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Abstract

The imperative to feed a growing global population has intensified reliance on synthetic agrochemicals,
precipitating severe soil degradation and pest resistance. Nanobiopesticides represent a paradigm shift,
utilizing nanotechnology to enhance the efficacy of biological control agents.This review critically
examines the development of a specific nanocarrier system: chitosan-coated niosomes loaded with
Bacillus subtilis lipopeptides (surfactin, iturin, and fengycin). It bridges the gap between microbiological
efficacy and colloidal chemistry.

Studies were selected based on relevance to niosome formulation, chitosan surface modification, and
lipopeptide bioactivity. The review identifies that while Bacillus lipopeptides are potent, they suffer from
environmental instability. Niosomes offer a cost-effective, chemically stable alternative to liposomes for
encapsulation. Surface engineering with chitosan significantly enhances mucoadhesion, UV protection,
and enables pH-responsive release.The integration of stimuli-responsive mechanisms (enzyme-triggered
release) and Al-driven precision agriculture utilizing these nanocarriers constitutes the next frontier in
sustainable farming.

Keywords: Nanobiopesticides, Bacillus subtilis, Lipopeptides, Chitosan, Niosomes, Sustainable
Agriculture, Smart Delivery Systems.

Introduction

Global Problem Statement

The global agricultural sector faces a paradoxical challenge: boosting food production by 70% by 2050
while mitigating the catastrophic environmental footprint of conventional farming.' Synthetic pesticides,
characterized by low efficiency (<0.1% reaches the target), have contaminated water tables and
destabilized soil microbiomes.” The indiscriminate use of these chemicals has accelerated the evolution of
resistant pest populations, necessitating higher dosages and creating a vicious cycle of chemical
dependency.*

Importance of the Topic

Biopesticides derived from Bacillus subtilis offer a sustainable alternative. This bacterium produces cyclic
lipopeptides (CLPs)—surfactin, iturin, and fengycin—which exhibit broad-spectrum antimicrobial
activity and induce systemic resistance in plants.* However, their application is hindered by inherent
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limitations: sensitivity to UV radiation, poor solubility, and rapid degradation in field conditions.’

Why This Review is Needed

Current literature often addresses Bacillus metabolites and nanotechnology in isolation. There is a lack of
comprehensive reviews integrating the biochemical potential of CLPs with the engineering principles of
chitosan-coated niosomes. This review synthesizes data on formulation parameters, release kinetics, and
techno-economic feasibility to propose a viable path for commercialization.

Objectives

1. To evaluate the physicochemical advantages of niosomes over liposomes for agricultural applications.
2. To analyze the mechanism and benefits of chitosan coating for controlled release and leaf retention.
3. To assess the regulatory landscape and economic viability of this nanobiopesticide.

Core Review Sections

Conceptual Background

Bacillus subtilis Lipopeptides

The bioactive core of the proposed formulation consists of Cyclic Lipopeptides (CLPs). These amphiphilic

molecules feature a cyclic peptide head linked to a fatty acid tail.7

e Surfactin: Potent biosurfactant 13 to 15 Carbon atoms. ; destabilizes membranes and inhibits biofilm
formation.*

e Iturin: Strong antifungal agent 14 to 17 carbon atoms; forms ion-conducting pores in fungal
membranes.*

e Fengycin: Targets filamentous fungi 15 to 17 carbon atoms; causes structural collapse of the lipid
bilayer.*

Niosomes: The Vesicular Carrier

Niosomes are microscopic lamellar structures formed by the self-assembly of non-ionic surfactants (e.g.,

Span 60, Tween 80) and cholesterol.10 Unlike liposomes, which are made of phospholipids, niosomes are

chemically stable and resistant to oxidation.'’

Current Developments in Formulation

Surfactant Selection

Recent studies highlight Span 60 as the optimal surfactant due to its high phase transition temperature and
appropriate Hydrophilic-Lipophilic Balance (HLB), which favors the formation of stable, leak-resistant
vesicles. The inclusion of cholesterol at a 1:1 molar ratio is critical for cementing the bilayer and
preventing leakage.

Chitosan Surface Coating

Chitosan, a cationic polysaccharide, interacts electrostatically with the negatively charged niosome

surface.12 This "core-shell" structure provides:

e Zeta Potential Reversal: Shifts surface charge from -40 mV to +30 mV, enhancing stability.'?

e Mucoadhesion: The positive charge facilitates binding to negatively charged plant leaves and pest
membranes. '’

e Size Increase: Coating typically increases particle size from approximately 150 nm to 250-300 nm,
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improving payload capacity.'’

Table 1: Key Formulation Parameters from Recent Studies

Component | Optimal Parameter Function Reference
Surfactant Span 60 (HLB 4.7) Forms stable bilayer; high entrapment | '’
efficiency.
Stabilizer Cholesterol (1:1 ratio) Prevents leakage; rigidifies membrane. 20
Coating Chitosan (0.1% - 0.5% | Provides mucoadhesion; controls release. 21
w/V)
Solvent Acetic Acid (pH 4-5) Solubilizes chitosan for coating. 12
Method Thin Film Hydration Simple; reproducible; high yield. 22

Comparative Analysis

Niosomes vs. Liposomes

While liposomes are the gold standard in medicine, they are ill-suited for agriculture due to cost and
instability.

Feature Liposomes Niosomes (Non-ionic | Agricultural
(Phospholipids) Surfactants) Implication
Cost High (expensive | Low  (cheap commodity | Niosomes are
precursors) chemicals) economically
viable for large-
scale use.'’
Stability Low High (chemically stable) Niosomes have
(oxidation/hydrolysis) longer shelf-life
without cold
chain.”*
Storage Requires 4°C  or | Stable at room temp Niosomes reduce
freezing logistical
burdens.'!
Toxicity Biocompatible Biocompatible/Biodegradable | Both are safe, but
niosomes
degrade slower in
soil.”¢
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Encapsulated vs. Free Lipopeptides

Free lipopeptides degrade rapidly under UV light and high temperatures. Encapsulation in chitosan-coated
niosomes extends their half-life significantly. Studies show that encapsulated formulations retain >80%
efficacy after 14 days, whereas free lipopeptides lose activity within 48 hours.?’

