
      FUNGAL-MEDIATED SYNTHESIS OF 

NANOPARTICLES: CHARACTERIZATION, 

ANTIMICROBIAL ACTIVITY AND IMPACT ON APPLE 

PLANT HEALTH 

         

Thesis Submitted for the Award of the Degree of 

 

    DOCTOR OF PHILOSOPHY  

in  

Botany 

 

 

By 

 Shahnaz Anjum 
 

Registration Number: 12116713  
 

Supervised By Co-Supervised by 

Dr. Ashish Vyas (12386) 

Department of Microbiology & 

Biochemistry (Professor) 

Lovely Professional University, Punjab 

  Dr. Tariq Ahmad Sofi  

Department of Plant Pathology 

(Assistant Professor) 

SKUAST-Kashmir  

 

 
 

LOVELY PROFESSIONAL UNIVERSITY, PUNJAB 

2025 

 



 ii   

 

DECLARATION 

 

 

I, hereby declared that the presented work in the thesis entitled “Fungal-mediated 

Synthesis of Nanoparticles: Characterization, Antimicrobial Activity and Impact on 

Apple Plant Health” in fulfilment of degree of Doctor of Philosophy (Ph. D.) is 

outcome of research work carried out by me under the supervision of Dr. Ashish Vyas 

working as Professor in the Department of Microbiology & Biochemistry of Lovely 

Professional University, Punjab, and co-supervision of Dr. Tariq Ahmad Sofi working 

as  Assistant Professor in the Division of Plant Pathology, of SKUAST-Kashmir, India. 

In keeping with general practice of reporting scientific observations, due 

acknowledgements have been made whenever work described here has been based on 

findings of the other investigator. This work has not been submitted in part or full to 

any other University or Institute for the award of any degree. 

  

 

 

  

(Signature of Scholar)  

Name of the scholar: Shahnaz Anjum 

Registration No.: 12116713 

Department/school: Botany 

Lovely Professional University,  

Punjab, India 

  

 

 

 

 

 

 

 



 iii   

 

CERTIFICATE 

 

 

This is to certify that the work reported in the Ph. D. thesis entitled “Fungal-mediated 

Synthesis of Nanoparticles: Characterization, Antimicrobial Activity and Impact on 

Apple Plant Health” submitted in fulfilment of the requirement for the award of degree 

of Doctor of Philosophy (Ph.D.) in the School of Bioengineering and Biosciences, is 

a research work carried out by Shahnaz Anjum, Registration number 12116713. It is a 

bonafide record of her original work carried out under my supervision and that no part 

of thesis has been submitted for any other degree, diploma or equivalent course. 

  

  

 

 

(Signature of Supervisor)     (Signature of Co-Supervisor) 

Name of supervisor: Dr. Ashish Vyas   Name of Co-Supervisor: Dr. Tariq Ahmad 

Sofi 

Designation: Professor    Designation: Assistant Professor 

Department/school: Microbiology    Department/school: Plant Pathology 

University: LPU, Phagwara, Punjab, India   University: SKUAST-Kashmir, J&K, India 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv   

 

ABSTRACT 

 

Nanotechnology has emerged as one of the most promising and rapidly advancing fields 

of the 21st century. In the past decades, a rapid progress has been found to take place 

in this area. Nanotechnology influences every dimension of scientific discipline, 

economic system, and various aspects of life, involving the design, synthesis, and 

manipulation of nano-sized materials for a range of applications such as disease 

management (in both plants and animals), drug and gene delivery, imaging and sensors, 

catalysis, electronics and other emerging technologies. Nanotechnology has the 

potential to advance agriculture by providing innovative tools that might boost food 

production and protect crops from diseases, pests, and other hazards. Metallic 

nanoparticles have attracted significant attention over the past decade due to their 

unique properties, which enable their use in a wide range of applications. Researchers 

have recently placed a great deal of emphasis on creating effective biological processes 

that use natural reducing, capping, and stabilizing agents to synthesize nanoparticles 

with the appropriate size and shape. Developing green and environmentally acceptable 

methods for synthesizing metallic nanoparticles is a crucial need in the field of 

nanotechnology. The applicability of myco-nanotechnology in every scientific 

discipline have made its continued growth in recent decades unavoidable. In 

comparison to the other biological entities usually engaged in the synthesis of 

nanoforms, the production of nanoparticles mediated by fungi has been the subject of 

several investigations as it is highly beneficial due to its high reaction rate, stability of 

particles up to several months and rapid uptake of organic bio-molecules. The fungi, 

therefore, position themselves to be the appropriate precursors for the nanoparticle 

synthesis on account of fiscal viability, sophisticated levels of tolerance towards metals, 

resource efficiency, resilient harvest of a fungal biomass besides presenting a reduced 

amount of toxic residual mass. Amongst the kingdom fungi, mushrooms are recognized 

as promising candidates for the production of infrequent and pharmacologically active 

secondary biometabolites. Additionally, they serve as excellent precursors for the 

biogenic synthesis of therapeutically potent, biocompatible, and stable nanostructures. 

The current investigation focuses on the myco-synthesis of Zinc, Magnesium, 

Manganese and Combination nanoparticles using three fungal species - Pleurotus 
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sajor-caju, Agaricus bisporus and Lentinus edodes by incorporating their mycelia. A 

total of twelve nanoparticles were synthesized (four from each fungus). Metal ions of 

zinc, magnesium and manganese when exposed to the fungal mycelial extracts, were 

reduced and resulted in a color change indicating the formation of ZnO, MgO, MnO2 

and CNPs respectively. The physicochemical characterization of nanoparticles was 

done employing a blend of microscopic and spectroscopic procedures. The techniques 

as Ultraviolet–Visible (UV-Vis) Spectroscopy accounted for initial physicochemical 

characterization of nanoforms whereas Fourier Transform Infra-red (FT-IR) 

Spectroscopy, X-Ray diffraction (XRD) and Field Emission Scanning Electron 

Microscopy (FE-SEM) along with Energy Dispersive X-Ray (EDX) Spectroscopy were 

undertaken for in-depth portrayal of nanoparticles. These twelve samples of 

nanoparticles were further evaluated for detailed antifungal screening in comparison to 

the comparative controls i.e., Zinc, Magnesium and Manganese metal salts, besides 

respective reference standards. The nanoparticles were then applied to the apple plants 

so as to check the efficacy of different nanoparticle concentrations on gas exchange 

parameters including stomatal conductance (gs), net photosynthesis (Pn), intercellular 

CO2 concentration (Ci), and transpiration rate (E); and chlorophyll content. The UV-

Vis spectra showed peaks in the range of 307-391 nm in ZnONPs, 304-307 nm in 

MgONPs, 308-320 nm in MnO2NPs and 309-329 nm in CNPs, which are the distinctive 

peaks of these nanoparticles accordingly. FT-IR spectroscopy showed chemical 

interactions of the nanoparticles with various molecules and peaks with bonds 

showcasing the capping and effective stabilization of nanoparticles. The respective 

peaks depicted in XRD patterns were in line with the crystalline phases of nanoparticles 

thus supporting the UV-Vis spectroscopy data and confirming the crystalline state of 

the nanoparticles. SEM micrographs showed the presence of irregularly shaped, angular, 

somewhat spherical and agglomerated nanoparticles with the average particle size of 

13-92 nm, 29-99 nm, 13-90 nm, 8-63 nm, 6-76 nm, 13-84 nm, 12-63 nm, 14-61 nm, 

12-71 nm, 9-73 nm, 13-72 nm, 12-73 nm in ZnO-Psc, ZnO-Ab, ZnO-Le, MgO-Psc, 

MgO-Ab, MgO-Le, MnO2-Psc, MnO2-Ab, MnO2-Le, CNP-Psc, CNP-Ab and CNP-Le 

respectively. On the scale of 100-500 nm, the average size of nanoparticles came out to 

be in the range of 0-100 nm, thus again confirming the synthesis of desired 

nanoparticles. Agglomeration was observed as a result of the presence of remnants or 
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metabolites from fungal biomass. Energy Dispersive X-Ray (EDX) showed absorption 

peaks, weight percentages and atomic percentages of the elements with respect to the 

nanoparticles thus confirming the elemental composition.  

Apple scab, caused by Venturia inaequalis, and Alternaria leaf blotch (ALB), 

caused by Alternaria mali, are two diseases that severely reduce apple crop production 

in apple-growing regions worldwide, including the Kashmir Valley. Therefore, the 

current study focused on using myco-synthesized nanoparticles to treat these two 

common apple plant diseases. The study focused on the antifungal efficacy of myco-

synthesized nanoparticles and chemical fungicides against these two fungal pathogens 

of apple plant under in vitro conditions employing poison food technique and spore 

germination test respectively. The nanoparticles presented a broad spectrum as well as 

a dose and time-dependent antifungal potential against both pathogens. The highest 

inhibition of A. mali was shown by MnO2NP-Le (96.04%) followed by ZnONP-Psc 

(94.57%) at the concentration of 0.30%, while as, in V. inaequalis, the highest inhibition 

of spore germination was shown by CNP-Ab (68.82%) followed by CNP-Le (62.67%) 

and MnO2NP-Le (62.30%) at the same concentration. In both the cases, nanoparticles 

proved effective at the concentration of 0.30%. The antifungal efficacy of nanoparticles 

was observed to be largely comparative to the applied positive controls but certainly 

substantial than the comparative controls.  

Gas exchange parameters were studied using Infra-Red Gas Analyzer (IRGA). 

Readings were taken twice (after 6 hours and 24 hours of spray). Stomatal conductance 

showed a positive response with the application of nanoparticles. With every increase 

in concentration from 0.10% to 0.30%, the value of stomatal conductance increased 

respectively. Metal salts showed a negative effect with the increase in concentration. In 

case of net photosynthesis, values increased with every increase in concentration of the 

nanoparticle samples. The metal salt concentrations showed a slight decrease in net 

photosynthesis. Intercellular CO2 was decreased with the increase in concentrations of 

ZnO/MgO/MnO2/CNPs. Similar effect was observed on the intercellular CO2 with the 

increase in concentration of metal salts. There was a negligible to minimal effect on the 

transpiration rate of apple plants treated with all the concentrations of nanoparticles, 

metal salts or controls. The chlorophyll content of the apple plants was monitored Soil 

Plant Analysis Development (SPAD). After the controlled application of different 
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concentrations of nanoparticles, metal salts, and fungicides on the apple plants, the 

effect on chlorophyll content was quite unnoticeable, but in case of metal salts, a slight 

decrease in chlorophyll content was shown by the leaves with the increase in 

concentration from 300 ppm to 700 ppm. After the application of nanoparticles to the 

apple plants at even higher doses, nanoparticles did not show any adverse effect on 

growth rather enhanced the growth in field conditions. However, nanoparticle 

accumulation in plants has chances of their transfer to animals which is a major concern 

that needs to be addressed. The experimental results presented in this thesis are on the 

effects of different concentrations of ZnO/MgO/MnO2/C-NPs on Apple plant both in 

vitro and in vivo. Through this research study, it is clear that the impact of nanoparticles 

on Apple plants is dependent on the concentrations of nanoparticles, type of growth 

media and the pathogen or plant parameter studied.  

Conclusively, three fungi – P. sajor-caju, A. bisporus and L. edodes were 

responsible for the synthesis of twelve potential nanoparticles. The nanoparticles 

synthesized by extracellular mycelial fractions of these fungi emerged as the most 

favourable candidates in terms of the antifungal efficiency along with their preliminary 

effects on apple plant parameters approving the significance of this study. Therefore, 

these pristine, green, low-cost, therapeutically efficient besides possibly safe and easily 

synthesized, mycologically defined ZnONPs, MgONPs, MnO2NPs and CNPs can be 

thought of to contribute a towards the enormous field of already standing or new found 

therapeutics. They might be perhaps well-thought-out as an additional or likely element 

for any proposed therapeutical conceptualization besides being utilized in other allied 

domains for the times to come. In this context, advanced therapeutic investigations 

besides a comprehensive toxicological assessment are undoubtedly mandatory. 
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Chapter 1 

Introduction



1 

 

1.1. Historical development of nanotechnology 

The backdrop of nanotechnology dates back to early 1200-1300 BC when Chinese 

people used soluble gold and Romans used Lycurgus cup in 290-330 AD (Bayda et al., 

2019). In 1618, first colloidal gold book was released. Naturally existing nanoforms 

can be normally instituted within the volcanic residue, marine mist, and fine silt besides 

dust, in addition to organic matter e.g., viruses. In olden times people consumed 

colloidal gold or silver solutions as healthiness stimulants precisely to cure high fevers 

besides lues venerea (https://sustainable-nano.com/2013/03/25/nanoparticles-areall-

around-us).  A comparative outcome was too observed in late middle age church 

windows, the latter displaying glistening and brilliant red-yellow hues, as a result of the 

infusion of Silver and Gold nanoforms within the glass. Throughout the 9th -17th 

centuries, the shining brilliance of ceramic coverings used in the Islamic structures, or 

as seen in Europe, were basically imbibed with silver, copper or other nanoforms 

(Pradell et al., 2007). During the 16th century, the Italians utilized nanoforms in 

manufacturing of the Renaissance pottery (Morachevskii et al., 2006). In 1857, Michael 

Faraday, disclosed how gold nanoparticles form solutions of various colors when the 

former is subjected to specific lighting conditions (Bayda et al., 2019). In 1902 SPR 

(surface plasmon resonance) was demonstrated. W. Wood, United States, 1908, G. Mie 

showed a nanosphere to scatter and absorb electromagnetic fields. In 1931, 

Transmission Electron Microscope (TEM) was found. In 1937, equipments like 

Scanning Electron Microscope (SEM) was discovered. In 1959, Richard Feynman gave 

an address “There’s Plenty of Room at the Bottom,” which paved way for the study of 

Nanotechnology. In 1960, I. Igarashi and T.H. Maiman effectively created Micro 

Electro Mechanical Systems (MEMS) oscillating a laser. Professor Norio Taniguchi, a 

Japanese researcher at Tokyo Science University, 1974, was the first one to utilize the 

expression "Nanotechnology". In 1986, K. Eric Drexler came up with the foremost 

book on Nanotechnology "Engines of Creation: The Coming Era of Nanotechnology", 

which prompted the concept of "Molecular Engineering" to become more well-known. 

In 1991, another book "Unbounding the Future: The Nanotechnology Revolution" was 

issued by Drexler, Peterson, and Pergamit, where the trio was able to utilize the 

expressions "Nanobots" or “Assemblers” with respect to the use and applications of 
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Nanotechnology inmedicine or more specifically being defined as “Nanomedicine” for 

the very first time (Drexler et al., 1991). 

1.2. Nanoscience  

Richard Feynman, a renowned Nobel laureate in Physics (1959), created the notion of 

nanotechnology in his notorious speech at the American physical society conference 

held at California Institute of Technology on 29th December, 1959, saying “There is 

plenty of space at the bottom”. In this specific sector, there has been a revolutionary 

growth since. Norio Taniguchi (1974) developed the term “Nanotechnology”. Norio 

Taniguchi miniaturized optoelectronic, mechanical devices thus introducing the “top-

down approach”. Around 1985, Eric Drexler stated, “The future of nanotechnology is 

the formation of larger objects from their molecular and atomic elements” thus 

introducing “bottom-up approach”. This lead to pioneering applications in the fast-

growing fields for an evolving society (Henini, 1998). The term ‘nano’ has been derived 

from the Greek word meaning ‘dwarf’ i.e. small things. The science and technology of 

small things known as Nanotechnology is a comparatively new division of science, and 

deals with materials of smaller dimension that reveal size dependent quantum effect 

and their properties are completely distinct from the characteristics of macro-scale 

materials. It also exhibits unusual properties of the functions and phenomenon because 

of the small size of materials synthesized.  

“Nanoscience is defined as a study of materials that exhibit remarkable properties, 

functionality and phenomena due to the influence of small dimension.”  

(Filipponi & Sutherland, 2010). 

1.3. Nanotechnology 

Nanotechnology, which deals with particles as small as 1 to 100 nm, is based on 

interdisciplinary approaches from material science, biology, physics, chemistry, and 

medicine. The growing body of research in this field has concentrated on diverse 

nanomaterial fabrication techniques and their potential uses. Nanotechnology has two 

major components: the first is the production of nano-sized particles, and the other is 

the application of these nanoparticles for their intended purposes. The synthesis process 
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involves converting macro-sized materials into nano-sized particles. Nanoparticle 

generation is a complicated process that requires certain expertise and facilities, 

depending on the technique employed. Following synthesis, the next critical step 

ensuring the requisite particle size and relative homogeneity of the nanomaterials is 

characterization. Nanoparticles can be synthesized using several processes, including 

chemical reduction, electrochemical method, sonochemical method, micro-

emulsion/colloidal method, microwave method, solvothermal breakdown, and 

biological synthesis. Soil microorganisms and plant extracts are vital for nanoparticle 

biogenesis and have an extensive range of potential and applications. The development 

of efficient and environmentally friendly nanoparticle synthesis procedures is a key 

feature of bio-nanotechnology (Khan and Rizvi, 2014). The aforementioned issues have 

been significantly addressed by the development of innovative agricultural products 

and ideas as a result of nanotechnology. Nanotechnology is now being investigated in 

agriculture for plant hormone delivery process, seed germination, management of 

water, targeted gene transfer, nano-barcoding, nano-sensors, and controlled 

agrichemical release (Hayles et al., 2017). As agricultural nanotechnology advances, 

the possibility for developing a novel generation of insecticides along with additional 

actives for the management of plant diseases will grow significantly.  

“Nanotechnologies are the design characterization, production and application of 

structure, device and systems by controlling shape and size at nanometer scale.”  

(Filipponi & Sutherland, 2010). 

1.4. Nanoparticles 

One of the most significant developments in nanotechnology has been the development 

of Zero dimensional novel materials in the nanometer scale called “Nanoparticles” 

(Biswas and Wu, 2005). These entities are invisible to human eyes yet they can be 

projected by intensely sophisticated instruments having a high resolution (Ramesh et 

al., 2014). At the point when the size of a material decreases to miniature and nanoscale, 

its properties totally change in comparison to the bulk material (Sharma et al., 2020). 

Decreasing the size to the nano range can alter their synthetic, mechanical, electric, 

organizational, morphologic, in addition to the optical features (Xu et al., 2021). 
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Nanoparticles can enhance pesticide shelf-life, improve solubility, reduce toxicity, and 

increase site-specific absorption by the target insect. Nanocarriers may enhance the 

effectiveness and durability of nano-pesticides under light and rain conditions, 

minimizing the need for several applications and lowering toxicity and costs. 

Nanoparticles can be sprayed directly to plant seeds, leaves, or roots to protect them 

from pests and diseases like bacteria, fungi, viruses, and insects. Various metallic 

nanoparticles including titanium dioxide, zinc oxide and copper have been thoroughly 

investigated for their antifungal, antibacterial, and antiviral activities.  

The unique features of nanoparticles include numerous applications ranging from 

environmental research to medical care, including metal sequestration, hazardous waste 

management, and environmental remediation. Pollutants in a variety of environmental 

matrixes, including soil, sediment, and wastewater, have been identified and removed 

using nanomaterials with a high surface area to volume ratio. The sequestration of As, 

Ag, Co, Cu, Cr, Cd, Hg, H2S, Ni, Zn, Pb, and chlorine-based pollutants has been 

successfully investigated through a number of batch and column tests involving 

nanomaterials (the nanoscale zerovalent iron, nano-polymers, iron complexes, etc.) 

using adsorption, oxidation-reduction, surface complexation, and other mechanisms. 

The bulk of nanomaterials utilized in sequestration techniques, however, were produced 

chemically, endangering both animal and environmental health. Due to their 

advantageous environmental conditions throughout both the manufacturing and 

sequestration phases, fungus-mediated biosynthesised nanomaterials might be a good 

choice for this application. With an expanding population, the agri-food business has 

grown into a substantial burden on society. Future technologies, including 

nanotechnology, may serve as a solution to relieve the strain on this region. As 

technology advanced, we gained better understanding of nano-dimensional 

characteristics, which opened up new possibilities for the use of fungal-mediated 

nanomaterials in fields such as food and agriculture. With extensive funding for 

nanotechnology research in almost every field, the agricultural sector has only 

scratched the small part, with food nanoscience expanding. As reported by Duncan 

(2011), packaging in agricultural products appears to be a strongly motivating factor. 

The vast majority of the investigation is still in its early stages and is yet to be 
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commercialised. It does, in fact, bring honours to the field of nanotechnology by 

assuring to revolutionize the food and agricultural sector through novel crop 

enhancement tools, competent delivery techniques for monitored and intended 

agrochemical release, agricultural precision, prospective disease detection, nano-

sensors in innovative packaging, and nano-antimicrobials for pathogen detection in 

food (Prasad et al., 2013, 2017).  

1.5. Methods for nanoparticle synthesis 

Nanoparticle synthesis and manufacturing may be done using two approaches which 

vary in grades of quality, speediness, and monetary value (Majumder, 2013; Baig et al., 

2021).  

1. Top-down approach 

2. Bottom-up approach 

The top-down approach involves dividing a bulk substance into nano-sized particles.  

The techniques aimed at the breakdown of the crude mass materials into nanoforms 

include interferometric lithography, high-energy ball milling and grinding, evaporation, 

condensation, chemical etching, pulsed laser ablation, sputtering, photo reduction, and 

so forth (Singh et al., 2010; Chang et al., 2013).  This approach has advantages as it 

delivers enhanced yields, steadiness in terms of morphology of nanoparticles, a 

monodisperse populace, licenses scale-up of manufacturing, stability of preparation, 

etc. (Aryal et al., 2019). However, this approach cannot be exploited for the generation 

of nanoparticles on a wider scale in light of the fact that it reflects incomplete 

topography besides it being a luxurious way out. Because of this method requiring 

cutting of material to make it nano-sized, the particles obtained may be unsatisfactory 

in terms of crystal structure. 

The bottom-up strategy is the inverse of the previous method, relying on the idea of 

molecule self-assembly. Using this method, a nanoparticle is constructed atom by atom, 

yielding molecules or clusters until the desired dimensions are achieved. The various 

kinds of techniques utilized in this approach are the wet-chemical methods, co-

precipitation, spinning, solvothermal and electrodeposition procedures, chemical vapor 



 6 

 

deposition, pyrolysis, microemulsion, solid-gel chemistry, etc. (Mazari et al., 2021). 

This approach results in nanoparticles that appear more homogeneous and properly 

organised. The drawbacks of this approach are increased consumption of energy along 

with long response time and ever-increasing cost, invariably poor particle size in 

addition to agglomeration issues. Subsequently, it requires the utilization of additional 

capping and stabilization agents including polymers e.g., polyethylene glycol, 

polyvinyl pyrrolidone, polyvinyl alcohol, and so on (Mukherji et al., 2018), surface-

active agent as sodium dodecyl sulfate, cetyltrimethylammonium bromide besides 

phospholipids (Talib and Wu, 2016). The usage of potentially perilous and unsafe 

reducing chemicals e.g., sodium borohydride, sodium citrate, or hydrazine, etc., further 

adds to toxicity both on ecological and physiological grounds hence, confining its 

utilization on a massive scale. The bottom-up method to metal nanomaterial production 

is significantly more common due to its obvious benefits (Thakkar et al., 2010). 

These two methodologies incorporate a variety of traditional or conventional methods 

like physical, chemical, or biological method, so as to manufacture nanoforms with 

explicit forms and sizes (Patil et al., 2021). The former methods are conventional 

procedures employing high levels of radiation as well as concentrated reducing and 

stabilising chemicals that are harmful to human health and produce non-ecofriendly 

byproducts. In addition to that, the physical and chemical methods are really costly and 

can put down toxic imports on the biological systems, therefore; these are less favorable 

methods to synthesize nanoparticles (Thivasanthi and Alagar, 2012). The three methods 

are briefly discussed as follows: 

1.5.1 Physical method  

These methods for the development of nanoparticles comprise photo irradiation, 

radiolysis, solvated metal atom diffusion, ultrasonication, chemical vaporization, inert 

gas condensation, electrochemical methods, ion implantation, arc discharge method, 

spray pyrolysis and vapour-phase synthesis. The primary disadvantage of physical 

techniques is that managing the reaction parameters is extremely important in 

determining the size and form of the nanoparticles synthesized. Nanometals with 

significant melting points can only be synthesized using methods such as the Arc 
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discharge process. The main drawback of physical procedures is that they require high-

quality pure source materials. Another issue with these conventional approaches is the 

fact that the distributions of particle sizes are quite broad and not uniform. Scaling up 

these procedures is tough. The nanoparticles created have an extremely limited shelf 

life, making the incorporation of capping agents necessary. The nanoparticles generated 

are extremely thermally unstable (Kruis et al., 1998; Swihart, 2003; Raab et al., 2011). 

1.5.2. Chemical method  

Chemical techniques for nanoparticle production entails a Gaseous phase and a Liquid 

phase, wherein the gaseous phase is further classed into pyrolysis and gas condensation 

whereas the liquid phase has subcategories as co-precipitation, solvothermal synthesis, 

sol-gel, micro-emulsion, electrochemical, colloidal method, oil microemulsion system 

and photochemical irradiation (Naveed Ul Haq et al., 2017). The benefits associated 

with this strategy are the usage of a lesser amount of time to harvest massive yield of 

nanoforms, conception of monodisperse, pure, and highly stable nano entities, 

improved production rate along with the generation of diverse and size-specific 

nanoforms, etc. The shortcomings of chemical approaches include the difficulty of 

regulating the size and shape of nanoparticles, the existence of toxic byproducts during 

the chemical process, and the shorter shelf life of the nanoparticles created by these 

methods (Vaidyanathan et al., 2009; Mosfegh et al., 2011; Korbekandi and Iravani, 

2012). The chemical reactions encompass the usage of highly noxious chemicals that 

can prove risky and perilous to the surrounding atmosphere and the health of a person 

dealing with such processes (Goyal and Pawar, 2018).  

1.5.3. Biological Method  

The biological method of nanoparticle synthesis is an emerging topic of 

nanotechnology (Roy and Barik, 2010; Rafique et al., 2017). It directs us to the 

currently emerging and a highly trending branch of material science termed as ‘Green 

Nanotechnology’ or the biological synthesis of nanoparticles. Considering the 

drawbacks of physical or chemical methods, biological methods of nanoparticle 

synthesis have proven to be a boon to the field of nanotechnology, outperforming the 

other methods (Jain et al., 2010; Kaler et al., 2010; Natarajan et al., 2010; Korbekandi 
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and Iravani, 2012). This methodology is referred so, since here the synthesis of 

nanoforms is carried out at mild pH, pressure, besides temperature and without the 

usage of any poisonous, perilous, or detrimental synthetic chemicals (Sharma et al., 

2015). The biological method of nanoparticle synthesis employs the bottom-up 

approach for metal atoms so as to fashion clusters and ultimately ultra-fine particles 

(Pandit et al., 2022). The nanoforms are shaped as an outcome of the oxidation or 

reduction reactions of the metal ions into their corresponding nanoparticles through 

various organic biomolecules e.g., carbohydrates and proteins (Cavalu et al., 2020). 

Some resources supposed to be environmentally acceptable for the biological synthesis 

of nanoparticles, include plants and plant parts (Jha et al., 2009a; Mallikarjuna et al., 

2011; Prasad 2014; Sinha et al., 2015; Ahmed et al., 2016), algae (Aziz et al., 2015), 

bacteria (Jha et al., 2010; Seshadri et al., 2012), actinomycetes (Sowani et al., 2015), 

seaweeds, enzymes (Wilner et al., 2006; Iravani, 2011; Patel et al., 2015; Gayathri et 

al., 2021) and fungi (Jha et al., 2008; Korbekandi et al., 2014; Muhsin and Hachim, 

2014; Prasad 2016). Toxic, dangerous, and costly materials are not required in 

biosynthesis, making it easier to maintain and monitor optimal process conditions. The 

biological method is a one-step bio-reduction approach that produces non-toxic, clean, 

cost-effective, biocompatible, and ecofriendly or sustainable nanoparticles while using 

less energy (Sathishkumar et al., 2009; Patil and Kim, 2017). During biological 

production, the nanoparticles are instantly covered by a protein molecule, creating a 

natural cap that prevents aggregation. Natural capping results in an extension of shelf 

life as well as stability for the synthesized nanoparticles. 

Biological synthesis consuming microbes is beneficial over use of plants as the former 

can be effortlessly reproduced (Yusof et al., 2019). Biological synthesis of precious 

metal nanoforms namely Gold, Silver, Platinum, Palladium, Silica, Titanium, Zirconia, 

Selenium, Tellurium, Magnetite, Uraninite, and Quantum dots (QDs) using various 

microbes, has been previously testified (Narayanan and Sakthivel, 2010). Amongst the 

diverse metals, Zinc draws additional attention on account of its sturdy reducing 

potential, and reasonable reactivity, besides inherently claiming five stable isotopes 

(Ali et al., 2018). The biological synthesis of metallic and metal oxide nanoforms rests 

on the ability of microorganisms to endure heavy metals. Under conditions of stress, 
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the microorganisms produce enzymes and other organic or cellular biomolecules. The 

latter leads to an effective bio-reduction of the metallic ions thereby, causing the 

generation of stable and less noxious metallic NPs (Singh et al., 2018). The benefits of 

biological synthesis of nanoparticles are that it is a rapid and one-step process, energy-

efficient in addition to cost-effectivity, biocompatibility as well as harmlessness 

(Sharma et al., 2015). The raw materials utilized in the nano biosynthesis typically have 

higher amounts of amino, carboxyl, or hydroxyl radicals that frequently serve as 

capping and stabilizing entities hence, setting off the formation of nanoparticles whilst 

preventing their aggregation. The resulting nanoforms have improved shelf life, higher 

stability, noteworthy catalytic activity (Agarwal et al., 2017), augmented 

pharmacological dynamics along with an extensive variety of dimensions, forms, 

compositions as well as physicochemical features (Mohanpuria et al., 2008). It also 

allows the large-scale generation of nanoforms devoid of any additional impurities 

(Agarwal et al., 2017).  

1.6. Mycogenic synthesis of nanoparticles 

Fungi are eukaryotic primordial creatures that include yeasts, moulds, and the more 

common mushrooms. Their mode of sustenance is heterotrophic, including some 

parasites and a few saprophytes. Fungi are worldwide in distribution, thus they may be 

found in a variety of environments such as air, water and soil, as well as on various 

sections of plant bodies such as leaves, fruits, seeds, stems, and roots, as well as inside 

tissues of plants such as endophytes. Fungal nanotechnology, also known as 'myco-

nanotechnology' is a subfield of nanotechnology that aims to understand fungi-

mediated nanofabrication (Rai et al., 2009). It also defines a clear borderline amongst 

arenas of "Mycology" in addition to "Nanotechnology" and has a noteworthy potential, 

on account of the widespread range besides the diversity of the fungal kingdom 

(Mohmed et al., 2017). Mycogenic synthesis of nanoforms suggests the formulation of 

nanoforms via utilizing fungi along with their related metabolites and consequently 

their application principally in therapeutics (Salem and Fouda, 2020). It has been 

confirmed that synthesizing nanoparticles biologically can be made possible using the 

dissimilar properties of a eukaryotic organism such as fungus. Fungi may be the most 

beneficial biogenic source for nanoparticle production due to their enrichment with 
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extracellular enzymes (Ingle et al., 2008), simplicity of preservation (Honary et al., 

2013a), solvent-free synthesis (Duran and Seabra 2012), and ease of scaling up (Yadav 

et al., 2015). Fungal frameworks are considered to be “Bio-nanofactories", upon being 

biological and cost-effective resources for producing a lot of reducing enzymes 

accordingly, serving in the orchestration of nanoforms pertaining to numerous metals 

as Gold, Silver, Platinum, Iron, Zinc, Titanium, Copper and so forth (Hanafy, 2018). 

Fungi can function as efficient bio-reductants for the extra- and intracellular synthesis 

of metal nanoparticles because of the presence of enzyme hydrogenases, organic acids, 

proteins, and nitrate-dependent reductases. The production of nanoparticles by the 

extracellular release of enzymes has enhanced the handling and processing of biomass 

downstream. While intracellular synthesis entails transporting ions into microbial cells 

in order to produce nanoparticles in the presence of enzymes, making it challenging to 

retrieve the nanoparticles in pure form, extracellular synthesis entails trapping metal 

ions on the cell surface and reducing them with the involvement of enzymes, which are 

easily recovered from the process (Narayanan and Sakthivel, 2010). The cell wall of 

fungus and its carbohydrates are thought to be crucial for metal ion lowering 

(Mukherjee et al., 2001). Fungi also offer a clear advantage in terms of metabolic 

processes and cellular level organisation for nanofabrication. These factors led to a rise 

in publications and the investigation of myco-nanotechnology for a range of 

applications pertaining to diverse fields such as the biomedical industry, 

pharmaceutical, agriculture, electronics, and so on (Youtie et al., 2008; Jha et al., 

2009a; Gade et al., 2010). Some of the most often used fungi for nanoparticle 

biosynthesis Cladosporium sp., are Trichoderma sp., Aspergillus sp., Fusarium sp., 

Penicillium sp. and Trichothecium sp. belonging largely to the phyla Basidiomycetes, 

Ascomycetes, and Phycomycetes. Mushrooms are higher fungi that lack chlorophyll, 

which means they cannot use solar energy to produce food in the same way that green 

plants can. However, mushrooms can manufacture an extensive variety of enzymes that 

deconstruct the complicated substrate on which they develop, allowing them to absorb 

the water-soluble substrate for their own sustenance. The term "mushroom" describes 

a macrofungus with a distinct fruiting body that may appear as epigeous or hypogeous, 

sufficiently sized to be seen with an unassisted eye, and harvested with hand (Chang 

and Miles, 1993). Mushrooms are classified within the phyla Ascomycotina and 
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Basideomycotina (Alexopolous et.al., 1996). They exist naturally and periodically in a 

variety of habitats and nicks across the world. The mushrooms are a huge diverse group 

with a wide range of forms, sizes, and colours, each with its own distinct character, 

appearance, and edible properties. From this enormous group of around 2000 edible 

species, over 300 species within 70 genera have been documented from India. However, 

just a handful have been cultivated commercially. Out of 2000 species of prime edible 

mushrooms, approximately 80 have been grown experimentally, 20 have been 

cultivated commercially, and six, Agaricus bisporus, Lentinus edodes, Pleurotus spp., 

Auricubria, Valvarella, and Flammulina, have undergone industrial production (Chang 

and Miles, 1991), earning them the nickname "the big six mushrooms."  

The chief paybacks of mycogenic synthesis (Khandel and Shahi, 2018; Messaoudi and 

Bendahou, 2020; Salem and Fouda, 2020) are as follows:  

1. Fungi may be easily isolated from many environmental sources and grown on 

simple, low-nutrient medium such as PDA and Czepekdox's broth in a 

laboratory setting, where they can be easily maintained. 

2. Fungi offer an extensive range and diversity along with easy accessibility.  

3. Maximum fungi need a wide variability of growth parameters as pH, 

temperature, as well as salt concentration, etc., that facilitates any variation in 

culture conditions so as to generate homogeneous nanoforms (Guilger 

Casagrande and Lima, 2019).  

4. They may readily go through downstream processing for extracellular and 

intracellular manufacture of nanoparticles and generate additional extracellular 

production of reductive proteins (Absar et al., 2005; Musarrat et al., 2011). 

5. The rate at which fungi reduce metallic ions to create highly monodispersed 

nanoparticles with distinct size and shape is remarkably quick (Kashyap et al. 

2013; Chokriwal et al., 2014).   
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6. Fungi have clearly defined nuclei and are genetically modified to release a large 

number of enzymes essential for nano-conversions, resulting in an enormous 

amount of nanoparticles with smaller particle sizes (Jha and Prasad, 2016). 

7. Mycological mycelia comparatively offer a greater surface area for interaction 

along with easy handling of the fungal biomass.  

8. The cell wall of fungi offers mechanical strength to endure changes in the 

environment and osmotic pressure (Durán and Nombela, 2004; Yadav et al., 

2015). 

9. Fungi are considered to be biocompatible, less harmful, cost-effective and facile 

as well as eco-friendly.  

10. Developed efficacy of fungal metabolites to create various habitually 

monodispersed nanoforms with a well-defined morphology besides diverse 

chemical compositions (Dhillon et al., 2012).  

11. Fungi generally exhibit slower kinetics hence, propose ease in manipulation and 

regulation over the morphology of nanoparticles alongside long-time stability 

(Zhao et al., 2018). 

12. Mycological cells appear to be more resilient to dealing with the procedural 

settings and variations, e.g., high compression, rate of flow and mixing, etc., 

that improves their probable usage for extensive synthesis of nanoforms 

(Narayanan and Sakthivel, 2010). 

13. Fungi can possibly be manipulated for the synthesis of nanoforms at large-scale 

as they particularly harvest enormous quantities of extracellular enzymes, 

readily able to catalyse the heavy metallic ions to produce the corresponding 

nanomaterial.  

14. Mycological candidates generate nanoparticles on an extracellular route thus, 

resulting products can be easily purified and right away utilized in varied 

applications (Gaikwad et al., 2013).  
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15. Myco-fabrication makes downstream processing easier for product purification 

and recovery along with an additional benefit of producing a large number of 

nanoparticles due to the release of several extracellular enzymes (Kumar et al., 

2007; Gade et al., 2008; Ingle et al., 2008; Birla et al., 2009; Rai et al., 2009; 

Zhang et al., 2011a; Honary et al., 2013b; Quester et al., 2013; Yadav et al., 

2015; Prasad et al., 2016).  

