H and C–H bonds due to the 
encapsulation of Bacillus subtilis, resulting in an expanded 
vibration in comparison to the free Bacillus subtilis cells. 
Moreover, the presence of lipids and Pediococcus 
acidolactici was indicated by an influential band at 1748 
cm⁻¹, which was attributed to C–O vibrations (Ahmad et 
al., 2019). Additionally, the starch nanoparticles, derived 
from rice and water chestnut, displayed structural 
characteristics such as hydrogen bonding and electrostatic 
forces. The highest absorption peak was observed at 3289 
cm⁻¹, corresponding to the O–H stretch, which is consistent 
with previous findings by (Noman et al., 2023). The 
current study's results were in agreement with earlier 
research by (Remanan & Zhu, 2021) and (Shahzad et al., 
2021), as evidenced by absorption bands at 997 cm⁻¹, 
associated with the stretching of C–O–H, C–O, and C–O–
C bonds, which are characteristic of encapsulated rutin in 
maize starch nanoparticles. The formation of hydrogen 
bonds between amide and carboxyl groups, indicated by 
the broadening of O–H stretching peaks between 3200 and 
3700 cm⁻¹, was also observed, consistent with findings 
from a study on Bacillus subtilis encapsulation using zein 
and pectin (Gopalakrishnan et al., 2018). 
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Fig. 3. FTIR analysis graph (a) with and (b) without Bacillus subtilis. 

 

 
 

Fig. 1. XRD pattern of synthesized starch beads or capsule. 
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Table 2 Antifungal activities of the starch with and without Bacillus subtilis 

Pathogen 

Starch nanobeads with Bacillus subtilis Standard antifungal drug (Nystatin) 

Disc diffusion or Inhibition 

zone (mm) with S.D  

(X ±S.D) 

Minimal fungicidal 

concentration (MFC) 

(mg mL−1) 

Disc diffusion or 

Inhibition zone (mm) 

with S.D (X ±S.D) 

Minimal inhibitory 

concentration (MIC) 

(ug mL−1) 

Fusarium oxysporum 39.03 ± 0.34 0.7 20. 11 ± 0.41 50 

Fusarium graminearum 29.51 ± 0.9 1.00 15.02 ± 0.02 32 

Fusarium culmorum  52.47 ± 0.03 0.53 29.32 ± 0.72 64 

Aspergillus flavus  22.36 ± 0.81 0.52 11.23 ± 0.04 71 

Alternaria solani 30.31 ± 0.02 0.40 14.81 ± 0.76 128 

Botrytis cinerea 41.12 ± 0.21 0.61 19.72 ± 0.91 nil 

Verticillium dahliae 24.25 ±0.92 0.43 15.11 ± 0.24 130 

Cladosporium cucumerinum 21.41 ± 0.52 0.32 14.22 ± 0.71 128 

 

Antifungal activity: Antifungal activity of starch beads 

or capsules containing Bacillus subtilis against Fusarium 

oxysporum, Fusarium graminearum, Aspergillus flavus, 

Alternaria solani, Botrytis cinerea, Verticllium dahlia, 

and cladosporium cucumirinum was analyzed using a 

disc diffusion method. A clear inhibition zone was 

observed that indicates the significant antifungal effect 

of the sample. Table 2 indicates an inhibition zone of 

different diameters.  

Antifungal activity of nanobeads with and without 

Bacillus subtilis was tested on different types of fungus 

pathogens through disc diffusion method. Starch 

nanoparticles are potential antibacterial agents and their 

efficiency enhanced through the encapsulation of 

Bacillus subtilis, similarly the present work revealed the 

higher antifungal activities of starch nanoparticles 

encapsulated with Bacillus subtilis than starch 

nanoparticles without Bacillus subtilis as indicated by 

MIC and DD. The MIC of starch nanobeads encapsulated 

with Bacillus subtilis was 0.7 mg mL−1 for Fusarium 

oxysporum, 1 mg mL−1 for Fusarium graminearum, 0.5 

mg mL−1 for Fusarium culmorum, 0.5 mg mL−1 for 

Aspergillus flavus, 0.4 mg mL−1 for Alternaria solani, 

0.5 mg mL−1 for Botrytis cinerea, 0.4 mg mL−1 for 

Verticillium dahlia, and 0.4 mg mL−1 for Cladosporium 

cucumerinum (Table 2). The primary well diffusion assay 

revealed significant antifungal activity of starch 

nanobeads encapsulated with Bacillus subtilis against all 

the tested fungus pathogens. In general, plant-associated 

bacteria are more likely to compete with soil-borne 

diseases, such Fusarium, that infect plants through 

mycelia contact (Fira et al., 2018). Bacon et al., claimed 

that because Bacillus subtilis and Fusarium spp., share 

an ecological niche based on competitive exclusion, 

Bacillus subtilis may be able to prevent Fusarium spp., 

infection in maize plants. Proteases and chitinases are 

examples of lytic enzymes that exhibit direct antifungal 

effects by breaking down fungal cell walls and 

preventing fungal growth In vitro (Ramyabharathi & 

Raguchander, 2014). from a theoretical standpoint 

agriculture utilizes biofertilizers to enhance plant growth 

and encapsulated nano fungicides in animal feed to 

enhance health and growth (Sowmeya & Sathiavelu, 

2024). However, the antifungal activity might be varied 

based on the interaction of bacterial enzyme with starch 

nanoparticles. Therefore, this work opens the new door 

for further study to find out the interaction between 

encapsulated nanoparticles and different pathogens.  

Conclusion  

 

The present study successfully enhanced the antifungal 

activity of Bacillus subtilis by encapsulating it in starch. 

Bacillus subtilis molecules were used as a capping agent to 

effectively produce nanoparticles (NPs) both with and 

without encapsulation, as confirmed by FTIR analysis. X-

ray diffraction (XRD) analysis exhibited distinct crystalline 

peaks at 11.19◦, 16.68◦, 22.25◦, 29.48◦, 36.01◦, 47.26◦, 

56.35◦, 62.57◦, and 67.65◦ in the Bacillus subtilis-loaded 

microbeads, ensuring the Bacillus subtilis and starch 

interactions for stable crystalline structure formation. XRD 

and SEM analyses revealed the polydisperse, spherical, and 

crystalline nature of both encapsulated starch nanoparticles. 

These findings were further supported by Fourier transform 

infrared (FTIR) spectroscopy by depicting characteristic 

peaks like 3221.58 cm− 1 (N–H stretching), 2946.47 cm− 1 

(C–H stretching), and 1606.38 cm− 1 (C– –C stretching), 

ensuring the probiotic presence by functional groups within 

the starch matrix. These FTIR and XRD analyses provide 

detailed insight into the molecular interactions between 

Bacillus subtilis and starch. Additionally, the presence of a 

coating around the nanoparticles confirmed the successful 

starch encapsulation. Zeta potential analysis indicated 

significant differences in nanoparticle sizes, with the 

encapsulated particles being larger than those without 

encapsulation, as observed by SEM. Furthermore, the cell 

toxicity test results demonstrated that starch encapsulation 

reduced the toxicity of the cells. Overall, this study 

highlights the effectiveness of starch encapsulation in 

enhancing the antimicrobial activity of NPs against fungal 

pathogens. To further improve nanoscale interactions 

between Bacillus subtilis and starch, future research should 

focus on refining the encapsulation process and exploring 

additional characterization methods. 
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