Applications

Disease Control

The formulation has demonstrated high efficacy against necrotrophic fungi. The dual mechanism involves

the direct pore-forming activity of the lipopeptides and the disruption of fungal cell walls by the chitosan

shell.”’

o Case Study: Treatment of Fusarium solani in tomato plants showed 100% reduction in disease
symptoms using Bacillus lipopeptides, comparable to commercial fungicides.”

e Case Study: Chitosan-coated systems showed enhanced efficacy against Botrytis cinerea (grey mould)
on strawberries due to improved retention on the fruit surface.>’

Smart Delivery Systems

Recent advances (2024-2025) focus on stimuli-responsive release.

e Enzyme-Triggered: Niosomes can be engineered to degrade only in the presence of specific fungal
enzymes (e.g., pectinases), releasing the payload exactly when infection occurs.

e pH-Triggered: The chitosan shell swells in acidic environments (characteristic of some fungal
infections), triggering release.'?

Limitations and Challenges

Regulatory Hurdles

The regulatory framework for nanopesticides is fragmented.

e EU: Stringent regulations (REACH, Regulation 2018/1881) require specific risk assessments for
"nanoforms," creating high barriers to entry.’

e USA: Regulated under FIFRA; while there is no specific "nano-act," the EPA requires extensive data
on exposure and safety.’

Scalability

Transitioning from laboratory methods (Thin Film Hydration) to industrial production (Microfluidics or

High-Pressure Homogenization) remains a challenge. While microfluidics offers precise control, high

throughput production at low cost is difficult to achieve.22

Tables & Figures

Blo-Adhesion to Plant Leaf

Chitosan Coating

Chitozan

(Catianic Polymer ) Floctrostatic Interaction

Niosomal Bilayer — Chitosan

(Cationic Polymer)
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Fengyoin
(Hydrophobic Lipopeptide)

Figure 1: Schematic representation of the Chitosan-coated mosomal system. The design featurem a hydrophilic come
loaded with Surfactn/iturin and a hwdrophobuc bilayer entrapping Fengycin. The external Chitosan coating provized
seta-potential roversal (cationic charge) to facilitate mucoasdhesion to negatively charged plant leaf surfaces.
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Figure 2: Release Kinetics Profile
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e Curve A (Free Lipopeptide): Shows 100% cumulative release within the first 2 hours, representing
a rapid burst.

e Curve B (Uncoated Niosome): Depicts a release of approximately 60% within 4 hours, after which
the release plateaus.

e Curve C (Chitosan-Coated): Starts with a 20% initial burst (shock dose) and then demonstrates a
sustained, approximately zero-order (linear) release over 7 days, reaching around 90% by the end of
the period.

Future Perspectives

Integration with Precision Agriculture .The next generation of nanobiopesticides will integrate with Al
and drone technology. Niosomes could be loaded with tracers that allow drones to detect coverage and
pest pressure in real-time."All-Organic" SystemsFuture research should focus on replacing synthetic
surfactants (Spans/Tweens) with fully bio-based biosurfactants (e.g., sophorolipids) to create a 100%
renewable "all-organic" delivery system, further minimizing environmental impact. Long-term Soil
ToxicityThere is a gap in longitudinal studies regarding the fate of niosomes in soil. While components
are biodegradable, the long-term impact of chronic nanoscale exposure on soil microbiomes needs
rigorous assessment.

Conclusion

The chitosan-coated niosomal encapsulation of Bacillus subtilis lipopeptides represents a pivotal
advancement in sustainable agriculture. By addressing the instability and short shelf-life of biological
agents, this technology unlocks the full potential of biopesticides. The formulation offers a synergistic
effect: niosomes provide a stable, cost-effective reservoir, while chitosan ensures targeted delivery and
environmental protection. Overcoming the regulatory bottlenecks and scaling up production technologies
will be the final steps in transitioning this innovation from the laboratory to the field, offering a potent
tool for global food security.

IUFMR250665175 Volume 7, Issue 6, November-December 2025 5



http://www.ijfmr.com/

~ Y International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

References

1. Mdpi.com. (2025). Regulatory Challenges for Nanopesticides in the EU and Global Context.
Environments, 12(3), 74.

2. Pmc.ncbi.nlm.nih.gov. (2025). Nanotechnology in Sustainable Agriculture: A Review of Recent
Developments. PMC12473408.

3. Scispace.com. (2022). Effect of Chitosan Coating for Efficient Encapsulation of Bacillus Lipopeptides.
Nano, 12, 234189.

4. Mdpi.com. (2024). Bacillus subtilis Lipopeptides: Biosynthesis, Extraction, and Biocontrol
Applications. Applied Sciences, 4(1), 7.

5. Pmc.ncbi.nlm.nih.gov. (2018). Niosomes vs Liposomes: A Comparative Study on Stability and Cost.
PMC5896898.

6. Pmec.ncbi.nlm.nih.gov. (2023). Formulation of Chitosan-Coated Niosomes for Peptide Delivery.
PMC10193557.

7. Pmec.ncbi.nlm.nih.gov. (2016). Enhancement of Surfactin and Fengycin Production by Bacillus
mojavensis. PMC5610860.

8. Researchgate.net. (2019). Liposomes and Niosomes: Current Trends as Vesicular Pesticide Delivery
Systems. Journal of Nanomaterials.

9. Gsconlinepress.com. (2023). Niosomes: A Novel Drug Delivery System and its Agricultural Potential.
GSC Biological and Pharmaceutical Sciences.