16. Maximum fungi carry a greater acceptance of metals, a higher wall-binding 

ability, and substantial competence for intracellular metal intake (Alghuthaymi 

et al., 2015).  

17. Fungi possess more intricate proteins and bioactive metabolites, that can easily 

reduce metal ions and stabilize corresponding nanoparticles for longer time 

frames (Mohanpuria et al., 2008). 

18. Fungi are known to synthesize chemicals such as anthraquinones and 

naphthoquinones (Siddiqi and Husen, 2016), that can specifically reduce a 

particular metal, for example, nitrate reductase is essential for reducing ferric 

ions into iron nanoforms.  

19. Fungi produce various secondary metabolites such as vitamin C, peroxidases, 

proteins, etc., which have classified them as efficacious bioresources for heavy 

metal reduction in industries. 

To synthesise nanoparticles, extracts from three fungal species- Pleurotus sajor-caju, 

Agaricus bisporus, and Lentinus edodes were employed. 
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1.7. Description of targeted fungi for nanoparticle synthesis 

 

1.7.1. Systematics of Pleurotus sajor-caju  

Domain Eukaryota 

Kingdom Fungi 

Division Basidiomycota  

Sub-division Basidiomycotina 

Class Agaricomycetes 

Order Polyporales 

Family Polyporaceae 

Genus Pleurotus 

Species P. sajor-caju 

 

This Pleurotus strain originated in India. In 1974, it was found growing in the foothills 

of Himalayas on the succulent tissue of Euphorbia royleana Boiss (Jandail, 1974; 

Jandail and Kapoor, 1976). Dr. Z. Bano gave this fungus, known as "Pleurotus sajor-

caju," to Professor S.-T. Chang, a prominent mushroom biotechnologist, in 1980. P. 

sajor-caju is a basidiomycete, and the basidiocarp is edible as well as nutritious. It 

belongs to the order Polyporales and the family Polyporaceae. The sporophores of P. 

sajor-caju are usually grown in groups. P. sajor-caju is commonly known as oyster 

mushroom because the fruiting bodies look like oyster shells. Pleurotus species include 

a high concentration of proteins, minerals, and vitamin B and C complexes. They can 

be utilised to address dietary deficiencies in impoverished nations when the diet lacks 

high-quality minerals and proteins (Kumar et al., 2020). Oyster mushrooms are a great 

source of nutrients. Crude protein content was calculated using dry weight (Yang et al., 

2001). They have around 60% carbohydrates (dry weight), which is consistent with 

other culinary mushrooms (Crisian and Sands, 1978; Bano and Rajarathnam, 1988). 
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Oyster mushroom contains no carbohydrates, minimal sugar, and a high fibre content, 

making it among the least fattening foods (Osei, 1996). 

1.7.2. Systematics of Agaricus bisporus 

Domain Eukaryota 

Kingdom Fungi 

Division Basidiomycota  

Sub division Basidiomycotina 

Class Agaricomycetes 

Order Agaricales 

Family Agaricaceae 

Genus Agaricus 

Species A. bisporus 

 

Agaricus bisporus, sometimes referred to as the white or button mushroom, stands as 

the most frequently cultivated edible fungus worldwide and is mostly accessible to 

consumers through commercial cultures, with yields that make up 70% of the total 

edible fungi (Kalac et al., 2013). The culinary and therapeutic properties of A. bisporus, 

which result from its wide range of metabolites and physiologically active ingredients, 

are among its most noteworthy traits. A. bisporus is rich in essential and semi-essential 

amino acids, dietary fibre (chitin), and antioxidants (phenolics, sterols, and indole 

compounds, vitamins, ergothioneine, and selenium) (Elmastas et al., 2007; Foulongne-

Orio et al., 2013). Fruiting bodies of the fungus contain a high concentration of amino 

acids. Eighteen of these chemicals have been studied and reported, however several are 

not found in sufficient quantities to constitute A. bisporus as a means of 

supplementation. Aspartic acid, alanine, arginine, glutamic acid, serine, lysine, leucine, 

phenylalanine, proline, tyrosine, and threonine are among the many amino acids found 
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in A. bisporus (Bernaś et al., 2006a; Muszyńska et al., 2013a). But the least common 

ones are still valine, methionine, and cysteine (Bernaś et al. 2006b). The cell walls of 

A. bisporus consist of fibres and matrix elements that are abundant in mannans, β-D-

glucans, and chitin (Cheung, 2013; Liu et al., 2013). The fact that A. bisporus contains 

both primary and secondary metabolites suggests that phytochemicals are crucial for its 

therapeutic properties (Bhushan and Kulshreshtha, 2018). Saponins are a broad class of 

structurally similar chemicals that include steroids and terpenoids. Saponins have been 

shown in studies to have anti-inflammatory, anti-malarial, anti-cancer, and anti-diabetic 

properties (Wandati et al., 2013). A. bisporus extract contains phenolic chemicals that 

function as antioxidants as well as anti-cancerous and anti-inflammatory effects 

(Jagadish et al., 2009). A. bisporus mushrooms have a carbohydrate content of 4-13% 

by dry weight (Colak et al., 2007). The soluble glucoside level was much lower than 

the protein quantity. A. bisporus has significant amounts of alkaloids and flavonoids, 

which may explain its antioxidant, anticancer, as well as anti-inflammatory properties. 

1.7.3 Systematics of Lentinus edodes  

Domain Eukaryota 

Kingdom Fungi 

Division Basidiomycota  

Sub division Basidiomycotina 

Class Agaricomycetes 

Order Agaricales 

Family Omphalotaceae 

Genus Lentinus 

Species L. edodes 
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Lentinus edodes, commonly referred to as black forest or oak mushroom (Shiitake in 

Japanese and Xiang-gu in Chinese), is considered as the most essential edible 

mushroom produced worldwide and the most widely consumed fungus in China and 

other Asian countries. L. edodes is a wood-decaying fungus that thrives in warm, moist 

climates on fallen or dead wood from a wide range of deciduous trees, particularly 

chestnut, oak, maple, beech, oplar (aspen, cottonwood), sweet gum, hornbeam, palder, 

chinquapin, ironwood, and mulberry. The natural distribution of shittake extends across 

northeast Asia, however, the precise boundaries are unknown. For a long time, people 

have valued this mushroom for its distinct aroma and taste as well as its use as a medical 

tonic. Wood logs or artificial substrate logs can be used to cultivate it (Quimio et al., 

1990; Stamets, 2000; Chang and Miles, 2004). It also has a high nutritional value and 

components that strengthen the immune system. Various therapeutic values such as 

anti-inflammatory effects, anticancer activity, and anti-diabetic properties are attributed 

mostly to the β-glucan found in lentinan (Wang et al., 2016a). Many chemicals with 

health-promoting properties have been isolated from L. edodes via scientific research 

(Mizuno, 1995; Wasser and Weis, 1997; Hobbs, 2000). Longvah and Dosthale (1998) 

reported that the fruiting bodies of L. edodes contain 88-92% water, lipids, protein, 

carbs, vitamins, and minerals. The mushroom is high in vitamins, particularly 

provitamin D2 (ergosterol), which converts into calciferol (vitamin D2) when exposed 

to ultraviolet (UV) light and heat. Besides, it includes B vitamins, such as riboflavin, 

thiamine, and niacin (B12) (Hobbs, 1995; Mizuno, 1995; Hobbs, 2000; Mattila et al., 

2001; Mattila et al., 2002). From the chemical standpoint, the physiochemical 

characteristics and structures of L. edodes polysaccharides, such as their average 

molecular dimensions, monosaccharide concentration, and glycosylation type, are often 

what determine their biological activity. The existence of normal β-glucans is necessary 

for the considerable host-mediated anti-cancer effect of lentinan, a polysaccharide with 

a high molecular weight β-1,3-D-glucan that contains β-1,6-glucopyranoside branches 

produced from L. edodes (Zhang et al., 2011b). Recently, L. edodes-derived 

polysaccharides have been used as antimicrobial agents, pharmaceuticals, and 

nutritional additives in a variety of functional foods. 
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1.8. Mycosynthesis of Zinc nanoparticles 

Inorganic compounds, such as Zinc Oxide (ZnO), outperform organic materials in terms 

of durability, selectivity, and heat resistance. ZnO is the most significantly 

manufactured and commonest compound of Zn found in nature besides having a wide 

array of uses (Greenwood and Earnshaw, 1997). It is a multipurpose inorganic material, 

typically showing up as a white precipitate and almost insoluble in water. It is the least 

expensive compound of Zn, appears to be well absorbed as it is solvable in dilute acid, 

and possibly dissolves in acidic gastric juices too (Klemm, 2013). Amongst the diverse 

kinds of inorganic nanoforms, zinc oxide nanoparticles (ZnONPs) are rated as the third 

largest nanoform, shaped all around the world besides being utilized in innumerable 

fields (Piccinno et al., 2012). ZnO NPs have established themselves as a more 

competent metal oxide (MO), on account of their multifunctional nature (Al-

Mohaimeed et al., 2022). ZnO adopts a stable wurtzite configuration with several 

planes made up of tetrahedral synchronized Zn2+ and O− ions arranged sequentially 

along the c-axis (Xu et al., 2014). ZnO is a biocompatible and environmentally 

accessible material, which is essential, particularly for utilization in the biomedical 

industry (Miri et al., 2020). There are several Zn-related nanomaterials as ferrite, 

phosphide, selenide, sulfide, telluride, etc., out of which ZnO nanostructures are of 

intense attention because of their striking properties such as outstanding biotic 

compatibility, nontoxicity, ease, and minimal cost involved in manufacturing, greater 

analytical performance with sensitivity, having an extensive array of antimicrobial 

activity, higher resistance to critical processing settings and so forth (Hatamie et al., 

2015). The main features accountable for applications of ZnONPs are higher 

concentration and large surface area (Ashrafi and Jagadish, 2007). Furthermore, 

because of their high photosensitivity, ZnONPs are thought to be a great photocatalysts 

for the breakdown of organic contaminants (Tripathy et al., 2014). 

1.9. Mycosynthesis of Magnesium nanoparticles 

Magnesium oxide nanoparticles (MgONPs) are essential metal oxide nanoparticles due 

to their crystal structure, good stability, cost-effectiveness, biocompatibility, effective 

ionic properties and ability to operate as safe and potent contaminant adsorbents. 

MgONPs have been particularly interesting to researchers worldwide over the last two 
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decades due to their diverse uses and distinctive features (Khan et al., 2020). MgONPs 

may be synthesized using a variety of chemical techniques, including solvent 

transformation, sol-gel, co-precipitation, and hydrothermal processes; nevertheless, 

these procedures have detrimental environmental impacts (Duong et al., 2019). The 

biological production of nanoparticles using fungi has recently become the best method 

due to its adaptability, rapid development, multiplication, wide variety of species (more 

than 1.52 million species), novelty, cost-effectiveness, and ecological sustainability 

(Clarance et al., 2020; Rai et al., 2021). The most preferred method for synthesizing 

MgONPs is the extracellular biological synthesis utilizing fungi, which is quick, easy, 

and inexpensive method without the use of potentially hazardous substances (Saad et 

al., 2018). MgONPs may be synthesised utilising fungi in two ways: intracellularly by 

transporting metal ions within the fungal cell and subsequently reducing them using 

enzymes, or extracellularly by reacting metal ions to the filtrate of fungal biomass 

(Bhardwaj et al., 2020b). MgONPs have been estimated to be useful in a variety of 

applications, involving hazardous material removal, catalytic activity, antimicrobial 

activity, refractory substances and treatment of wastewater, ceramics, heavy-duty fuel 

oils, enhancing antioxidant properties and substrate potential in agriculture, biomedical 

fields, ferroelectric thin films, sensing, adsorbents, and lithium batteries (Din et al., 

2018; Jeevanandam et al., 2019; Khan et al., 2020; Rani et al., 2020).  

1.10. Mycosynthesis of Manganese nanoparticles 

Manganese, one of the most prevalent elements on Earth, is essential for development 

in both plants and animals (Veeramani et al., 2013; Asaikkutti et al., 2016). Over the 

past ten years, manganese oxides have attracted a lot of scientific attention because of 

their distinct physical and chemical characteristics, as well as prospective uses in 

catalytic activity, exchange of ions, molecular adsorption, biological sensors, and 

storage of energy. According to recent studies, manganese oxides nanomaterials, may 

eventually replace rare element-based technologies like platinum catalytic converters 

for various uses (Katz, 1953; Zaki et al., 1998; Han et al., 2006; Iablokov et al., 2010). 

However, their use is rare in plant research. Only a few techniques have been utilized 

for the synthesis of manganese, despite the fact that there are several approaches for the 

environmentally friendly synthesis of nanoparticles (Agarwal et al., 2017). The 
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findings are in accordance with certain researchers who advocate manganese oxides as 

lesser toxic compared to other materials that are routinely used to make nanoparticles 

(Harish et al., 2013). The current work intended to synthesise and characterise 

antimicrobial manganese nanoparticles (MnNPs) utilising fungal extracts, as well as 

explore their influence on apple diseases and plant parameters. Additionally, Mn-oxides 

have a high specific capacitance, are environmentally friendly, and are generally less 

hazardous than other chemicals such various chalcogenides that serve as the basis for 

nanoparticles (Chen et al., 2010; Veeramani et al., 2013). According to recent research, 

Mn-oxide nanoparticles have the potential to displace technologies that rely on rare 

elements, including platinum catalytic converters for automobile production 

(Veeramani et al., 2013). The structural flexibility of Mn-oxide nanoparticles is made 

up of many physicochemical characteristics (Fei et al., 2008). From an ecological 

perspective, manganese nanoparticles can be synthesized using green methods because 

they do not need stabilization or reduction as a specific chemical and can be prepared 

in mild conditions like room temperature and pressure (Vanaja et al., 2013; Prasad and 

Patra, 2017). Natural substances, fruits and vegetables, plant extracts, microorganisms, 

and fungi have all been used to create Mn and Mn-oxide nanoparticles in the biological 

synthesis of manganese nanoparticles (Singh et al., 2016; Ahmed et al., 2017). Two 

significant issues in nanobiotechnology remain the regulation of the size and form of 

green synthesised manganese nanoparticles and their uses (Quester et al., 2013). 

Manganese nanoparticles are employed in a variety of applications, including water 

treatment, purification, catalysts, solar cells, and magnetic materials (Zayed and Eisa, 

2014; Gehrke et al., 2015; Singh et al., 2016; Zayed et al., 2017). 

1.11. Apple plant - fungal diseases 

In agriculture, nano-pesticides, nano-herbicides, and nano-fungicides are used 

(Owolade et al., 2008). In order to increase their activity, a number of companies 

created formulations that included nanoparticles in the 100–250 nm size range, which 

may dissolve in water more effectively than current ones. Additional companies employ 

nanoscale particle suspensions, also known as nano-emulsions, which can be oil-based 

or water-based and consist of homogeneous suspensions of herbicidal and pesticidal 

nanoparticles in the 200–400 nm range. These suspensions have a number of potential 
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uses for treatment, harvest preservation, and preventive measures (Rickman et al., 

1999; Goswami et al., 2010). Significant problems have been brought about by 

pathogenic fungus in both plant and animal systems. Although widespread use of 

antimicrobial compounds has greatly slowed the spread of fungal diseases, dangerous 

fungi have developed resistance to antifungal drugs over time. These antifungal 

substances are also detrimental to humans, plants, and the ecosystem as a whole 

(Vandeputte et al., 2012). When compared to studies on bacteria, the possible negative 

effects of antifungal substances may be one of the main reasons why reports on 

antifungal research have become less frequent (Doughari and Nuya, 2008). According 

to numerous studies, a variety of nanoparticle materials have antimicrobial qualities 

against bacteria, viruses, and eukaryotic microorganisms. These materials include 

copper (Cioffi et al., 2005), zinc oxide (Sui et al., 2013), silver (Adeli et al., 2013), gold 

(Gu et al., 2003), magnesium, and titanium dioxide (Yah et al., 2015). In the current 

investigation, we established the inhibitory activity of zinc, magnesium, manganese, 

and combination nanoparticles on the pathogenic fungi- Alternaria mali and Venturia 

inaequalis. Furthermore, the anti-mycelial efficacy of all twelve forms of nanoparticles 

was investigated against A. mali and V. inaequalis, damaging the apple crop. 

Since the beginning of time, apple (Malus domestica Borkh.) has been the most widely 

grown temperate fruit across Europe and Asia (Wang et al., 2016b). Globally, more 

than 65 million tonnes of apples are grown each year. India ranks seventh in terms of 

apple fruit output, with 2163400 MT produced year (FAO, 2012). In India, apples are 

mostly cultivated in Himalayan states such as Jammu and Kashmir (J&K), Himachal 

Pradesh, and Uttaranchal, which account for over 90% of total output (Anonymous, 

2000). The Kashmir Valley in the Union Territory of Jammu and Kashmir accounts for 

60–65% of this production. The Kashmir Valley is home to hundreds of apple varieties, 

which account for the majority of apple genetic diversity in India. This germplasm may 

have essential agronomic features, such as resistance to diseases. It produced 1,372,973 

metric tonnes of apples from 138,191 hectares of orchard land between 2010 and 2011 

(FAOSTAT, 2021). Apples, like most horticultural crops, are attacked by a variety of 

diseases that reduce the fruit both in quantity and quality. However, fungal infections 

are mostly responsible for significant crop losses. Plant diseases originating from fungi 

are common and problematic for the agricultural sector. In addition to reducing crop 
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production and parameters, diseases caused by these fungi can result in a decline in 

produce quality because of the buildup of mycotoxins, which can be harmful to both 

humans and animals. Thus, pathogenic fungi remain the focus of attention for 

phytopathologists across the globe. The principal fungal diseases are scab, powdery 

mildew, Alternaria leaf blotch, root rot, collar rot, fly speck, and sooty blotch. The most 

commercially significant disease among them is Venturia inaequalis, which causes 

apple scab (Alaniz et al., 2014). Regarding yield losses, Alternaria mali, which causes 

Alternaria leaf blotch, is one of the severe saprophytic and pathogenic genera that 

affects ripened as well as harvested produce (Yuan et al., 2019). Although much 

research has been carried out on management of apple plant diseases like leaf spot and 

apple scab through chemicals, plant extracts and bio-control agents, yet no work has 

been carried out on testing various fungal-mediated metal nanoparticles against the 

diseases so far.  

To manage these fungal infections, many insecticides and fungicides are utilised, and 

pathogenic organisms have developed resistance to such traditional chemical 

compounds. Over 15 fungicide applications are utilised to manage the fungi within a 

single season. Following infection, this is still the sole feasible technique for disease 

control. However, uncontrolled use of fungicides is producing major health and 

environmental issues since these fungicides are not biodegradable and accumulate in 

water, soil, and plants, imposing harmful effects on other organisms that are part of the 

ecosystem (Villa et al., 2017; Pimentel et al., 1993; Holb et al., 2005). Alternative 

organic substances (bio-fungicides) are affordable, readily accessible, non-toxic, and 

biodegradable. Several researchers have lately expressed interest in employing plant 

products as bio-fungicides to combat fungal illnesses. Compared to conventional 

fungicides, bio-fungicides safeguard the soil, crop, and environment more effectively. 

Biological fungicides can also reduce the possibility of disease resistance (Zaker, 2016). 

A different approach to fungicide spraying is the adoption of resistant cultivars, that are 

not readily accessible in bulk. As a result, there is a dire need to develop additional 

cultivars that are resistant to scab and apple spot that may be employed in apple 

breeding.  
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1.12. Targeted fungi for antimicrobial activity 

1.12.1. Alternaria mali 

Domain Eukaryota 

Kingdom Fungi 

Division Ascomycota 

Class Dothideomycetes 

Order Pleosporales 

Family Pleosporaceae 

Genus Alternaria 

Species A. mali 

  

Alternaria leaf blotch (ALB), a foliar fungal infection caused by Alternaria mali, is 

found in all apple-growing regions of the world and is an economically significant 

disease. Roberts (1924) was the very first to identify Alternaria mali as the cause of 

Alternaria leaf blotch in the United States. This was initially reported in India by Gupta 

and Agarwala (1968) in Himachal Pradesh. Puttoo originally documented the disease 

in Kashmir in 1987 and identified A. tenuissama as the causal agent, while A. mali was 

later identified as the principal cause (Shahzad et al. 2002). In August 2013, the disease 

became widespread in Kashmir, affecting over 80 % of orchards (Bhat et al., 2015). 

According to various reports based on a different study, the disease caused a projected 

loss of 40-60% this year, decreasing apple quality from Grade "A" down to Grade "C" 

(Annonymous, 2013). In apple-growing areas, the disease causes extensive foliar 

defoliation. Small, recessed, light or medium brown specks on ripe fruits indicate fruit 

spot indications (Persley and Horlock, 2009). Thus, growing pathogen sensitivity to 

synthetic fungicides, along with public pressure to limit pesticide usage, fuelled by 

heightened knowledge of environmental and health concerns, has shifted the emphasis 

to alternate pathogen control approaches. ALB is distinguished by irregular (although 
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initially nearly circular) light brown or blackish brown patches that gradually grow to 

2-5 mm in diameter and are surrounded by a dark brown to violet-colored stripes 

(Bulajic and Babovic, 1997). It is crucial to remember because Alternaria-like 

symptoms, particularly leaf symptoms, might resemble those of physical damage or 

similar fungal infections. As a result, relying just on lesions of the leaves to diagnose 

A. mali is neither appropriate nor conclusive. ALB is defined by the fact that, under 

favourable environmental circumstances, the blotches might keep growing and leaves 

may fall untimely from the branches.  

1.12.2. Venturia inaequalis 

Domain Eukaryota 

Kingdom Fungi 

Division Ascomycota 

Class Dothideomycetes 

Order Pleosporales 

Family Venturiaceae 

Genus Venturia 

Species V. inaequalis 

  

The fungus Venturia inaequalis causes apple scab, which is one of the most devastating 

diseases in apple crops. The disease causes significant economic losses for producers 

specifically and the apple sector in general (Machardy, 1996). Infection can develop on 

foliage, fruits, stems, or young twigs, even though fruits and leaves are the most 

common sites of infection. Infection begins on the inner side of the leaf and eventually 

spreads to other areas. Young leaves are more susceptible to infestation than matured 

or older leaves (Thakur VS, Sharma 1999). The first noticeable signs are pinhead-sized 

water-soaked areas. Later, they grow and take on a black and smoky look. As the 

condition progresses, the skin ruptures, and the exposing tissue produces black or dark 
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velvety appearance. Finally, they become brownish-black. If fruits get contaminated 

before harvest, signs and symptoms do not appear until storage (Berrie and Xu, 2003). 

During storage, black, rough, and round lesions may form. The fungus produces 

upright, brown conidiophores and many conidia, which cause the lesions. The 

ascospores are the major cause of infection. These become active immediately as spring 

arrives (Holb et al. 2005). After 7 to 10 days, the biomass of the pathogen grows 

significantly, and asexual spores known as conidia infect other cells. In the Kashmir 

valley, ascospore discharge may commence as early as late March and last for a few 

weeks (Sharma, 2010). Further infections are caused by asexual conidiospores. Conidia 

propagate from branch to branch by raindrops and the wind. If the weather is favorable, 

the fungus spreads swiftly, resulting in a significant rise in the occurrence of scab. The 

pathogen is active even at extremely cold temperatures (Stensvand et al., 1997), and it 

can spread at temperatures as low as 1°C in 40 hours. Temperature and moisture are 

closely linked to the occurrence of infection; hence, they may be utilized for estimating 

scab incidence (Mills and Laplante, 1951). Qazi et al. (2008) offer a change to Mills' 

table that is appropriate to the valley of Kashmir. Even various methods for estimating 

ascospore maturation have been created to aid in disease prevention (James and Sutton, 

1982). 

1.13. Antimicrobial activity of ZnONPs 

ZnONPs have been shown to exhibit antibacterial and antifungal properties 

(Yamamoto, 2001; Sawai and Yoshikawa, 2004). Zinc compounds are mostly used as 

fungicides in the agriculture industry (Waxman, 1998). ZnO has a rather high 50% 

lethal dosage (LD50) of gastrointestinal toxicity; in rats, it reaches 240 mg/kg (South, 

2002). Higher antibacterial action is believed to be associated with the smaller 

diameters of ZnO (Yamamoto, 2001). ZnONPs show antimicrobial effects against 

Bacillus subtilis, Salmonella spp., Klebsiella pneumoniae, Staphylococcus epidermidis, 

Candida albicans, Malassezia pachydermatis, Enterobacter aerogenes (Palanikumar et 

al., 2014). Zinc nanoparticles were reported to show antifungal activity against 

Penicillium expansum and Botrytis cinerea (He et al., 2011). Nagarajan et al. (2013) 

discovered that biosynthesised ZnO nanoparticles derived from fucoidan water-soluble 

pigments found in leaf extract of Sargassum myriocystum are more efficient as 
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antibacterial agents against the gram-positive bacteria than gram-negative bacteria. 

These pigments are accountable for the reduction and stability of ZnO nanoparticles. 

Food-related microbes Bacillus subtilis, Escherichia coli, and Pseudomonas 

fluorescens have all been studied in relation to the antimicrobial properties of ZnO NPs 

(Jiang et al., 2009; Theivasanthi and Alagar, 2011). The plant pathogenic fungus 

Fusarium oxysporum, Alternaria alternata, Mucor plumbeus, and Rhizopus stolonifera 

have all been demonstrated to be susceptible to antifungal activity of ZnONPs. 

According to the in vitro investigation, ZnONPs have strong fungicidal activity and 

prevent spore germination, albeit at varying doses (Wani and Shah, 2012). 

Additionally, ZnONPs of various sizes have demonstrated effectiveness against 

Aspergillus niger and Aspergillus flavus (Rajiv et al., 2013). According to reports, 

ZnONPs have strong antifungal qualities against the harmful fungus Penicillium 

expansum, which causes apple blue mould disease, and Botrytis cinerea, which 

damages a wide range of crops. ZnONPs negatively impact the cellular processes of the 

pathogen, which in turn inhibits the formation of fungal hyphae. Furthermore, ZnONPs 

stop conidiophores and conidia from growing, which ultimately results in the death of 

fungal hyphae and a significant morphological modification of the fungus following 

ZnONP treatment (He et al., 2011). Therefore, ZnONPs may be employed as strong 

fungicides to manage plant diseases (Kairyte et al., 2013). Because of their surface-

chemical activity, nanostructured ZnO and MgO nanoparticles are biosafe, 

biocompatible, and have antibacterial and antifungal properties (Ruffolo et al., 2010; 

Janaki et al., 2015). 

 

1.14. Antimicrobial activity of MgONPs 

MgONPs have long-lasting antibacterial action, which can be linked to their capacity 

to withstand severe temperatures along with low volatility (Ammulu et al., 2021). 

MgONPs have shown great antimicrobial effects for Salmonella spp. and Escherichia 

coli. The mechanism of antimicrobial activity of the MgONPs is yet unknown. The 

antibacterial action mechanism of MgONPs was described by a number of hypothesised 

processes, including the release of reactive oxygen species (ROS), the contact of 

MgONPs with the microbial cell, which subsequently destroys the pathogens, and an 

alkaline influence (El-Sayyad et al., 2018). The microbial cell wall was being destroyed 
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as a result of the association with the harmful microorganisms. The electrostatic 

interactions among MgONPs and the microbial cell wall caused the cell loss 

(Stoimenov et al., 2002). Furthermore, because of their failing nature and positive 

evaluation of their exterior, which results in a potent contact with negatively charged 

microorganisms, MgONPs may produce halogen vapours (Stoimenov et al., 2002). 

Overall, because MgONPs produce hydrogen peroxide, they alter the permeability of 

microbial membranes, alter the architecture and composition of microbial cells, and 

induce the emergence of oxidative stress response genes inside the microbial cell. The 

total membrane loss suggests that the dissociation of membrane reliability in microbial 

cells and the activation of oxidative pressure genes are the causes of antimicrobial 

effects of MgONPs (He et al., 2016). 

1.15. Antimicrobial activity of MnO2NPs 

Nanomaterials made of manganese oxide may hold a lot of promise for environmentally 

friendly nanotechnology. Research on the biological synthesis of manganese 

nanoparticles was greatly needed in the field of nanotechnology because of the diversity 

of organisms and the availability of different structures for Mn-oxides (Prasad, 2017). 

Apart from the utilization of manganese oxide nanoparticles utilizing their electronic 

characteristics and catalytic activities, the majority of research papers concentrated on 

assessing their chemical, physical, and catalytic properties; its antibacterial effects 

were, however, hardly studied (Joshi et al., 2020). Furthermore, it is never investigated 

if these nanoparticles have antifungal activities against the majority of fungi (Jayandran 

et al., 2015).  Furthermore, it has been suggested in the past to look into the possibilities 

of creating metallic nanocomposites (such ZnO-MnO2, MgO-MnO2, and others) in 

order to increase the uses of manganese nanoparticles (Moon et al., 2007; 

Thankalekshmi et al., 2011; Hsu et al., 2013). Manganese nanoparticles work against 

an extensive range of fungi, for example, Fusarium wilt fungus and Verticillum wilt 

fungus and have caused a remarkable inhibition of the same (Elmer and White, 2016).  

1.16. Apple plant parameters 

The application of nanotechnology may significantly contribute to the long-term 

enhancement of agricultural productivity. The advantageous effect of nanoparticles 

used as fertilizers on crops is mainly reflected in increased yields, but nanoparticles 
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may also affect both the quantity and quality of secondary metabolites as well as various 

other parameters such as chlorophyll content, each of which contribute to improved 

crop quality. Foliar fertilisation involves applying nutrients, biostimulants, insecticides, 

and phytohormones to the aerial portions of plant (Laane, 2018). Spraying fertilizers, 

which include micronutrients such as zinc, iron, manganese, boron, copper, and silicon 

are both easy for field usage and effective, with an exceptionally quick plant 

responsiveness. The use of these substances can enhance the nutritional balance of 

plant, resulting in increased fruit output and quality, enhanced disease resistance, and 

greater drought and salinity tolerance (Fernandez et al., 2013). Nanomaterials could be 

used to create new fertilisers (Mosanna and Khalilvand, 2015), ensuring effective 

delivery of nutrients to the plant and a rapid response from the plant (Fernandez et al., 

2013), with only one-third of the conventional equivalents added to the natural 

environment (Boutchuen et al., 2019). In the same vein, it was shown that silicon is 

mainly hazardous to plants in its bulk form, but silicon nanoparticles are helpful to 

plants (Helaly et al., 2017). There are currently very few studies on how nanoparticles 

affect fruit trees. Some studies focused on the effect of nanoparticles in mitigating the 

effects of stressful situations on fruit seedlings, while others focused on utilizing 

nanoparticles to boost the development, yield, and fruit nutritional value of trees grown 

in non-stressful environments. Over many years, the apple plant has had a significant 

impact on restrictions such as gas exchange parameters and chlorophyll content present 

in the leaves. Gas exchange could be measured using O2 electrodes or infrared gas 

analysers, which can calculate CO2 flux across the ecosystem, plant or individual leaf 

levels and canopy growth (Perdomo et al., 2018). Net CO2 flow is frequently calculated 

using CO2 gas exchange evaluations for both response curves and point-in-time 

measurements of leaf photosynthesis. Gas exchange measurements are also considered 

the 'gold standard' for evaluating optical methods such as reflectance measurements 

(Ainsworth et al., 2014; Silva-Perez et al., 2017). Monitoring plant CO2 uptake has 

long been a standard procedure. In previous methods, plant CO2 absorption was 

measured by passing air from a plant chamber over CO2 absorbing solutions. After then, 

conductance (Sproehr and McGee, 1924; Thomas and Hill, 1937) or titration 

measurements (McLean, 1920; Heinicke and Hoffman, 1933) were carried out. Later 

systems included infrared gas analyzers (IRGAs), which enhanced precision and 
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allowed for continuous tracking of an air stream (Mooney, 1972). The requirement for 

field measurements of photosynthetic rates led to the development of the first mobile 

labs (Strain, 1969; Mooney et al., 1971). These devices were still bulky and challenging 

to transport to several field sites. The existing century-long history of gas exchange 

metrics has led to a widespread recognition of the system requirements for precise and 

accurate measurements (Bloom et al., 1980; Long and Ireland, 1985; Long and 

Hällgren, 1993; Long et al., 1996). Additionally, routine assessment of physiologically 

important parameters is made possible by mobile/portable commercial systems 

(Sharkey, 2016; Long and Bernacchi, 2003). The decrease in the amount of 

photosynthesis in apple plants during mild to severe drought conditions is mainly 

caused by stomatal restrictions, which limit the diffusion of CO2 from the atmosphere 

into carboxylation sites (Escalona et al., 2000; Marques da Silva and Arrabac, 2004). 

The current study represents one of the few that covers many targets, and the first on 

apple, to assess the involvement of zinc, magnesium, manganese, and combination 

nanoparticles in different gas exchange parameters and their effect on chlorophyll 

content of the apple crop. Most of the studies dealing with apple disease management 

have been considered with morphological, cultural, physiological, epidemiological and 

chemical features. A little is known about the botanical control of apple diseases in 

India. In addition, nanoparticle evaluation studies being a new aspect as antimicrobial 

agents, also need to be considered for their analysis at in vitro level.  

Scope of the present investigation 

Researchers have historically used metals nanoparticles like silver (Ag), gold (Au), 

Copper (Cu), Iron (Fe), and titanium (Ti), each with their own biological and catalytic 

roles (Mukherjee et al., 2001; Ahmad et al., 2003). Compared to these, Zn, Mg, and 

Mn are less toxic and more environmentally friendly, aligning with green synthesis 

principles (Abdelraheem et al., 2021; Ramezani Farani et al., 2023; Sharma et al., 

2025). Their roles in biological systems also make them more compatible with fungal 

enzymes, leading to more controlled and sustainable nanoparticle production. 

Therefore, the current progress in nanotechnology has incited growing curiosity in the 

curative efficacy of ZnO, MgO, MnO2 and Zn+Mg+Mn nanoforms besides navigating 

environmentally friendly courses through which these nanoparticles could be 
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effortlessly formulated. It could also be concurrently utilized to offer new insights into 

sustainable nanotechnology and in various branches of agriculture along with highest 

productivity. Consequently, the present effort was pursued as per an underlying 

objective to employ the biometabolites as mined from an array of three fungal species. 

This synergy of biomolecules was made to amalgamate with the broad-spectrum and 

multifunctional metals as Zn, Mg and Mn in order to realize a rapid, cost-effective and 

green synthesis route, so as to carve out various kinds of biological nanoforms. 

Additionally, the therapeutic worth of these mycogenic nanoparticles was investigated 

by exploring their underlying antifungal effectiveness on an in vitro scale against 

Alternaria leaf blotch and apple scab causing pathogens- A. mali and V. inaequalis 

respectively. Detailed investigations were conducted on the ability of myco-synthesized 

nanoparticles to alter the plant parameters of apple plant. 

Organization of the thesis: 

The thesis is split into five chapters. Chapter I offers an introduction regarding the 

importance and objectives of the study. Chapter II is the review of the literature which 

deals with a brief report on various synthetic methods, different characterization 

techniques, and various applications of zinc, magnesium, manganese and combination 

nanoparticles in short. Chapter III is the experimental part. It describes the method of 

myco-synthesis of twelve types of nanoparticles using three fungal extracts, 

antimicrobial studies and then the evaluation of plant parameters. It also gives the 

description of various characterization techniques used in the study. Results and 

discussions are summarized in Chapter IV. It is organized into seven sections, each of 

which details the synthesis, characterization, and antifungal properties of zinc, 

magnesium, manganese, and combination nanoparticles synthesized using the specific 

fungal extracts. The conclusions of the entire work are summarized in Chapter V. 
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2.1. Green synthesis of nanoparticles 

Over the past few years, the environmentally benign characteristics of biologically 

synthesized nanoparticles and their prospective uses in a wide range of areas have 

attracted a lot of interest.  Various researches have demonstrated how this method can 

be utilized for environmental remediation, particularly in the removal of pollutants (Cao 

et al., 2020; El Messaoudi et al., 2024; Mehmood et al., 2024; Pal et al., 2024; Shobana 

et al., 2024;). This shift towards greener methods not only reduces environmental 

impact but also opens up new avenues for biomedical applications (Al-Darwesh et al., 

2024; Johnson et al., 2024; Mariappan et al., 2024; Netala  et al., 2024; Ragavendran 

et al., 2024; Varshney and Gupta, 2024; Vinothini et al., 2024), specifically  anti-

phytopathogenic effects (Abdelhady et al., 2024; Bouqellah et al., 2024; Dėnė et al., 

2024; El-Abeid et al., 2024; El-Naggar et al., 2024; Garibo and Khan, 2024; Ibrahim 

et al., 2024; Ingle et al., 2024; Jahan et al., 2024; Jomeyazdian et al., 2024; Konappa 

et al., 2024; Narware et al., 2024; Parada et al., 2024; Tiwari et al., 2024b; VS et al., 

2024) of nanoparticles synthesized from natural sources.  