10. Pmc.ncbi.nlm.nih.gov. (2025). Preparation Methods for Niosomes: Thin Film Hydration and Reverse
Phase Evaporation. PMC11768252.

11. Pubs.acs.org. (2024). Chitosan Coating Mechanism on Niosomes via Electrostatic Interaction. IECR,
4c04456.

12. Nationalaglawcenter.org. (2025). EPA Releases Final Insecticide Strategy: Impact on Nanopesticides.

13. Mdpi.com. (2025). Antimicrobial Mechanism of Action: Surfactin, Iturin, and Fengycin. Int. J. Mol.
Sci., 26(1), 336.

14. Pmc.ncbi.nlm.nih.gov. (2018). Fengycin Interaction with Lipid Membranes: A Molecular Dynamics
Study. PMC5832627.

15. Mdpi.com. (2025). Cost Comparison of Niosomes vs Liposomes for Industrial Scale Production.
Pharmaceutics, 17(1), 67.

16. Mdpi.com. (2023). Half-life of Span 60 and Tween 60 Biodegradation in Soil. Pharmaceuticals,
16(12), 1680.

17. Researchgate.net. (2024). Nanobiopesticides in Sustainable Agriculture: Developments, Challenges,
and Perspectives.

18. Researchgate.net. (2020). Enzyme Stimuli-Responsive Nanoparticles for Bioinsecticides.

19. Pmc.ncbi.nlm.nih.gov. (2025). Recent Examples of Enzyme-Responsive Nanocarriers in Agriculture.
PMC12473408.

20. Mdpi.com. (2025). Smart Stimuli-Responsive Chitosan Niosomes for Agriculture. Pharmaceutics,
17(11), 1473.

21. Pubs.acs.org. (2024). Stimuli-Responsive Targeting with Chitosan-Coated Niosomes. IECR, 4c04456.

22. Researchgate.net. (2015). Antifungal Efficiency of Bacillus subtilis Lipopeptides Against Fusarium
and Botrytis.

23. Frontiersin.org. (2018). Efficacy of Bacillus subtilis Lipopeptides Against Grey Mould. Microbiology.

IUFMR250665175 Volume 7, Issue 6, November-December 2025 6



http://www.ijfmr.com/

~ Y International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

24. Pmc.ncbi.nlm.nih.gov. (2023). Release Kinetics of Polymer-Coated Niosomes: Korsmeyer-Peppas
Model. PMC9860619.

25. Mdpi.com. (2025). Characterization Techniques for Niosomes: DLS, Zeta Potential, FTIR. Molecules,
30(17), 3467.

26. Pmc.ncbi.nlm.nih.gov. (2024). Statistical Analysis and Optimization of Niosome Formulations.
PMC12299645.

27. Gsconlinepress.com. (2024). Comparative Analysis of Niosome Preparation Methods. GSCBPS,
29(01), 179.

28. Pubmed.ncbi.nlm.nih.gov. (2024). Optimization of Chitosan-Coated Niosomes for Bioavailability.

29. Mdpi.com. (2025). Peptide Loaded Chitosan Coated Niosomes: Formulation and Characterization.
Int. J. Mol. Sci., 26(3), 922.

30. Mdpi.com. (2019). Release Kinetics Mechanism of Chitosan Coated Niosomes. Molecules, 24(10),
2023.

31. Chitolytic.com. (2022). Key Chitosan Properties in Mucosal Drug Delivery: Mucoadhesion.

32. Pmc.ncbinlm.nih.gov. (2022). Alginate and PEG Surface Modification of Chitosan for
Mucoadhesion. PMC8953124.

33. Mdpi.com. (2020). Techno-Economic Analysis of Liposome vs Niosome Production. Processes, 8(12),
1604.

34. Gjrpublication.com. (2025). Cost Analysis of Nanobiopesticide Production and Scalability. Global J
Res Agri Life Sci.

35. Precedenceresearch.com. (2024). Nanopesticides Market Size and Growth Forecast 2025-2034.

36. Scribd.com. (2009). Economic Evaluation of Lipid Vesicle Production.: Ethanol Injection Method.

37. Mdpi.com. (2025). Challenges and Future Perspectives of Nanotechnology in Agriculture.
Nanomaterials, 15(23), 1755.

38. Pmc.ncbi.nlm.nih.gov. (2021). Techno-Economic Analysis and Environmental Risk of Nanopesticides.
PMC8230079.

39. Mdpi.com. (2024). Biodegradation Rate of Non-lonic Surfactants in Agricultural Soil. Agriculture,
14(5), 733.

40. Pmc.ncbi.nlm.nih.gov. (2021). Environmental Impact and Degradation of Niosome Surfactants.
PMC8230079.

41. Science.gov. (2015). Sorption and Biodegradation of Tween 80 in Soil.

42. Ecetoc.org. (2021). Biodegradation Default Half-Life Values for Surfactants in Soil.

43. Researchgate.net. (2025). Biocompatibility and Biodegradability of Chitosan Nanoparticles.

44. Mdpi.com. (2024). Bacillus Lipopeptides: Regulation and Biosynthesis. Applied Sciences.

45. Elsevier.es. (2016). Lipopeptide Production by Bacillus subtilis RI and Biosurfactant
Characterization.

46. Pmc.ncbi.nlm.nih.gov. (2017). Mass Spectrometry Analysis of Surfactin, Iturin, and Fengycin.
PMC5440568.

47. Pmc.ncbi.nlm.nih.gov. (2023). Stability Limitations of Bacillus Lipopeptides: pH and Temperature.
PMC10449737.

48. Researchgate.net. (2024). Thermal Stability of Lipopeptides from Bacillus Subtilis R1-2.

49. Pubs.acs.org. (2024). Optimal Formulation Parameters for Chitosan Coated Niosomes. IECR.

50. Pmc.ncbi.nlm.nih.gov. (2022). In Vivo Evaluation of Chitosan Coated Niosomes. PMC9741648.

IUFMR250665175 Volume 7, Issue 6, November-December 2025 7



http://www.ijfmr.com/

~ Y International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

51. Pubs.acs.org. (2022). Mechanism of Chitosan-Niosome Interaction: Hydrogen Bonding and
Electrostatics. ACS Omega.

52. Mdpi.com. (2022). Effect of Chitosan Coating on Niosome Size and Stability. Nanomaterials, 12(23),
4189.

53. Frontiersin.org. (2017). Nanotechnology in Agriculture: Monitoring and Control. Microbiology.

54. Mdpi.com. (2025). Surfactin as a Stabilizer for Transdermal Delivery Systems. Int. J. Mol. Sci.

55. Researchgate.net. (2024). Enzyme-Triggered Functionalized Silica for Controlled Release.

56. Frontiersin.org. (2022). Green Synthesis of All-Organic Nanopesticides. Nanotechnology.

57. Mdpi.com. (2025). Regulatory Challenges for Nanopesticides: A 2025 Update. Environments.

58. Mdpi.com. (2025). Nanotechnology and Agricultural Sustainability: A 2025 Review. Nanomaterials.

59. Efsa.europa.eu. (2025). EFSA Environmental Risk Assessment Framework for Pesticides.

60. Frontiersin.org. (2023). Safety and Regulations for Nanotechnology Based Agri-Products. Genome
Editing.

61. Pmc.ncbi.nlm.nih.gov. (2019). Radiolabeling and Stability Study of Niosomes. PMC6391155.

62. Jddtonline.info. (2024). Microfluidization vs Thin Film Hydration for Niosome Prep. JDDT.

63. Pmc.ncbi.nlm.nih.gov. (2025). Patent Review of Niosome Preparation Methods. PMC11768252.

64. Pmc.ncbi.nlm.nih.gov. (2019). Stability of Niosomes vs Liposomes During Storage. PMC6410054.

65. Pmc.ncbi.nlm.nih.gov. (2018). Generalized Polarization of Niosomal Membranes. PMC5896898.

66. Researchgate.net. (2024). Enzymatic Degradation of Zein Nanoparticles for Insect Control.

67. Pubs.rsc.org. (2021). Thermodynamics of Drug Binding to Niosomes. RSC Advances.

68. Pmc.ncbi.nlm.nih.gov. (2019). Stimuli-Responsive Smart Delivery Systems in Agriculture.
PMC6754856.

69. Pmc.ncbi.nlm.nih.gov. (2023). Zeta Potential Reversal in Chitosan Coated Niosomes. PMC9860619.

70. Pmc.ncbi.nlm.nih.gov. (2020). Plackett-Burman Design for Niosome Optimization. PMC7462505.

71. Pubmed.ncbi.nlm.nih.gov. (2024). Commercialization Challenges of Nanobiopesticides.

72. Mdpi.com. (2024). Biodegradability of Chitosan Blends in Agriculture. Polymers.

73. Mdpi.com. (2025). Cost Analysis of Nanobiopesticide Production. Environments.

74. Mdpi.com. (2025). Hybrid and Composite Carriers for Enzyme Immobilization. Catalysts.

75. Pmc.ncbi.nlm.nih.gov. (2015). Antiadhesive Activity of Surfactin Against Biofilms. PMC4303012.

Works cited

1. Advancements in Agricultural Nanotechnology: An Updated Review ..., accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC12473408/

2. Nanotechnology in Sustainable Agriculture: Recent Developments, Challenges, and Perspectives -
Frontiers, accessed December 28, 2025,
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.01014/full

3. Nanobiopesticides: Sustainability Aspects and Safety Concerns, accessed December 28, 2025,
https://www.mdpi.com/2076-3298/12/3/74

4. Regulation, Biosynthesis, and Extraction of Bacillus-Derived ... - MDPI, accessed December 28, 2025,
https://www.mdpi.com/2673-7140/4/1/7

5. Stability of the produced surfactin at various (a) temperatures, (b) pH... - ResearchGate, accessed
December 28, 2025, https://www.researchgate.net/figure/Stability-of-the-produced-surfactin-at-
various-a-temperatures-b-pH-values-and-c_fig7 381125328

6. (A) Stability of lipopeptide at increased temperature, pH and salt. The... - ResearchGate, accessed
December 28, 2025, https://www.researchgate.net/figure/A-Stability-of-lipopeptide-at-increased-

IUFMR250665175 Volume 7, Issue 6, November-December 2025 8



http://www.ijfmr.com/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12473408/
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.01014/full
https://www.mdpi.com/2076-3298/12/3/74
https://www.mdpi.com/2673-7140/4/1/7
https://www.researchgate.net/figure/Stability-of-the-produced-surfactin-at-various-a-temperatures-b-pH-values-and-c_fig7_381125328
https://www.researchgate.net/figure/Stability-of-the-produced-surfactin-at-various-a-temperatures-b-pH-values-and-c_fig7_381125328
https://www.researchgate.net/figure/A-Stability-of-lipopeptide-at-increased-temperature-pH-and-salt-The-temperature_fig3_318163004

~ Y International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

temperature-pH-and-salt-The-temperature fig3 318163004

7. Antimicrobial Activity of Bacillus Cyclic Lipopeptides and Their Role in the Host Adaptive Response
to Changes in Environmental Conditions - MDPI, accessed December 28, 2025,
https://www.mdpi.com/1422-0067/26/1/336

8. Enhancement of Surfactin and Fengycin Production by Bacillus mojavensis A21: Application for
Diesel Biodegradation - NIH, accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC5610860/

9. Selectivity and Mechanism of Fengycin, an Antimicrobial Lipopeptide from Molecular Dynamics -
PMC - NIH, accessed December 28, 2025, https://pmc.ncbi.nlm.nih.gov/articles/PMC5832627/