 2.1.1. Plant-Based Synthesis 

Plant extracts, abundant in phytochemicals, work as stabilizing and reducing agents 

during the synthesis of nanoparticles, enabling the environmentally friendly 

manufacture of nanoparticles without the use of hazardous chemicals (Bekele et al., 

2024; Dhanalakshmi and Losetty, 2024; Elkhateeb et al., 2024; Fifere et al., 2024; 

Hayat et al., 2024; Johnson et al., 2024; Moradnia et al., 2024; Mousa et al., 2024; 

Pahuja et al., 2024; Sagar et al., 2024; Sedefoglu, 2024; Bhardwaj et al., 2020a).  

 2.1.2. Microbial Synthesis 

Microorganisms provide a potential path for the eco-friendly fabrication of metallic 

nanoparticles (Bharose et al., 2024; Liu et al., 2024; Li et al., 2024; Mandal and Sarkar, 

2024; Ozdal, 2024; Singh and Chandra, 2024 and Soni et al., 2024). Through enzymatic 

processes or direct interactions with metal ions in their environment, the metabolic 

activities of these microbes can lead to the reduction of metal ions into nanoparticles 

(Liu et al., 2024; Nzithya et al., 2024; Zahera et al., 2024). The capacity of these 

microbes to generate nanoparticles with uniform size and shape makes them very 
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beneficial (Gericke and Pinches, 2006; Mandal et al., 2006; Das et al., 2010; Narayanan 

and Sakthivel, 2010; Sweet et al., 2012).   

2.1.2.1. Fungal-mediated Synthesis of Nanoparticles 

Fungi have emerged as efficient systems for the manufacture of nanoparticles because 

of their exclusive characteristics, including high wall binding capacity, simplicity of 

culture, and ease of managing biomass (Yadav et al., 2015). The fabrication of zinc 

nanoparticles has so far made extensive use of a variety of fungi like Aspergillus niger 

(Shamim et al., 2019; Abdelkader, et al., 2022), Aspergillus fumigatus (Rajan et al., 

2016), Aspergillus aeneus (Jain et al., 2013), Cordyceps militaris (Dias et al., 2022), 

Phanerochaete chrysosporium (Sharma et al., 2021), Dictyota dichotoma (Kumar et 

al., 2022), Xylaria acuta (Sumanth et al., 2020); Monascus purpureus (Ammar et al., 

2021), Fusarium keratoplasticum (Mohamed et al., 2019),  Fusarium chlamydosporum 

(Hammad et al., 2023); Magnesium nanoparticles like Rhizopus oryzae (Hassan et al., 

2021), Penicillium chrysogenum (El-Sayyad et al., 2018), Aspergillus niger (Ibrahem 

et al., 2017), Aspergillus tubingensis (Raliya et al., 2014), Erysiphe cichoracearum 

(Fathy and Mahfouz, 2021), Penicillium crustosum (Amin et al., 2024); and Manganese 

nanoparticles like Arcopilus globulus (Dhoble and Kulkarni, 2016; Zhang et al., 2022), 

Aspergillus niger (Mohiudden et al., 2023), Alternaria alternata, Fusarium 

brachygibbosum, Penicillium verruculosum and Aspergillus niger (Dhoble and 

Kulkarni, 2016). Figure 2.1 showcases the outline of mycosynthesis of nanoparticles. 

A broad outline of the fungal species utilized for the synthesis of Zn, Mg, and Mn 

nanoparticles along with the key characteristics of synthesized nanoparticles and the 

characterization techniques employed has been summarized in Table 2.1. 
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Table 2.1: Summary of synthesis and biophysical characterization of Zn, Mg and Mn nanoparticles 

via various fungal species 

Fungi NP Characterization 
NP 

characteristics 
Applications References 

Aspergillus 

niger 

Zinc XRD, SEM, UV-

Vis and EDX 

technique 

• Shape: 

Hexagonal 

• Size: 40 nm 
- 

Shamim et 

al., 2019 

Aspergillus 

niger 

Zinc UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

TEM, EDX, DLS 

 

• Shape: 

Hexagonal 

• Size:  23.97 ± 

2.29 nm 

In vitro and In 

vivo antibacterial 

activity (against 

Staphylococcus 

aureus). 

Abdelkader

, et al., 2022 

Aspergillus 

fumigatus 

Zinc UV-Vis 

spectroscopy, FT-

IR, SEM 

• Shape: 

Spherical 

• Size:  60-80 

nm 

Antimicrobial 

activity of 

Klebsiella 

pneumoniae, 

Pseudomonas 

aeruginosa and E

scherichia coli, 

Staphylococcus 

aureus and Bacill

us subtilis. 

Rajan et al., 

2016 

Aspergillus 

aeneus 

Zinc UV-Vis 

spectroscopy, FT-

IR, XRD, TEM, 

EDX 

• Shape: 

Spherical 

• Size:  100-

140 nm 

- 

Jain et al., 

2013 

Figure 2.1: Schematic outline of fungal-mediated nanoparticle synthesis process 
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Cordyceps 

militaris 

Zinc UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

EDX, TEM, zeta 

potential analysis 

• Shape: 

Spherical 

• Size:  20-100 

nm 

Antibacterial 

activity against 

Pseudomonas 

aeruginosa, 

Shigella flexneri, 

Proteus vulgaris, 

Rhodococcus 

equi. 

Dias et al., 

2022 

Phanerochaete 

chrysosporium 

Zinc UV-Vis 

spectroscopy, FT-

IR, XRD, PL, SEM 

• Hexagonal 

(average size 

= 83.9 nm) 

• Spherical 

(average size 

= 59.5 nm) 

Antimicrobial 

activity against 

bacterial 

strains (Escherich

ia 

coli and Staphyloc

occus aureus) and 

white rot 

fungus (Phaneroc

haete 

chrysosporium). 

Sharma et 

al., 2021 

Dictyota 

dichotoma 

Zinc UV-Vis 

spectroscopy, FT-

IR, SEM, EDX 

• Shape: 

Spherical 

• Size:  80-100 

nm 

• Dye 

degradation 

efficiency 

(∼90%) under 

photo 

illumination. 

• Antibacterial 

activity against 

Bacillus 

subtilis and 

Klebsiella 

pneumonia. 

Kumar et 

al., 2022 

Xylaria acuta Zinc UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

EDX, DLS, TEM, 

SAED 

• Shape: 

Hexagonal 

• Size:  34-55 

nm 

Antibacterial 

activity on 

Staphylococcus 

aureus, Bacillus 

cereus, 

Pseudomonas 

aeruginosa and E

scherichia coli. 

Sumanth et 

al., 2020 

Monascus 

purpureus 

Zinc UV-Vis 

spectroscopy, DLS, 

TEM, FT-IR, SEM 

• Shape: Round 

• Size: 33.6-

78.1 nm 

 Antifungal 

activity against 

Fusarium 

solani, Fusarium 

sporotrichioides, 

Fusarium 

oxysporum, Rhizo

cotonia solani, 

and macrophomin

a phaseolina. 

 Ammar et 

al., 2021 
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Fusarium 

keratoplasticu

m 

Zinc UV-Vis 

spectroscopy, FT-

IR, SEM, EDX, 

TEM, XRD, Zeta 

potential 

• Shape: 

Spherical 

• Size:  6-36 

nm 

Antibacterial 

activity against 

Staphylococcus 

aureus, Bacillus 

subtilis, 

Pseudomonas 

aeruginosa and 

Escherichia coli. 

Mohamed 

et al., 2019 

Fusarium 

chlamydospor

um 

Zinc UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

EDX 

• Shape: 

Spherical 

• Size:  19.3 nm 
- 

Hammad et 

al., 2023 

Rhizopus 

oryzae 

Magnesium UV-Vis 

spectroscopy, TEM, 

SEM, EDX, XRD, 

DLS, FT-IR, XPS 

analyses 

• Shape: 

Spherical 

• Size:  20.38 ± 

9.9 nm 

Antimicrobial 

activity 

against Staphyloc

occus 

aureus, Bacillus 

subtilis, Pseudom

onas 

aeruginosa, Esche

richia coli 

and Candida 

albicans. 

Hassan et 

al., 2021 

Penicillium 

chrysogenum 

Magnesium UV-Vis 

spectroscopy, XRD, 

DLS, TEM, FT-IR 

• Shape: 

Spherical 

• Size:  10.28 

nm 

Antimicrobial 

activity 

against Enterococ

cus faecalis, 

Candida albicans, 

and Klebsiella 

pneumoniae.  

El-Sayyad 

et al., 2018 

Aspergillus 

niger 

Magnesium UV-Vis 

spectroscopy, SEM 
• Shape: 

Spherical 

• Size:  47.35-

98.46 nm 

Antibacterial 

activity against 

Staphylococcus 

aureus and 

Pseudomonas 

aeruginosa. 

Ibrahem et 

al., 2017 

Aspergillus 

tubingensis 

Magnesium UV-Vis 

spectroscopy, TEM, 

WDS, DLS 

• Shape: 

Spherical and 

slight edged 

• Size:  1-5.8 

nm 

- 

Raliya et 

al., 2014 

Erysiphe 

cichoracearum 

Magnesium UV-Vis 

spectroscopy, FT-

IR, XRD, DLS, 

SEM, and TEM 

• Shape: 

Spherical 

• Size:  20-30 

nm 

Antimicrobial 

activity against 

Escherichia coli 

and Candida 

albicans. 

Fathy and 

Mahfouz, 

2021 

Penicillium 

crustosum 

Magnesium UV-Vis 

spectroscopy, FT-

IR, XRD, TEM, 

EDX, DLS, Zeta 

potential 

• Shape: 

Spherical 

• Size:  8-35 

nm 

Chlorophyll and 

carotenoid 

contents; 

carbohydrate and 

protein contents; 

Amin et al., 

2024 



36 

 

free proline 

contents in 

Nigella sativa. 

Arcopilus 

globulus 

Manganese UV-Vis 

spectroscopy, FT-

IR, XRD, SEM 

• Shape: 

Spherical 

• Size:  24 nm 

- 

Dhoble and 

Kulkarni, 

2016 

Arcopilus 

globulus 

Manganese UV-Vis 

spectroscopy, TEM, 

EDX, FT-IR, XRD 

• Shape: 

Spherical 

• Size: ˂200 

nm 

Antibacterial 

activity against 

Escherichia coli. 

Zhang et 

al., 2022 

Aspergillus 

niger 

Manganese UV-Vis 

spectroscopy, XRD, 

SEM 

• Shape: 

Spherical 

• Size:  87.39 

nm 

- 

Mohiudden 

et al., 2023 

Alternaria 

alternata 

Manganese UV-Vis 

spectroscopy, FT-

IR, SEM, XRD 

• Shape: 

Spherical 

• Size:  20-30 

nm 

- 

Dhoble and 

Kulkarni, 

2016 

Fusarium 

brachygibbosu

m 

Manganese UV-Vis 

spectroscopy, FT-

IR, SEM, XRD 

• Shape: 

Spherical 

• Size:  20-30 

nm 

- 

Dhoble and 

Kulkarni, 

2016 

Penicillium 

verruculosum 

Manganese UV-Vis 

spectroscopy, FT-

IR, SEM, XRD 

• Shape: 

Spherical 

• Size:  20-30 

nm 

- 

Dhoble and 

Kulkarni, 

2016 

Aspergillus 

niger 

Manganese UV-Vis 

spectroscopy, FT-

IR, SEM, XRD 

• Shape: 

Spherical 

• Size:  20-30 

nm 

- 

Dhoble and 

Kulkarni, 

2016  

 

2.1.2.1.1. Utilizing Pleurotus spp. 

The production of metal nanoparticles using fungal species belonging to the Pleurotus 

genus has emerged as a sustainable and eco-friendly approach in recent years. It has 

offered an environmentally benign alternative to chemical synthesis and also leveraged 

the natural biological processes of the fungi (Mkhize et al., 2022). Studies have 

explored various species within the Pleurotus genus for the production of various metal 

nanoparticles, showing their versatility and efficiency (Rana et al., 2021).  

 

 Zinc: Debbarma et al. (2024) demonstrated that Pleurotus extract-mediated selenium 

and zinc nanoparticles significantly improved the biofortified fruit body yield besides 

enhancing their protein and Se/ Zn contents. Anjum et al. (2024) synthesized ZnONPs 

using fungal cultures of Pleurotus, Agaricus and Lentinus spp. and evaluated their 
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biofungicidal properties. ZnONPs have been biosynthesized earlier using Pleurotus 

ostreatus and their cytotoxicity and antimicrobial activities have also been assessed 

against HepG2 and Hek293 cells thus offering a different, environmentally friendly 

way to produce ZnONPs with antimicrobial properties and may also be used to treat 

cancer (Mkhize et al., 2022). Manimaran et al. (2021) evaluated the application 

(larvicidal, histopathology, antibacterial, antioxidant and anticancer activity) of 

ZnONPs from Pleurotus djamor. Rana et al. (2021) synthesized metal oxide 

nanoparticles using varying amounts of three metal salts—zinc, copper, and iron, that 

were created by incubating the salts with Pleurotus florida mycelium extracts.  

 

 Magnesium and Manganese: Specific studies focusing on the synthesis of magnesium 

and manganese nanoparticles using Pleurotus fungi are quite rare or may not be 

published yet. This presents a potential area for future study, given the demonstrated 

ability of Pleurotus species to facilitate the biosynthesis of various metallic 

nanoparticles that could include magnesium and manganese. 

2.1.2.1.2. Utilizing Agaricus spp. 

In recent years, significant amount of research has been done on the production of metal 

nanoparticles utilizing Agaricus spp. (Madhavi et al., 2023; Ali et al., 2024a). 

Nanoparticles derived from Agaricus are used to control plant diseases and produce 

non-toxic, eco-friendly pesticides and fungicides that increase agricultural output 

(Madhavi et al., 2023). The use of Agaricus bisporus for the nanoparticle synthesis 

using green approach has also been demonstrated to exhibit significant antibacterial 

properties (Al-Dbass et al., 2022). 

  

Zinc: Mohana et al. (2024) attempted a bio approach (mediated by Agaricus bisporus) 

to synthesize zinc, copper and cobalt ferrite nanoparticles and evaluated their in- vitro 

cytotoxic effect. Using various fungal cultures from mushroom species, ZnONPs were 

produced and their possible antifungal efficacy against Alternaria mali was evaluated 

(Anjum et al., 2024). Sol–gel–hydrothermal techniques were used to produce bioactive 

zinc oxide nanorods utilizing bioactive chemicals from the fungus Agaricus bisporus 

(Rilda et al., 2023). Mohana and Sumathi (2020) synthesized ZnONPs using aqueous 

extract of Agaricus bisporus and evaluated its in-vitro biological effects. Senapati et al. 
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(2015) created zinc sulphide (ZnS) nanoparticles using button mushroom (Agaricus 

bisporus) extract which showed their structural, optical, and electrical characteristics.  

  

Magnesium and Manganese: To the best of knowledge, there are currently no 

published studies that specifically address the synthesis of magnesium and manganese 

nanoparticles using Agaricus spp. This study aims to fill this gap by exploring the 

potential of Agaricus spp. in the biological synthesis of zinc, magnesium and 

manganese nanoparticles. 

2.1.2.1.3. Utilizing Lentinus spp. 

The Lentinus species, isolated from Amazon substrates, is a viable bioresource for the 

biological production of metal nanoparticles with pertinent antimicrobial properties (da 

Silva Magalhães et al., 2022) and therefore Lentinus spp. can be used as potential 

industrially viable organisms, used for diverse biotechnological applications (Lateef 

and Adeeyo, 2015). 

  

Zinc: Jia et al. (2024) coated and dispersed ZnONPs using the denaturation–

renaturation process of a triple helix glucan lentinan, induced by changes in pH value 

within the reaction system. A polysaccharide called lentinan was extracted from the 

fruit body of shiitake mushroom (Lentinus edodes). The synthesized composites were 

further evaluated for antimicrobial activity and their inhibitory effect on various plant 

pathogens. Rajasingam et al. (2023) fabricated zinc-oxide nanoparticles using extract 

from Lentinus sajor-caju, which were then used as a carrier for natural substances. 

Their potential for application in biomedicine was proved by their significant inhibition 

of microorganisms. 

  

Magnesium and Manganese: To the best of knowledge, the synthesis of magnesium 

and manganese nanoparticles using Lentinus spp. has not been previously reported, 

indicating a novel area for further exploration. 

A broad outline of the Zn nanoparticles synthesized using Pleurotus, Agaricus, and 

Lentinus species has been presented in Table 2.2. 
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Table 2.2: Summary of Zn nanoparticles synthesized using Pleurotus, Agaricus and Lentinus spp.  

Fungi Characterization 
Nanoparticle 

characteristics 
Application Reference 

Pleurotus 

spp. 

UV-Vis 

spectroscopy, FT-

IR, SEM, XRD 

• Shape: 

Spherical 

• Size:  84-91 

nm 

Improved yield of 

biofortified fruit bodies in 

mushrooms. 

Debbarma et 

al., 2024 

UV-Vis 

spectroscopy, FT-

IR, SEM, XRD 

• Shape: 

Irregular 

• Size:  10-100 

nm 

Antifungal activity 

against Alternaria mali. 

Anjum et al., 

2024 

UV-Vis 

spectroscopy, FT-

IR, SEM, TEM, 

SAED, XRD, DLS 

• Shape: 

Spherical 

• Size:  7.50 nm 

Antibacterial activity and 

potential use in cancer 

treatment. 

Mkhize et 

al., 2022 

UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

EDX, TEM, PSA 

• Shape: 

Spherical 

• Size:  70-80 

nm 

Anti-larvicidal, 

antibacterial, antioxidant 

and anticancer activity. 

Manimaran 

et al., 2021 

UV-Vis 

spectroscopy, FT-

IR, SEM, TEM 

• Shape: 

Spherical 

• Size:  9.36 to 

58.13 nm 

Antibacterial activity 

against Escherichia coli. 

Rana et al., 

2021 

Agaricus 

spp. 

UV-Vis 

spectroscopy, XRD, 

FT-IR, SEM-

EDAX, Zeta 

potential and DLS 

• Shape: 

Spherical 

• Size:  65 nm 

Hyperthermia Treatment 

and Drug Delivery 

Mohana et 

al., 2024 

UV-Vis 

spectroscopy, FT-

IR, SEM, XRD 

• Shape: 

Irregular 

• Size:  10-100 

nm 

Antifungal activity 

against Alternaria mali. 

Anjum et al., 

2024 

UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

EDX 

• Shape: 

Irregular 

• Size:  20-28 

nm 

Antibacterial activity 

against Staphylococcus 

aureus and 

Pseudomonas aeruginous 

Rilda et al., 

2023 

UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

TEM, Zeta potential 

• Shape: 

Irregular 

• Size:  32 nm 

Antibacterial activity 

against Bacillus 

subtilis, Staphylococcus 

aureus, Enterococcus 

faecalis, Proteus 

vulgaris, Klebsiella 

pneumoniae, Escherichia 

coli. 

Mohana and 

Sumathi, 

2020 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/pseudomonas
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UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

EDX, TGA 

• Shape: 

Spherical 

• Size:  3.5-2.1 

nm 

- Senapati et 

al., 2015 

Lentinus 

spp. 

UV-Vis 

spectroscopy, FT-

IR, XRD, SEM 

• Shape: 

Needle-like 

• Size:  20 nm 

Antimicrobial activity 

against Candida albicans. 

Jia et al., 

2024 

UV-Vis 

spectroscopy, FT-

IR, XRD, SEM, 

TEM 

• Shape: 

Spherical 

• Size:  28 nm 

Antimicrobial activity. Rajasingam 

et al., 2023 

 

2.2. Characterization of Nanoparticles 

Nanoparticle characterization is essential to determining their characteristics and 

applications. A large number of techniques namely atomic force microscopy, UV–

visible spectroscopy, electron microscopy, dynamic light scattering, FT-IR 

spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy etc. can be utilized 

to characterize nanoparticles (Titus et al., 2019; Wadhwa et al., 2022). Mourdikoudis 

et al. (2018) provided a comprehensive review of these techniques and their 

applications in nanoparticle characterization. 

2.2.1. Ultraviolet-Visible (UV–Vis) Spectroscopy: 

Zinc: Singh et al. (2024) examined a number of theoretical and empirical techniques 

for estimating the size of ZnONPs and examining their properties by employing the 

UV-Vis spectroscopy. Mousa et al. (2024) synthesized ZnONPs employing a range of 

plant extracts, and they were characterized them by means of a number of techniques, 

such as X-ray diffraction, Ultraviolet-Visible Spectroscopy, Fourier-Transform 

Infrared Spectroscopy, Field Emission Scanning Electron Microscope, and High-

Resolution Transmission Electron Microscopy. When exposed to UV light, the 

photocatalytic activity of green synthesized nanoparticles was tested using Methyl 

Orange (MO). The enhanced light absorption by the inter-band gap states and efficient 

charge transfer are responsible for the rise in photocatalytic efficacy. Yadav et al. 

(2024) used UV-Vis spectroscopy to examine the phytogenic production of ZnONPs 

from the aqueous extract of the Evolvulus alsinoides plant, and detected a peak at 264 

nm.  Takcı et al. (2024) used zinc acetate dihydrate as the precursor metal salt and 

sodium hydroxide with calcination to create bioaugmented ZnONPs from Uziza seed 
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extract. An UV-Vis spectrometer detected a prominent absorption peak at around 350 

nm that was unique to ZnONPs. The Kubelka-Munk formula was used to estimate the 

optical bandgap of ZnONPs to be around 3.58 eV. Tiwari et al. (2024a) used Calendula 

officinalis leaf extract to produce ZnONPs in an ecologically friendly manner. The 

structure and stability of the nanoparticles were subsequently confirmed by analysis 

utilizing several spectroscopic methods. The UV-Vis spectra of the ZnONPs showed 

two noticeable absorption peaks at 355 and 370 nm respectively, with an energy band 

gap of about 2.986 eV. Fakhari et al. (2019) produced ZnONPs using aqueous extract 

of Laurus nobilis L. leaves and two distinct precursor zinc metal salts (zinc acetate and 

zinc nitrate), and studied them using a variety of methods. Because of their high 

excitation binding energy at ambient temperature, UV-Vis spectra displayed 

characteristic absorption peaks at about 350 nm. Shamim et al. (2019) synthesized 

ZnONPs using Aspergillus niger and zinc chloride (ZnCl2) as precursors and and 

confirmed the synthesis using many characterization techniques including UV-Vis 

spectroscopy. 

  

Magnesium: Singaram and Selvaraj (2024) used Phyllanthus Emblica fruit extract for 

synthesis of MgONPs and characterized them using various techniques. According to 

the UV-visible analysis, with the increase in calcination temperature from 200 to 600 

°C, the peak also showed an increase to a longer wavelength at 350 nm, suggesting a 

decrease in the size of MgONPs. Al Musayeib et al. (2024) fabricated MgONPs and 

described using a variety of methods. The MgONPs were distinguished by a noticeable 

absorption peak in the UV-Vis spectra at 284 nm. Using acid orange 8 (AO-8) dye, the 

biosynthesized MgONPs demonstrated effective photocatalytic capability in an amount 

comparable to that of MgO powder when exposed to UV light. In a brief period of time, 

the degradation performance of MgONPs demonstrated a photocatalytic degradation 

efficiency of over 94% of acid orange 8 (AO-8) dyes. Radwan et al. (2024) 

biosynthesized MgONPs using seaweed aqueous extract and characterized the 

synthesized nanoparticles using various techniques including UV–Vis spectrometry. 

According to the UV-visible analysis, sharp peaks and a color shift in UV-Vis spectra 

between 200 nm and 800 nm at high absorption under various circumstances 

demonstrated the synthesis of MgO-NPs. MgONPs were produced and used to maize 
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by Abbas et al. (2024). Physiological evaluation using a UV-Vis spectrophotometer 

applied to the leaves and roots verified the effectiveness and absorption of MgONPs. 

Aung et al. (2023) used aqueous extracts of Moringa oleifera leaves to synthesize 

MgONPs. Following that, these particles were examined using contemporary 

spectroscopic techniques, such as UV-Vis absorption spectroscopy which confirmed 

the presence and stability of MgONPs and the strongest absorption peak was achieved 

at 261 nm. Essien et al. (2020) fabricated MgONPs using an aqueous extract of the 

leaves of plant - Manihot esculenta. The resulting MgONPs were then assessed using a 

number of methods, such as UV-Vis spectrophotometry. The UV-Vis result 

unequivocally demonstrated that the biomolecules with reducing ability in the leaf 

extract were capable of carrying out a bio-reduction function, which resulted in the 

synthesis of MgONPs. 

  

Manganese: Ali and Karem (2024) synthesized the MnO2NPs using manganese sulfate 

and plant extract from Punica granatum. These nanoparticles were further studied using 

a variety of methods, including UV-Vis spectroscopy. This absorbance peak of the 

spectrum at 348.0 nm was caused by the transition holes phase between Mn and O. 

Lohiya et al. (2024) produced manganese oxide nanoparticles using a methanolic 

extract of Sapindus mukorossi (reetha). Several approaches were used to analyze the 

synthesized MnO2NPs, including UV-Vis spectroscopy (λ = 750 (Perkin Elmer) UV-

Vis NIR Spectrophotometer). UV-Vis spectroscopy was used to analyze the optical 

characteristics of nanoparticles. The generation of MnO2NPs was revealed by the 

electronic absorption spectra of the produced MnO2NPs, which had absorption maxima 

(λmax) at 380 nm. Amatya et al. (2021) investigated the use of a green synthesis of 

multifunctional manganese nanoparticles (MnNPs) by utilizing potassium 

permanganate (KMnO4) as the precursor and the banana peel (Musa paradisiaca) 

aqueous extract. A double beam UV-vis spectrophotometer (Model LT-2802) was used 

to characterize the synthesized MnNPs at 5-nm intervals in the wavelength range of 

200-700 nm. The surface plasmon resonance (SPR) of electrons present at the surface 

of nanoparticles was responsible for the greatest absorption at 450 nm in the UV-vis 

spectrum of the biosynthesized MnNPs. Hoseinpour et al. (2018) synthesized 

MnO2NPs from Yucca gloriosa leaf extract and then characterized using many 



43 

 

techniques including ultraviolet visible spectroscopy. The band gap of the synthesized 

MnO2NPs was identified as the cause of the absorption peaks at 410 nm in their UV–

visible absorption spectra. 

2.2.2. Fourier Transform Infra-Red (FT-IR) Spectroscopy: 

Zinc: Mousa et al. (2024) produced ZnONPs using a variety of plant extracts and 

analyzed them using a number of techniques, including FT-IR spectroscopy, in order 

to identify the presence of certain biomolecules involved in the synthesis of ZnONPs. 

At room temperature, FT-IR spectra were generated for the pomegranate extract and 

the synthetic photocatalyst. Using FT-IR spectroscopy, Yadav et al. (2024) examined 

the phytogenic production of ZnONPs from the aqueous extract of the Evolvulus 

alsinoides plant. Takcı et al. (2024) used zinc acetate dihydrate as the precursor salt 

and sodium hydroxide with calcination to create bioaugmented ZnONPs from Uziza 

seed extract. The Kubelka-Munk formula was used to estimate the optical bandgap of 

ZnONPs to be around 3.58 eV. The existence of biofunctional groups that are in charge 

of the reduction of bulk zinc acetate to ZnONPs was revealed by FT-IR results. Tiwari 

et al. (2024a) used the Calendula officinalis leaf extract to synthesize ZnONPs in an 

environmentally friendly way. The structure and stability of the nanoparticles were then 

verified by analysis utilizing several spectroscopic methods. The FT-IR spectroscopy 

findings showed that pure ZnONPs were formed, with no detectable peak in the 

monitoring range and an absorption peak of the Zn–O link between 4000 cm−1 and 500 

cm−1. Ammar et al. (2021) developed PEGylated zinc nanoparticles (PEGylated 

ZnNPs) by polygylation of zinc nanoparticles (ZnNPs), by using fungal filtrate of 

Monascus purpureus, and then characterized them by many techniques including FT-

IR. The presence of rounded, evenly distributed nano-zinc with a size range of 33.6–

78.1 nm was verified by all studies. Fakhari et al. (2019) produced ZnONPs using 

Laurus nobilis L. leaves aqueous extract and two distinct precursor zinc salts (zinc 

acetate and zinc nitrate), and studied them using a variety of methods. FT-IR 

spectroscopy examines the verified chemical bond forms of zinc oxides. 

  

Magnesium: Singaram and Selvaraj (2024) synthesized MgONPs using Phyllanthus 

emblica fruit extract and characterized them using a variety of methods. The synthesis 

of MgONPs from Mg(OH)2 was verified by FT-IR and XRD analysis, showing 
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spherical forms of around 20 nm in size. Muhaymin et al. (2024) used the gingerbread 

tree (Hyphaene thebaica) fruit extract to synthesize MgONPs in an environmentally 

friendly manner. FT-IR analysis identified distinctive Mg-O bonds via peaks at 560 

cm−1 and 866 cm−1, while as, the Raman spectroscopy confirmed the cubic structure 

of MgONPs. Radwan et al. (2024) biosynthesized MgONPs using seaweed aqueous 

extract and characterized the synthesized nanoparticles using various techniques. 

Functional groups found in seaweed aqueous extract are analyzed using FT-IR 

spectroscopy (Agilent system Cary 660 FT-IR model).  Abbas et al. (2024) synthesized 

MgONPs followed by their characterization through different techniques including FT-

IR spectroscopy. The FT-IR spectra of synthesized MgONPs were examined, along 

with bioactive substances that may have anything to do with the stability and chemical 

production of the particles.  Aung et al. (2023) synthesized MgONPs from aqueous 

extracts of Moringa oleifera leaves. These particles were then examined using FT-IR 

and other contemporary spectroscopy techniques. The FT-IR spectra of produced 

MgONPs showed distinct absorption bands at wavenumbers of 1090, 861, and 683 cm-

1, suggesting the presence of Mg-O interactions. It is evident from this spectrum that 

the synthesis and stability of MgONPs were demonstrated by the large peaks at 861 cm-

1, which were brought on by the stretching vibration of the Mg-O-Mg bond. MgONPs 

are made by Essien et al. (2020) using an aqueous extract of Manihot esculenta leaves. 

In order to supplement and validate the findings of the study with GC-MS, UV-Vis 

spectroscopy and XRD, FT-IR spectroscopy (FT-IR: Nicolet iS10) with a wavenumber 

in the 350–4000 cm−1 range was used to evaluate the kind of bonds existing in the 

MgONPs. 

  

Manganese: Lohiya et al. (2024) synthesized nanoparticles of manganese oxide by 

methanolic extract of Sapindus mukorossi (reetha). Synthesized manganese oxide 

nanoparticles were characterized by many techniques including FT-IR spectroscopy 

(Spectrum 2 Perkin Elmer). The presence of chemical bonds was analysed by FT-IR 

spectroscopy. Ali and Karem (2024) synthesized MnO2NPs using manganese sulfate 

and plant extract of Punica granatum. These were further analyzed using a variety of 

methods, such as Fourier transform infrared (8500S) type spectroscopy in the 400–4000 

cm-1 range. Bands at 590 and 532 cm-1 are seen in the MnO2 FT-IR spectra. Amatya et 
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al. (2021) investigated the use of a green synthesis method of multifunctional MnNPs 

by employing potassium permanganate (KMnO4) as the precursor and an aqueous 

extract of banana peel (Musa paradisiaca). The FT-IR spectroscopy method was used 

to characterize the synthesized MnNPs. FT-IR spectroscopy was utilized to identify the 

functional group connected to the organic biomolecules of the BPE. The large peak at 

around 3240 cm-1 in the FT-IR spectra of MnNPs is attributed to the -OH bending 

vibration of the polyphenolic groups found in banana peel extract. MnO2 nanoparticles 

were produced and described by Manjula et al. (2020) using leaf extract from Gardenia 

resinifera. FT-IR is one of the various methods used to characterize the produced 

manganese dioxide nanoparticles (MnO2NPs). The findings indicate the existence of 

several functional groupings that might display a range of biological functions.  MnNPs 

were created by Kamran et al. (2019) using bark extracts from Cinnamomum verum. 

FT-IR was one of the methods used to characterize the biosynthesized MnNPs. FT-IR 

spectrometer (Bruker Tensor) was utilized for the FT-IR study. Following dye 

degradation under UV irradiation, the FT-IR spectra of MnNPs showed peak shifting, 

indicating that the dye was destroyed by MnNPs and that the peaks were subsequently 

somewhat altered. Using a variety of methods, including FT-IR, Hoseinpour et al. 

(2018) produced MnO2NPs from Yucca gloriosa leaf extract. The role of the plant 

extract in synthesis of MnO2NPs was shown by FT-IR spectra. 

2.2.3. X-ray Diffraction (XRD): 

Zinc: Mousa et al. (2024) synthesized ZnONPs using various plant extracts, and 

characterized by means of various methods including XRD. A PANalytical 

diffractometer fitted with graphite monochromated CuKα radiation was used to gather 

data at room temperature. All of the produced ZnO samples possessed hexagonal 

structures, according to the XRD data. Using XRD, Yadav et al. (2024) examined the 

phytogenic production of ZnONPs from the aqueous extract of the Evolvulus alsinoides 

plant. Takcı et al. (2024) used zinc acetate dihydrate as the precursor salt and sodium 

hydroxide (with calcination) to produce bioaugmented ZnONPs from Uziza seed 

extract. XRD and SEM examinations of ZnONPs verified the hexagonal and spherical 

high purity crystalline structure with a mean size of 7.39 nm. Calendula officinalis leaf 

extract was used by Tiwari et al. (2024a) to synthesize ZnONPs in an ecologically 
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friendly manner. The structure and stability of the nanomaterial was then confirmed by 

analysis utilizing several spectroscopic methods. The XRD result of synthesized 

ZnONPs revealed the most intense peak (101) and a crystalline size of 28.23 nm with 

a wurtzite hexagonal structure. Fakhari et al. (2019) produced ZnONPs using the 

aqueous extract of Laurus nobilis L. leaves and two distinct precursor zinc salts (zinc 

acetate and zinc nitrate), and studied them using a variety of methods. The development 

of a hexagonal wurtzite structure was shown by the XRD data. Shamim et al. (2019) 

generated zinc oxide (ZnO) nanoparticles using Aspergillus niger and zinc chloride 

(ZnCl2) as precursors, which were then analyzed using a variety of methods, including 

XRD. 

  

Magnesium: Singaram and Selvaraj (2024) synthesized MgONPs using Phyllanthus 

emblica fruit extract and characterized them using a variety of methods. The synthesis 

of MgONPs from Mg(OH)2 was verified by XRD and FT-IR analysis, showing 

spherical forms of around 20 nm in size. Muhaymin et al. (2024) used the gingerbread 

tree (Hyphaene thebaica) fruit extract to synthesize MgONPs in an environmentally 

friendly manner. With a crystallite size of 32.6 nm, the XRD pattern showed strong 

peaks at two planes of (200) and (220), confirming the high crystallinity of MgONPs. 

Radwan et al. (2024) used seaweed aqueous extract to biosynthesize MgONPs and used 

a variety of methods, such as XRD analysis at a 2θ degree of 0°–80°, to characterize 

the produced nanoparticles. Strong diffraction peaks were visible in the XRD pattern at 

different values: 18.76°, 38.12°, 42.97°, 51.45°, and 54.17°. MgONPs were synthesized 

by Abbas et al. (2024) and then characterized using a variety of methods, such as X-

ray diffraction. The XRD patterns were recorded in order to examine the phase and 

purity of the produced MgONPs. Aung et al. (2023) synthesized MgONPs using 

aqueous extracts of Moringa oleifera leaves. Following that, these particles were 

examined using contemporary spectroscopic techniques, such as XRD study. The 

crystalline structure and phase purity of the produced MgONPs were assessed using an 

X-ray diffractometer, and the diffraction patterns at 500, 600, and 700 °C were 

acquired. MgONPs are made by Essien et al. (2020) using an aqueous extract of 

Manihot esculenta leaves. An X-ray diffractometer was used to analyze the diffraction 
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pattern of MgONPs in order to determine their crystalline structure and investigate the 

kinds of phases that were present in the sample.  