10. Niosomes, an alternative for liposomal delivery - PMC, accessed December 28, 2025,
https://pme.ncbi.nlm.nih.gov/articles/PMC5896898/

11. Niosomes: A nanocarrier drug delivery system - GSC Online Press, accessed December 28, 2025,
https://gsconlinepress.com/journals/gscbps/sites/default/files/ GSCBPS-2023-0062.pdf

12. Optimization of Chitosan-Coated Niosomes Encapsulating Doxycycline Hyclate for pH-Responsive
Drug Release | Industrial & Engineering Chemistry Research - ACS Publications, accessed December
28, 2025, https://pubs.acs.org/doi/10.1021/acs.iecr.4c04456

13. Chitosan-Coated Niosomes Loaded with Ellagic Acid Present Antiaging Activity in a Skin Cell Line
- PMC, accessed December 28, 2025, https://pmc.ncbi.nlm.nih.gov/articles/PMC10193557/

14. Fabrication of a Dual-Drug-Loaded Smart Niosome-g-Chitosan Polymeric Platform for Lung Cancer
Treatment - NIH, accessed December 28, 2025, https://pmc.ncbi.nlm.nih.gov/articles/PMC9860619/

15. Enhancing Stability and Mucoadhesive Properties of Chitosan Nanoparticles by Surface Modification
with Sodium Alginate and Polyethylene Glycol for Potential Oral Mucosa Vaccine Delivery - PubMed
Central, accessed December 28, 2025, https://pmc.ncbi.nlm.nih.gov/articles/PMC8953124/

16. Chitosan in Mucoadhesive Drug Delivery: Focus on Local Vaginal Therapy - MDPI, accessed
December 28, 2025, https://www.mdpi.com/1660-3397/13/1/222

17. A Chitosan—Based Liposome Formulation Enhances the In Vitro Wound Healing Efficacy of
Substance P Neuropeptide - PMC - NIH, accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC5750662/

18. Optimized mucoadhesive niosomal carriers for intranasal delivery of carvedilol: A quality by design
approach - PubMed, accessed December 28, 2025, https://pubmed.ncbi.nlm.nih.gov/38395319/

19. Span 60/Cholesterol Niosomal Formulation as a Suitable Vehicle for Gallic Acid Delivery with Potent
In Vitro Antibacterial, Antimelanoma, and Anti-Tyrosinase Activity - MDPI, accessed December 28,
2025, https://www.mdpi.com/1424-8247/16/12/1680

20. In vitro Characterization and Release Studies of Combined Nonionic Surfactant-Based Vesicles for
the Prolonged Delivery of an Immunosuppressant Model Drug - NIH, accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC7569247/

21. Effect of Chitosan Coating for Efficient Encapsulation and Improved ..., accessed December 28, 2025,
https://www.mdpi.com/2079-4991/12/23/4189

22. Niosome Preparation Techniques and Structure—An Illustrated Review - PMC, accessed December
28, 2025, https://pme.ncbi.nlm.nih.gov/articles/PMC11768252/

23. Economical Feasibility Evaluation of An Ethanol Injection Liposome Production Plant | PDF, accessed
December 28, 2025, https://www.scribd.com/document/228712616/15-ftp

24. Liposomes and niosomes-current trends as vesicular pesticide delivery system: A review, accessed
December 28, 2025,
https://www.researchgate.net/publication/339973791 Liposomes_and_niosomes-
current_trends_as_vesicular_pesticide_delivery_system A_review

25. Advances of Non-lonic Surfactant Vesicles (Niosomes) and Their Application in Drug Delivery -
PMC - NIH, accessed December 28, 2025, https://pmc.ncbi.nlm.nih.gov/articles/PMC6410054/

26. Nanopesticides in Agriculture: Benefits and Challenge in ..., accessed December 28, 2025,
https://pme.ncbi.nlm.nih.gov/articles/PMC8230079/

IUFMR250665175 Volume 7, Issue 6, November-December 2025 9



http://www.ijfmr.com/
https://www.researchgate.net/figure/A-Stability-of-lipopeptide-at-increased-temperature-pH-and-salt-The-temperature_fig3_318163004
https://www.mdpi.com/1422-0067/26/1/336
https://pmc.ncbi.nlm.nih.gov/articles/PMC5610860/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5832627/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5896898/
https://gsconlinepress.com/journals/gscbps/sites/default/files/GSCBPS-2023-0062.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04456
https://pmc.ncbi.nlm.nih.gov/articles/PMC10193557/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9860619/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8953124/
https://www.mdpi.com/1660-3397/13/1/222
https://pmc.ncbi.nlm.nih.gov/articles/PMC5750662/
https://pubmed.ncbi.nlm.nih.gov/38395319/
https://www.mdpi.com/1424-8247/16/12/1680
https://pmc.ncbi.nlm.nih.gov/articles/PMC7569247/
https://www.mdpi.com/2079-4991/12/23/4189
https://pmc.ncbi.nlm.nih.gov/articles/PMC11768252/
https://www.scribd.com/document/228712616/15-ftp
https://www.researchgate.net/publication/339973791_Liposomes_and_niosomes-current_trends_as_vesicular_pesticide_delivery_system_A_review
https://www.researchgate.net/publication/339973791_Liposomes_and_niosomes-current_trends_as_vesicular_pesticide_delivery_system_A_review
https://pmc.ncbi.nlm.nih.gov/articles/PMC6410054/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230079/

~ Y International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

27. Agricultural and Biomedical Applications of Chitosan-Based Nanomaterials - MDPI, accessed
December 28, 2025, https:// www.mdpi.com/2079-4991/10/10/1903

28. Effect of Chitosan Coating for Efficient Encapsulation and Improved Stability under Loading
Preparation and Storage Conditions of Bacillus Lipopeptides - ResearchGate, accessed December 28,
2025,
https://www.researchgate.net/publication/365793241_ Effect of Chitosan_Coating_for Efficient En
capsulation and Improved Stability under Loading Preparation and Storage Conditions of Baci
llus_Lipopeptides