  

Manganese: Ali and Karem (2024) fabricated MnO2NPs using manganese sulfate and 

plant extract from Punica granatum. These were further characterized using a variety 

of methods, such as X-ray diffraction type PW1730 (Phillips/Holland). Using the 

Debye Scherrer equation in XRD, the crystal size was determined to be 30.94 nm. The 

absence of impurity signals in the XRD tests indicates that the MnO2NPs samples are 

very crystalline. Lohiya et al. (2024) synthesized nanoparticles of manganese oxide by 

methanolic extract of Sapindus mukorossi (reetha). Synthesized manganese oxide 

nanoparticles were characterized by many techniques including XRD analysis. The 

purity and product phase are examined by XRD. From the XRD pattern it is clear that 

MnO2NPs synthesized were purely crystalline. The average particle size was found 16 

nm obtained by XRD analysis. Amatya et al. (2021) investigated the use of a green 

approach for the synthesis of multifunctional MnNPs by employing potassium 

permanganate (KMnO4) as the precursor and an aqueous extract of banana peel (Musa 

paradisiaca). XRD spectroscopy was used to analyze the synthesized MnNPs and the 

overall XRD result verified the formation of crystalline MnNPs. The estimated size of 

the crystallite is 8.92 Å (~ 1 nm). MnO2NPs were produced and described by Manjula 

et al. (2020) using leaf extract from Gardenia resinifera. XRD was one of several 

methods used to characterize the produced MnO2NPs. Since the nanoparticles were 

discovered to be poorly crystalline, the diffraction peaks were classified as being in the 

tetragonal phase. No further impurity-related diffraction peaks were seen, indicating 

that the produced MnO2NPs were of high quality. Kamran et al. (2019) fabricated 

MnNPs using Cinnamomum verum bark extracts. The biosynthesized MnNPs were 

characterized by different techniques including XRD. An XRD diffractometer 

operating at 40 kV voltage and 40 mA current was used to do the analysis. It used Cu 

Kα radiation in the range of 20° to 80° with a scanning rate of 5° min-1. The peaks at 

28.33, 40.53, and 50.01 at 2θ in the XRD pattern of the MnNPs in the angle range of 

10˚C to 80˚C are indexed as face centered cubic Mn. Hoseinpour et al. (2018) 

synthesized MnO2NPs from Yucca gloriosa leaf extract then characterized using many 

techniques including XRD. XRD was also used to characterize the crystal phase of 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cinnamomum-zeylanicum
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MnO2NPs, and the production of the crystalline forms of MnO2NPs was verified. 

Additionally, the X-ray diffraction pattern showed that MnO2NPs had an average size 

of almost 80 nm. 

2.2.4. Scanning Electron Microscopy (SEM): 

Zinc: Mousa et al. (2024) fabricated ZnONPs using a variety of plant extracts, and they 

were analysed using a series of techniques, including Field Emission Scanning Electron 

Microscope (FE-SEM). Green generated ZnONPs are spherical in shape, whereas 

chemically manufactured ZnONPs are homogeneously distributed and resemble 

nanorods. Using FE-SEM, Yadav et al. (2024) examined the phytogenic production of 

ZnONPs from the aqueous extract of the Evolvulus alsinoides plant. The findings from 

SEM analysis exposed spherical nanoparticles with size in the range of 100 nm. Takcı 

et al. (2024) used the precursor salt - zinc acetate dihydrate and calcinated sodium 

hydroxide to create bioaugmented ZnONPs from Uziza seed extract. SEM 

examinations of ZnONPs verified the hexagonal and spherical structure at high purity 

with a mean size of 7.39 nm. Calendula officinalis leaf extract was used by Tiwari et 

al. (2024a) to create ZnONPs in an ecologically safe manner. The structure and stability 

of the nanoparticles were then verified by analysis utilizing several spectroscopic 

methods. Both large and small agglomerated forms of the nanoparticles were seen using 

FE-SEM, which is frequently utilized to ascertain their external assembly, after initial 

confirmations of the anticipated ZnONPs. Fakhari et al. (2019) produced ZnONPs 

using the aqueous extract from the leaves of Laurus nobilis L. and two distinct precursor 

zinc salts, and studied them further using a variety of methods. According to the SEM 

studies, the nanoparticles produced by the reduction of precursor metal salts, had 

spherical shapes and average sizes of 21.49 and 25.26 nm. Shamim et al. (2019) 

synthesized ZnONPs using Aspergillus niger and zinc chloride (ZnCl2) as precursors, 

which were then analyzed using the SEM method. The produced ZnONPs had a 

hexagonal shape and ranged in size in the nm range. 

  

Magnesium: Muhaymin et al. (2024) used the gingerbread tree (Hyphaene thebaica) 

fruit extract to synthesize MgONPs in an environmentally friendly manner. With a size 

in the range of 20 nm - 60 nm, their agglomerated quasi-spherical form was validated 

by analysis using SEM. Al Musayeib et al. (2024) fabricated MgONPs and 
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characterized them using various techniques. The polyhedral shape and minor CP-

MgONP aggregation of the nanoparticles was observed by SEM. Energy-dispersive X-

ray (EDX) spectroscopy revealed that the composition consists of 48.64% oxygen and 

40.47% magnesium by weight. Radwan et al. (2024) used seaweed aqueous extract to 

biosynthesize MgONPs and used a variety of methods, such as XRD analysis at a 2θ 

degree of 0°–80°, to characterize the produced nanoparticles. MgONPs were produced 

by Abbas et al. (2024), and SEM was used to determine if nanoparticles might have the 

greatest possible impact. With an average particle size distribution range of 5 nm, most 

of the MgONPs displayed uniform aggregation. MgONPs were created by Aung et al. 

(2023) using aqueous extracts of Moringa oleifera leaves. Following that, these 

particles were examined using contemporary spectroscopic techniques, such as SEM 

analysis. The generated MgONPs were morphologically examined using SEM. The 

high-resolution SEM image of the synthesized MgONPs showed that they are 

composed of spherical shapes with particle sizes ranging from 16 to 23 nm. The SEM 

image of MgONPs revealed that the majority of them were clumped together and had 

good surface features and a constant particle size distribution. The predicted 

magnesium nanoparticles have an average particle size of 18.5 nm, based on SEM 

images. MgONPs are made by Essien et al. (2020) using an aqueous extract of Manihot 

esculenta leaves. A morphological analysis was conducted in a SEM fitted with the 

EDX unit (SEM: JEOL JSM 7660F) to evaluate the microstructure, elemental content 

and particle distribution of the MgONPs. The sample was examined using a 15 kV 

accelerating voltage. The hexagonal shape of the particles, initially seen in the SEM 

micrograph, was found to be more noticeable in the TEM micrographs, indicating a 

crystalline composition. 

  

 Manganese: Ali and Karem (2024) utilized manganese sulfate and plant extract from 

Punica granatum to produce MnO2NPs, which were subsequently examined utilizing a 

variety of methods, such as scanning electron microscopy. To ascertain the morphology 

and forms of nanomaterials, SEM was employed. SEM investigation revealed small 

quantities of rods in nanostructured, unconsolidated forms of MnO2NPs. Lohiya et al. 

(2024) synthesized MnO2NPs using a methanolic extract of Sapindus mukorossi 

(reetha). SEM was one of the methods used to characterize the synthesized manganese 
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oxide nanoparticles. The surface morphology of MnO2NPs was investigated using the 

SEM method. The homogeneous dispersion of MnO2NPs was demonstrated by the 

surface morphology. MnO2NPs were produced and studied by Manjula et al. (2020) 

using leaf extract from Gardenia resinifera. SEM-EDAX analysis was one of the 

methods used to analyze the produced MnO2NPs. The size and surface shape of 

MnO2NPs were determined by the SEM examination findings. The SEM investigation 

revealed that the particles were spherical with the size ranging from 50 to 100 nm. 

Because of their bigger surface area besides greater quantity, MnO2NPs aggregate and 

agglomerate to increase in size. MnNPs were created by Kamran et al. (2019) using 

bark extracts from Cinnamomum verum. SEM was one of the methods used to 

characterize the biosynthesized MnNPs. The development of spherically shaped 

nanoparticles with a range of sizes and an inclination to aggregate was validated by the 

SEM images. TEM examination was used to further clarify the size and structure of the 

biosynthesized MnNPs. The produced face-centered cubic MnNPs were spherical, 

crystalline, and aggregate-shaped, with a size of less than 100 nm. MnO2NPs were 

produced by Hoseinpour et al. (2018) from Yucca gloriosa leaf extract and 

characterized using a variety of methods, including SEM. The synthesised MnO2NPs 

were found to be spherical in form by investigation using field emission scanning 

electron microscopy. 

2.3. Effect of Metallic Nanoparticles on Apple Plant Pathogens 

The North-Western hill areas, particularly those in Jammu and Kashmir, Himachal 

Pradesh, and Uttarakhand, comprise almost 99 percent of India's apple (Malus 

domestica Borkh.) producing area. In the union territory of Jammu & Kashmir, apples 

are the main fruit crop, covering 1,57,280 hectares and yielding 13,48,155 metric tons 

annually. Pear and cherry, on the other hand, cover 13,702 and 3728 hectares, yielding 

54,847 and 11,129 metric tons annually, respectively (Anonymous, 2013). It is well 

known that the Himalayan environment is particularly delicate and susceptible to the 

whims of nature, which is why its soils are typically deficient in nutrients. Because they 

can enhance knowledge of the horti-ecosystem and their function in assisting these 

plants in surviving under stressful situations, it is crucial to comprehend the biodiversity 

of related microfora, particularly arbuscular mycorrhizal fungus, in these soils. 
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However, the diversity and roles of fungi within this horticultural ecosystem have 

received limited focus (Burni et al., 2009). Metallic nanoparticles have demonstrated 

significant effectiveness against plant pathogens (Rai and Ingle, 2012). Their 

antimicrobial properties help in managing plant diseases by disrupting microbial cell 

walls and interfering with metabolic processes (Ali et al., 2020).   

2.3.1. Effect on Alternaria mali 

Anjum et al. (2024) used the poison food approach to test ZnONPs for possible 

antifungal efficacy against Alternaria mali. The results showed that ZnONPs, 

especially those derived from Pleurotus, significantly inhibited Alternaria growth with 

respect to the concentrations. Ahmad et al. (2020) assessed the antifungal efficacy of 

biosynthesized ZnNPs against the main phytopathogens that affect apple orchards. The 

fungal growth inhibition rate for Alternaria mali was reported to be 76.7% at 100 ppm 

of ZnNPs, whereas the rates for Botryosphaeria dothidea and Diplodia seriata were 

65.4 and 55.2%, respectively. ZnNPs alter the topography of the fungal hyphal layers, 

which results in less hyphae contraction, according to microscopic studies of the treated 

fungal plates. The significant fungicidal action of ZnNPs against phytopathogenic fungi 

can significantly influence their use in managing fungal pests and protecting fruit crops. 

While extensive studies have explored the antimicrobial properties of zinc 

nanoparticles, against various plant pathogens, the potential effects of magnesium and 

manganese nanoparticles on Alternaria mali remain unexplored. 

2.3.2. Effect on Venturia inaequalis 

Zinc, magnesium and manganese nanoparticles have shown potential antimicrobial 

effects against various fungal pathogens; however, specific studies on Venturia 

inaequalis, the pathogen responsible for apple scab, are lacking. This gap in the 

literature highlights the need for further investigation into the potential antifungal 

properties of zinc nanoparticles against this significant agricultural pathogen. 

2.4.  Effect of Metal Nanoparticles on Plant Parameters 

Metal nanoparticles influence the critical physiological parameters of plants such as 

stomatal conductance, net photosynthesis, intercellular CO2 concentration, 

transpiration, and chlorophyll content. For example, zinc, magnesium, and manganese 
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nanoparticles can modulate stomatal conductance, thereby influencing the rate of gas 

exchange crucial for maintaining net photosynthesis (Hernandez-Viezcas et al., 2013; 

Raliya et al., 2018). These nanoparticles also significantly impact the concentration of 

intercellular CO2, a vital component of the photosynthetic process (Rico et al., 2011). 

The impact of these nanoparticles on transpiration rates have been observed, with 

variations depending on their type and concentration, showing that these particles can 

either enhance or inhibit water loss through stomata (Zhao et al., 2015). A careful 

management of nanoparticle application is necessary to avoid phyto-toxicity while 

harnessing their potential to enhance plant growth and stress resistance (Dimkpa and 

Bindraban, 2017).  

2.4.1. Effect on Stomatal conductance 

Zinc: Ahmed et al. (2023) investigated the impact of foliar-applied ZnONPs on 

Coriandrum sativum L. under drought conditions, focusing on stomatal attributes and 

photosynthetic induction. Their study highlighted significant changes in biochemical 

parameters and how ZnONPs influenced stomatal conductance, thereby affecting 

photosynthesis and plant resilience under stress. Azhar et al. (2021) conducted a study 

investigating the effects of silicon dioxide (SiO2), zinc oxide (ZnO), and composite 

nanoparticles on Arabidopsis thaliana and found that ZnONPs significantly influenced 

various physiological processes including growth, stomatal conductance, and overall 

plant health. The findings suggest that ZnONPs can modulate plant physiological 

functions through complex signaling mechanisms, impacting stomatal conductance and 

potentially other plant parameters. 

  

Magnesium: Ali et al. (2024b) examined how Brassica napus cultivars responded 

differently to the dual effects of MgONPs. They found that while excessive nanoparticle 

levels negatively affected plant parameters like stomatal conductance, low doses of 

MgONPs (primarily 10 mg/L) significantly increased these parameters. Silva et al. 

(2023) investigated magnesium oxide and carbonate nanoparticles as possible ways to 

lessen the effects of drought stress on lettuce. Data demonstrated that unstressed plants 

stored more carbohydrates and displayed increased stomatal limits when exposed to 

nanoparticles; in contrast, water-stressed plants accumulated more chlorophyll and 

carotenoids. Faizan et al. (2022) stated that foliar application of MgONPs along with 
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the presence of arsenic boosted plant height and also improved the stomatal 

conductance by 13.4%. 

  

Manganese: Huang et al. (2024) have explored manganese ferrite nanoparticles as a 

micronutrient fertilizer in wheat, showing promising results in enhancing plant growth 

and nutrient uptake. These nanoparticles may also affect physiological parameters such 

as stomatal conductance, given the role of manganese in enzyme activation and 

photosynthesis regulation. Elmer and White (2018) observed that MnONPs influenced 

stomatal conductance in tomatoes and eggplants, leading to changes in intercellular 

CO2 concentration and photosynthetic efficiency. Sobańska et al. (2021) evaluated the 

biological activity and potential applications of manganese and manganese oxide 

nanoparticles, providing insights into their effects on various biological parameters, 

including stomatal conductance. 

2.4.2. Effect on Net Photosynthesis 

Zinc: Dang et al. (2024) examined how ZnONPs affected rice cultivated on sodic-saline 

soil. According to the study, application of ZnONPs to rice plants increased 

photosynthesis, strengthened their resistance to sodic-saline stress, and eventually aided 

in their overall growth and development. Mahawar et al. (2024) demonstrated that foliar 

spraying of ZnONPs in radish plants under NaCl stress was effective in enhancing the 

photosynthetic electron transport rate, leaf area, proton conductance, PSII quantum 

yield, and mineral content. The effect of ZnONPs in tomato plants was evaluated by 

Faizan et al. (2017), who found that ZnONP treatments considerably enhanced growth, 

photosynthetic efficiency, as well as the activities of antioxidant systems and carbonic 

anhydrase in a way that was dependent on both concentration and time. 

  

Magnesium: Ali et al. (2024b) examined how Brassica napus cultivars responded 

differently to the dual effects of MgONPs. They found that while excessive nanoparticle 

levels negatively affected plant parameters like stomatal conductance, low doses of 

MgONPs (primarily 10 mg/L) significantly increased these parameters. In their 

evaluation of the ability of MgONPs to reduce arsenic toxicity in soybean plants, Faizan 

et al. (2022) found that foliar MgONP treatment increased net photosynthetic rate by 

12.9% when arsenic was present. Nair et al. (2010) investigated the effects of several 
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nanoparticles, including MgONPs, on plant systems with an emphasis on metrics like 

net photosynthesis and the overall effect on plant physiology. It offers valuable insights 

into how magnesium nanoparticles influence photosynthetic efficiency and related 

plant growth metrics. 

  

Manganese: Yue et al. (2022) stated that the application of MnFe2O4 nanoparticles on 

the tomato leaves resulted in a 13.3% improvement in photosynthetic efficiency by 

dramatically upregulating the expressions of ferredoxin, PsaA, and PsbA in these 

leaves, most likely due to their electron-donating properties. Elmer and White (2018) 

assessed the impact of MnONPs on net photosynthesis indirectly through their 

influence on stomatal conductance and intercellular CO2 concentration. The researchers 

found that MnONPs altered stomatal behaviour, which in turn affected the availability 

of CO2 for the Calvin cycle, thereby influencing the overall rate of photosynthesis. 

2.4.3. Effect on Intercellular CO2 Concentration 

Zinc: Zhang et al. (2024) discovered that spraying wheat seedlings with ZnONPs 

solution administered as nanobubble irrigation enhanced the wheat's growth and 

nutritional condition. The intercellular CO2 concentration decreased by 11.52% for gas 

exchange parameters and biological capabilities. Kaningini et al. (2024) examined the 

use of bush tea-mediated ZnONPs for chickpea fertilization and also assessed the 

cytotoxicity, antioxidant, and antibacterial properties of these compounds. The study 

showed that the application of ZnONPs had a considerable impact on the intercellular 

CO2 concentration. According to Wang et al. (2016c), who evaluated the effects of 

ZnONPs exposure on biomass growth and photosynthesis in Arabidopsis, plants treated 

with 300 mg/L ZnONPs showed an intercellular CO2 concentration reduction of more 

than 50%. 

  

Magnesium: Faizan et al. (2022) assessed the efficacy of MgONPs for reducing the 

toxicity of arsenic in soybean plants and stated that foliar application of MgONPs in 

the presence of arsenic improved intercellular CO2 concentration by 15.3%. Salcido-

Martinez et al. (2020) demonstrated that the foliar application of magnesium nano-

fertilizers significantly improved various physiological and biochemical parameters in 

green beans, including enhanced photosynthetic activity. This suggests that magnesium 
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nanoparticles could also modulate gas exchange processes such as stomatal 

conductance, which directly impacts intercellular CO₂ concentration and 

photosynthesis efficiency. 

  

Manganese: Elmer and White (2018) investigated the efficacy of various metallic 

oxide nanoparticles, including MnONPs, on the growth and physiological processes of 

tomatoes and eggplants. While their focus included multiple aspects of plant growth, 

they noted that MnONPs influenced stomatal conductance and, as a result, the 

intercellular CO2 concentration (Ci). This alteration in Ci was linked to changes in 

photosynthetic efficiency and the response of plants to stress factors in their 

environment. the effect of stabilized manganese oxide nanoparticles on plant growth 

parameters. Liu et al. (2016) assessed the effects of several metal oxide nanoparticles, 

including manganese, on plant growth parameters, which could encompass changes in 

intercellular CO2 concentration as part of broader physiological responses. 

2.4.4. Effect on Transpiration 

Zinc: Kaningini et al. (2024) examined the use of bush tea-mediated ZnONPs for 

chickpea fertilization along with the cytotoxicity, antioxidant, and antibacterial 

properties of these compounds. According to the study, application of 25 mg/L ZnONPs 

resulted in greater values of transpiration efficiency and stomatal conductance. Wang 

et al. (2016c) documented the effects of ZnONP exposure on Arabidopsis biomass 

accumulation and photosynthesis. All plants treated with 300 mg/L ZnONPs had a 

transpiration rate reduction of greater than 50%. 

  

Magnesium: Faizan et al. (2022) in the evaluation of the ability of MgONPs to reduce 

arsenic toxicity in soybean plants, found that foliar MgONP treatment increased 

transpiration rate by 14.7% when arsenic was present. Cai et al. (2018) explored the 

impact of MgONPs on tobacco plants. Their research demonstrated that the 

nanoparticles significantly influenced plant growth and enhanced morpho-

physiological functions, including increased transpiration rates.  

  

Manganese: Khalid et al. (2022) reviewed the role of nanoparticles, including 

manganese, in mitigating abiotic stresses such as drought, which directly influences 

transpiration rates in plants. They further emphasized how nanoparticles enhance plant 
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physiological responses under stress conditions, which could include modifications in 

transpiration as a coping mechanism. Liu et al. (2016) investigated how stabilized 

nanoparticles, including manganese oxides, influence various physiological parameters 

of lettuce, such as seed germination and overall plant growth. The study indicates that 

manganese nanoparticles can affect transpiration rates by altering stomatal behaviour 

and water uptake efficiency, which are crucial for understanding how these 

nanoparticles influence plant physiology under different environmental conditions. 

2.4.5. Effect on Chlorophyll content 

Zinc: Chen et al. (2024) evaluated that ZnONPs may improve the photosynthesis of tea 

plants, increase the accumulation of photosynthetic products, increase the growth of 

new shoots, upregulate the expression of certain genes linked to photosynthesis, and 

change the mineral elements present in the leaves and new shoots of tea plants. The 

effect of ZnONPs on the chlorophyll fluorescence in rice cultivated on sodic-saline soil 

was examined by Dang et al. in 2024. In line with the research findings, ZnONP 

treatment is more beneficial for increasing the amount of pigments present in 

chloroplasts. According to Venkatachalam et al. (2017), application of ZnONPs 

synthesized by algae to cotton plants enhanced yield, biomass, chlorophyll, soluble 

proteins, and carotenoids by as much as 179%. 

  

Magnesium: Ali et al. (2024b) investigated the varying reactions of Brassica napus 

cultivars to the dual effects of MgONPs and found out that low doses of MgONPs 

significantly increased the levels of photosynthetic pigments by 14–27%. Silva et al. 

(2023) demonstrated the potential of magnesium oxide and magnesium carbonate 

nanoparticles to modify photosynthesis by encouraging plants to increase pigment 

formation under water stress and preventing possible defects in the photochemical 

phase of photosynthesis. Fatemi et al. (2022) assessed a number of physio-biochemical 

characteristics while conducting research on the use of magnesium nanoparticles in 

sunflowers (Helianthus annuus L.). The results showed that spraying magnesium 

nanoparticles during drought enhanced the enzymatic activity of antioxidants, soluble 

carbohydrates, chlorophyll and carotenoid, and water content. Salcido-Martinez et al. 

(2020) assessed the impact of magnesium nano-fertilizer on the production, and 

physiological and biochemical parameters of green beans and found that the largest 
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quantity of biomass and photosynthetic pigments were produced by foliar application 

of magnesium nanoparticles at 50 ppm. 

  

Manganese: Tahir et al. (2024) evaluated the effects of tetragonal crystalline MnONPs 

on wheat plants under lead stress. They found that these nanoparticles significantly 

alleviated stress and improved various physiological traits, including chlorophyll 

content. This improvement is attributed to the ability of nanoparticles to enhance 

antioxidant enzyme activity, which in turn supports better chlorophyll retention and 

overall plant health. Siddiqui et al. (2024), demonstrate that MnO₂NPs can influence 

plant health and growth. The use of MnO₂NPs has implications for enhancing 

chlorophyll content in plants, which is critical for photosynthesis and overall plant 

vigour. According to Yue et al. (2022), MnFe2O4 nanoparticles raised the amount of 

chlorophyll in the leaves by 20% following foliar treatment before flowering. 

2.5.  Effect of Metallic Nanoparticles on Apple Plant Parameters 

Montaño-Herrera et al. (2022) assessed the effects of foliar fertilization with Zn and Se 

nanoparticles on apple fruit yield and antioxidant compounds. They discovered that the 

treatments of these two nanoparticles increased the sugar content, ascorbic acid and 

yield of the apple fruit. The ZnNP treatment increased fruit output by the greatest 

amount (+193%) as compared to the control. Alizadeh and Dumanoğlu (2022) 

demonstrated that the nanoparticles loaded with auxins could increase the rooting 

success of apple plants with their physicochemical properties. Ahmad et al. (2020) 

assessed the antifungal efficacy of biosynthesized zinc nanoparticles against three main 

phytopathogens that affect apple orchards: Alternaria mali, Diplodia seriata and 

Botryosphaeria dothidea. Zn nanoparticles alter the topography of the fungal hyphal 

layers, which results in less hyphae contraction, according to microscopic studies of the 

treated fungal plates. The significant fungicidal effect of zinc nanoparticles against 

phytopathogenic fungi can significantly influence their use in managing fungal pests 

and protecting fruit crops. The impact of magnesium nanoparticles on apple plant 

parameters has not been the subject of any published research as of yet.  

The lack of research on the possible effects of magnesium and manganese nanoparticles 

on the physiochemical characteristics of apple plants is underlined by this gap in the 

literature, demanding more thorough investigations. 
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2.6. Toxic effects of Metallic Nanoparticles on Plants and Environment 

The ecological hazards and toxicological consequences caused by nanoparticles on 

plants or animals have since sparked intense societal concern. The physicochemical 

characteristics (size, shape, surface charge, and ion release), culture settings (exposure 

concentration, soil culture, and hydroponics), environmental variables (temperature, 

humidity, and light), and plant species all influence the threat posed by nanoparticles. 

Nanoparticles are primarily controlled by concentration dependency and can have 

either beneficial (Nekoukhou et al., 2022) or detrimental (Zhang et al., 2023) effects in 

specific concentrations. More significantly, an enormour number of contaminants, 

biomolecules, and other elements are present in natural ecosystems. Considering the 

increasing environmental exposure to nanoparticles, their combination with other 

environmental mediators may have antagonistic harmful effects (Banerjee et al., 2023) 

or synergistic effects (Guo et al., 2023) in organisms (Liu et al., 2023). However, there 

are also major issues with the behaviour and toxicity of complexes of individual or 

combination nanoparticles in addition to the biotoxicity caused by individual 

nanoparticles. Plants, as essential species in both terrestrial and aquatic environments, 

serve as both ecological sensors for nanoparticles and as food chain intermediaries for 

transformation and bioconcentration. Furthermore, nanoparticles are mostly absorbed 

during the early phases of plant growth (Rico et al., 2011), which puts seedling 

development at risk and increases the likelihood that they would be translocated to 

edible sections (Rajput et al., 2020). The ambient nanoparticles can enter plant cells 

and travel to other tissues through root uptake and absorption through leaves or vesicles 

(Miralles et al., 2012). Once there, they can change the physiology and morphology of 

the plant in addition to interacting at the cellular and subcellular levels (Khan et al., 

2019). A key mechanism for the toxicological effects of nanoparticles is revealed by 

the way the internalized nanoparticles interact with plants, causing nutrient component 

imbalance, photosynthetic impairment, oxidative stress response, metabolic disorders, 

and genotoxicity. While the activation of antioxidant systems is essential for preserving 

oxidative homeostasis, the production and scavenging of ROS dominate the toxicity of 

nanoparticles and are the focus of research into detoxification and tolerance 

mechanisms. Furthermore, complex antagonistic or synergistic phytotoxicity is induced 
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by composite exposures of nanoparticles with other compounds, raising questions about 

the possible hazards to the ecological safety of plants (Kang et al., 2024). 

Conventional synthesis methods frequently include hazardous stabilizers and solvents 

that can build up in the environment and be detrimental to plant health. These dangerous 

substances are removed by green synthesis, which lowers the risk of toxicity by 

utilizing biological resources such as bacteria, fungus, and plant extracts (Singh et al., 

2018). Nanoparticles synthesized this way have better biocompatibility and are 

therefore safer for use in agricultural applications. This is especially important for Zn, 

Mg, and Mn nanoparticles, as excessive quantities of these elements might otherwise 

interfere with plant metabolism (Kirubakaran et al., 2025). The study of predicting and 

controlling the nanotoxicity of nanoparticles is still in its infancy phase. The use of 

smart sensors to identify the dangers and exposure hazards of nanoparticles to living 

things, which entails thorough exposure monitoring and possible toxicity evaluation, is 

still fraught with difficulties. However, competent assistance for risk assessment comes 

from efficient models that can forecast the behavior and possible impacts of 

nanoparticles in the environment and organisms. By using green synthesis techniques, 

toxicological concerns and environmental dangers are reduced while Zn, Mg, and Mn 

nanoparticles maintain their advantageous qualities. This strategy enhances crop 

production without jeopardizing ecological balance and is consistent with sustainable 

agriculture methods. To improve the stability, effectiveness, and safety of 

nanoparticles, further research is needed to concentrate on improving the synthesis 

conditions.
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The hypothesis witnessing this philosophy goes as follows:  

  

The biogenic preparation of Zn, Mg, Mn and Zn+Mg+Mn NPs can be successfully 

carried out using the biometabolites of three fungal species of Pleurotus, Agaricus and 

Lentinus in combination with the multifunctional metal salts of the nanoparticles 

synthesized. This facile process of myco-nanosynthesis can supposedly help out in the 

formulation of eco-friendly and cost-effective nanoforms. The resulting nanomaterial 

might hold a wide array of potential therapeutic applications as antimicrobial and might 

show positive effects of various plant parameters including gas exchange and 

chlorophyll content. These mycogenic nanoparticles might supposedly also have a 

lower toxicological profile as compared to their chemically synthesized counterparts as 

well as the already existent broad spectrum synthetic regime. 
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The following are the major objectives of the entire research work presented in this 

Thesis: 

4.1. Screening of fungi for the synthesis of nanoparticles.  

4.2. Characterization of the synthesized material.  

4.3. Assessment of the anti-microbial activities of the synthesized material.  

4.4. Evaluation of the efficacy of synthesized material on various Apple plant 

parameters. 
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The synthesis of Zinc, Magnesium, Manganese and Combination (Zn+Mg+Mn) 

Nanoparticles, and their antifungal tests were conducted at the Division of Plant 

Pathology, Sher-e-Kashmir University of Agricultural Sciences and Technology, 

Kashmir (SKUAST-K), J&K, India. Pleurotus sajor caju, Agaricus bisporus and 

Lentinus edodes were taken from Mushroom Research Training Centre (MRTC), 

SKUAST-K, and the apple plants were collected from Jammu and Kashmir. UV-Vis 

spectroscopy, FT-IR, XRD, SEM studies were carried out at National Institute of 

Technology, Srinagar.   

5.1. Experimental location 

The study was carried out in the Laboratory of Plant Pathology, and the trial was 

maintained at the Experimental field located at SKUAST-K, Jammu & Kashmir 

(34˚8'42" and 34˚9'3"N latitudes and 74˚39'5" and 74˚53'5.6"E longitude). It is 23.8 

hectares in size and has an average elevation of 1615 meters above sea level. The region 

witnesses moderate climatic conditions, with warm summers and cold winters. The 

average annual temperature is 19.53°C and the lowest is 6.80°C, while the average 

annual rainfall is 786.2 mm. Cereals, fruits, vegetables, and floriculture make up the 

majority of the vegetation. The experiment was set up at an average elevation of 1500 

meters above the sea level. It has a cool, moderate climate. The selected plants for this 

investigation were set up in the field with 3 m × 1.5 m spacing. The Randomized 

Complete Block Design (RCBD) was used for the experiment.  

 

 

 

 

 

 

 

 

 

 

Figure 5.1: A view of the experimental field at SKUAST-Kashmir 
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The brief outlines of the procedures implemented for tests as specified under each 

objective are as follows: 

5.2. Screening of fungi for the synthesis of nanoparticles 

 

5.2.1. Maintenance and identification of fungal strains  

A total of three fungal strains (Pleurotus sajor caju, Agaricus bisporus and Lentinus 

edodes) were obtained from Mushroom Research Training centre (MRTC), Sher- e-

Kashmir University of Agricultural Science and Technology of Kashmir. The cultures 

were sub-cultured on PDA (potato dextrose agar) media, and after the designated 

incubation period, preservation was achieved by carefully conserving each fungus at -

40 C, besides continued sub-culturing onto fresh PDA slants and storing the latter again 

at 4-50 C, along with proper labelling (Ibrahim et al., 2021). Moreover, the cultures 

were correspondingly authenticated. The tentative microscopic assessment of the fungi 

was carried out utilizing the Lacto-Phenol Cotton Blue (LPCB) stain (Treasure et al., 

2020).  

5.2.2. Preparation of fungal biomass 

The fungal strains were independently cultured in a liquid medium i.e., Potato Dextrose 

Broth (PDB). Further down maintaining aseptic settings, single mycelial discs were 

transferred into the Erlenmeyer flasks (250 mL), previously holding 100 mL of aseptic 

PDB. The flasks were appropriately plugged and raised in a BOD incubator at 26 ± 1ºC 

under dark conditions for 6-7 days, until even fungal mats developed above the broth. 

The fungal cultures were observed periodically to rule out any contamination. After 

incubation and undertaking comprehensive sterile conditions, the respective 

mycological biomass was cautiously separated from the liquid fractions of the 

respective fungi. 

5.2.3. Preparation of fungal extract 

The fermented liquids as obtained above were aseptically filtered using Whatman no. 

1 filter papers. The mycelia then obtained was splashed 2-3 times using sterile de-

ionized water and again aseptically suspended in 150 ml Erlenmeyer flasks containing 

50 ml sterile de-ionized water for further growth at 26 ± 1ºC in dark conditions for 3 

days (Mekky et al., 2021). After incubation, the biomass was carefully detached using 
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Whatman no. 1 filter paper so as to obtain the cell-free fungal extracts of P. sajor caju, 

A. bisporus and L. edodes respectively. The filtrates thus obtained were stored in 

sterilized flasks and refrigerated at 40 C until further use for the synthesis of 

nanoparticles (Mohamed et al., 2019).  

5.2.4. Synthesis of Zn, Mg, Mn, Combination Nanoparticles  

The production of Zn, Mg, Mn, and combination (Zn+Mg+Mn) nanoparticles was 

attained by taking 50 ml of each cell-free extract and adding it to a 250 ml Erlenmeyer 

flask containing 500 ml of the already dissolved 5 mM metal salts (Zinc acetate 

dihydrate (ZAD), Magnesium nitrate hexahydrate (MNH) and Manganese dioxide 

(MD) respectively (Hamad, 2019). Same procedure was followed for all of the 

nanoparticles and hence making the total sample flasks of twelve. The subsequent 

solutions were set on a magnetic stirrer with hot plate and left for stirring at 60°C for 1 

hour. The reaction progress was continuously monitored by observing color changes 

from transparent to brackish in case of zinc and magnesium nanoparticles, black to 

brownish black in manganese nanoparticles, and black to grey in combination 

nanoparticles. The formation of nanoparticles was quite visible.  

5.2.5. Production of powdered form of Zn, Mg, Mn, and Combination 

Nanoparticles 

Biosynthesized Zn, Mg, Mn, and combination nanoparticles were hydrated and 

centrifuged at 10,000 rpm for 15-20 minutes. After centrifugation, the pellet was 

redispersed in sterile de-ionised water and centrifuged again at 3000 rpm (2 to 3 times) 

to remove the macromolecules and obtain the purified pellet of nanoparticles (Mary et 

al., 2012). The liquid suspension of the nanoparticles was poured in sterile petri-plates 

which were placed carefully in the centre of hot air oven operated at 60°C for 24 hours. 

Thus, oven dried powder of nanoparticles was finally collected and stored in 

refrigerator at 4°C to be used for characterization and other analysis (Kirthika et al., 

2014).  

5.3. Characterization of the synthesized material  

The characterization of synthesized nanoparticles is an essential part of the assurance 

of shape, morphology, phase purity, crystalline nature, particle size and surface charge. 
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The synthesized material was characterized using UV-Visible (UV-Vis) Spectroscopy, 

Fourier Transform Infra-Red (FT-IR) Spectroscopy, X-ray Diffraction (XRD) and 

Scanning Electron Microscopy-Energy-Dispersive X-ray Spectroscopy (SEM-EDX) 

(Mittal et al., 2013) (Table 5.1). To confirm the metal ion reduction, the solution was 

analysed using a UV-Vis spectrophotometer (Labtronics) from 200-800 nm and using 

distilled water as a blank sample. FT-IR spectroscopic analysis of biosynthesized metal 

nanoparticles was recorded using FT-IR (Perkin Elmer) spectrophotometer following 

KBr pellet production at room temperature. The range was kept at a resolution of 4 

cm−1, between 4000 and 400 cm−1. The crystal structure, phase identification and 

particle size of the metal nanoparticles were analyzed by XRD on a SmartLab 3kW, 

RIGAKU, Japan, at 40.0 kV, 30.0 mA, and 2θ values between 20° and 100°, with a 

flow rate of 2°/min. The surface morphological properties of MgO NPs, such as form, 

size, and composition, were studied using SEM on FE-SEM, GeminiSEM 500, Carl 

Zeiss, Germany, with a spectral imaging system. FE-SEM was outfitted with the EDX 

spectrometer (Octane Elect Plus, Ametek USA) for EDX analysis. 

 

Table 5.1: List of techniques and forms of nanoparticles used for characterization 

Nanoparticles UV-Vis SEM XRD FT-IR 

ZnONPs (P. sajor caju) Liquid Powder Powder Powder 

MgONPs (P. sajor caju) Liquid Powder Powder Powder 

MnO2NPs (P. sajor caju) Liquid Powder Powder Powder 

CNPs (P. sajor caju) Liquid Powder Powder Powder 

ZnONPs (A. bisporus) Liquid Powder Powder Powder 

MgONPs (A. bisporus) Liquid Powder Powder Powder 

MnO2NPs (A. bisporus) Liquid Powder Powder Powder 

CNPs (A. bisporus) Liquid Powder Powder Powder 

ZnONPs (L. edodes) Liquid Powder Powder Powder 

MgONPs (L. edodes) Liquid Powder Powder Powder 

MnO2NPs (L. edodes) Liquid Powder Powder Powder 

CNPs (L. edodes) Liquid Powder Powder Powder 
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5.3.1. UV-Visible (UV-Vis) Spectroscopy 

This technique is employed to estimate the concentration of liquid nano-formulations 

using appropriate chemical reaction having absorption spectrum in the visible light. It 

is broadly used for identification of organic as well as inorganic substances. The 

synthesis of Zn, Mg, Mn, and combo nanoparticles was verified by collecting the 

aqueous component at various time intervals and using a UV-Vis spectrophotometer to 

scan the absorbance maxima at wavelengths between 200 and 800 nm. The 

nanoparticles were sonicated after being thinned in Milli-Q water. Using Milli-Q water 

as a blank, the absorption spectra of the samples were recorded. The reduction of metal 

salt ions in solution was supervised by periodically collecting aliquots of the aqueous 

component and evaluating the solutions using a UV-Vis spectrophotometer (Ibrahem 

et al., 2017). 

5.3.2. Fourier Transform Infra-Red (FT-IR) Spectroscopy  

FT-IR is very helpful for identifying organic molecular groups and compounds because 

of the presence of a variety of functional groups. It is powerful tool for isolating and 

characterizing organic contamination. The FT-IR investigation was carried out to 

identify the active functional groups fabricating the Zn, Mg, Mn, and combination 

nanoparticles. The resulted absorption spectrum from bonds natural vibration frequency 

designated the presence of many functional groups in the samples (Chaudhuri and 

Malodia, 2017). 

5.3.3. X-Ray Diffraction (XRD) 

The crystalline nature and elemental conformation of the compounds was confirmed by 

X-ray diffraction. A thin film of the specimen was made by plunging a glass plate for 

XRD considers. A copper (Cu) anode operating at 30.0 mA and 40.0 kV was used in 

the analysis. The examination was performed at room temperature and samples were 

scanned at a rate of 2°/min throughout a 2θ range of 20° to 100°. The diffraction angle 

(2θ) was found to be a function of the diffracted X-ray intensity. The structural 

assignments for identifying minerals of the core materials were carried out using the 

Joint Committee on Powder Diffraction Standards (JCPDS) database files (Raut et al., 

2015). 
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5.3.4. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray (EDX) 

Spectroscopy 

SEM microscopy utilizes the high energy electronic beam which can scan the given 

surface and provide information about shape, size and very fine details of the superficial 

morphology of the specimen investigated. The nanoparticle solutions were drop coated 

onto glass slides to create the samples, which were then sputter-coated with gold. Both 

backscattered electron images (BEI) and secondary electron images (SEI) were 

employed. Before being measured, the films on the glass slides were let to dry. To 

analyze the elemental configuration of the produced samples, EDX-SEM was used 

(Shamim et al., 2019). 

5.4. Assessment of the anti-microbial activities of the synthesized material  

The antifungal potential of the synthesized metal nanoparticles was estimated using 

apple plant pathogens - Alternaria mali and Venturia inaequalis by poison food 

technique and spore germination test respectively. Water was used as the control in 

both cases, while flusilazole and mancozeb were used as standard checks. Aqueous 

suspensions of the synthesized nanoparticles were added to the media for making 

different concentrations for the antifungal assays.  

5.4.1. Tested plant pathogenic fungi 

The most commonly encountered, pathogenic yet standard fungi (Alternaria mali and 

Venturia inaequalis) causing the most dreadful and prominent diseases in apple crop, 

that is, Alternaria leaf blotch and apple scab respectively, were selected for this work. 

Maintenance of the pathogenic isolates was carried out by repeated sub-culturing. In 

order to select the best experiment technique for assessment of antifungal effects of the 

synthesized nanoparticles two different methods discussed below were used in present 

study. 

5.4.1.1. Poison Food Technique (PFT) 

a. Sample preparation 

Alternaria mali culture was obtained from Division of plant pathology. To preserve and 

maintain the cultures for further use, they were sub-cultured on PDA media and then 

incubated for 5-7 days at 25-27 °C, to get the optimum growth. Zn, Mg, Mn and 
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Combination nanoparticles were prepared in working concentrations (0.10%, 0.20%, 

0.30%) and appropriately sonicated. Simultaneously, PDA media was prepared in 150 

ml Erlenmeyer flasks according to the working concentrations of nanoparticles.  

 

b. Evaluation of mycelial growth inhibition via PFT 

Alternaria mali was evaluated using the poison food technique (Sharvelle, 1961). PDA 

media was used to make the desired concentrations of 0.10%, 0.20%, 0.30% in all the 

nanoparticles respectively. The working concentrations of nanoparticles were added to 

the alreeady prepared flasks containing PDA media so as to make the poisoned media. 

The samples achieved were autoclaved, cooled at room temperature and then poured to 

sterile petri-plates (50 mm) to uniform depth. Once the media was solidified in the 

plates, wells were punched aseptically with sterile cork borer having 6 mm diameter. 

Uniform disks from 72 hours old culture of Alternaria mali were transferred to the wells 

and the petri plates were left for incubation under sterile condition at 25-27 0C for 5-6 

days till the control gets full growth of the culture. The antifungal activity of the metal 

nanoparticles was determined by the measurement of mycelial growth around the 

inoculated well. The zone of growth was measured using a transparent ruler from the 

centre to the outer most edge of the growth area.  

Growth inhibition as a percentage was computed using the formula (Vincent, 1947) 

given below:  

𝐼 = (C − T/C) ×  10 

Where,  

I = Inhibition (%)  

C = Growth in control plate (mm)  

T = Growth in treated plate (mm). 

5.4.1.2. Spore germination test (SGT) 

a. Sample preparation 

Venturia inaequalis culture was obtained from Division of Plant Pathology, SKUAST-

Kashmir. For 15 to 20 days, the fungus was maintained in an incubator at 25 to 28°C 

while being cultivated on solid PDA media. For the studies, a concentrated water 

suspension of fungal spores (5 × 106 spores/mL) was produced. The synthesized 

nanoparticles of Zn, Mg, Mn and Combination were prepared in working 
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concentrations (0.10%, 0.20%, 0.30%) in de-ionized water with proper sonication. 

Water agar was prepared for the petri-plates as a medium for spore germination. The V. 

inaequalis conidia were collected by pouring sterile de-ionized water (5 ml) into the 

fully grown petri-plate and gently scrapping the culture plate with a loop to release the 

V. inaequalis spores. The collected spores were sieved through three layers of sterile 

cheese cloth to eliminate any fragments of mycelia.   

b. Evaluation of spore germination inhibition via SGM 

Venturia inaequalis was evaluated using the Spore germination test (Turner et al., 

1986). For this method, working concentrations of nanoparticles were added to the 

water agar media containing flasks and autoclaved. The water agar was then poured 

into the petri-plates (80 mm) and left to solidify at room temperature. Once the plates 

were solidified, the water suspension of fungal spores of V. inaequalis was poured in 

vitro and spread on the petri-plates containing solidified poisoned media. The excess 

suspension was drained by turning the plates upside down in sterile conditions. The 

petri-plates were then left for incubation for 24 hours at 26±1 0C. A sterile water 

solution of spores dispersed on medium without any nanoparticles added was used to 

prepare control samples. After fungi grown on PDA medium were incubated with 

nanoparticles at working concentrations for 24 hours, the amount of spores produced 

by the fungal cultures was assessed. Conidia were considered to have germinated when 

their length matched or surpassed that of the germ tube. For the control samples, this 

was done once more. Pictures (10× and 40× magnification) were taken with a binocular 

microscope. The number of germinating spores in the nanoparticle treated petri-plates 

was determined after 24 hours of incubation. All experiments were replicated 3 times.  

The inhibition percentage of spore germination was estimated using the formula by 

Vincent, 1947: 

 𝐼 = (C − T/C) ×  10  

Where, 

I = Inhibition (%)  

C = Germination in control plate (mm)  

T = Germination in treated plate (mm). 
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5.5. Evaluation of the effect on plant parameters  

a. Sample preparation 

To measure various parameters of the apple plants, working concentrations of the 

nanoparticles were prepared as 0.10%, 0.20%, 0.30% respectively (Table 5.2). Prior to 

the investigation, spray was done on the field of 120 apple plants. The concentrations 

were sprayed using a sprayer (150-200 ml) and the experiment was done in two 

replications.  

b. Evaluation of plant parameters via IRGA and SPAD 

A portable Infra-Red Gas Analyzer (TARGAS-1 CO2/H2O Analyzer) was used to 

measure the parameters. The middle leaflets of each apple plant were measured from 

the top for gas exchange metrics. Observations were carefully documented within 48 

hours of the spray. Over the course of the experiment, the settings of the leaf chamber 

were consistently maintained. Observations were made from 9:00 to 11:00 a.m. The 

boundary layer resistance was 0.08 ms.mol-2, and the gas flow rate in the leaf chamber 

was set at 250 mL.min-1. Since the atmospheric CO2 concentration was around 330 ppm 

at both locations, the CO2 mode was set to ambient. Prior to the actual measurements, 

the CO2 and H2O instruments were calibrated. Parameters such as ambient pressure, 

PAR, leaf chamber and air temperatures, CO2 and H2O concentrations in reference and 

sample air, and leaf chamber gas flow rate are all measured by the device. The device 

computed and showed the intercellular CO2 concentration (Ci), stomatal conductance 

(gs), transpiration rate (E), net photosynthesis (Pn), and biophysical formulas and gas 

constants (Harley et al., 1992; Pons et al., 2009; Tominaga et al., 2018). Observations 

were carefully documented within 48 hours of the spray. Readings were taken on two 

consecutive days. 

In addition to these parameters, the chlorophyll content of the treated apple plants was 

determined using SPAD (Konica Minolta) (Yamamoto et al., 2002). For this, leaves at 

the tips of the branches were chosen for estimation. Observations were recorded within 

48 hours of spraying. Over the course of the experiment, the settings of the leaf chamber 

were consistently maintained. On two consecutive days, observations were taken 

between 9:00 and 11:00 a.m. 
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Table 5.2: Treatments prepared for application on the apple plants maintained in the experimental 

field 

Treatment Nanoparticle Conc. 

(%) 

Treatment Nanoparticle Conc. 

(%) 

T1 ZnONP-Psc 0.10 T10 CNP-Psc 0.10 

 ZnONP-Psc 0.20  CNP-Psc 0.20 

 ZnONP-Psc 0.30  CNP-Psc 0.30 

T2 ZnONP-Ab 0.10 T11 CNP-Ab 0.10 

 ZnONP-Ab 0.20  CNP-Ab 0.20 

 ZnONP-Ab 0.30  CNP-Ab 0.30 

T3 ZnONP-Le 0.10 T12 CNP-Le 0.10 

 ZnONP-Le 0.20  CNP-Le 0.20 

 ZnONP-Le 0.30  CNP-Le 0.30 

T4 MgONP-Psc 0.10 T13 Zn-MS 300 ppm 

 MgONP-Psc 0.20  Zn-MS 500 ppm 

 MgONP-Psc 0.30  Zn-MS 700 ppm 

T5 MgONP-Ab 0.10 T14 Mg-MS 300 ppm 

 MgONP-Ab 0.20  Mg-MS 500 ppm 

 MgONP-Ab 0.30  Mg-MS 700 ppm 

T6 MgONP-Le 0.10 T15 Mn-MS 300 ppm 

 MgONP-Le 0.20  Mn-MS 500 ppm 

 MgONP-Le 0.30  Mn-MS 700 ppm 

T7 MnO2NP-Psc 0.10 T16 C-MS 300 ppm 

 MnO2NP-Psc 0.20  C-MS 500 ppm 

 MnO2NP-Psc 0.30  C-MS 700 ppm 

T8 MnO2NP-Ab 0.10 T17 Control - 

 MnO2NP-Ab 0.20 T18 Man - 

 MnO2NP-Ab 0.30 T19 Flu - 

T9 MnO2NP-Le 0.10 

 MnO2NP-Le 0.20 

 MnO2NP-Le 0.30 
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5.6. Statistical Analysis 

A comprehensive statistical approach was employed to analyze the experimental data 

generated during the characterization of nanoparticles and evaluation of their antifungal 

properties. OriginPro 9.0 was utilized for data plotting, graphical representation, and 

preliminary statistical processing. ImageJ software was used for quantifying specific 

experimental outputs, including measurements of nanoparticles obtained in SEM 

micographs and other image-based analyses. 

Prior to statistical analysis, the raw data were appropriately transformed to meet the 

assumptions of normality and homogeneity of variance, following the guidelines 

suggested by Gomez and Gomez (1984). These transformations ensured the reliability 

and accuracy of the subsequent statistical interpretations. 

The processed data were subjected to statistical analysis using OPSTAT (2011), a 

reliable tool for agricultural and biological data analysis. Descriptive statistics, 

including mean and standard deviation (SD), were calculated for each treatment group 

to summarize the central tendency and variability within the dataset. 

To determine the statistical significance of differences among multiple treatment means 

and % inhibition data, a One-Way Analysis of Variance (ANOVA) was employed. This 

test was particularly useful for comparing the effects of different concentrations and 

types of nanoparticles (Zn, Mg, Mn, and Zn+Mg+Mn) synthesized using Pleurotus 

sajor-caju, Agaricus bisporus, and Lentinus edodes, on fungal inhibition zones. The 

ANOVA allowed the evaluation of whether observed variations in antifungal activity 

were statistically significant. 

Where necessary, post hoc comparisons (CRD, DMRT) were applied to further 

distinguish significant differences between individual treatment means. All results were 

expressed as mean ± standard deviation (SD), with triplicate biological replicates (n = 

3), and statistical significance was considered at a confidence level of p < 0.05.



 

 

 

 

 

 

Chapter 6 

Results and Discussion
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In this study, we used the cell-free fungal extracts of Pleurotus sajor caju, Agaricus 

bisporus and Lentinus edodes for the synthesis of zinc, magnesium, manganese and 

combination nanoparticles. The latter were thoroughly characterized for their origin and 

further assessed chiefly on an in vitro basis for their probable therapeutic antifungal 

efficiency. The key results for each test along with the equivalent discussion for the 

same as per each objective goes as follows: 

6.1. Collection of fungal cultures 

When compared to other physical and synthetic chemical synthesis methods, it has been 

shown that biological synthesis of nanoparticles is less harmful, demands less efforts, 

and is environmentally friendly. Interactions among microorganisms and 

nanostructured materials are receiving more interest because they may be utilized to 

produce efficient nanoparticles with particular biological activities. Among all other 

micro-organisms, fungi produce the most metabolites and are also more resistant to 

pressure and flow-rate to encourage the production of nanoparticles on a larger scale. 

Fungi are able to remove and accumulate heavy metals because they possess multiple 

reductase enzymes with the ability to convert precursor metal salts into nanoparticles 

with a narrow size distribution and, therefore, better dispersity (Singh et al, 2016). In 

the study, three fungal extracts were utilized to synthesize the nanoparticles of ZnO, 

MgO, MnO2 and the combination of three. Cultures of the fungi used - Pleurotus sajor 

caju, Agaricus bisporus and Lentinus edodes, collected from MRTC, SKUAST-

Kashmir, were selected on the criteria of their extensive usage in nanoparticle 

production in addition to their easy accessibility and cost-effectiveness. Pathogenic 

fungi used for evaluation - Alternaria mali and Venturia inaequalis were collected from 

Division of Plant Pathology, SKUAST-Kashmir.  

6.1.1. Preservation and identification of the fungal cultures 

The fungal species selected and collected were purified via reinoculation as done upon 

fresh PDA plates and slants. Sub-culturing was repeated as so to preserve the cultures 

(Figure 6.1.1). The isolated fungi were then stored as PDA slants and A. mali and V. 

inaequalis were sub-cultured on petri-plates as well. Preliminary identification of the 

pathogenic fungi consisted of recognizing their microscopic characters. The individual 

fungal isolate was microscopically (40x) assessed via lactophenol cotton blue (LPCB) 
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mount to express the microscopic structures namely hyphae, conidiophores, conidia, 

etc. as shown in figure 6.1.2. 
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6.2. Mycogenic synthesis of Zn, Mg, Mn and Combination (Zn+Mg+Mn) 

nanoparticles  

Nanotechnology encompasses a range of methods for nanomaterials, including 

chemical, biological, and physical methods. The biological manufacturing approach has 

emerged as a viable environmentally friendly strategy to eliminate the adverse effects 

associated with physical or chemical fabrication methods (Alghuthaymi et al., 2015). 

Accordingly, nanoparticles were biologically produced in the new field of nano-

biotechnology using bioactive metabolites that were extracted from a range of 

biological entities, including bacteria, fungi, algae, and plants (Usha et al., 2010; 

Chatterjee et al., 2017; Makvandi et al., 2020; Ragab and Saad-Allah, 2020). In order 

to lessen the hazardous nature of the product, these biological substrates are mostly 

utilized in place of chemical stabilizing and solving agents (Bandeira et al., 2020). The 

biological method being commercially viable, eco-friendly, clean, and non-toxic is 

preferred over other techniques to synthesize nanoparticles applied in agriculture and 

medicine (Ogunyemi et al., 2019; Salem et al., 2020). The effort of this study started 

with the screening of all three fungal species (P. sajor caju, A. bisporus and L. edodes) 

to examine their potentiality for the biogenic synthesis of Zn, Mg, Mn and Combination 

nanoparticles. The mycelial mat of each of the three fungal colonies was individually 

grown on PDB and further utilized to extract their extracellular components (Jain et al., 

2013, with modification) (Figures 6.1.3, 6.1.4). The extracellular fungal extracts that 

reduced the metal salts into nanoparticles were produced from the fermented broth. 

Additionally, variables that impact the myco-synthesis of targeted nanoparticles, such 

a b 
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as pH, precursor concentrations, incubation temperature, and contact durations were 

adjusted.  

  

 

 

  

6.2.1. Mycogenic synthesis of ZnONPs 

There has been increased interest in the myco-synthesis of metal or metal oxide 

nanoparticles recently because of their high metabolite secretions, ease of handling, and 

scalability. Furthermore, fungi are distinguished by their high biomass production, 

which is utilized to create highly active metabolites, as well as their increased 

accumulation and resistance to metals (Salem and Fouda, 2020). One of the main areas 

of focus for the study of biological nanostructures is the synthesis of ZnONPs with 

inorganic complex using naturally occurring ligating agents made from biological 

resources. Zinc oxide (ZnO) stands as one of the most important semiconducting 

resources because of its many uses and remarkable qualities (Singh et al., 2011). A 

simple, economical, and biological technique was undertaken for the synthesis of 

ZnONPs which goes down well with the effort of El-Saadony et al., 2021. The 

nanoparticles were synthesized following a one-hour reaction of the metal salt with 

a 

b 
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each fungal extract used leading to the visible production of ZnONPs. The latter was 

subjected to drying at 600 C (Figure 6.2a). The resultant powdered form of ZnONPs 

was ground to a fine powder, that was stored at -40 C for further use (Figure 6.2b). This 

was done for all the nanoparticles synthesized. Figure 6.3 shows the liquid form of 

ZnONPs before centrifugation. 

  

 

 

 

 

 

 

 

 

The synthesis of ZnONPs includes the cationic bonding with the polymer networks of 

the fungal extracts of P. sajor caju, A. bisporus, and L. edodes. By producing 

nanoparticles, the intricate networks of reducing secondary metabolites present in the 

fungal extracts may be linked together. The reductants found in fungal extracts control 

the ZnO nucleation process, which is essential for the ordered development of ZnO 

nanoparticles (Healy et al., 2004). The increase in the concentration of secondary 

metabolites, enzymes, and chemicals found in each fungal extract—which serve as 

essential chelating, stabilizing, and reducing agents in addition to gelling agents—could 

be the reason for variations in the size and structure of ZnONPs (Ganesan et al., 2020). 

A similar work was conducted by Oyefusi et al. (2014) utilizing the peel of a rambutan 

fruit, where the p-track conjugation impact was customized by the ester group of 

oxygen atoms and the phenolic (OH−) groups present in polyphenols. The chelating 

action created the OH-groups together with the metal phenolate or zinc-ellagate 

complex. These ZnONPs produced using fungal extracts are also known to have 

advantageous antimicrobial potentials in addition to the previously listed ones (Ali et 

al., 2016). 

 

a b c 
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6.2.2. Mycogenic synthesis of MgONPs 

Researchers have been very interested in employing biological approaches to produce 

MgONPs for the past decade. Less chemical use, cost-effectiveness, and environmental 

friendliness are key aspects in the development and significance of this specific sector 

(Wani et al., 2012; Ali et al., 2015; Das et al., 2017; Jeevanandam et al., 2017). 

MgONPs have been produced from any of the precursors, including magnesium 

nitrates, acetates, chlorides, and sulphates, due to the growing trend of greener 

techniques for creating nanoparticles employing plants, microorganisms, and 

biomolecules (Figure 6.4). The precursor is mixed with the formerly prepared 

biological extracts to form a homogenized solution, which is subsequently heated 

(Sugirtha et al., 2015; Jadhav et al., 2016; Das et al., 2018; Singh et al., 2019). The 

extracellular enzymatic secretion of the employed fungus is what produces MgONPs 

from the Mg precursor salt. It is highly successful in reducing magnesium salt to 

generate MgONPs when fungal spheres are extracted from the biomass culture (Raliya 

et al., 2014). Additionally, MgONPs have been effectively produced using gamma rays 

and the melanin pigment of Pencillium chrysogenum. According to El-Sayyad et al. 

(2018), pH, ideal temperature, and an ideal media are some of the main factors 

contributing to the creation of MgO nanoparticles. For the first time, the biomass 

filtrates of P. sajor caju, A. bisporus, and L. edodes—which were used as biocatalysts—

were used to create this economical green technique for MgONPs synthesis at room 

temperature (El-Batal et al., 2017a; 2017b). The color shift of the solution from pale 

yellow to white upon mixing with the magnesium precursor salt served as the first 

indicator of effective production (Saad et al., 2018). According to Khanra et al. (2015), 

color change signifies the action of metabolites present in biomass filtrate that convert 

nitrates (NO3) to nitrites (NO2) and the released electron that reduces Mg2+ to generate 

MgONPs. The enzymatic ability of nitrate reductase to reduce magnesium salt is 

essential to the extracellular process of nanoparticle production (Ingle et al., 2008). The 

produced MgONPs are stabilized by the other proteins that are secreted in the fungal 

filtrate (Fouda et al., 2017).  
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6.2.3. Mycogenic synthesis of MnO2NPs 

Manganese oxides have garnered particular attention among many 3D transition metal 

oxides because of their abundant structural and compositional variations, including 

MnO, Mn5O8, Mn2O3, MnO2, and Mn3O4 (Prasad, 2017). According to Veeramani et 

al. (2013), MnONPs have a lot of potential for sustainable nanotechnology. Despite 

possessing a number of intriguing and useful features, Mn nanoparticles have not been 

employed extensively. Although the biosynthesis of MnONPs using bacterial and plant 

extracts has been the subject of several papers, no study has examined the production 

of MnO2NPs utilizing bioactive metabolites that have been isolated from fungi, 

particularly mushrooms. The use of fungi as green producers for the biofabrication of 

nanoparticles with adequate antimicrobial activity has sparked a lot of interest in the 

nanobiotechnology community. In order to effectively produce MnO2NPs, all of the 

aforementioned goals were statistically examined. The current study utilized fungal 

extracts of P. sajor caju, A. bisporus, and L. edodes in an attempt to manufacture and 

analyze MnO2NPs. It was observed that the color of the solutions turned from normal 

black to brownish black after an hour of continuous stirring monitoring various 

parameters, which indicated the formation of MnO2NPs (Figure 6.5). 
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6.2.4. Synthesis of Combination Nanoparticles (CNPs) 

Enormous number of nanoparticles are being synthesized in combination. Mn- and Fe-

doped ZnONPs have been synthesized using chemical co-precipitation method (Sharma 

et al., 2016); Zn-doped MgO by sol-gel method (Sierra-Fernandez et al., 2018); zinc 

oxide-doped selenium oxide (ZnO-SeO) nanoparticles via mycosynthesis using the 

fungus Alternaria alternata (Qanash et al., 2024). But so far, trimetallic nanoparticles 

of Zinc, Magnesium and Manganese have not been synthesized from P. sajor caju, A. 

bisporus and L. edodes and could be therefore, considered as a novel approach. Figure 

6.6 shows the liquid form of CNPs synthesized after one hour of reaction with 

continuous stirring at 60°C.  
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  6.3. Physicochemical characterization of Zn, Mg, Mn and Combination 

nanoparticles 

The extracellular synthesis of nanoparticles is significantly influenced by the reducing 

components that microorganisms create. One fundamental and effective method for 

comprehending the optical characteristics of metal nanoparticles is spectroscopic 

investigation. UV-visible spectral analysis was performed for synthesized ZnONPs, 

MgONPs, MnO2NPs and Combination nanoparticles synthesized from extracellular 

fungal filtrates of P. sajor caju, A. bisporus and L. edodes respectively. All types of 

nanoparticles synthesized via utilizing these specific fungal extracts were given suitable 

codes and further subjected to preliminary physicochemical characterization using 

procedures such as UV-Vis Spectroscopy, FT-IR Spectroscopy, XRD, SEM and EDX 

Spectroscopy. It was done to sieve out fungi and their respective extracts that were 

accountable for the potential formation of the nanoparticles besides proceeding for the 

in-depth characterization as well as primary assessment of the bioactivity of selective 

nanoparticles. 

6.3.1. Ultraviolet-Visible Spectroscopy 

UV-vis analysis is an important element of characterizing metal nanoparticles.  The 

interaction amongst incoming photons and the electrons of metal nanoparticles results 

in sharp and intense surface plasmon absorption peaks in the UV-vis spectrum. 

Significant color shifts and distinct absorption peaks in the UV-vis absorption spectrum 

are indicators that nanoparticles have formed. Using a UV-vis absorption spectrum, the 

phytochemicals in the fungal extracts of Pleurotus sajor caju, Agaricus bisporus, and 

Lentinus edodes were shown to reduce metal ions into nanoparticles. The apparent color 

shift in the reaction mixture upon microwave irradiation provided the first indication 

that nanoparticles were being produced. The mixtures of zinc acetate dihydrate, 

magnesium nitrate hexahydrate and manganese dioxide solutions with that of the three 

fungal extracts were colorless, but the color changed afterwards. The reduction of Zn2+ 

ions to ZnONPs, Mg2+ ions to MgONPs and Mn4+ to MnO2NPs by the reductase 

enzymes in the fungal extracts of P. sajor caju, A. bisporus and L. edodes was examined 

by recording UV-vis absorption spectra of the nanoparticles which revealed the 

occurrence of ZnONPs, MgONPs, MnO2NPs and CNPs. It can be seen that the 
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appearance of peaks clearly indicates the formation of nanoparticles and observations 

clearly specify the successful reduction of metal salts to nanoparticles using P. sajor 

caju, A. bisporus and L. edodes extracts. The absorption spectra achieved in the study 

are summarised in Table 6.1. 

Table 6.1: UV-Visible absorption wavelengths of the nanoparticles 

S. No. Nanoparticle Absorption wavelength (λmax) 

1 ZnONP-Psc 307.55 

2 ZnONP-Ab 391.76 

3 ZnONP-Le 309.70 

4 MgONP-Psc 304.79 

5 MgONP-Ab 305.99 

6 MgONP-Le 307.34 

7 MnO2NP-Psc 309.96 

8 MnO2NP-Ab 320.98 

9 MnO2NP-Le 308.61 

10 CNP-Psc 309.76 

11 CNP-Ab 328.53 

12 CNP-Le 329.04 

  

6.3.1.1. UV-vis spectroscopy of ZnONPs  

After 24 hours of incubation, the medium containing the zinc ions exhibits its highest 

intensity in the absorption spectrum at 300–400 nm. This outcome verified that 

ZnONPs were present. The apparent color shift in the reaction mixture apparent color 

shift upon microwave irradiation provided the first indication that nanoparticles are 

formed. The mixtures of zinc acetate dihydrate and the three fungal extracts were 

colorless, but the color changed to brackish after 1 hour of continuous shaking on the 

magnetic stirrer at a temperature of 50-600 C. Both direct absorption by the ZnO and 

enhanced scattering by the nanoparticles may be responsible for the general rise in 

absorption across the 200–800 nm range. A similar increase was observed in every 

condition tested, suggesting the synthesis of ZnO nanoparticles with the fungal filtrate. 
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Optical characteristics of the synthesized particles indicated towards nano size of 

ZnONPs as the absorption bands represented slight shifts with absorbance peaks at 

about 307 nm in ZnONP-Psc, 391 nm in ZnONP-Ab and 309 nm in ZnONP-Le (Figure 

6.7.1) as recorded by UV-vis spectrophotometer.  

6.3.1.2. UV-vis spectroscopy of MgONPs 

UV-Vis spectroscopy was used to observe color change and determine the maximum 

surface plasmon resonance (SPR) and validate the production of MgONPs. After an 

hour of constant stirring, the translucent solutions became brackish due to the 

application of fungal extracts and magnesium metal salt. According to earlier reports, 

SPR typically had an effect on the shape, size, and good dispersion of myco-synthesized 

nanoparticles (Fedlheim and Foss, 2001). When the SPR is less than 300 nm, the size 

of biosynthesized MgONPs is typically small; but, for SPRs more than 300 nm, they 

may become more anisotropic (Jeevanandam et al., 2017). Myco-synthesized MgONPs 

in the current study exhibited SPR at wavelengths of 304 nm, 305 nm, and 307 nm in 

MgONP-Psc, MgONP-Ab, and MgONP-Le, respectively (Nguyen et al., 2021) (Figure 

6.7.2). This suggests the existence of particles at the nanoscale. The current data is in 

line with previous works (Abdallah et al., 2019; Nguyen et al., 2021). As a result, it 

may be presumed that the metabolites in fungal filtrate are effective in reducing, 

capping, and stabilizing MgONPs.  

6.3.1.3. UV-vis spectroscopy of MnO2NPs  

The addition of manganese metal salt solution to cell-free extracts of the fungi showed 

a decrease in the color intensity from black to brownish black after 1 hour of continuous 

stirring on the magnetic stirrer is a marker of MnO2NPs production, according to UV-

vis spectroscopy in the 200 nm to 800 nm region. This color change served as evidence 

that fungal enzymes were bioreducing manganese ions. Consequently, the UV-vis 

spectrum is used to verify the stability and generation of nanoparticles in an aqueous 

solution. Figure 6.7.3 demonstrates the UV–vis spectra of MnO2NP-Psc, MnO2NP-Ab 

and MnO2NP-Le that were generated. An examination of MnO2NP absorption shows 

distinct peaks at 309 nm, 320 nm and 308 nm in MnO2NP-Psc, MnO2NP-Ab and 

MnO2NP-Le respectively. Due to the SPR, liquid formulations of MnO2NPs show 

colour change and have a distinct absorption peak around 310 nm (Dessie et al. 2020).  
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6.3.1.4. UV-vis spectroscopy of CNPs 

In the combination nanoparticles, the initial indication of the production of 

nanoparticles was the color shift from black to grey after the reaction of metal salts in 

combination with that of the fungal extracts individually. CNPs showed maximum 

absorption peaks in the wavelength range of 300-400 nm. P. sajor caju mediated CNPs 

(CNPs-Psc) showed the absorption peak at 309 nm, whereas A. bisporus and L. edodes 

mediated nanoparticles (CNPs-Ab and CNPs-Le) showed peaks at 328 nm and 329 nm 

respectively (Figure 6.7.4).  
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6.3.2. Fourier Transform Infra-Red (FT-IR) Spectroscopy 

FT-IR spectroscopy is a practical method for measuring the secondary structure of 

metal nanoparticles and protein interaction, by using resonance of non-centrosymmetric 

(IR active) modes of vibration to absorb Infra-Red (IR) radiation. To investigate the 

functional groups of chemical compounds and find potential biomolecules in fungal 

extracts that are in charge of capping and effectively stabilizing ZnONPs, MgONPs, 

MnO2NPs, and CNPs, FT-IR spectroscopy is often utilized. The bioactive chemicals 

found in the biomass filtrate of P. sajor caju, A. bisporus, and L. edodes strains—which 

in turn are in charge of reducing metal precursors to generate MgONPs—are discovered 

using FT-IR analysis, which records the wavenumber between 400 and 4000 cm–1. The 

spectra attained are quite comparable.  
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6.3.2.1. FT-IR spectra of ZnONPs  

The FT-IR spectra of ZnONPs synthesized by using P. sajor caju (ZnONP-Psc), A. 

bisporus (ZnONP-Ab) and L. edodes (ZnONP-Le) showed the peaks in the region of 

500–3700 cm −1 (Figure 6.8.1), which confirmed the presence of hydroxyl (O–H) 

groups. The characteristic spectra of peaks of about 588 cm−1 and 2295 cm−1 (ZnONP-

Psc), 670 cm−1 and 2200 cm−1 (ZnONP-Ab) and 602 cm−1, 2196 cm−1 and 2285 

cm−1 (ZnONP-Le) point towards the ZnO transverse optical stretching modes. In the 

case of ZnONP-Psc, ZnONP-Ab, and ZnONP-Le, sharp absorption peaks were attained 

at 2960 cm-1, 2964 cm-1, and 2967 cm-1, which correspond to the methyl group 

stretching of C–H band present in proteins, while the major absorption peaks were 

achieved at 3200-3400 cm-1 for all ZnONPs, which correspond to the N–H stretching 

of secondary amides of proteins. The –CO stretching of the amide-I band of the protein 

is responsible for the peaks at 1490 cm-1 (ZnONP-Psc), 1550–1551 cm-1 (ZnONP-Ab), 

and 1497 cm-1 (ZnONP-Le). The C–N stretching vibrations of aromatic amines are 

responsible for the peaks at 1377 cm-1 in ZnONP-Psc, 1380 cm-1 in ZnONP-Ab, and 

1387 cm-1 in ZnONP-Le. Some extracellular proteins found in the fungal filtrates may 

be the cause of the decrease in zinc ions (Gupta and Chundawat, 2020). These proteins 

also function as capping agents to add more stability and have a strong capacity to bind 

ZnONPs. The C–OH group of the phenols is accountable for the peaks at 825–1037 cm-

1 in ZnONP-Psc, 815–1024 cm-1 in ZnONP-Ab, and 825–1024 cm-1 in ZnONP-Le. This 

indicates the role of polyphenols like terpenoids and flavonoids, that may also function 

as bio-reducing agents. Consequently, proteins serve as both reducing and stabilizing 

agents. The peaks at 588-667 cm-1, 670 cm-1 and 602-677 cm-1 in ZnONP-Psc, ZnONP-

Ab and ZnONP-Le respectively, are due to the Zn–O stretching.  These findings aligned 

with previous studies of biological nanoparticle production (Netala et al., 2016; Kadam 

et al., 2019; Ogunyemi et al., 2019; Ahmad et al., 2020). 

6.3.2.2. FT-IR spectra of MgONPs 

 The -OH stretching band is specified by the peak seen at 3698 cm-1 (Ramanujam and 

Sundrarajan, 2014). The vibration mode due to the O–H stretching in hydroxyl groups 

overlapped with the N-H stretching band of amines, which is shown by the broadness 

peak at 3252 cm–1 (Dobrucka, 2018). The bending mode of N–H (main amine) 
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overlapped with either amide or carboxylate salt is indicated by the medium detected 

peaks at 1800-2300 cm–1 (see XPS study). The C=O stretching of carboxylate salt and 

the adsorption of CO3 2– and CO2 at the surface of MgONPs are represented by the 

average peaks at 1431 cm-1 (MgONP-Psc), 1365 cm-1 (MgONP-Ab), and 1411 cm-1 

(MgONP-Le) (Coates, 2006; Hamza et al., 2021). Catalytic reactions depend critically 

on the adsorption of these functional groups on the exterior surface of MgONPs 

(Taourati et al., 2020). In contrast, the Mg–OH stretching with the C-H band was 

matched by the peaks at 1044–1085 (Karthik et al., 2019). The trans-C-H out-of-plane 

bend, C-O stretching, and P-O, or phosphate comprising molecules, are represented by 

the peaks at 842–843 cm–1 (Wei et al., 2020). According to several published 

investigations, peaks seen at a wavenumber between 500 and 700 cm–1 further verified 

the effective synthesis of MgONPs (Ramanujam and Sundrarajan, 2014; Pugazhendhi 

et al., 2019; Fouda et al., 2021). The peaks demonstrated by FT-IR spectra show how 

metabolites from biomass filtrates of P. sajor caju, A. bisporus, and L. edodes 

contribute to the reduction and stabilization of MgONPs (Figure 6.8.2). 

6.3.2.3. FT-IR spectra of MnO2NPs  

 The biomolecules and functional groups of the nanomaterial may be identified by FT-

IR analysis. FT-IR spectroscopy in the wavenumber range of 400–4000 cm−1 provided 

valuable information on the extract's chemical makeup and the surface functional 

groups of MnO2NPs. The FT-IR characterisation of a few functional groups on 

MnO2NPs is displayed in Figure 6.8.3. The principal peaks in the MnO2NP-Psc FT-IR 

spectra were 1380 cm−1 (C-O and C-X expansion), 2824–2967 cm−1 (C-H vibration), 

1613 cm−1 (aromatic C=C bond stretching), 921–1030 cm-1 (C-N and C-O stretching), 

and 3351 cm-1 (O-H bond stretching vibration). The Mn-O stretching was suggested by 

the strong peaks at 859 cm−1 (Kamran et al., 2019). The Mn–O bond stretching 

characteristic in MnO2NP-Ab and MnO2NP-Le is represented by the vibrational 

frequency seen at 492 and 513 cm−1 (Salavati-niasari et al., 2014; Nassar et al., 2016). 

The OH molecules adsorbed on the surface of the atmosphere with Mn atoms are 

responsible for the band at a wavenumber of around 1538-1634 cm−1 (Rani et al. 