29. Antifungal efficiency of a lipopeptide biosurfactant derived from Bacillus subtilis SPB1 versus the
phytopathogenic fungus, Fusarium solani | Request PDF - ResearchGate, accessed December 28,
2025,
https://www.researchgate.net/publication/280120688 Antifungal efficiency of a_lipopeptide biosu
rfactant_derived from_Bacillus_subtilis SPB1_versus the phytopathogenic_fungus Fusarium_sola

ni
30. Antifungal Activity of Lipopeptides From Bacillus XT1 CECT 8661 Against Botrytis cinerea -
Frontiers, accessed December 28, 2025,

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2018.01315/full

31. Enzyme Stimuli—Responsive Nanoparticles for Bioinsecticides: An Emerging Approach for Uses in
Crop Protection | Request PDF - ResearchGate, accessed December 28, 2025,
https://www.researchgate.net/publication/347926355 Enzyme_Stimuli-
Responsive Nanoparticles_for Bioinsecticides_ An_Emerging Approach_for Uses_in_Crop_ Protec
tion

32. EPA Releases Final Insecticide Strategy - National Agricultural Law Center, accessed December 28,
2025, https://nationalaglawcenter.org/epa-releases-final-insecticide-strategy/

33. Niosome Preparation Techniques and Structure—An Illustrated Review - MDPI, accessed December
28, 2025, https://www.mdpi.com/1999-4923/17/1/67

34. Nanotechnology and Agricultural Sustainability: A Review - MDPI, accessed December 28, 2025,
https://www.mdpi.com/2079-4991/15/23/1755

35. Nanopesticides Market Size to Hit USD 2251.9 Million by 2034 - Precedence Research, accessed
December 28, 2025, https://www.precedenceresearch.com/nanopesticides-market

36. Current and future prospects of “all-organic” nanoinsecticides for agricultural insect pest management
- Frontiers, accessed December 28, 2025,
https://www.frontiersin.org/journals/nanotechnology/articles/10.3389/fnano0.2022.1082128/full

37. Influence of Nonionic Surfactants on the Adsorption and Elution of Atrazine in Agriculturally
Modified Soils - MDPI, accessed December 28, 2025, https://www.mdpi.com/2077-0472/14/5/733

38. Effect of Chitosan Coating for Efficient Encapsulation and Improved Stability under Loading
Preparation and Storage Conditions of Bacillus Lipopeptides - SciSpace, accessed December 28, 2025,
https://scispace.com/papers/effect-of-chitosan-coating-for-efficient-encapsulation-and-8ksmrxuv

39. Nanobiopesticides in sustainable agriculture: developments, challenges, and perspectives, accessed
December 28, 2025,
https://www.researchgate.net/publication/377261280 Nanobiopesticides_in_sustainable _agriculture

developments_challenges and perspectives

40. Niosomes as Vesicular Carriers: From Formulation Strategies to Stimuli-Responsive Innovative
Modulations for Targeted Drug Delivery - MDPI, accessed December 28, 2025,
https://www.mdpi.com/1999-4923/17/11/1473

41. A Comprehensive Review of Niosomes: Composition, Structure, Formation, Characterization, and
Applications in Bioactive Molecule Delivery Systems - MDPI, accessed December 28, 2025,
https://www.mdpi.com/1420-3049/30/17/3467

42. Development and Characterization of Optimized Drug-Loaded Niosomes for Delivery of 5-FU and
Irinotecan - PMC - PubMed Central, accessed December 28, 2025,

IUFMR250665175 Volume 7, Issue 6, November-December 2025 10



http://www.ijfmr.com/
https://www.mdpi.com/2079-4991/10/10/1903
https://www.researchgate.net/publication/365793241_Effect_of_Chitosan_Coating_for_Efficient_Encapsulation_and_Improved_Stability_under_Loading_Preparation_and_Storage_Conditions_of_Bacillus_Lipopeptides
https://www.researchgate.net/publication/365793241_Effect_of_Chitosan_Coating_for_Efficient_Encapsulation_and_Improved_Stability_under_Loading_Preparation_and_Storage_Conditions_of_Bacillus_Lipopeptides
https://www.researchgate.net/publication/365793241_Effect_of_Chitosan_Coating_for_Efficient_Encapsulation_and_Improved_Stability_under_Loading_Preparation_and_Storage_Conditions_of_Bacillus_Lipopeptides
https://www.researchgate.net/publication/280120688_Antifungal_efficiency_of_a_lipopeptide_biosurfactant_derived_from_Bacillus_subtilis_SPB1_versus_the_phytopathogenic_fungus_Fusarium_solani
https://www.researchgate.net/publication/280120688_Antifungal_efficiency_of_a_lipopeptide_biosurfactant_derived_from_Bacillus_subtilis_SPB1_versus_the_phytopathogenic_fungus_Fusarium_solani
https://www.researchgate.net/publication/280120688_Antifungal_efficiency_of_a_lipopeptide_biosurfactant_derived_from_Bacillus_subtilis_SPB1_versus_the_phytopathogenic_fungus_Fusarium_solani
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2018.01315/full
https://www.researchgate.net/publication/347926355_Enzyme_Stimuli-Responsive_Nanoparticles_for_Bioinsecticides_An_Emerging_Approach_for_Uses_in_Crop_Protection
https://www.researchgate.net/publication/347926355_Enzyme_Stimuli-Responsive_Nanoparticles_for_Bioinsecticides_An_Emerging_Approach_for_Uses_in_Crop_Protection
https://www.researchgate.net/publication/347926355_Enzyme_Stimuli-Responsive_Nanoparticles_for_Bioinsecticides_An_Emerging_Approach_for_Uses_in_Crop_Protection
https://nationalaglawcenter.org/epa-releases-final-insecticide-strategy/
https://www.mdpi.com/1999-4923/17/1/67
https://www.mdpi.com/2079-4991/15/23/1755
https://www.precedenceresearch.com/nanopesticides-market
https://www.frontiersin.org/journals/nanotechnology/articles/10.3389/fnano.2022.1082128/full
https://www.mdpi.com/2077-0472/14/5/733
https://scispace.com/papers/effect-of-chitosan-coating-for-efficient-encapsulation-and-8ksmrxuv
https://www.researchgate.net/publication/377261280_Nanobiopesticides_in_sustainable_agriculture_developments_challenges_and_perspectives
https://www.researchgate.net/publication/377261280_Nanobiopesticides_in_sustainable_agriculture_developments_challenges_and_perspectives
https://www.mdpi.com/1999-4923/17/11/1473
https://www.mdpi.com/1420-3049/30/17/3467

~ Y International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

https://pmc.ncbi.nlm.nih.gov/articles/PMC12299645/

43. Niosomes: A promising approach for targeted drug delivery - GSC Online Press, accessed December
28, 2025, https://gsconlinepress.com/journals/gscbps/sites/default/files/GSCBPS-2024-0341.pdf

44. Double Peptide-Functionalized Carboxymethyl Chitosan-Coated Liposomes Loaded with
Dexamethasone as a Potential Strategy for Active Targeting Drug Delivery - MDPI, accessed
December 28, 2025, https://www.mdpi.com/1422-0067/26/3/922

45. Preparation, Characterization, and Release Kinetics of Chitosan-Coated Nanoliposomes Encapsulating
Curcumin 1in Simulated Environments - MDPI, accessed December 28, 2025,
https://www.mdpi.com/1420-3049/24/10/2023

46. Key Chitosan Properties in Mucosal Drug Delivery - ChitoLytic, accessed December 28, 2025,
https://chitolytic.com/2022/10/20/key-chitosan-properties-in-mucosal-drug-delivery/

47. Economic Analysis of a New Business for Liposome Manufacturing ..., accessed December 28, 2025,
https://www.mdpi.com/2227-9717/8/12/1604

48. Global Journal of Research in Agriculture & Life Sciences Research Article Nanobiopesticides: A
groundbreaking solution to r - GJR Publication, accessed December 28, 2025,
https://gjrpublication.com/wp-content/uploads/2025/03/GJRALS52128.pdf

49. nonionic  surfactant tween: Topics by Science.gov, accessed December 28, 2025,
https://www.science.gov/topicpages/n/nonionict+surfactant+tween

50. Biodegradation Default Half-Life Values in the Light of Environmentally Relevant ... - ECETOC,
accessed December 28, 2025, https://www.ecetoc.org/wp-content/uploads/2021/10/ECETOC-TR-
129-Biodegradation-Default-Half-Life-Values.pdf

51. Biocompatibility, biodegradability, and toxicity evaluations of chitosan nanoparticles | Request PDF -
ResearchGate, accessed December 28, 2025,
https://www.researchgate.net/publication/387623899 Biocompatibility biodegradability_and_toxicit
y_evaluations_of chitosan_nanoparticles

52. Lipopeptide production by Bacillus subtilis R1 and its possible applications | Brazilian Journal of
Microbiology - Elsevier, accessed December 28, 2025, https://www.elsevier.es/en-revista-brazilian-
journal-microbiology-490-articulo-lipopeptide-production-by-bacillus-subtilis-S1517838216305962

53. The Profile and Antimicrobial Activity of Bacillus Lipopeptide Extracts of Five Potential Biocontrol
Strains - PMC - PubMed Central, accessed December 28, 2025,
https://pme.ncbi.nlm.nih.gov/articles/PMC5440568/

54. Bacillus subtilis SPB1 lipopeptide biosurfactant: antibacterial efficiency against the phytopathogenic
bacteria Agrobacterium tumefaciens and compared production in submerged and solid state

fermentation systems - PubMed Central, accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC10449737/
55. accessed December 28, 2025,

https://www.researchgate.net/publication/385297246 Characterization and performance of a new
lipopeptide biosurfactant producing strain Bacillus Subtilis R1-
2#:.~:text=The%?20lipopeptide%20biosurfactant%20produced%20by,up%20t0%20140%20g%2FL.

56. The effectiveness of ursolic acid niosomes with chitosan coating for prevention of liver damage in
mice induced by n-nitrosodiethylamine - PMC - PubMed Central, accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC9741648/

57. Chitosan-Coated Niosomes Loaded with Ellagic Acid Present Antiaging Activity in a Skin Cell Line
| ACS Omega - ACS Publications, accessed December 28, 2025,
https://pubs.acs.org/doi/10.1021/acsomega.2¢c07254

58. Synthesis and Insecticidal Activity of Enzyme-Triggered Functionalized Hollow Mesoporous Silica
for Controlled Release | Request PDF - ResearchGate, accessed December 28, 2025,
https://www.researchgate.net/publication/319129626 Synthesis and Insecticidal Activity of Enzy
me-Triggered Functionalized Hollow Mesoporous Silica for Controlled Release