2018). For the C=O, C-N stretch, the bands at 3678, 3673, 1724, 1024, and 1023 cm−1 

are important. The bending frequency of the methylene group is shown by bands at 
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1369–1404 cm-1 (Abdel-Aziz et al. 2020). However, MnO2NPs only exhibit a very 

broad and less intense absorption band at 3351-3773 cm−1 and a strong band at 490-

600 cm−1, which is property of the O–Mn–O linkage, as a result of the O-H bond 

stretching of adsorbed H2O molecules (Dessie et al. 2020). The purity of the sample is 

shown by the lack of any additional bands. 

6.3.2.4. FT-IR spectra of CNPs  

FT-IR studies were performed to determine the potential biomolecules in charge of the 

reduction of the bioreduced Combination NPs (CNPs). The peaks at 3311 cm-1 (CNP-

Psc), 3684 cm-1 (CNP-Ab) and 3286 cm-1 (CNP-Le) are due to the stretching vibrations 

of O-H group. The ones at 2955 cm-1, 2864-2960 cm-1 and 2944 cm-1 are due to the C-

H bond stretching. The peaks at 1499-1641 cm-1, 1480-1648 cm-1 and 1517-1637 cm-1 

correspond to the C=C stretching while, the peaks at 1365 cm-1, 1363 cm-1 and 1401 

cm-1 correspond to the C-O stretching in CNP-Psc, CNP-Ab and CNP-Le respectively. 

The C-N stretching of amines is at 1027-1119 cm-1. Vibrational peaks at 592 cm-1 to 

674 cm-1 confirm the presence of Zn-O stretching (Ahmad et al., 2020) whereas, the 

peaks at 936-1029 cm–1 in CNP-Psc, 928-1037 cm-1 in CNP-Ab and 938-1027 cm-1 

coordinated with the Mg–OH stretching (Karthik et al., 2019). Distinct peaks at 835 

cm-1 (CNP-Psc), 821 cm-1 (CNP-Ab) and 849 cm-1 (CNP-Le) indicate the Mn-O bond 

stretching (Kamran et al., 2019). Figure 6.8.4 shows peaks obtained by FT-IR analysis 

of CNPs. 
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6.3.3. X-Ray Diffraction (XRD)  

XRD analysis was carried out to validate the crystalline nature of myco-synthesized 

nanoparticles and complement the findings of the UV-visible spectrum. XRD 

examination was performed to examine the crystalline nature of the ZnONPs, 

MgONPs, MnO2NPs and CNPs synthesized using all three fungal extracts. The results 

of UV-vis spectral analysis were verified using XRD examination. These reflections 

readily indicate the monophase cubic crystals of the NPs. All the spectra show well-

defined peaks typical of ZnO, MgO and MnO2 in the crystal structures. The sharp peaks 

indicate crystalline nature of the synthesized solids.  

6.3.3.1. XRD patterns of ZnONPs 

The considerable band broadening of the XRD peaks indicated that ZnONPs were 

present in the samples. Figure 6.9.1 shows the crystalline size and lattice strain of 

a b 

c 
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ZnONPs while, Figure 6.9.2 shows the XRD diffractograms of synthesized ZnONPs. 

Narrow and strong peaks indicate that the produced nanoparticles are crystalline and 

extremely pure. In ZnONP-Psc, the peaks were comparatively leser in number with 2θ 

of 13.62°, 28.37°, 33.12°, 36.08°, 47.51°, 59.44° and 69.74°. In ZnONP-Ab, peaks were 

at 2θ of 13.20°, 21.58°, 25.30°, 28.02°, 31.13°, 31.66°, 33.25°, 34.34°, 36.16°, 41.61°, 

47.44°, 48.29°, 56.61°, 59.53°, 62.91°, 66.32°, 67.88°, 69.06°, 72.57° and 76.92°. 

Similarly, ZnONP-Le showed the peaks at 2θ of 13.80°, 21.72°, 25.10°, 28.21°, 31.47°, 

33.01°, 34.30°, 36.10°, 40.16°, 47.56°, 55.22°, 56.47°, 59.39°, 62.76°, 67.86°, 69.21°. 

The findings were verified by comparing them to standard International Centre for 

Diffraction Data (ICDD) card no. 01-083-6338 for ZnONP-Psc and ZnONP-Le, and 

card no. 01-080-3004 for ZnONP-Ab (Bodke et al., 2018). The data obtained from the 

XRD analysis of ZnONPs is shown in Tables 6.2.1, 6.2.2 and 6.2.3 for P. sajor caju, 

A. bisporus and L. edodes respectively.  

 

    Table 6.2.1: XRD data for the prediction of miller indices of ZnONPs synthesized using P. sajor caju 

S.  

No. 

2-theta 

(deg) 

d(ang.) Height(cp

s) 

FWHM 

(deg) 

Int. I (cps 

deg) 

Int. W 

(deg) 

Asym. 

factor 

1 13.62(11) 6.50(5) 1068(67) 5.3(3) 6269(364) 5.9(7) 3.4(13) 

2 28.37(3) 3.144(4) 681(54) 0.47(9) 342(96) 0.50(18) 1.9(19) 

3 33.125(5) 2.7022(4) 8355(188) 1.06(2) 17002(185) 2.03(7) 0.50(4) 

4 36.08(2) 2.4871(15) 1550(81) 1.23(7) 3653(190) 2.4(2) 0.50(4) 

5 47.51(19) 1.912(7) 426(43) 3.3(3) 2510(146) 5.9(9) 0.50(15) 

6 59.44(3) 1.5537(7) 2777(109) 1.55(3) 5016(92) 1.81(10) 1.29(10) 

7 69.74(12) 1.347(2) 603(51) 2.48(13) 2084(88) 3.5(4) 1.8(4) 

 

Table 6.2.2: XRD data for the prediction of miller indices of ZnONPs synthesized using A. bisporus 

 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cps) FWHM 

(deg) 

Int. I (cps 

deg) 

Int. W 

(deg) 

Asym. 

factor 

1 13.2(2) 6.69(10) 1230(72) 2.11(18) 3101(308) 2.5(4) 0.8(3) 

2 21.580(15) 4.115(3) 1611(83) 0.85(5) 2109(84) 1.31(12) 1.1(3) 

3 25.3(6) 3.52(8) 262(33) 2.3(6) 728(209) 2.8(12) 0.7(7) 
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4 28.02(4) 3.182(5) 2026(93) 0.94(4) 2138(111) 1.06(10) 1.1(2) 

5 31.13(9) 2.871(8) 1906(90) 1.40(17) 3475(566) 1.8(4) 0.84(4) 

6 31.658(5) 2.8240(5) 10554(212) 0.422(15) 5812(369) 0.55(5) 0.84(4) 

7 33.249(10) 2.6924(8) 16429(264) 0.970(12) 20772(248) 1.26(4) 0.84(4) 

8 34.344(3) 2.6090(2) 16918(268) 0.280(7) 6175(116) 0.365(13) 0.84(4) 

9 36.160(9) 2.4821(6) 21271(301) 0.524(11) 16343(185) 0.77(2) 0.85(7) 

10 41.61(10) 2.169(5) 889(61) 1.75(9) 1658(127) 1.9(3) 0.63(16) 

11 47.44(2) 1.9150(8) 3462(121) 0.90(5) 4934(345) 1.43(15) 1.10(14) 

12 48.29(10) 1.883(3) 644(52) 0.89(18) 913(341) 1.4(6) 1.10(14) 

13 56.608(5) 
1.62460 

(14) 

6523 

(166) 
0.591(9) 4509(50) 0.69(3) 1.89(7) 

14 59.533(14) 1.5516(3) 6730(169) 1.731(14) 13631(100) 2.03(7) 1.89(7) 

15 62.908(7) 
1.47619(1

4) 
4670(141) 0.677(11) 3699(47) 0.79(3) 1.89(7) 

16 66.32(3) 1.4082(6) 703(55) 0.75(11) 901(114) 1.3(3) 0.65(5) 

17 67.882(15) 1.3796(3) 4620(140) 0.82(2) 6512(236) 1.41(9) 0.65(5) 

18 69.06(2) 1.3590(4) 1723(86) 0.77(6) 2266(234) 1.3(2) 0.65(5) 

19 72.57(3) 1.3016(5) 337(38) 0.38(11) 137(36) 0.41(15) 1.3(18) 

20 76.92(15) 1.238(2) 312(36) 0.75(13) 287(42) 0.9(2) 1.4(11) 

  

 

Table 6.2.3: XRD data for the prediction of miller indices of ZnONPs synthesized using L. edodes 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cps) FWHM 

(deg) 

Int. I (cps 

deg) 

Int. W 

(deg) 

Asym. 

factor 

1 13.8(3) 6.42(11) 484(45) 2.3(4) 1735(257) 3.6(9) 1.1(4) 

2 21.72(6) 4.088(11) 1090(68) 1.13(7) 1663(78) 1.53(17) 0.9(2) 

3 25.1(2) 3.54(3) 758(57) 4.6(2) 3750(263) 4.9(7) 1.1(3) 

4 28.213(14) 3.1606(15) 2351(100) 0.77(3) 2495(72) 1.06(8) 1.17(7) 

5 31.47(3) 2.840(2) 2652(106) 1.73(7) 6340(278) 2.4(2) 1.17(7) 

6 33.006(8) 2.7117(6) 10668(213) 0.681(16) 10041(465) 0.94(6) 1.17(7) 

7 34.30(3) 2.612(2) 4371(136) 1.93(11) 11638(691) 2.7(2) 1.17(7) 
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8 36.104(11) 2.4858(8) 5490(153) 0.84(2) 6376(198) 1.16(7) 1.17(7) 

9 40.16(15) 2.244(8) 404(41) 3.5(2) 1997(106) 4.9(8) 2.0(4) 

10 47.56(3) 1.9102(11) 1099(68) 1.33(5) 2010(72) 1.83(18) 2.4(2) 

11 55.22(18) 1.662(5) 489(46) 3.64(18) 1899(139) 3.9(6) 3.6(10) 

12 56.469(10) 1.6282(3) 1449(78) 0.57(3) 1053(39) 0.73(7) 1.53(7) 

13 59.391(17) 1.5549(4) 4843(143) 1.669(16) 10359(92) 2.14(8) 1.53(7) 

14 62.764(15) 1.4792(3) 962(64) 0.71(4) 872(34) 0.91(10) 1.53(7) 

15 67.86(8) 1.3801(14) 618(51) 0.53(6) 366(42) 0.59(12) 2.2(15) 

16 69.21(5) 1.3564(8) 1069(67) 2.19(4) 2490(68) 2.3(2) 1.14(10) 
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6.3.3.2. XRD patterns of MgONPs 

XRD analysis was utilized to examine the crystalline state of myco-synthesized 

MgONPs. Data presented various sharp peaks in all three types of MgONPs (Table 

6.3.1-6.3.3). In MgONP-Psc, the peaks were at 2θ of 7.29°, 18.12°, 18.38°, 19.48°, 

20.11°, 21.08°, 22.12°, 22.39°, 24.69°, 26.05°, 26.63°, 27.12°, 29.82°, 30.32°, 30.71°, 

31.78°, 32.19°, 32.79°, 33.59°, 33.89°, 34.46°, 35.45°, 36.88°, 37.33°, 38.41°, 40.53°, 

41.30°, 43.45°, 45.32°, 46.99°, 48.72°, 50.07° and 54.53°. In MgONP-Ab, the peaks 

came out at 2θ of 19.04°, 26.21°, 27.18°, 29.42°, 33.11°, 36.14°, 38.03°, 41.16°, 42.90°, 

45.85°, 48.31°, 50.52°, 58.74°, 61.94°, 68.56°, 72.15°, 75.25°, 76.81° and 77.00°. 

Similarly, MgONP-Le showed the peaks with 2θ of 18.54°, 26.59°, 29.37°, 31.83°, 

33.42°, 34.39°, 35.36°, 36.22°, 37.97°, 38.95°, 42.51°, 47.92°, 48.35°, 50.75°, 56.45°, 

58.82°, 62.21° and 68.05. This data verified that the MgONP-Psc were crystallographic 

structures conferring to the ICDD standard (ICDD no. 01-077-9812 for MgONP-Psc, 

ICDD no. 01-071-5972 for MgONP-Ab and ICDD no. 01-084-2163 for MgONP-Le) 

a b 

c 
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(Safaei et al., 2015). The occurrence of oxide in the sample, identified as MgO by XPS 

analysis, is indicated by the detected XRD peaks. It was reported that the diffraction 

peaks observed at 2θ of 42.6°, 62.2°, and 78.6° signified cubic MgONPs (Lekota et al., 

2019). The crystalline size and lattice strain of MgONPs are shown in Figure 6.10.1 

while the diffractograms showing the absorption peaks of MgONPs are depicted in 

Figure 6.10.2. 

 

Table 6.3.1: XRD data for the prediction of miller indices of MgONPs synthesized using P. sajor caju  

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cps) FWHM 

(deg) 

Int. I 

(cps deg) 

Int. W 

(deg) 

Asym. 

factor 

1 7.287(4) 12.122(7) 7666(180) 0.106(6) 1268(44) 0.165(10) 0.99(18) 

2 18.120(18) 4.892(5) 969(64) 0.15(4) 177(30) 0.18(4) 1.6(9) 

3 18.383(18) 4.822(5) 2432(102) 0.144(16) 412(28) 0.169(19) 1.6(9) 

4 19.482(4) 4.5528(10) 12812(233) 0.127(4) 2368(28) 0.185(6) 1.7(3) 

5 20.110(3) 4.4120(7) 5735(156) 0.145(6) 1234(28) 0.215(11) 3.1(5) 

6 21.079(11) 4.211(2) 4391(137) 0.233(10) 1268(45) 0.289(19) 0.60(15) 

7 22.121(5) 4.0153(9) 14838(251) 0.138(5) 3050(82) 0.206(9) 1.8(3) 

8 22.392(6) 3.9672(10) 4331(136) 0.127(17) 820(72) 0.19(2) 1.8(3) 

9 24.69(2) 3.603(3) 2109(95) 0.188(16) 423(42) 0.20(3) 1.4(6) 

10 26.050(7) 3.4178(9) 1551(81) 0.28(2) 458(45) 0.30(4) 5(3) 

11 26.63(4) 3.344(5) 929(63) 0.13(5) 157(27) 0.17(4) 0.9(13) 

12 27.118(11) 3.2856(13) 1275(74) 0.11(4) 154(39) 0.12(4) 2(2) 

13 29.821(18) 2.9937(18) 2302(99) 0.147(16) 407(29) 0.18(2) 1.2(6) 

14 30.325(8) 2.9451(7) 1128(69) 0.12(2) 145(26) 0.13(3) 0.6(5) 

15 30.710(14) 2.9090(13) 1020(66) 0.05(4) 92(19) 0.09(2) 0.6(9) 

16 31.78(2) 2.814(2) 2004(92) 0.46(2) 988(57) 0.49(5) 1.4(3) 

17 32.186(9) 2.7789(8) 1016(66) 0.10(3) 108(22) 0.11(3) 1.4(3) 

18 32.789(4) 2.7291(4) 3018(113) 0.257(19) 1394(37) 0.46(3) 0.63(16) 

19 33.593(7) 2.6656(6) 2789(109) 0.134(19) 538(36) 0.19(2) 1.1(2) 

20 33.895(6) 2.6426(4) 3670(125) 0.120(11) 637(36) 0.174(16) 1.1(2) 

21 34.461(5) 2.6005(3) 4371(136) 0.111(7) 818(20) 0.187(10) 1.2(3) 
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22 35.45(6) 2.530(4) 398(41) 0.12(7) 50(24) 0.13(7) 0.9(18) 

23 36.881(6) 2.4352(4) 1339(75) 0.103(16) 241(27) 0.18(3) 1.0(2) 

24 37.332(11) 2.4068(7) 1716(85) 0.19(2) 555(32) 0.32(3) 1.0(2) 

25 38.410(18) 2.3417(11) 1908(90) 0.24(3) 860(33) 0.45(4) 0.6(2) 

26 40.526(15) 2.2242(8) 824(59) 0.091(15) 82(15) 0.10(3) 1.1(9) 

27 41.297(10) 2.1844(5) 459(44) 0.10(3) 48(16) 0.10(4) 3(6) 

28 43.452(16) 2.0809(7) 567(49) 0.26(4) 263(27) 0.46(9) 0.5(4) 

29 45.32(4) 1.9996(19) 832(59) 0.22(3) 197(28) 0.24(5) 0.9(7) 

30 46.99(2) 1.9323(9) 420(42) 0.22(6) 170(24) 0.40(10) 2(3) 

31 48.72(4) 1.8676(16) 408(42) 0.11(4) 50(21) 0.12(6) 3(7) 

32 50.07(5) 1.8204(17) 334(38) 0.13(5) 46(21) 0.14(8) 2(3) 

33 54.534(9) 1.6814(3) 388(41) 0.07(3) 31(12) 0.08(4) 0.5(12) 

  
 

Table 6.3.2: XRD data for the prediction of miller indices of MgONPs synthesized using A. bisporus 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cps) FWHM 

(deg) 

Int. I (cps 

deg) 

Int. W 

(deg) 

Asym. 

factor 

1 19.041(12) 4.657(3) 28209(346) 2.658(10) 
83453(38

7) 
2.96(5) 1.91(4) 

2 26.209(7) 3.3975(9) 8708(192) 0.184(7) 2077(43) 0.238(10) 1.6(4) 

3 27.182(12) 3.2780(15) 4528(139) 0.193(11) 1209(36) 0.267(16) 1.0(3) 

4 29.425(8) 3.0330(9) 1157(70) 0.16(2) 253(26) 0.22(4) 2.7(16) 

5 33.112(18) 2.7032(14) 3572(123) 0.455(19) 2171(58) 0.61(4) 2.6(7) 

6 36.139(6) 2.4835(4) 2694(107) 0.337(17) 980(44) 0.36(3) 1.017(18) 

7 38.033(7) 2.3641(4) 18849(283) 1.568(6) 
31948(16

6) 
1.69(3) 1.017(18) 

8 41.16(10) 2.192(5) 501(46) 0.15(10) 79(46) 0.16(11) 1(2) 

9 42.900(14) 2.1064(7) 2456(102) 0.186(18) 598(41) 0.24(3) 1.4(4) 

10 45.852(6) 1.9774(2) 6848(171) 0.191(10) 2081(31) 0.304(12) 1.3(2) 

11 48.308(7) 1.8825(3) 2833(110) 0.39(3) 1787(54) 0.63(4) 0.7(3) 

12 50.523(18) 1.8050(6) 6612(168) 2.408(15) 
16948(14

1) 
2.56(9) 0.574(18) 
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13 58.738(13) 1.5706(3) 8559(191) 0.649(14) 8575(77) 1.00(3) 0.80(8) 

14 61.94(2) 1.4970(5) 2505(103) 1.11(4) 4304(82) 1.72(10) 0.80(8) 

15 68.56(5) 1.3677(9) 1559(81) 2.25(5) 3781(107) 2.4(2) 1.58(16) 

16 72.15(4) 1.3082(7) 1008(65) 0.99(4) 1144(46) 1.13(12) 0.79(15) 

17 75.25(14) 1.262(2) 275(34) 0.42(11) 124(30) 0.45(16) 0.8(10) 

18 76.81(2) 1.2400(3) 438(43) 0.48(7) 234(32) 0.53(13) 0.5(4) 

19 77.0(4) 1.237(5) 125(23) 2.1(4) 286(85) 2.3(11) 0.8(6) 

  
 

Table 6.3.3: XRD data for the prediction of miller indices of MgONPs synthesized using L. edodes 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cps) FWHM 

(deg) 

Int. I 

(cps deg) 

Int. W 

(deg) 

Asym. 

factor 

1 18.539(12) 4.782(3) 2995(113) 0.409(16) 1379(60) 0.46(4) 1.6(2) 

2 26.59(3) 3.349(3) 1098(68) 0.12(6) 239(35) 0.22(5) 2(3) 

3 29.371(3) 3.0385(3) 18321(279) 0.124(3) 2665(49) 0.145(5) 2.1(2) 

4 31.830(15) 2.8092(13) 2777(109) 0.390(18) 1167(46) 0.42(3) 2.2(4) 

5 33.42(3) 2.679(2) 1701(85) 0.87(4) 1603(69) 0.94(9) 2.2(4) 

6 34.386(18) 2.6060(13) 1661(84) 0.46(4) 830(56) 0.50(6) 2.2(4) 

7 35.360(7) 2.5364(5) 2050(93) 0.094(16) 297(27) 0.14(2) 1.4(3) 

8 36.22(2) 2.4783(14) 3191(116) 0.44(2) 2146(66) 0.67(5) 1.4(3) 

9 37.970(18) 2.3678(11) 4429(137) 0.386(19) 2828(51) 0.64(3) 1.1(3) 

10 38.949(5) 2.3105(3) 5599(154) 0.101(7) 829(31) 0.148(10) 1.9(6) 

11 42.506(16) 2.1250(7) 1958(91) 0.11(2) 394(29) 0.20(2) 1.1(9) 

12 47.918(8) 1.8969(3) 3216(117) 0.111(11) 541(40) 0.168(19) 1.4(5) 

13 48.350(19) 1.8810(7) 1047(67) 0.18(5) 288(37) 0.27(5) 1.4(5) 

14 50.752(12) 1.7974(4) 1197(71) 0.49(4) 856(44) 0.71(8) 0.8(4) 

15 56.455(13) 1.6286(3) 1215(72) 0.38(5) 576(52) 0.47(7) 1.0(7) 

16 58.818(12) 1.5687(3) 1629(83) 1.34(4) 2645(81) 1.62(13) 0.50(7) 

17 62.21(3) 1.4910(7) 547(48) 1.44(11) 956(52) 1.7(2) 0.50(7) 

18 68.05(3) 1.3767(6) 557(49) 1.39(11) 1001(68) 1.8(3) 0.50(19) 
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6.3.3.3. XRD patterns of MnO2NPs 

The XRD patterns were employed to confirm the structure and phase purity of the 

synthesized samples. The crystallinity of the MnO2NPs was assessed by the XRD 

pattern (Mahdavi et al., 2020). As shown in Figure 6.11.2, the diffraction patterns of 

MnO2NPs have good crystallinity with distinctive peaks of manganese. The XRD 

pattern of MnO2NP-Psc showed peaks at 2θ with 18.33°, 26.67°, 28.58°, 37.33°, 

42.68°, 55.33°, 56.60°, 60.02°, 65.49° and 72.30°. The XRD pattern showing distinct 

peaks at 2θ = 23.01°, 28.54°, 37.36°, 42.62°, 49.90°, 56.59°, 60.00°, 65.01°, 68.40° and 

72.42° correspond to MnO2NP-Ab, while the peaks at 2θ = 26.60°, 28.55°, 37.37°, 

42.71°, 50.02°, 56.52°, 65.12°, 68.90° and 72.36° correspond to MnO2NP-Le (Table 

6.4.1-6.4.3). The data obtained matched with ICDD PDF card no. 00-044-0141 

(MnO2NP-Psc and MnO2NP-Ab) and ICDD PDF card no. 01-081-2261 (MnO2NP-Le), 

and the chief crystalline phase is that of manganese (Yulizar et al., 2020a, 2020b). The 

crystalline size and lattice structure of MnO2NPs is shown in Figure 6.11.1. 

a b 

c 

https://www.sciencedirect.com/topics/chemistry/crystallinity
https://www.sciencedirect.com/topics/materials-science/diffraction-pattern
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Table 6.4.1: XRD data for the prediction of miller indices of MnO2NPs synthesized using P. sajor caju 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cp

s) 

FWHM 

(deg) 

Int. I (cps 

deg) 

Int. W 

(deg) 

Asym. 

factor 

1 18.33(15) 4.84(4) 596(50) 4.7(6) 4920(440) 8.2(14) 0.5(3) 

2 26.667(4) 3.3401(5) 1465(79) 0.082(14) 143(21) 0.098(19) 4(6) 

3 28.583(14) 3.1204(15) 4111(132) 0.294(13) 1665(47) 0.40(2) 1.3(3) 

4 37.327(17) 2.4071(11) 3767(127) 0.48(2) 3276(57) 0.87(4) 0.95(19) 

5 42.68(2) 2.1166(11) 728(56) 0.98(7) 782(79) 1.08(19) 3.2(14) 

6 55.33(10) 1.659(3) 349(38) 1.18(17) 533(141) 1.5(6) 2.6(6) 

7 56.60(3) 1.6249(9) 1957(91) 1.04(5) 2638(149) 1.35(14) 2.6(6) 

8 60.02(7) 1.5401(17) 434(43) 1.79(15) 1005(71) 2.3(4) 2.6(6) 

9 65.49(7) 1.4242(13) 402(41) 2.6(2) 1875(104) 4.7(7) 0.50(17) 

10 72.30(14) 1.306(2) 429(43) 0.95(17) 579(64) 1.4(3) 1.0(7) 

  

 

Table 6.4.2: XRD data for the prediction of miller indices of MnO2NPs synthesized using A. bisporus 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cp

s) 

FWHM 

(deg) 

Int. I (cps 

deg) 

Int. W 

(deg) 

Asym. 

factor 

1 23.01(11) 3.862(17) 853(60) 3.9(3) 4264(366) 5.0(8) 2.6(13) 

2 28.544(14) 3.1246(15) 3454(121) 0.337(13) 1695(38) 0.49(3) 0.80(16) 

3 37.360(18) 2.4051(11) 3243(117) 0.62(2) 3163(55) 0.98(5) 1.5(2) 

4 42.62(6) 2.120(3) 832(59) 1.05(5) 944(65) 1.13(16) 2.3(6) 

5 49.9(2) 1.825(7) 252(33) 1.62(18) 433(71) 1.7(5) 1.5(9) 

6 56.59(3) 1.6252(7) 2092(94) 1.31(4) 4491(64) 2.15(13) 2.8(3) 

7 60.00(5) 1.5405(12) 553(48) 2.20(10) 1559(62) 2.8(4) 2.7(4) 

8 65.01(17) 1.433(3) 276(34) 0.48(13) 142(43) 0.5(2) 0.5(8) 

9 68.4(3) 1.371(5) 481(45) 8.7(2) 4826(176) 10.0(13) 1.9(3) 

10 72.42(6) 1.3039(9) 473(45) 1.07(11) 831(51) 1.8(3) 1.3(4) 
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Table 6.4.3: XRD data for the prediction of miller indices of MnO2NPs synthesized using L. edodes 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cp

s) 

FWHM 

(deg) 

Int. I 

(cps deg) 

Int. W 

(deg) 

Asym. 

factor 

1 26.598(7) 3.3486(8) 1246(73) 0.091(19) 180(20) 0.14(2) 0.7(6) 

2 28.548(15) 3.1242(16) 3478(122) 0.351(15) 1923(39) 0.55(3) 1.0(2) 

3 37.371(11) 2.4044(7) 3112(115) 0.643(17) 2839(63) 0.91(5) 2.02(15) 

4 42.711(15) 2.1153(7) 972(64) 1.11(5) 1163(76) 1.20(16) 4.5(15) 

5 50.02(12) 1.822(4) 348(38) 0.94(11) 355(58) 1.0(3) 2.1(13) 

6 56.52(2) 1.6270(6) 1805(88) 1.33(4) 3209(86) 1.78(13) 2.32(18) 

7 65.12(6) 1.4312(12) 231(31) 0.5(2) 126(52) 0.5(3) 1(2) 

8 68.9(3) 1.362(5) 200(29) 12.8(9) 
2839(27

4) 
14(3) 3.6(14) 

9 72.36(3) 1.3048(4) 684(54) 0.44(6) 640(35) 0.94(13) 1.0(3) 
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 6.3.3.4. XRD patterns of CNPs 

An XRD system was used to examine the crystallinity and phase orientation of the 

nanoparticles containing Zn, Mg and Mn in combination. In CNP-Psc, the absorption 

peaks were at 2θ of 12.71°, 18.13°, 22.10°, 28.61°, 33.23°, 37.51°, 42.51°, 49.88°, 

56.64°, 60.04°, 65.14° and 72.49°. In CNP-Ab, the peaks were obtained at 2θ of 22.01°, 

28.70°, 33.48°, 37.40°, 42.68°, 56.52°, 59.76°, 69.49° and 72.51°, while in CNP-Le, 

peaks at 2θ = 18.23°, 22.36°, 26.68°, 28.63°, 33.56°, 37.35°, 42.67°, 56.63°, 59.90° and 

72.38°. The strength of peaks reflects the significant degree of crystallinity of the 

nanoparticles (Figure 6.12.2). The small crystallite size that was achieved, however, is 

consistent with the ICDD file no. 03-065-2880, 01-075-9568 and 00-044-0141 for 

CNP-Psc, ICDD file no. 01-077-8755, 00-004-0829 and 00-044-0141 for CNP-Ab, and 

ICDD file no. 01-083-5382, 01-077-2906 and 01-081-2261 for CNP-Le respectively, 

according to the broad diffraction peaks. The data obtained from XRD analysis of CNPs 

is shown in Tables 6.5.1, 6.5.2 and 6.5.3 while the crystalline size and lattice strain is 

shown in Figure 6.12.1. 

a b 

c 
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Table 6.5.1: XRD data for the prediction of miller indices of CNPs synthesized using P. sajor caju 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cp

s) 

FWHM 

(deg) 

Int. I 

(cps deg) 

Int. W 

(deg) 

Asym. 

factor 

1 12.71(12) 6.96(7) 393(41) 0.69(11) 288(67) 0.7(2) 0.7(5) 

2 18.13(14) 4.89(4) 501(46) 1.67(18) 1155(97) 2.3(4) 0.6(2) 

3 22.1(3) 4.02(5) 288(35) 2.4(2) 739(110) 2.6(7) 1.0(5) 

4 28.611(13) 3.1174(14) 3471(121) 0.326(15) 1678(41) 0.48(3) 0.67(14) 

5 33.23(5) 2.694(4) 1185(71) 1.24(6) 2020(75) 1.71(17) 0.51(10) 

6 37.512(7) 2.3957(4) 2133(95) 0.60(2) 1634(53) 0.77(6) 3.3(11) 

7 42.51(5) 2.125(3) 924(63) 1.44(5) 1419(70) 1.54(18) 1.6(3) 

8 49.88(4) 1.8269(15) 272(34) 0.91(13) 309(45) 1.1(3) 0.9(6) 

9 56.64(4) 1.6237(9) 1104(68) 1.37(5) 1843(51) 1.67(15) 3.6(8) 

10 60.04(5) 1.5397(11) 960(64) 1.79(6) 2096(64) 2.2(2) 3.6(8) 

11 65.14(7) 1.4310(14) 225(31) 1.1(3) 420(56) 1.9(5) 0.5(5) 

12 72.49(5) 1.3029(8) 220(31) 0.59(15) 137(42) 0.6(3) 2(3) 

  

  

Table 6.5.2: XRD data for the prediction of miller indices of CNPs synthesized using A. bisporus 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cps

) 

FWHM 

(deg) 

Int. I (cps 

deg) 

Int. W 

(deg) 

Asym. 

factor 

1 22.01(7) 4.036(13) 484(45) 2.7(3) 2311(124) 4.8(7) 0.50(16) 

2 28.698(9) 3.1082(9) 3096(115) 0.309(18) 1603(40) 0.52(3) 2.1(3) 

3 33.476(13) 2.6747(10) 1876(89) 1.32(5) 4442(84) 2.37(16) 0.51(7) 

4 37.399(16) 2.4026(10) 2532(104) 0.46(3) 2291(47) 0.90(6) 0.76(14) 

5 42.68(2) 2.1170(10) 717(55) 0.64(7) 753(50) 1.05(15) 1.3(5) 

6 56.52(2) 1.6270(6) 1352(76) 1.07(5) 2150(67) 1.59(14) 1.53(16) 

7 59.76(4) 1.5463(9) 1485(79) 1.86(5) 4109(88) 2.8(2) 1.53(16) 

8 69.49(8) 1.3515(14) 393(41) 2.2(2) 1828(152) 4.7(9) 1.2(3) 

9 72.51(4) 1.3026(7) 402(41) 0.68(13) 580(102) 1.4(4) 1.2(3) 

  

 

 



108 

 

Table 6.5.3: XRD data for the prediction of miller indices of CNPs synthesized using L. edodes 

S. 

No. 

2-theta 

(deg) 

d(ang.) Height(cp

s) 

FWHM 

(deg) 

Int. I (cps 

deg) 

Int. W 

(deg) 

Asym. 

factor 

1 18.23(6) 4.861(16) 430(43) 1.6(2) 1112(96) 2.6(5) 0.5(3) 

2 22.36(17) 3.97(3) 694(54) 3.64(17) 3101(152) 4.5(6) 0.66(17) 

3 26.682(9) 3.3382(12) 1257(73) 0.095(17) 160(17) 0.13(2) 2.4(14) 

4 28.627(13) 3.1158(14) 3660(125) 0.332(13) 1812(37) 0.50(3) 1.3(2) 

5 33.56(18) 2.668(14) 282(35) 1.4(3) 632(87) 2.2(6) 0.8(5) 

6 37.354(5) 2.4055(3) 3544(123) 0.50(2) 3492(56) 0.99(5) 0.80(12) 

7 42.67(6) 2.117(3) 800(58) 1.03(7) 987(70) 1.23(18) 2.7(9) 

8 56.625(11) 1.6241(3) 1723(86) 1.27(3) 2898(61) 1.68(12) 3.0(6) 

9 59.90(3) 1.5429(7) 557(49) 1.46(10) 1081(56) 1.9(3) 3.0(6) 

10 72.38(4) 1.3046(7) 355(39) 0.67(14) 319(47) 0.9(2) 1.0(13) 
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6.3.4. Scanning Electron Microscopy (SEM) 

The morphology and particle size range obtained through the scanning electron 

micrographs of ZnONPs, MgONPs, MnO2NPs and Combo NPs synthesized using P. 

sajor caju, A. bisporus and L. edodes are given in Tables 6.6.1 to 6.6.12. Due to 

presence of fungal debris in the nanoparticle mixtures, the surface of the nanoparticles 

is rough and most of the nanoparticles shown agglomeration (Naseer et al., 2020). The 

SEM was carried out at two scales of 100 nm and 500 nm. 

 

 Table 6.6.1: Particle shape and average size of ZnONPs synthesized from P. sajor caju 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle size 

(nm) 

1. 
Rod-like; 

spherical; 

100 nm 18-53 35.86 

2. 500 nm 08-33 13.01 

a b 

c 
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irregular; 

agglomerated 

  

Table 6.6.2: Particle shape and average size of ZnONPs synthesized from A. bisporus 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. Spherical; 

irregular; 

agglomerated 

100 nm 17-42 29.68 

2. 500 nm 62-112 80.16 

  

Table 6.6.3: Particle shape and average size of ZnONPs synthesized from L. edodes 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. Spherical; 

irregular; 

agglomerated 

100 nm 08-19 13.98 

2. 500 nm 52-94 72.92 

  

Table 6.6.4: Particle shape and average size of MgONPs synthesized from P. sajor caju 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. Spherical; 

irregular; 

agglomerated 

100 nm 04-13 8.68 

2. 500 nm 17-85 34.94 

  

Table 6.6.5: Particle shape and average size of MgONPs synthesized from A. bisporus 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. 
Spherical; 

agglomerated 

100 nm 05-11 6.57 

2. 500 nm 20-34 30.58 
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Table 6.6.6: Particle shape and average size of MgONPs synthesized from L. edodes 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. 
Spherical; 

agglomerated 

100 nm 05-17 13.80 

2. 500 nm 34-76 46.80 

  

Table 6.6.7: Particle shape and average size of MnO2NPs synthesized from P. sajor caju 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. 
Spherical; 

agglomerated 

100 nm 10-17 12.89 

2. 500 nm 17-69 38.52 

  

Table 6.6.8: Particle shape and average size of MnO2NPs synthesized from A. bisporus 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. 
Spherical; 

agglomerated 

100 nm 07-15 14.47 

2. 500 nm 20-63 28.96 

  

Table 6.6.9: Particle shape and average size of MnO2NPs synthesized from L. edodes 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. 
Spherical; 

agglomerated 

100 nm 10-17 12.99 

2. 500 nm 17-55 37.13 

  

Table 6.6.10: Particle shape and average size of CNPs synthesized from P. sajor caju 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 
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1. Angular; 

agglomerated 

100 nm 04-16 9.24 

2. 500 nm 34-73 46.53 

  

Table 6.6.11: Particle shape and average size of CNPs synthesized from A. bisporus 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle 

size (nm) 

1. 
Angular; 

agglomerated 

100 nm 08-16 13.53 

2. 500 nm 37-80 51.56 

  

Table 6.6.12: Particle shape and average size of CNPs synthesized from L. edodes 

S. No. Shape of NPs Scale 
Particle size Range  

(nm) 

Average particle size 

(nm) 

1. 
Angular; 

agglomerated 

100 nm 10-17 12.95 

2. 500 nm 26-70 37.43 

 

 6.3.4.1. SEM analysis of ZnONPs 

SEM examination was utilized to assess the morphology of myco-synthesized ZnONPs. 