59. Environmental risk assessment of pesticides | EFSA - European Union, accessed December 28, 2025,

IUFMR250665175 Volume 7, Issue 6, November-December 2025 1



http://www.ijfmr.com/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12299645/
https://gsconlinepress.com/journals/gscbps/sites/default/files/GSCBPS-2024-0341.pdf
https://www.mdpi.com/1422-0067/26/3/922
https://www.mdpi.com/1420-3049/24/10/2023
https://chitolytic.com/2022/10/20/key-chitosan-properties-in-mucosal-drug-delivery/
https://www.mdpi.com/2227-9717/8/12/1604
https://gjrpublication.com/wp-content/uploads/2025/03/GJRALS52128.pdf
https://www.science.gov/topicpages/n/nonionic+surfactant+tween
https://www.ecetoc.org/wp-content/uploads/2021/10/ECETOC-TR-129-Biodegradation-Default-Half-Life-Values.pdf
https://www.ecetoc.org/wp-content/uploads/2021/10/ECETOC-TR-129-Biodegradation-Default-Half-Life-Values.pdf
https://www.researchgate.net/publication/387623899_Biocompatibility_biodegradability_and_toxicity_evaluations_of_chitosan_nanoparticles
https://www.researchgate.net/publication/387623899_Biocompatibility_biodegradability_and_toxicity_evaluations_of_chitosan_nanoparticles
https://www.elsevier.es/en-revista-brazilian-journal-microbiology-490-articulo-lipopeptide-production-by-bacillus-subtilis-S1517838216305962
https://www.elsevier.es/en-revista-brazilian-journal-microbiology-490-articulo-lipopeptide-production-by-bacillus-subtilis-S1517838216305962
https://pmc.ncbi.nlm.nih.gov/articles/PMC5440568/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10449737/
https://www.researchgate.net/publication/385297246_Characterization_and_performance_of_a_new_lipopeptide_biosurfactant_producing_strain_Bacillus_Subtilis_R1-2#:~:text=The%20lipopeptide%20biosurfactant%20produced%20by,up%20to%20140%20g%2FL.
https://www.researchgate.net/publication/385297246_Characterization_and_performance_of_a_new_lipopeptide_biosurfactant_producing_strain_Bacillus_Subtilis_R1-2#:~:text=The%20lipopeptide%20biosurfactant%20produced%20by,up%20to%20140%20g%2FL.
https://www.researchgate.net/publication/385297246_Characterization_and_performance_of_a_new_lipopeptide_biosurfactant_producing_strain_Bacillus_Subtilis_R1-2#:~:text=The%20lipopeptide%20biosurfactant%20produced%20by,up%20to%20140%20g%2FL.
https://pmc.ncbi.nlm.nih.gov/articles/PMC9741648/
https://pubs.acs.org/doi/10.1021/acsomega.2c07254
https://www.researchgate.net/publication/319129626_Synthesis_and_Insecticidal_Activity_of_Enzyme-Triggered_Functionalized_Hollow_Mesoporous_Silica_for_Controlled_Release
https://www.researchgate.net/publication/319129626_Synthesis_and_Insecticidal_Activity_of_Enzyme-Triggered_Functionalized_Hollow_Mesoporous_Silica_for_Controlled_Release

~ Y International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

https://www.efsa.europa.eu/en/topics/environmental -risk-assessment-pesticides

60. Regulation and safety measures for nanotechnology-based agri-products - Frontiers, accessed
December 28, 2025, https://public-pages-files-2025.frontiersin.org/journals/genome-
editing/articles/10.3389/fgeed.2023.1200987/epub

61. Characterization, optimization, and in vitro evaluation of Technetium-99m-labeled niosomes,
accessed December 28, 2025, https://pmc.ncbi.nlm.nih.gov/articles/PMC6391155/

62. An Overview of Niosomes | Journal of Drug Delivery and Therapeutics, accessed December 28, 2025,
https://jddtonline.info/index.php/jddt/article/download/6450/5938

63. Mechanistic insights into encapsulation and release of drugs in colloidal niosomal systems, accessed
December 28, 2025, https://pubs.rsc.org/en/content/articlehtml/2021/ra/d1ra06057k

64. Development of stimuli-responsive nano-based pesticides: emerging opportunities for agriculture -
PMC - PubMed Central, accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC6754856/

65. Preparation, Optimization and Characterization of Chitosan-coated Liposomes for Solubility
Enhancement of Furosemide: A Model BCS IV Drug - NIH, accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC7462505/

66. Prospects and challenges of nanopesticides in advancing pest management for sustainable agricultural
and environmental service - PubMed, accessed December 28, 2025,
https://pubmed.ncbi.nlm.nih.gov/39098710/

67. Physicochemical Characterization and Biodegradability of Nanostructured Chitosan-Based Films
Reinforced with Orange Waste - MDPI, accessed December 28, 2025, https://www.mdpi.com/2504-
477X/9/11/627

68. Recent Advances in Enzyme Immobilization: The Role of Artificial Intelligence, Novel
Nanomaterials, and Dynamic Carrier Systems - MDPI, accessed December 28, 2025,
https://www.mdpi.com/2073-4344/15/6/571

69. Lipopeptides as the Antifungal and Antibacterial Agents: Applications in Food Safety and
Therapeutics - PMC - NIH, accessed December 28, 2025,
https://pmc.ncbi.nlm.nih.gov/articles/PMC4303012/

IUFMR250665175 Volume 7, Issue 6, November-December 2025 12



http://www.ijfmr.com/
https://www.efsa.europa.eu/en/topics/environmental-risk-assessment-pesticides
https://public-pages-files-2025.frontiersin.org/journals/genome-editing/articles/10.3389/fgeed.2023.1200987/epub
https://public-pages-files-2025.frontiersin.org/journals/genome-editing/articles/10.3389/fgeed.2023.1200987/epub
https://pmc.ncbi.nlm.nih.gov/articles/PMC6391155/
https://jddtonline.info/index.php/jddt/article/download/6450/5938
https://pubs.rsc.org/en/content/articlehtml/2021/ra/d1ra06057k
https://pmc.ncbi.nlm.nih.gov/articles/PMC6754856/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7462505/
https://pubmed.ncbi.nlm.nih.gov/39098710/
https://www.mdpi.com/2504-477X/9/11/627
https://www.mdpi.com/2504-477X/9/11/627
https://www.mdpi.com/2073-4344/15/6/571
https://pmc.ncbi.nlm.nih.gov/articles/PMC4303012/