In addition to individual particles with spherical and elongated structures, typical SEM 

micrographs of ZnONPs show many agglomerated particles with uneven shape. The 

particle sizes in ZnONP-Psc varied from 8 nm to 53 nm. The average size of these 

nanoparticles synthesized using P. sajor caju was 35.86 m at 100 nm scale and 13.01 

nm at the scale of 500 nm (Table 6.6.1; Figure 6.13.2). The ZnONP-Ab showed the 

particle size range of 17-112 nm, and average particle size of 29.68 nm at 100 nm scale 

and 80.16 nm at 500 nm scale respectively (Table 6.6.2; Figure 6.13.4). In case of 

ZnONP-Le, particle size ranged from 08 nm to 94 nm. The average particle size was 

13.98 nm, 72.92 nm at scales of 100 nm and 500 nm respectively (Table 6.6.3; Figure 

6.13.6). The findings are consistent with those of several other researchers (Raut et al., 

2013; Rajendran and Sengodan, 2017; Suresh et al., 2018). SEM micrographs of 
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ZnONP-Psc, ZnONP-Ab and ZnONP-Le are shown in Figures 6.13.1, 6.13.3 and 6.13.5 

respectively.  

 

 

 

 

 

 

 

 

 

   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

b a 

Figure 6.13.1: SEM micrographs of ZnONPs synthesized using P. sajor caju 

a) 100 nm; b) 500 nm 

Figure 6.13.2: SEM histograms of ZnONPs synthesized using P. sajor caju 

a) 100 nm; b) 500 nm 
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a b 

a b 

Figure 6.13.3: SEM micrographs of ZnONPs synthesized using A. bisporus 

a) 100 nm; b) 500 nm 

Figure 6.13.4: SEM histograms of ZnONPs synthesized using A. bisporus 

a) 100 nm; b) 500 nm 
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6.3.4.2. SEM analysis of MgONPs 

SEM analysis was used to investigate the surface morphology, aggregation, and 

morphology of myco-synthesized MgONPs. Well-dispersed, spherical, somewhat 

irregular MgONPs with an aggregation were seen in the SEM micrographs (Figures 

6.14.1, 6.14.3, 6.14.5). The MgONP-Psc showed the particle size range of 04-85 nm. 

The average size of these nanoparticles was 8.68 nm at 100 nm scale and 34.94 nm at 

500 nm scale respectively (Table 6.6.4; Figure 6.14.2). In MgONP-Ab, the particle size 

range varied from 05-34 nm. An average size of 6.57 nm and 30.58 nm was shown by 

MgONP-Psc at 100 nm and 500 nm scales respectively. The particle size range of 

MgONP-Le was 05-76 nm (Table 6.6.6), and the average size was 13.80 nm and 46.80 

nm at the scales of 100 nm and 500 nm respectively (Figure 6.14.6) (Fathy and Mahfouz, 

2021). 

Figure 6.13.6: SEM histograms of ZnONPs synthesized using L. edodes 

a) 100 nm; b) 500 nm 

 

Figure 6.13.5: SEM micrographs of ZnONPs synthesized using L. edodes 

a) 100 nm; b) 500 nm 

a b 

a b 
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Figure 6.14.1: SEM micrographs of MgONPs synthesized using P. sajor caju 

a) 100 nm; b) 500 nm 

Figure 6.14.2: SEM histograms of MgONPs synthesized using P. sajor caju 

a) 100 nm; b) 500 nm 

 

 

a b 

a b 
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Figure 6.14.3: SEM micrographs of MgONPs synthesized using A. bisporus 

a) 100 nm; b) 500 nm 

 

Figure 6.14.4: SEM histograms of MgONPs synthesized using A. bisporus 

a) 100 nm; b) 500 nm 

 

a b 

a b 
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6.3.4.3. SEM analysis of MnO2NPs  

SEM micrographs were used to investigate the morphological characteristics of the 

biosynthesized MnO2NPs (Figures 6.15.1, 6.15.3, 6.15.5). The fungal biomass aqueous 

extract was used to create aggregations of roughly spherical, randomly oriented 

particles, as shown in the SEM pictures. The polarity, electrostatic attraction, high 

surface energy, and typically the process of nanoparticle production in water are the 

likely causes of nanoparticle aggregation (Madhumitha et al., 2019). The MnO2NPs 

synthesized using P. sajor caju showed the particle size range of 10-69 nm and average 

size of 12.89 nm and 38.52 nm in the scales of 100 nm and 500 nm respectively (Table 

Figure 6.14.5: SEM micrographs of MgONPs synthesized using L. edodes 

a) 100 nm; b) 500 nm 

 

Figure 6.14.6: SEM histograms of MgONPs synthesized using L. edodes 

a) 100 nm; b) 500 nm 

 

a b 

a b 
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6.6.7; Figure 6.15.2). Similarly, MnO2NP-Ab and MnO2NP-Le showed the particle size 

range of 07-63 nm (Table 6.6.8) and 10-55 nm (Table 6.6.9) respectively. MnONP-Ab 

showed the average particle size of 14.47 nm (100 nm scale) and 28.96 nm (500 nm 

scale) (Figure 6.15.4). Moreover, in case of MnONP-Le, the average particle size at 

100 nm and 500 nm scale came out to be 12.99 nm and 37.13 nm respectively (Figure 

6.15.6) (Faisal et al., 2022).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15.1: SEM micrographs of MnO2NPs synthesized using P. sajor caju 

a) 100 nm; b) 500 nm 

 

Figure 6.15.2: SEM histograms of MnO2NPs synthesized using P. sajor caju 

a) 100 nm; b) 500 nm 

 

a b 

a b 
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Figure 6.15.3: SEM micrographs of MnO2NPs synthesized using A. bisporus 

a) 100 nm; b) 500 nm 

 

Figure 6.15.4: SEM histograms of MnO2NPs synthesized using A. bisporus 

a) 100 nm; b) 500 nm 

 

a b 

a b 
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6.3.4.4. SEM analysis of CNPs 

SEM was used to analyze the surface morphology of CNPs. One of the most widely 

utilized tools for studying the imaging of nanoparticles and characterizing solid 

materials is the SEM. The SEM micrographs of the combination of Zn, Mg and Mn 

nanoparticles are shown in Figures 6.16.1, 6.16.3 and 6.16.5 for CNP-Psc, CNP-Ab and 

CNP-Le respectively. The surface morphology of the CNPs synthesized from P. sajor 

caju was no different from that of the CNPs synthesized from A. bisporus and L. edodes, 

but varied with respect to the morphology of individual nanoparticles. All the 

nanoparticles were random, somewhat angular, and showed agglomeration. The CNPs 

showed a comparable particle size range of 04-73 nm, 08-80 nm and 10-70 nm in 

Figure 6.15.5: SEM micrographs of MnO2NPs synthesized using L. edodes 

a) 100 nm; b) 500 nm 

 

Figure 6.15.6: SEM histograms of MnO2NPs synthesized using L. edodes 

a) 100 nm; b) 500 nm 

 

a b 

a b 
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CNPPsc (Table 6.6.10), CNPAb (Table 6.6.11) and CNPLe (Table 6.6.12) respectively. 

At the scales of 100 nm and 500 nm, the average particle size of the nanoparticles came 

out to be 9.24 nm and 46.53 nm in CNP-Psc (Figure 6.16.2); 13.53 nm and 51.56 nm 

in CNP-Ab (Figure 6.16.4); and, 12.95 nm and 37.43 nm in CNP-Le (Figure 6.16.6) 

respectively. It is important to note that certain evenly dispersed nanostructured grains 

may be observed as the concentration of each metal salt in the mixture increases, 

indicating the impact of increasing Mn and Mg doping on the ZnO matrix surface 

(Radhi Devi et al., 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16.1: SEM micrographs of CNPs synthesized using P. sajor caju 

a) 100 nm; b) 500 nm 

 

Figure 6.16.2: SEM histograms of CNPs synthesized using P. sajor caju 

a) 100 nm; b) 500 nm 

 

a b 

a b 
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Figure 6.16.3: SEM micrographs of CNPs synthesized using A. bisporus 

a) 100 nm; b) 500 nm 

 

Figure 6.16.4: SEM histograms of CNPs synthesized using A. bisporus 

a) 100 nm; b) 500 nm 

 

c d 

a b 
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6.3.5. Energy dispersive X-ray (EDX) analysis 

Energy dispersive X-ray analysis (EDX) was used to analyze the elemental makeup of 

the produced Zn-P, Zn-A, and Zn-L NPs. It is predicated on the fundamental idea that 

every element has a distinct atomic structure, which results in a distinct set of peaks in 

its spectrum of electromagnetic emission. The spectra's horizontal axis shows energy in 

keV, while the vertical axis shows the number of X-ray counts. The existence of 

elemental zinc, Magnesium and manganese was confirmed by the sharp signals of 

Energy Dispersive Spectra. Energy Dispersive spectra highlight the presence of signals 

that correlate to presence of specific elements present in sample. This further helps 

confirming the presence and strength of metallic particles in solution. 

 

Figure 6.16.5: SEM micrographs of CNPs synthesized using L. edodes 

a) 100 nm; b) 500 nm 

 

Figure 6.16.6: SEM histograms of CNPs synthesized using L. edodes 

a) 100 nm; b) 500 nm 

 

a b 

a b 
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6.3.5.1. EDX analysis of ZnONPs 

The EDX profile of ZnONP-Psc contains O and Zn with weight percentages of 23.2% 

and 76.8%, and atomic percentages of 55.2% and 44.8% respectively (Table 6.7.1). 

Similarly, the EDX patterns showed O and Zn in weight percentages of 36.8% and 63.3% 

in ZnONP-Ab and 38.5% and 61.5% in ZnONP-Le. Moreover, atomic percentages of 

70.4% and 29.6% were present in ZnONP-Ab (Table 6.7.2) and 71.9% and 28.1% in 

ZnONP-Le (Table 6.7.3) respectively. These findings corroborate well with the results 

reported earlier (Mahobia et al., 2016; Mohana and Sumathi, 2020). 

Table 6.7.1: Quant results showing the elemental composition of ZnONP-Psc 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 23.2 0.12 55.2 368.4 9.9 0.8188 0.1628 1.0000 

Zn K 76.8 0.55 44.8 772.1 2.6 0.9322 0.9845 1.0470 

Table 6.7.2: Quant results showing the elemental composition of ZnONP-Ab 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 36.8 0.16 70.4 470.1 9.6 0.8409 0.1867 1.0000 

Zn K 63.3 0.63 29.6 445.3 2.8 0.9443 0.9868 1.0497 

Table 6.7.3: Quant results showing the elemental composition of ZnONP-Le 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 38.5 0.14 71.9 640.7 9.5 0.8436 0.1907 1.0000 

Zn K 61.5 0.52 28.1 551.7 2.7 0.9458 0.9871 1.0501 

 

6.3.5.2. EDX analysis of MgONPs 

The EDX profile of MgONPs contains O and Mg with weight percentages of 73.2% 

and 26.8% in MgONP-Psc, 59.1% and 40.9% in MgONP-Ab, and 64.8% and 35.2% in 
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MgONP-Le respectively. Furthermore, the EDX profiles displayed the atomic 

percentages of 80.6% and 19.4% in MgONP-Psc (Table 6.8.1), 68.7% and 31.3% in 

MgONP-Ab (Table 6.8.2), and 73.7% and 26.3% in MgONP-Le (Table 6.8.3) 

respectively. This investigation confirms that the effective synthesis of MgONPs is 

indicated by the appearance of peaks with an energy between 0.5 and 1.5 KeV 

(Dobrucka, 2018). The X-ray hydrolysis of the reducing, capping or stabilizing agents 

like proteins, polysaccharides, amino acids, and enzymes found in the fungal extracts 

may be the cause of the occurrence of peaks in addition to that of Mg and O (Alsharif 

et al., 2020). 

Table 6.8.1: Quant results showing the elemental composition of MgONP-Psc 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 73.2 0.13 80.6 955.7 7.8 0.9265 0.3448 1.0000 

Mg K 26.8 0.17 19.4 490.7 7.6 0.9408 0.3861 1.0012 

Table 6.8.2: Quant results showing the elemental composition of MgONP-Ab 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 59.1 0.05 68.7 1512.9 8.3 0.9220 0.2929 1.0000 

Mg K 40.9 0.07 31.3 1949.1 6.9 0.9369 0.4337 1.0011 

Table 6.8.3: Quant results showing the elemental composition of MgONP-Le 

Elemen

t 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 64.8 0.10 73.7 1052.9 8.1 0.9238 0.3121 1.0000 

Mg K 35.2 0.13 26.3 948.9 7.2 0.9385 0.4131 1.0012 
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6.3.5.3. EDX analysis of MnO2NPs 

The EDX method was used to determine the chemical makeup of MnO2NPs. O and Mn 

have two prominent signals in the EDX profile, with weight percentages of 32.0% O 

and 68.0% Mn, and atomic percentage of 61.7% O and 38.3% Mn for MnO2NP-Psc 

(Table 6.9.1). The EDX analysis of MnO2NP-Ab and MnO2NP-Le also showed the 

occurrence of oxygen and manganese as the key elements with the weight percentage 

36.7% and 63.3% (MnO2NP-Ab), 37.3% and 62.7% (MnO2NP-Le) and atomic 

percentage of 66.6% and 33.4% (MnO2NP-Ab) (Table 6.9.2), 67.1% and 32.9% 

(MnO2NP-Le) (Table 6.9.3) respectively. This analysis is in line with the previous study 

(El-Moslamy et al., 2023). 

Table 6.9.1: Quant results showing the elemental composition of MnO2NP-Psc 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 32.0 0.12 61.7 909.4 8.2 0.8524 0.3103 1.0000 

Mn K 68.0 0.32 38.3 1425.8 2.0 0.9296 0.9720 1.0235 

Table 6.9.2: Quant results showing the elemental composition of MnO2NP-Ab 

Elemen

t 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 36.7 0.13 66.6 960.9 8.1 0.8585 0.3178 1.0000 

Mn K 63.3 0.36 33.4 1192.7 2.0 0.9336 0.9730 1.0241 

Table 6.9.3: Quant results showing the elemental composition of MnO2NP-Le 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 37.3 0.14 67.1 830.7 8.1 0.8592 0.3197 1.0000 

Mn K 62.7 0.47 32.9 999.7 2.1 0.9341 0.9732 1.0241 
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6.3.5.4. EDX analysis of CNPs 

An EDX spectroscopy was used to execute the existence of the compositional 

components. According to the EDX spectra, the material under analysis included 

oxygen, magnesium, manganese, and zinc in weight percentages of 45.3%, 4.4%, 

25.2%, and 25.2% for the CNP-Psc, respectively. Also, the atomic percentage for these 

nanoparticles was 73.5%, 4.7%, 11.9% and 10.0% for O, Mg, Mn and Zn respectively 

(Table 6.10.1). In case of CNP-Ab, weight percentage of 40.9%, 2.60%, 24.9% and 

31.5%, and atomic percentage of 71.0%, 3.0%, 12.6% and 13.4% was achieved for O, 

Mg, Mn and Zn respectively (Table 6.10.2). Similarly, the weight and atomic 

percentages for CNP-Le were obtained in the values of 45.0%, 3.6%, 26.6% and 24.8% 

(weight percentage) and 73.5%, 3.8%, 12.7% and 9.9% (atomic percentage) (Table 

6.10.3). According to the EDX spectra, no additional foreign elements were observed 

in the synthesized nanoparticles. The results confirmed the presence of Zn, Mg and Mn 

in the samples successfully substituted as the combination materials.  

 

Table 6.10.1: Quant results showing the elemental composition of CNP-Psc 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 45.3 0.14 73.5 821.1 8.8 0.8665 0.2565 1.0000 

Mg K 4.4 0.16 4.7 78.0 11.1 0.8876 0.2000 1.0024 

Mn K 25.2 0.28 11.9 426.4 2.7 0.9387 0.9684 1.0799 

Zn K 25.2 0.59 10.0 180.3 3.6 0.9571 0.9717 1.0602 

Table 6.10.2: Quant results showing the elemental composition of CNP-Ab 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 40.9 0.17 71.0 725.8 9.0 0.8576 0.2393 1.0000 

Mg K 2.6 0.19 3.0 45.9 12.9 0.8794 0.1851 1.0024 
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Mn K 24.9 0.33 12.6 446.6 2.8 0.9330 0.9659 1.0902 

Zn K 31.5 0.57 13.4 236.5 3.4 0.9528 0.9708 1.0570 

Table 6.10.3: Quant results showing the elemental composition of CNP-Le 

Eleme

nt 

Weight 

% 
MDL 

Atomic 

% 

Net 

Int. 

Error

 % 
R A F 

O K 45.0 0.15 73.5 764.1 8.8 0.8655 0.2582 1.0000 

Mg K 3.6 0.17 3.8 59.1 11.4 0.8867 0.1990 1.0025 

Mn K 26.6 0.29 12.7 419.0 2.7 0.9380 0.9686 1.0768 

Zn K 24.8 0.63 9.9 165.2 3.8 0.9567 0.9706 1.0600 

 

6.4. Evaluation of antifungal effect of myco-synthesized nanoparticles 

A. mali and V. inaequalis are dominant phytopathogens of apple (Malus domestica 

Borkh.) in the Union Territory of Jammu and Kashmir situated in the north of India. 

While all foliar and fruit diseases in this area are being effectively managed by adhering 

to the recommended spray schedule which includes different chemical fungicides like 

Myclobutanil, Bitertinol, Difenconazole, Hexaconazole, Carbendazim, Captan, 

Mancozeb, Chlorothalonil, Copper oxychloride and others, however, no attention has 

been paid to exploit the fungicidal potential of botanicals extracted from various 

medicinal plants although the botanicals are eco-friendly in contrast to chemical 

pesticides.  

Metal oxide nanoparticles have recently been investigated as a possible class of anti-

microbial agents because of their possible uses in the field of food safety based on 

the stability, size, shape, and surface characteristics (Sardul et al., 2017; Joshi et al., 

2020; Rajwade et al., 2020). The primary benefit of metal oxide nanoparticles is their 

nanoscale range, which offers notably appropriate forms to join with biological folks 

like bacteria, yeast, and fungus (El-Batal et al., 2018). This crucial difference between 

ordinary organic and synthetic antimicrobial treatments and metal oxide nanoparticles 
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may reduce the likelihood of developing antimicrobial resistance (El-Batal et al., 2017a; 

2017b). The ability of nanoparticles to generate highly reactive oxygen species (OH−, 

H2O2, and O2
2−) on their surface has been interpreted as an antifungal characteristic, 

and are linked to irreversible damage to fungus (Hoseinpour and Ghaemi, 2018).  

The current study aims to assess the efficacy of ZnO, MgO, and MnO2 and combination 

nanoparticles in order to create antifungal material with greater efficiency, and safe 

antimicrobial effectiveness and good compatibility. Since the presence of three lattices 

may induce point defects to form into the crystals, changing the antifungal 

characteristics, the notion of combining three different types of metal oxide 

nanoparticles (Zn+Mg+Mn) in combination nanoparticles is very intriguing. In this 

study, different concentrations of nanoparticles making nineteen treatments 

(T1=ZnONP-Psc; T2=ZnONP-Ab; T3=ZnONP-Le; T4=MgONP-Psc; T5=MgONP-Ab; 

T6=MgONP-Le; T7=MnO2NP-Psc; T8=MnO2NP-Ab; T9=MnO2NP-Le; T10=CNP-

Psc; T11=CNP-Ab; T12=CNP-Le; T13=Zn-MS; T14=Mg-MS; T15=Mn-MS; T16=C-

MS; T17=Control; T18=Mancozeb; T19=Flusilazole) were examined in order to 

determine the optimal dose that would have the most antifungal potential against two 

fungal pathogens of apple plant- Alternaria mali and Venturia inaequalis using poison 

food technique and spore germination method respectively.  Leaves showing Alternaria 

leaf blotch and apple scab prominently are displayed in Figures 6.21.1, 6.21.2. After 

subsequent growth of fungi on culture medium treated with different nanoparticles and 

other fractions, parameters like radial growth of fungal mycelium and inhibition in 

spore germination were recorded and it was determined that antifungal activity rose in 

tandem with an increase in metal salt concentration. Our results are in line with earlier 

research on the antifungal properties of nanoparticles (Hranisavljevic et al., 2002). 

Oxygen-dehydrogenase enzyme interaction rises with doped metal content in culture 

media, boosting antimicrobial activity (Sikong et al., 2010).  

When compared to single or pure nanoparticles, combination nanoparticles have 

superior antifungal properties (Rekha et al., 2010; Sharma et al., 2010). When 

compared to single nanoparticles, the doped or combination metal oxide nanoparticles 

show superior antimicrobial activity against fungi (Pugazhendhi et al., 2018). Only a 

limited number of studies have been undertaken on the antifungal impact of 

combination nanoparticles, and this area has gotten marginal attention.  
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Nanoparticles have demonstrated promising antifungal properties against a range of 

phytopathogens including A. mali and V. inaequalis due to their tiny size, vast surface 

area, and high reactivity. The loss of cell wall and membrane integrity is one of the 

main ways that these nanoparticles prevent fungal development. It has been shown that 

metal oxide nanoparticles, physically stick to the fungal cell surface, resulting in pore 

development, deformation, and eventually intracellular component leakage 

(Raghupathi et al., 2011). The osmotic balance and integrity of fungal cells is disrupted 

which inhibits growth and causes cell death. Significant morphological abnormalities, 

such as decreased germ tube production and sporulation, have been seen in Alternaria 

Figure 6.21.1: Leaves of apple plant showing symptoms of Alternaria leaf blotch caused by A. mali 

Figure 6.21.2: Leaves with apple scab caused by V. inaequalis 

Figure 6.21.3: Inoculation of PDA plates with A. mali for PFT 
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spp. hyphae and spores treated with ZnO and MgO nanoparticles (Ali et al., 2018; 

Kumar et al., 2021). Comparable effects have been noted in other fungi, suggesting 

similar underlying processes, despite the fact that V. inaequalis has received little direct 

investigation. It is well known that nanoparticles, particularly those based on transition 

metals like Zn and Mn, can cause oxidative stress in fungal cells by producing reactive 

oxygen species (ROS) such as hydrogen peroxide, hydroxyl radicals, and superoxide 

anions. Fungal metabolism and replication may be hampered by the ability of ROS to 

harm cellular lipids, proteins, and nucleic acids (Sirelkhatim et al., 2015). The oxidative 

destruction of fungal membranes and intracellular organelles is facilitated by the strong 

ROS-generating potential of ZnO and manganese dioxide (MnO₂) nanoparticles. As 

seen in ZnO nanoparticle treatments against A. mali and other plant diseases, this 

oxidative stress mechanism inhibits spore germination in addition to affecting active 

fungal cells (Ghazal et al., 2020). In addition to membrane disruption and oxidative 

damage, nanoparticles disturb intracellular processes by releasing metal ions that 

interact with vital cellular components. It is known that Zn²⁺ ions produced from ZnO 

nanoparticles, interact with phosphate backbones in DNA to prevent transcription and 

replication and attach to thiol groups in fungal enzymes, causing enzymatic inactivation 

(Padmavathy and Vijayaraghavan, 2008). Similarly, Mn and Mg nanoparticles may 

cause energy deficits in the fungal cells by altering ATPase activity and disrupting the 

ionic balance (Ghotekar et al., 2020).  

 

6.4.1. Antifungal activity of nanoparticles against Alternaria mali by poison food 

technique (PFT) 

The metal ion-based nanoparticles have broad-spectrum biocidal capabilities against a 

variety of bacteria, fungi, and viruses (Raghupathi et al. (2011). Prior research on 

nanoparticles has demonstrated that the larger the particles in size, the more effective 

they are at preventing the development of pathogens, involving both ROS generation 

and nanoparticle accumulation (Jan et al., 2013). The nanoparticles of Zn, Mg, Mn and 

combination of the three, synthesized using extracts of P. sajor caju, A. bisporus and L. 

edodes were evaluated against A. mali using poison food technique by inoculating the 

poisoned media containing the nanoparticles with A. mali (Figure 6.21.3). The data 

collected as mycelial growth and percent inhibition rate of nanoparticles against test 
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fungus is given as the mean value of three replications in Tables 6.11.1 and 6.11.2 

respectively. According to results, all the nanoparticles synthesized using three test 

fungi showed a considerable inhibition rate against A. mali with every increase in the 

concentration of nanoparticles from 0.10% to 0.30% (Figure 6.22) (Ahmad et al., 2020). 

Figures 6.23.2 to 6.23.13 show the visible difference in inhibition of mycelial growth 

with the change in concentration of nanoparticles. Figure 6.23.1 illustrates the boxplots 

showing the effect of each treatment at three different concentrations of ZnONPs. In 

metal salt concentrations, the inhibition rate increased with an increase in levels of the 

metal salt concentrations from 300 ppm to 700 ppm respectively.  

Table 6.11.1: Comparison of means (Mycelial growth) for PFT using Duncan test  

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 12.333ghi 7.917f 1.333j 

T2 14.500d 9.917cd 2.853gh 

T3 14.333de 9.500de 3.067gh 

T4 22.250a 14.500a 10.910a 

T5 14.113def 10.053cd 4.250ef 

T6 16.437c 10.380cd 3.840fg 

T7 15.610c 10.777c 4.917de 

T8 22.863a 15.357a 11.253a 

T9 11.473ij 6.380h 0.970j 

T10 13.360efg 7.327fg 3.837fg 

T11 13.200fg 8.860e 3.787fg 

T12 22.613a 14.897a 10.970a 

 

 300 ppm 500 ppm 700 ppm 

T13 10.743j 5.943h 0.900j 

T14 11.730hij 6.680gh 1.693ij 

T15 12.680gh 7.680f 2.583hi 

T16 20.500b 12.000b 9.170b 
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T17 24.500 24.500 24.500 

T18 6.700k 6.700gh 6.700c 

T19 5.710k 5.710h 5.710d 
 

(T1=ZnONP-Psc; T2=ZnONP-Ab; T3=ZnONP-Le; T4=MgONP-Psc; T5=MgONP-Ab; T6=MgONP-Le; 

T7=MnO2NP-Psc; T8=MnO2NP-Ab; T9=MnO2NP-Le; T10=CNP-Psc; T11=CNP-Ab; T12=CNP-Le; T13=Zn-MS; 

T14=Mg-MS; T15=Mn-MS; T16=C-MS; T17=Control; T18=Mancozeb; T19=Flusilazole) 

Mean of three replicates; ** The figures in parenthesis are statistically identical and arc Sin √%age 

transformed values. The means with different Letters as superscripts are significant (P < 0.05). The means 

with same letters or having common letter(s) are not significantly different. 

Table 6.11.2: Comparison of means (Inhibition %) for PFT using Duncan test  

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 49.668 

(44.810cde) 

67.678 

(55.391d) 

94.568 

(76.763ab) 

T2 40.180 

(39.326gh) 

59.525 

(50.500fg) 

88.360 

(70.076c) 

T3 41.482 

(40.091fg) 

61.213 

(51.482ef) 

87.490 

(69.291cd) 

T4 9.190 

(17.575k) 

40.823 

(39.707i) 

49.933 

(44.962k) 

T5 42.373 

(40.609fg) 

58.953 

(50.161fg) 

82.647 

(65.427ef) 

T6 32.915 

(34.983i) 

57.631 

(49.390fg) 

84.313 

(66.729de) 

T7 36.293 

(37.037hi) 

56.008 

(48.452g) 

79.943 

(63.433fg) 

T8 6.670 

(14.889l) 

37.320 

(37.650i) 

54.083 

(47.347jk) 

T9 53.180 

(46.824bc) 

73.948 

(59.319ab) 

96.043 

(78.564a) 

T10 45.110 

(42.193ef) 

70.094 

(56.855cd) 

84.340 

(66.691de) 

T11 46.117 

(42.773ef) 

63.826 

(53.029e) 

84.535 

(66.860de) 

T12 7.703 

(16.067kl) 

39.182 

(38.747i) 

55.207 

(47.992j) 

 

 300 ppm 500 ppm 700 ppm 

T13 56.132 

(48.525b) 

75.745 

(60.502ab) 

96.327 

(78.996a) 
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T14 52.118 

(46.214bcd) 

72.733 

(58.523bc) 

93.093 

(74.856b) 

T15 48.230 

(43.985de) 

68.648 

(55.951d) 

89.460 

(71.090c) 

T16 16.334 

(23.786j) 

51.002 

(45.575h) 

62.560 

(52.278i) 

 

T17 0.000 

(0.000m) 

0.000 

(0.000j) 

0.000 

(0.000l) 

T18 72.643 

(58.470a) 

72.643 

(58.470bc) 

72.643 

(58.470h) 

T19 76.683 

(61.140) 

76.683 

(61.140a) 

76.683 

(61.140gh) 
 

Mean of three replicates; ** The figures in parenthesis are statistically identical and arc Sin √%age 

transformed values. The means with different Letters as superscripts are significant (P < 0.05). The 

means with same letters or having common letter(s) are not significantly different. 

 

 

 

 

 

 

 

 

Figure 6.22: Percent inhibition rates of treatments against A. mali via PFT.  

Colony diameters were assessed seven days post-inoculation. Three replicates of each experiment were used to 

determine the inhibition rates, which are shown as Means ± SD: For A. mali, inhibition rate of control = 0%. 
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Among the ZnONPs, maximum inhibition of 94.57% was shown by ZnONP-

Psc at the highest concentration of 0.30% followed by ZnONPAb at 88.36% and 

ZnONPLe at 87.49% (minimum) at the same concentration. At 0.10%, inhibition was 

not much and maximum inhibition of 49.67% was shown by ZnONP-Psc. ZnONPs 

have been tested against A. mali (Ahmad et al., 2020) and have shown considerable 

effects. 

In MgONPs, comparatively lesser activity was seen and highest inhibition of 

84.31% was shown by MgONPLe followed by MgONPAb (82.65%) and MgONPPsc 

(49.93%) at the highest concentration of 0.30%, while at 0.10%, the maximum 

inhibition of 42.37% was shown by MgONPAb. MgONPs have shown quite remarkable 

anti-microbial activity (though not better than the other nanoparticles) against A. mali 

(Immanuel and Iswareya, 2023). 

In MnO2NPs, MnO2NP-Le was most active against the pathogenic fungus with 

96.04% inhibition rate for A. mali at 0.30% concentration. This was followed by 

MnO2NP-Psc with 79.94% inhibition rate at the same concentration. On the other hand, 

least effect was seen in case of MnO2NP-Ab where inhibition rates ranged from 6.67-

54.08% at 0.10% to 0.30% respectively. MnONPs have been evaluated on different 

species of Alternaria including Alternaria solani (Ingle and Gupta, 2021; Anar et al., 

2023), Alternaria alternata (Dhoble and Kulkarni, 2016), Alternaria brassicae (Gaba 

et al., 2022), where they have shown considerable effects but have not been tested on 

A. mali. 

CNP-Ab showed well-defined inhibition rate of 84.53% against A. mali at 0.30% 

as compared to CNP-Psc and CNP-Le with 84.34% and 55.21% inhibition rate 

respectively. At the lowest concentration of 0.10%, maximum inhibition was shown by 

CNP-Ab at 46.12% while the minimum inhibition came out in the treatment of CNP-

Le at 7.70%. Ion solutions of Zn, Mg, Mn and combination were tested for their activity 

on the growth of mycelium of A. mali. The obtained results of CNPs are similar, and in 

some cases better, than previous results obtained with ZnO, MgO or MnO2 

nanoparticles individually. Some compounds found in most fungal materials have 

functional groups that are linked to their antimicrobial properties. These compounds 
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include primary metabolites like oxalic acid and secondary metabolites like 

anthraquinones, steroids, benzoic acid derivatives, quinolines, and sesquiterpenes and 

other terpenes (Alves et al., 2012; Rahman et al., 2021; Digra and Nonzom, 2023). In 

the metal ion solutions, at the lowest concentration (300 ppm), ZnMS showed 56.13% 

inhibition rate against A. mali which was the highest of all other metal salts at this 

concentration and increased as 96.33% in case of an increase in concentration to 700 

ppm which was again the highest value at this concentration. On the other hand, the 

combination sample prepared by mixing Zn, Mg and Mn metal salts showed the 

minimum inhibition rate as compared to other metal salts which ranged from 16.33% 

at 300 ppm to 62.56% at 700 ppm. In case of the fungicides used, inhibition rate varied 

from 72.64% in mancozeb and 76.68% in flusilazole respectively. The control plates 

showed zero inhibition with the maximum growth of the pathogenic fungus (Kumar et 

al., 2019).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.23.1: Boxplots showing effect of each treatment (against A. mali) at a) 0.10%; b) 0.20%; c) 0.30% 

treatment

s 

treatment treatment

a b 

c 
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Figure 6.23.2: Assay of antifungal activity of ZnONP-Psc against A. mali at 

0.30%; 0.20%; 0.10% (with 3 replicates) 

Figure 6.23.3: Assay of antifungal activity of ZnONP-Ab against A. mali at 

0.30%; 0.20%; 0.10% (with 3 replicates) 
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Figure 6.23.4: Assay of antifungal activity of ZnONP-Le against A. mali at 

0.30%; 0.20%; 0.10% (with 3 replicates) 

 

Figure 6.23.5: Assay of antifungal activity of MgONP-Psc against A. mali at 

0.30%; 0.20%; 0.10% (with 3 replicates) 
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Figure 6.23.6: Assay of antifungal activity of MgONP-Ab against A. mali at 

0.30%; 0.20%; 0.10% (with 3 replicates) 

 

Figure 6.23.7: Assay of antifungal activity of MgONP-Le against A. mali at 

0.30%; 0.20%; 0.10% (with 3 replicates) 
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Figure 6.23.8: Assay of antifungal activity of MnO2NP-Psc against A. mali at  

0.30%; 0.20%; 0.10% (with 3 replicates) 

 

Figure 6.23.9: Assay of antifungal activity of MnO2NP-Ab against A. mali at  

0.30%; 0.20%; 0.10% (with 3 replicates) 
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Figure 6.23.10: Assay of antifungal activity of MnO2NP-Le against A. mali at  

0.30%; 0.20%; 0.10% (with 3 replicates) 

 

Figure 6.23.11: Assay of antifungal activity of CNP-Psc against A. mali at  

0.30%; 0.20%; 0.10% (with 3 replicates) 
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Figure 6.23.12: Assay of antifungal activity of CNP-Ab against A. mali at  

0.30%; 0.20%; 0.10% (with 3 replicates) 

 

Figure 6.23.13: Assay of antifungal activity of CNP-Le against A. mali at  

0.30%; 0.20%; 0.10% (with 3 replicates) 
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6.4.2. Antifungal activity against Venturia inaequalis by spore germination test 

(SGT)  

The synthesized nanoparticles with considerable antifungal activity were further 

screened by estimating their spore germination inhibition activity after measuring their 

Percent Spore Germination Inhibition (PSGI) value against the isolated spores of 

Venturia inaequalis (Sutton et al., 2000; dos Santos et al., 2024). The study conducted 

at different concentrations of 0.10%, 0.20% and 0.30% to check more accurate activity 

by measuring the germination and inhibition percentages of the pathogenic fungus (V. 

inaequalis) of apple plant is specified in Tables 6.12.1 and 6.12.2. The study found that 

spore germination was inhibited by varying concentrations of ZnO, MgO, MnO2, and 

combination nanoparticles, but that the inhibition increased as the quantity of 

nanoparticles rose (Balint et al., 2014; Talie et al., 2020). However, the highest dose of 

0.30% resulted in the greatest decrease in spore germination. It was followed by the 

nanoparticle concentrations of 0.20% and 0.10%. The CNPs at the highest 

concentration of 0.30% were shown to be the most efficient in suppressing spore 

germination, followed by ZnONPs, MnO2NPs and MgONPs (Figures 6.24, 6.25).  

Table 6.12.1: Comparison of means (Germination %) for SGT using Duncan test  

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 68.500 

(55.862b) 

56.223 

(48.575cd) 

37.633 

(37.839cd) 

T2 67.413 

(55.192bc) 

54.423 

(47.539d) 

35.930 

(36.827d) 

T3 63.313 

(52.723c) 

59.147 

(50.271b) 

39.450 

(38.909c) 

Figure 6.23.14: Assay of antifungal activity of   a) Control b) Flusilazole–

treated plate c) Mancozeb–treated plate 
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T4 45.853 

(42.619e) 

38.467 

(38.329h) 

30.677 

(33.632e) 

T5 75.427 

(60.293a) 

58.447 

(49.864bc) 

49.563 

(44.750a) 

T6 72.947 

(58.664a) 

62.443 

(52.209a) 

44.660 

(41.933b) 

T7 75.280 

(60.194a) 

59.753 

(50.624b) 

49.253 

(44.572a) 

T8 63.837 

(53.041c) 

55.600 

(48.216d) 

37.947 

(38.024cd) 

T9 65.693 

(54.147bc) 

39.840 

(39.137gh) 

29.963 

(33.187e) 

T10 65.967 

(54.319bc) 

43.850 

(41.466ef) 

30.960 

(33.808e) 

T11 54.780 

(47.745d) 

34.613 

(36.033i) 

24.787 

(29.855f) 

T12 47.080 

(43.326e) 

30.540 

(33.545j) 

29.687 

(33.010e) 

 

 300 ppm 500 ppm 700 ppm 

T13 65.280 

(53.898bc) 

45.323 

(42.316e) 

23.363 

(28.877f) 

T14 63.313 

(52.721c) 

41.503 

(40.108fg) 

23.577 

(29.034f) 

T15 67.040 

(55.030bc) 

45.533 

(42.435e) 

23.623 

(29.041f) 

T16 46.353 

(42.908e) 

30.190 

(33.318j) 

25.757 

(30.492f) 

 

T17 2.313 

(8.735f) 

79.510 

(63.099) 

79.510 

(63.099) 

T18 1.513 

(7.004f) 

2.313 

(8.735k) 

2.313 

(8.735g) 

T19 79.510 

(63.099) 

1.513 

(7.004k) 

1.513 

(7.004g) 
Mean of three replicates; ** The figures in parenthesis are statistically identical and arc Sin √%age 

transformed values. The means with different Letters as superscripts are significant (P < 0.05). The means 

with same letters or having common letter(s) are not significantly different. 

Table 6.12.2: Comparison of means (Inhibition %) for SGT using Duncan test  

Treatments 
Concentration 

0.10% 0.20% 0.30% 
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T1 13.813 

(21.746e) 

29.273 

(32.751gh) 

52.662 

(46.526de) 

T2 15.183 

(22.898de) 

31.543 

(34.159g) 

54.810 

(47.761d) 

T3 20.347 

(26.790d) 

25.570 

(30.354i) 

50.377 

(45.216e) 

T4 42.360 

(40.603b) 

51.607 

(45.921d) 

61.413 

(51.598c) 

T5 5.080 

(12.231g) 

26.447 

(30.925hi) 

37.637 

(37.838g) 

T6 8.240 

(16.629f) 

21.430 

(27.533j) 

43.843 

(41.463f) 

T7 5.299 

(13.053fg) 

24.830 

(29.882i) 

38.030 

(38.071g) 

T8 19.733 

(26.358d) 

30.027 

(33.209gh) 

52.253 

(46.292de) 

T9 17.353 

(24.599de) 

49.900 

(44.943d) 

62.297 

(52.121c) 

T10 17.023 

(24.323de) 

44.803 

(42.012ef) 

61.053 

(51.386c) 

T11 31.130 

(33.907c) 

56.463 

(48.717c) 

68.823 

(56.061b) 

T12 40.790 

(39.693b) 

61.567 

(51.691b) 

62.677 

(52.345c) 

 

 300 ppm 500 ppm 700 ppm 

T13 17.877 

(24.996de) 

42.987 

(40.967f) 

70.553 

(57.174b) 

T14 20.350 

(26.808d) 

47.777 

(43.725de) 

70.363 

(57.028b) 

T15 15.737 

(23.024de) 

42.757 

(40.833f) 

70.267 

(56.998b) 

T16 41.690 

(40.215b) 

62.060 

(51.984b) 

67.623 

(55.321b) 

 

T17 0.000 

(0.000h) 

0.000 

(0.000k) 

0.000 

(0.000h) 

T18 97.096 

(80.200a) 

97.096 

(80.200a) 

97.096 

(80.200a) 

T19 98.097 

(82.140a) 

98.097 

(82.140a) 

98.097 

(82.140a) 
Mean of three replicates; ** The figures in parenthesis are statistically identical and arc Sin √%age 

transformed values. The means with different Letters as superscripts are significant (P < 0.05). The 

means with same letters or having common letter(s) are not significantly different. 
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Figure 6.24: Percent inhibition rates of treatments against V. inaequalis via SGT.  

 

Colony diameters were assessed seven days post-inoculation. Three replicates of each 

experiment were used to determine the inhibition rates, which are shown as Means ± SD: For 

A. mali, inhibition rate of control = 0%. 

In ZnONPs, the decrease in spore germination varies from 13.81% in ZnONP-

Psc (at 0.10%) to 54.81% in ZnONP-Ab (at 0.30%).  

In case of MgONPs, spores of V. inaequalis were inhibited mostly by MgONP-

Psc at 61.41% and MgONP-Le at 43.84%. Overall, MgONPs did not show any major 

suppression of spore germination when compared to the other nanoparticles.  

The Percent Spore germination inhibition (PSGI) assessment report of 

MnO2NPs further demonstrates that spores of V. inaequalis were inhibited mostly by 

MnO2NP-Le (62.30%) followed by MnO2NP-Ab (52.25%) and MnO2NP-Psc (38.03%).  

The highest inhibition appeared at the highest concentration of CNPs where 

CNP-Ab showed the maximum inhibition of 68.82% followed by CNP-Le (62.68%) 
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and CNP-Psc (61.05%). Additionally, there was a dose-dependent impact of metal salt 

concentrations on the inhibition of spore germination.  

The maximum inhibition was shown by ZnMS (70.55%) at the highest 

concentraton of 700 ppm followed by MgMS (70.36%), MnMS (70.27%) and CMS 

(67.62%) at the same concentration. The fungicides suppressed the spore germination 

with higher percentages of 97.10% and 98.10% in mancozeb and flusilazole 

respectively. There was no or very little reduction in spore germination in the untreated 

control. This investigation has been conducted for the first time in Kashmir, India and 

suggests that the fungicidal impact of nanoparticle concentrations on V. inaequalis may 

be the cause of the influence on spore germination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.25: Boxplots showing effect of each treatment (against V. inaequalis) at 

a) 0.10%; b) 0.20%; c) 0.30%  
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6.5. Evaluation of nanoparticles against apple plant parameters 

Nanoparticles have special physicochemical qualities that are not seen in bulk particles 

of the same material because of their incredibly tiny size, structure, and surface features 

(Prachi et al., 2014). Moreover, nanoparticles enter and accumulate in plant tissues, but 

their penetration and accumulation is less than their ionic forms (Ebbs et al., 2016; 

Zhang and Su, 2024). In this study, nanoparticles of ZnO, MgO, MnO2 and Zn+Mg+Mn 

when sprayed on apple plants caused a considerable improvement in the gas exchange 

parameters as well as chlorophyll content of apple plant leaves (Elmer and White, 2016; 

Zaragosa et al., 2024). Figure 6.26.1 shows the working concentrations of nanoparticles, 

metal salts and controls ready prepared for spray, and Figure 6.26.2 shows the 

nanoparticles being sprayed on experimental plants in the field.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.26.1: Concentrations of nanoparticles and metal salts 

prepared for spray 

Figure 6.26.2: Working concentrations of the nanoparticles being 

sprayed onto the apple plants. 
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6.5.1. Gas exchange parameters 

The nanoparticles prepared in the concentrations of 0.10%, 0.20% and 0.30%, when 

sprayed on apple plants (tagged accordingly) showed minimal or prominent effect on 

the plant parameters with a dose dependent response and the parameter being evaluated 

(Zhang et al., 2015). In many plants, there has been decreased biomass, root tip 

shrinkage, and vacuolated or collapsed root epidermal and cortical cells, and 

nanoparticles have been evaluated (Lin and Xing, 2008). Figure 6.27 shows the ongoing 

evaluation of gas exchange parameters of apple plants in the experimental field using 

IRGA.  

 

 

 

 

 

 

 

6.5.1.1. Stomatal conductance (gs) 

Stomatal conductance of the apple plants varied at a dose dependent response. With an 

upsurge in dosage from 0.10% to 0.30%, the value of gs increased significantly. 

Similarly, in case of metal salt applications, value of gs increased with each increase in 

metal salt concentration. 

 

After 6 hours: After 6 hours of spray, stomatal conductance was significantly higher in 

plants sprayed with the highest concentration of 0.30%. The highest value of gs was 

shown by CNPs followed by MnO2NPs and ZnONPs and the minimum in comparison 

was of MgONPs. Among CNPs, the highest value of gs was of CNP-Ab followed by 

CNP-Psc. In case of metal salt treated plants, gs was lower than the the nanoparticle-

treated plants. With the increase in concentration of metal salts, the value of gs 

Figure 6.27: Measurement of gas exchange parameters using IRGA 
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decreased. The value of gs decreased with the increase in concentration from 300 ppm 

to 700 ppm in all four metal salt treatments of Zn, Mg, Mn and combination of the three 

respectively. In mancozeb and flusilazole treated plants, value of gs (0.055 mol m-2 s-1 

and 0.050 mol m-2 s-1 respectively) was higher than concentration 1 (0.10%) treated 

plants but lesser that the concentration 3 (0.30%) treated plants but comparable with 

that of the concentration 2 (0.20%) treated plants, but lesser than the gs of plants treated 

with concentration 3. In control plant, value of gs came out to be 0.065 mol m-2 s-1 

(Table 6.13) (Thomas et al., 2008; Thunugunta et al., 2018; Chachei et al., 2025). The 

efficacy of three different concentrations of treatments is shown in Figures 6.28.1 and 

6.28.2.  

Table 6.13: Effect of different concentrations of treatments on stomatal 

conductance (mol m-2 s-1) of apple plant (6 hours) 

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 0.005a 0.050a 0.135abc 

T2 0.015a 0.035a 0.140ab 

T3 0.050a 0.040a 0.140ab  

T4 0.015a 0.035a 0.130abc 

T5 0.005a 0.035a 0.095abcd 

T6 0.010a 0.025a 0.075bcde 

T7 0.010a 0.045a 0.125abc 

T8 0.020a 0.065a 0.140ab 

T9 0.020a 0.070a 0.155a  

T10 0.025a 0.065a 0.145ab 

T11 0.030a 0.070a 0.145ab 

T12 0.015a 0.035a 0.135abc 

 

 300 ppm 500 ppm 700 ppm 

T13 0.050a 0.035a 0.015e 

T14 0.055a 0.015a 0.020e 
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T15 0.050a 0.035a 0.015e 

T16 0.040a 0.025a 0.015e 

 

T17 0.065a 0.065a 0.065cde 

T18 0.055a 0.055a 0.055de 

T19 0.050a 0.050a 0.050de 

 

Note: The means with different Letters as superscripts are significant (P < 0.05). 

The means with same letters or having common letter(s) are not significantly different. 

 

 

 

 

 

 

 

 

 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18 T19

gs (6 hours)

Conc. 1 Conc. 2 Conc. 3

Figure 6.28.1: Graph showing the effect of three concentrations of treatments on 

stomatal conductance after 6 hours of spray 
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After 24 hours: After 24 hours of spray, the value of gs in the treated plants did not 

change much with the highest value in ZnONPs followed by MnO2NPs, MgONPs and 

CNPs respectively. Among ZnONPs, highest value was shown by ZnONp-Ab treated 

plants. In treatments with metal salt concentrations, gs was lower as compared to the 

nanoparticle-treated plants. With the increase in concentration of metal salts, the value 

of gs decreased. In ZnMS, highest to lowest values of gs were achieved at 300 ppm, 

500 ppm, and 700 ppm concentration respectively (Figure 6.29.1). Similar results were 

obtained in MgMS, MnMS and CMS where gs decreased with the increase in the ppm 

concentration of particular metal salts. In treatments of mancozeb and flusiazole, gs 

came out to be 0.010 mol m-2 s-1. Plant kept as control showed the value of gs as 0.065 

mol m-2 s-1 (Table 6.14; Figure 6.29.2) (Thomas et al., 2008; Thunugunta et al., 2018; 

Chachei et al., 2025).  

 

Figure 6.28.2: Boxplots showing the effect of three concentrations of treatments on stomatal 

conductance after 6 hours at: a) 0.10%; b) 0.20%; c) 0.30% 

 

treatments 

treatments treatments 

a b 
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Table 6.14: Effect of different concentrations of treatments on stomatal 

conductance (mol m-2 s-1) of apple plant (24 hours) 

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 0.015b 0.040cd 0.130ab 

T2 0.015b 0.040cd 0.135a 

T3 0.030b 0.065ab 0.125abc 

T4 0.025b 0.050bcd 0.145a 

T5 0.020b 0.045bcd 0.110abc 

T6 0.025b 0.045bcd 0.090bcd  

T7 0.015b 0.045bcd 0.105abc 

T8 0.020b 0.075a 0.140a 

T9 0.020b 0.060abc 0.140a  

T10 0.020b 0.075a 0.125abc 

T11 0.015b 0.060abc 0.115abc 

T12 0.015b 0.040cd 0.085cd  

 

 300 ppm 500 ppm 700 ppm 

T13 0.080a 0.045bcd 0.020e 

T14 0.070a 0.050bcd 0.020e 

T15 0.090a 0.040cd 0.020e 

T16 0.070a 0.030de 0.015e 

 

T17 0.065a 0.065ab 0.065d 

T18 0.010b 0.010e 0.010e 

T19 0.010b 0.010e 0.010e 

Note: The means with different Letters as superscripts are significant (P < 0.05). 

The means with same letters or having common letter(s) are not significantly 

different. 
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Figure 6.29.1: Graph showing the effect of three concentrations of treatments on stomatal 

conductance after 24 hours of spray 

Figure 6.29.2: Boxplots showing the effect of three concentrations of treatments on stomatal 

conductance after 24 hours at:  a) 0.10%; b) 0.20%; c) 0.30% 
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6.5.1.2. Net photosynthesis (Pn)  

The nanoparticle concentrations sprayed exhibited variations in net photosynthetic rates. 

The overall Pn rates were significantly higher in CNP treated plants as compared to 

ZnONPs, MgONPs and MnO2NPs, irrespective of the fungal extract used for synthesis. 

Also, with the increase in concentration in each of the treatments, Pn increased as well 

(Xu et al., 2018).  

After 6 hours: Among the nanoparticle concentrations sprayed, CNPs, ZnONPs had 

comparatively higher Pn rates than MnO2NPs and MgONPs (Table 6.15). At 0.10%, 

higher Pn rate was shown by CNP-treated plants and among the CNPs, CNP-Ab (2020 

μmol m-2 s-1) showed the highest efficacy. From the assessment of 0.20% treated plants, 

it was depicted that CNPs at this concentration lead to an increase in Pn as compared 

to the other treatments of nanoparticles. Among CNPs, the highest value of Pn was 

shown by CNP-Ab (4.75 μmol m-2 s-1) at this concentration. At the highest 

concentration of 0.30%, CNPs showed the highest value of Pn and among CNPs, CNP-

Psc outstood the evaluation by showing the highest value of Pn (12.10 μmol m-2 s-1) 

followed by ZnONP-Psc (13.25 μmol m-2 s-1). In the metal salt treated plants, there was 

a reduction in the values of Pn with every increase in concentration from 300 ppm to 

700 ppm. Among the metal salts, highest value of Pn was shown by MgMS, followed 

by MnMS and then ZnMS and CMS at lower doses. Plants treated with mancozeb and 

flusilazole showed Pn values at 5.00 μmol m-2 s-1 and 5.30 μmol m-2 s-1 respectively. In 

control, Pn came out to be 11.50 μmol m-2 s-1 (Figures 6.30.1 and 6.30.2) (Thunugunta 

et al., 2018; Sharma et al., 2025).  

Table 6.15: Effect of different concentrations of treatments on net photosynthesis (μmol m-

2 s-1) of apple plant (6 hours)  

Treatments Concentration 

0.10% 0.20% 0.30% 

T1 1.350def 5.500a 13.250a 

T2 0.900ef 3.850abcde 8.300cd 

T3 2.050def 2.750def 7.650cdef 

T4 2.500cd 3.850abcde 7.350cdef 

T5 2.200de 2.350def 6.850def 
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Note: The means with different Letters as superscripts are significant (P < 0.05). The 

means with same letters or having common letter(s) are not significantly different. 
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T6 0.550f 3.000cdef 6.250def 

T7 2.550cd 5.000ab 10.000bc 

T8 1.800def 3.600bcde 8.200cd 

T9 1.600def 2.850def 6.350def 

T10 1.900def 4.150abcd 12.100ab 

T11 2.200de 4.750abc 11.150ab 

T12 2.150de 4.050abcde 7.900cde 

 300 ppm 500 ppm 700 ppm 

T13 2.450cd 1.150f 0.800g 

T14 3.800bc 2.250ef 1.550g 

T15 2.500cd 1.300f 1.150g 

T16 2.450cd 1.600f 1.250g 

T17 11.500 11.500 11.500ab 

T18 5.000ab 5.000ab 5.000f 

T19 5.300a 5.300ab 5.300ef 

Figure 6.30.1: Graph showing the effect of three concentrations of treatments on net 

photosynthesis after 6 hours of spray 
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After 24 hours: There was not a prominent change in the values after 24 hours of spray. 

Again, the values of Pn came higher at highest concentration of the nanoparticles 

(0.30%). With an increase in concentration, the values of Pn increased accordingly. In 

ZnONPs, Pn was higher than that of MgONPs but lower than MnO2NPs and CNP. 

Among ZnONPs, highest values were shown by ZnONP-Psc. In MgONPs, highest Pn 

was in MgONP-Psc treated plants. Similiarly, in case of MnO2NPs, MnO2NP-Psc had 

the highest Pn value. CNPs in general had a remarkable effect on the Pn of apple plant 

leaves. CNPPsc had the highest value of Pn (27.35 μmol m-2 s-1) even higher than that 

of the control plant (11.10 μmol m-2 s-1). Mancozeb and flusilazole treated plants 

showed Pn of 3.65 μmol m-2 s-1 and 3.95 μmol m-2 s-1 respectively (Table 6.16; Figures 

6.31.1 and 6.31.2) (Thunugunta et al., 2018; Khundi et al., 2025).  

Figure 6.30.2: Boxplots showing the effect of three concentrations of treatments on net 

photosynthesis after 6 hours at:  a) 0.10%; b) 0.20%; c) 0.30% 
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Table 6.16: Effect of different concentrations of treatments on net photosynthesis 

(μmol m-2 s-1) of apple plant (24 hours)  

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 2.350cde 6.250a 13.100a 

T2 1.850e 5.950ab 11.200ab 

T3 2.350cde 3.350ghi 8.350ab 

T4 3.650a 5.400abc 9.900ab 

T5 2.900bc 3.350ghi 9.800ab 

T6 2.050de 3.300ghi 8.250ab 

T7 3.600a 6.300a 14.500a 

T8 2.500cde 4.400cdefg 11.950ab 

T9 2.900bc 4.100defg 10.200ab 

T10 2.800c 4.900bcde 27.350 

T11 2.800c 5.050bcd 13.150a 

T12 2.550cd 4.650cdef 10.950ab 

 

 300 ppm 500 ppm 700 ppm 

T13 2.950bc 1.850j 1.250b 

T14 3.800a 2.700hij 1.150b 

T15 2.800c 2.350ij 1.100b 

T16 3.500ab 2.300ij 1.150b 

 

T17 11.100 11.100 11.100ab 

T18 3.650a 3.650fgh 3.650ab 

T19 3.950a 3.950efg 3.950ab 

Note: The means with different Letters as superscripts are significant (P < 0.05). 

The means with same letters or having common letter(s) are not significantly different. 

 



160 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18 T19

Pn (24 hours)

Conc. 1 Conc. 2 Conc. 3

Figure 6.31.1: Graph showing the effect of three concentrations of treatments on net 

photosynthesis after 24 hours of spray 

Figure 6.31.2: Boxplots showing the effect of three concentrations of treatments on net 

photosynthesis after 24 hours at:  a) 0.10%; b) 0.20%; c) 0.30% 
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6.5.1.3. Intercellular CO2 (Ci) 

The intercellular CO2 concentration varied between nanoparticle treatments. It also 

varied because of the fungal extract used. In general, significantly higher Ci was found 

in ZnONPs. As the concentration of nanoparticles augmented from 0.10% to 0.30%, 

the values of Ci decreased significantly. Similarly, in case of metal salts used, increase 

in concentration from 300 ppm to 700 ppm led to a decrease in Ci. Overall, all the 

nanoparticle treatments showed increased Ci as compared to the controls used. 

 

After 6 hours:  

ZnONPs showed the highest values of Ci among all the treatments used. At 0.10% of 

ZnONPs, ZnONP-Psc had the highest value of 9999.0 μmol mol-1. MgONPs also 

showed higher values of Ci, highest being in MgONP-Psc in the value of 9498.50 μmol 

mol-1. Similarly, MnO2NPs and CNPs had positive impact on Ci in apple plants but at 

lower doses. At 0.10%, MnO2NP-Le and CNP-Le showed the highest Ci values of 

9999.0 μmol mol-1 and 9321.5 μmol mol-1 among MnO2NPs and CNPs respectively. At 

highest concentration of 0.30%, higher values of Ci were achieved in ZnONP-Psc 

(1905.0 μmol mol-1), MgONP-Psc (1153.5 μmol mol-1), MnO2NP-Psc (2028.0 μmol 

mol-1), and CNP-Ab (2089.0 μmol mol-1). In case of metal salts used, CMS showed the 

highest value of Ci (2311.0 μmol mol-1) followed by MgMS (2209.0 μmol mol-1), 

MnMS (2171.0 μmol mol-1) and ZnMS (2112.0 μmol mol-1) at lower dose of 300 ppm. 

With the increase in dosage/concentration, value of Ci decreased effectively. Mancozeb 

and flusilazole treated plants showed Ci in the range of 790.5 μmol mol-1 and 816.5 

μmol mol-1 respectively. Control plant showed the value of Ci as 7709.5 μmol mol-1 

(Table 6.17; Figure 6.32.1) (Thomas et al., 2008). Figure 6.32.2 depicts the effect of 

three concentrations of treatments in the form of box plots. 
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Table 6.17: Effect of different concentrations of treatments on intercellular CO2 (μmol.mol-

1) of apple plant (6 hours) 

 
 

 

Treatments 

Concentration 

0.10% 0.20% 0.30% 

T1 9999.000a 2261.000de 1905.000a 

T2 9467.500a 5140.500ab 1103.000c 

T3 9155.000a 4179.500bc 1767.000ab 

T4 9498.500a 4729.500bc 1153.500c 

T5 8610.000abcd 2137.000de 1082.500c 

T6 9096.000abc 4163.500c 1133.500c 

T7 9101.500ab 5859.000a 2028.000a 

T8 9482.500a 2661.500d 1689.500ab 

T9 9999.000a 4952.500bc 1923.000a 

T10 9267.500a 4326.500bc 2012.500a 

T11 8878.000abcd 4808.500bc 2089.000a 

T12 9321.500a 4280.500bc 2025.500a 

 300 ppm 500 ppm 700 ppm 

T13 2112.000ef 952.500f 790.500c 

T14 2209.500ef 1609.000ef 1334.500bc 

T15 2171.000ef 1091.000f 835.500c 

T16 2311.000e 1118.500f 928.500c 
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Note: The means with different Letters as superscripts are significant (P < 0.05). The 

means with same letters or having common letter(s) are not significantly different 
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Figure 6.32.1: Graph showing the effect of three concentrations of treatments on 

intercellular CO2 after 6 hours of spray 
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After 24 hours:  In the second reading taken on the other day of spray, highest range of 

Ci was seen in CNPs, followed by MnO2NPs, MgONPs and ZnONPs. At the 

concentration of 0.10%, on the basis of fungal extract used, the nanoparticles that gave 

the highest comparative values were ZnONP-Le (9604.5 μmol mol-1), MgONP-Ab 

(9483.0 μmol mol-1), MnO2NP-Le (9933.0 μmol mol-1) and CNP-Ab (9910.5 μmol mol-

1). Since increase in concentration lead to the decrease in Ci, therefore, at 0.30%, the 

values got decreased. At this concentration, the higher values of Ci were achieved in 

ZnONP-Le (2076.5 μmol mol-1), MgONP-Le (1459.0 μmol mol-1), MnO2NP-Psc 

(2459.0 μmol mol-1), CNP-Ab (2328.5 μmol mol-1) respectively. In case of metal salt 

treatments, highest efficacy was seen at lowest concentration of 300 ppm in ZnMS 

(2484.5 μmol mol-1). Fungicide treated plants showed Ci values of 719.5 μmol mol-1 

and 826.0 μmol mol-1 in mancozeb and flusilazole respectively. Control plants showed 

the Ci value of 8466.0 μmol mol-1 (Table 6.18) (Thomas et al., 2008). Figures 6.33.1 

Figure 6.32.2: Boxplots showing the effect of three concentrations of treatments on intercellular 

CO2 after 6 hours at:  a) 0.10%; b) 0.20%; c) 0.30% 
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and 6.33.2 illustrate the effect of three different concentrations on Ci after 24 hours of 

application. 

Table 6.18: Effect of different concentrations of treatments on intercellular CO2 

(μmol.mol-1) of apple plant (24 hours) 
 

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 8765.500a 2418.500e 2036.500b 

T2 9487.500a 5297.000b 1322.500c 

T3 9604.500a 4332.000c 2076.500ab 

T4 8932.000a 5087.000bc 1326.000c 

T5 9483.000a 2621.000e 1262.500cd 

T6 9482.500a 4721.000bc 1459.000c 

T7 9447.500a 6227.000a 2459.000a 

T8 9488.000a 3620.500d 2085.000ab 

T9 9933.000a 4770.000bc 2101.500ab 

T10 9882.000a 4409.500c 2142.500ab 

T11 9910.500a 4735.000bc 2328.500ab 

T12 9880.500a 4476.000c 2177.500ab 

 

 300 ppm 500 ppm 700 ppm 

T13 2484.500a 1139.500f 844.500e 

T14 2341.000a 1366.000f 1355.500c 

T15 2183.000a 1163.000f 951.000de 

T16 2116.000a 1111.500f 896.500e 

 

T17 8466.000a 8466.000 8466.000 

T18 719.500a 719.500f 719.500e 

T19 826.000a 826.000f 826.000e 

 Note: The means with different Letters as superscripts are significant (P < 0.05). 

The means with same letters or having common letter(s) are not significantly different. 
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Figure 6.33.1: Graph showing the effect of three concentrations of treatments on 

intercellular CO2 after 24 hours of spray 

Figure 6.33.2: Boxplots showing the effect of three concentrations of treatments on intercellular 

CO2 after 24 hours at:  a) 0.10%; b) 0.20%; c) 0.30% 
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6.5.1.4. Transpiration rate (E) 

Almost negligible variations were found in transpiration rate between treatments 

irrespective of the fungal extract and type of metal salt. Marginal increase and decrease 

in E with an increase in concentrations of the nanoparticles was noticed in some 

treatments. Similarly, the metal salt treated plants showed constant and increased E 

values depending upon the metal salt used. Fungicide treatments also resulted in both 

the increase and decrease in E values.   

 

After 6 hours: 

At the concentration of 0.10%, CNPs showed the highest E rate of 2.50 mmol m-2 s-1 

followed by ZnONPs (ZnONP-Le - 2.00 mmol m-2 s-1), MnO2NPs (all three - 1.50 

mmol m-2 s-1), MgONPs (MgONP-Psc - mmol m-2 s-1). At 0.20%, highest E rate was 

seen in ZnONPs where both ZnONP-Psc and ZnONP-Ab gave the value of 2.00 mmol 

m-2 s-1. MnO2NPs followed the ZnONPs at the same concentration with the highest 

value (1.00 mmol m-2 s-1) in both MnO2NP-Psc and MnO2NP-Le treated plants. 

MgONPs and CNPs showed almost same results with the highest values of 1.00 mmol 

m-2 s-1 at this concentration. The highest concentration of 0.30% was not any different 

to the plants as there was an unnoticeable change in the E rate. MgONPs showed the 

highest range in MgONP-Psc (3.00 mmol m-2 s-1) followed by ZnONPs where the 

highest value was shown by ZnONP-Ab (2.50 mmol m-2 s-1). In MnO2NPs, highest 

value of E rate was achieved in MnO2NP-Le (1.00 mmol m-2 s-1).  In CNPs, highest rate 

of E was achieved in CNP-Psc (1.50 mmol m-2 s-1). Similarly, in the metals salt treated 

plants, there was no such change in E rate. Mancozeb and flusilazole showed almost 

same effects as that of the nanoparticle concentrations with the values of 1.50 mmol m-

2 s-1 and 1.00 mmol m-2 s-1 respectively. The control plant gave the E rate in the value 

of 0.50 mmol m-2 s-1 (Table 6.19; Figures 6.34.1 and 6.34.2) (Thunugunta et al., 2018; 

Sharma et al., 2025). 
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Table 6.19: Effect of different concentrations of treatments on transpiration rate 

(mmol m-2 s-1) of apple plant (6 hours) 
 

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 1.500a 2.000a 1.500a 

T2 1.000a 2.000a 2.500a 

T3 2.000a 0.500a 1.000a 

T4 1.500a 0.500a 3.000a 

T5 1.000a 1.000a 1.000a 

T6 1.000a 0.500a 1.000a 

T7 1.500a 1.000a 1.000a 

T8 1.500a 0.500a 1.000a 

T9 1.500a 1.000a 2.000a 

T10 1.500a 1.500a 1.500a 

T11 2.500a 0.500a 1.000a 

T12 1.500a 0.500a 0.500a 

  

 300 ppm 500 ppm 700 ppm 

T13 0.500a 0.500a 1.000a 

T14 0.000a 1.000a 0.000a 

T15 0.500a 1.000a 0.500a 

T16 0.500a 0.000a 0.500a 

 

T17 0.500a 0.500a 0.500a 

T18 1.500a 1.500a 1.500a 

T19 1.000a 1.000a 1.000a 

 

Note: The means with different Letters as superscripts are significant (P < 0.05). 

The means with same letters or having common letter(s) are not significantly different. 
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Figure 6.34.1: Graph showing the effect of three concentrations of treatments on 

transpiration rate after 6 hours of spray 

Figure 6.34.2: Boxplots showing the effect of three concentrations of treatments on 

transpiration rate after 6 hours at: a) 0.10%; b) 0.20%; c) 0.30% 
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After 24 hours:  

On the next day of spray, reading was taken again after the completion of 24 hours 

where a slight increase in the E rate of apple plant leaves was noticed. Figure 6.35.1 

shows the effect of treatments on E rate after 24 hours of application. At the first 

concentration of 0.10%, highest values were shown by ZnONP and MnO2NP treated 

plants, followed by CNPs and MgONPs respectively. In ZnONPs, highest values were 

seen in first two types – ZnONP-Psc and ZnONP-Ab (1.50 mmol m-2 s-1). In MgONPs, 

all three types of nanoparticles gave the same value of E rate (0.50 mmol m-2 s-1). 

Similarly, MnO2NPs showed higher values in last two nanoparticles - MnO2NP-Ab and 

MnO2NP-Le (1.50 mmol m-2 s-1). CNP-Ab had the highest values of 1.50 mmol m-2 s-1 

among CNPs. Metal salt treatments gave almost unaltered values in all three 

concentrations. Fungicide treated plant showed the E rates of 1.00 mmol m-2 s-1 and 

1.50 mmol m-2 s-1 respectively. Control plant showed the E rate of 0.50 mmol m-2 s-1 

(Table 6.20; Figure 6.35.2) (Thunugunta et al., 2018; Chachei et al., 2025; Tari et al., 

2025). 

Table 6.20: Effect of different concentrations of treatments on transpiration 

rate (mmol m-2 s-1) of apple plant (24 hours) 
 

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 1.500a 2.500a 1.500bcde 

T2 1.500a 1.000bcd 2.500abc 

T3 1.000a 1.500abc 3.500a 

T4 0.500a 1.500abc 1.500bcde 

T5 0.500a 1.500abc 2.000abcd 

T6 0.500a 1.500abc 2.500abc 

T7 1.000a 2.000ab 3.000ab 

T8 1.500a 2.500a 3.000ab 

T9 1.500a 2.500a 3.000ab 

T10 1.000a 1.500abc 3.000ab 

T11 1.500a 1.000bcd 2.500abc 

T12 1.000a 1.500abc 2.500abc 
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 300 ppm 500 ppm 700 ppm 

T13 1.000a 0.500cd 0.000e 

T14 1.000a 0.000d 1.000cde 

T15 1.000a 1.000bcd 0.000e 

T16 0.500a 0.500cd 0.000e 

 

T17 0.500a 0.500cd 0.500de 

T18 1.000a 1.000bcd 1.000cde 

T19 0.500a 0.500cd 0.500de 
 

Note: The means with different Letters as superscripts are significant (P < 0.05). 

The means with same letters or having common letter(s) are not significantly different. 

 

 

 

 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18 T19

E (24 hours)

Conc. 1 Conc. 2 Conc. 3

Figure 6.35.1: Graph showing the effect of three concentrations of treatments on 

transpiration rate after 24 hours of spray 
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6.5.1.5. Total chlorophyll content 

Chlorophyll content was measured using SPAD after controlled and dose dependent 

application of the nanoparticle concentrations, metal salt concentrations and control 

formulations on the apple plants (Figure 6.36). There was not any prominent change in 

the chlorophyll content of apple plant leaves after the application of nanoparticles, 

metal salts and fungicides in any concentration.  

 

 

 

Figure 6.35.2: Boxplots showing the effect of three concentrations of treatments on transpiration 

rate after 24 hours at:  a) 0.10%; b) 0.20%; c) 0.30% 
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Figure 6.36: Measurement of chlorophyll content of apple leaves using SPAD 
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After 6 hours: 

At the first concentration of 0.10%, it was observed that out of the four types of 

nanoparticles, ZnONPs enhanced chlorophyll content the most as compared to other 

nanoparticles with the highest value of 42.867 µmol m-2 in ZnONP-Ab followed by 

MnO2NPs where highest value was shown by MnO2NP-Psc (40.633 µmol m-2). In 

MgONPs, highest value of chlorophyll content was achieved in MgONP-Psc (40.700 

µmol m-2), while in CNPs, CNP-Le showed the highest value of chlorophyll content 

(42.667 µmol m-2). Similarly, at 0.20%, ZnONPs showed the highest range of 

chlorophyll content followed by CNPs, MgONPs and MnO2NPs. At the highest 

concentration of 0.30%, there was a marginal change in the chlorophyll content in 

nanoparticle treated plants. ZnONPs again showed the highest value in ZnONP-Psc 

(41.200 µmol m-2) out of all other treatments, followed by CNP where highest value 

was shown by CNP-Psc (38.267 µmol m-2). In MgONPs and CNPs, highest chlorophyll 

content values came out in MgONP-Le (38.300 µmol m-2) and CNP-Psc (38.267 µmol 

m-2) treated plants respectively (Thunugunta et al., 2018; Samsoon et al., 2024; Sharma 

et al., 2025). In contrast, metal salts of Zn, Mg, Mn and the combination of three showed 

a slight reduction in chlorophyll content at the highest concentration (Table 6.21). 

Mancozeb and flusilazole treated plants showed the chlorophyll content in the range of 

38.467 µmol m-2 and 40.400 µmol m-2 respectively. The chlorophyll content equal to 

42.133 µmol m-2 was achieved in the control plant as illustrated in Figures 6.37.1 and 

6.37.2. 

Table 6.21: Effect of different concentrations of treatments on chlorophyll 

content (µmol m-2) of apple plant (6 hours) 
 

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 45.533a 40.367a 41.200a 

T2 42.867ab 39.500a 40.367a 

T3 39.900bcd  40.200a 38.000a 

T4 40.700abcd 40.933a 35.000a 

T5 39.167bcd 41.900a 36.467a 

T6 39.233bcd 36.267a 38.300a 

T7 40.633abcd 38.933a 34.800a 
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T8 40.367abcd 41.033a 37.400a 

T9 40.567abcd  37.733a 37.833a 

T10 39.567bcd 40.067a 38.267a 

T11 39.900bcd 40.367a 36.767a 

T12 42.667abc  38.100a 37.067a 

 

 300 ppm 500 ppm 700 ppm 

T13 40.833abcd 41.767a 36.300a 

T14 37.367cd 40.200a 37.700a 

T15 36.600d 40.833a 38.500a 

T16 36.133d 36.373a 37.604a 

 

 

Note: Different alphabets represent significant differences among treatments. The means 

with different Letters as superscripts are significant (P < 0.05). The means with same letters 

or having common letter(s) are not significantly different.  
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Figure 6.37.1: Graph showing the effect of three concentrations of treatments on 

chlorophyll content after 6 hours of spray 
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After 24 hours: 

On the other day of evaluation, the treated plants showed the chlorophyll content in 

almost same range without much alterations (Table 6.22). At 0.10%, MgONPs showed 

the highest range of chlorophyll content in MgONP-Le (40.667 µmol m-2) followed by 

MnO2NPs, CNPs and ZnONPs respectively. At the concentration of 0.20%, ZnONPs 

showed the highest value in ZnONP-Psc (42.633 µmol m-2) followed by MgONPs, 

CNPs and MnO2NPs. Similarly, at the maximum concentration of 0.30%, ZnONP 

treated plants showed the highest value of chlorophyll content out of all other treatments 

higher being in ZnONP-Ab (42.033 µmol m-2) followed by MnO2NPs, CNPs and 

MgONPs respectively (Thunugunta et al., 2018; Tahir et al., 2024). Metal salt treated 

plants did not show any noticeable variation with the change in concentration from 300 

ppm to 700 ppm. Fungicide treated plants showed chlorophyll content in the range of 

Figure 6.37.2: Boxplots showing the effect of three concentrations of treatments on chlorophyll 

content after 6 hours at:  a) 0.10%; b) 0.20%; c) 0.30% 

 

treatments treatments 
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37.267 µmol m-2 and 37.533 µmol m-2 while the control plant showed the value of 

40.567 µmol m-2 (Figures 6.38.1 and 6.38.2). 

  

Table 6.22: Effect of different concentrations of treatments on chlorophyll 

content (µmol m-2) of apple plant (24 hours) 
 

Treatments 
Concentration 

0.10% 0.20% 0.30% 

T1 35.567a 42.633a 38.800abc 

T2 40.600a 37.267a 42.033a 

T3 40.400a 37.900a 36.200bcde 

T4 40.500a 40.100a 37.133bcd 

T5 37.800a 37.567a 33.067de 

T6 40.667a 38.733a 34.167cde 

T7 40.633a 38.800a 34.800cde 

T8 39.667a 35.400a 35.567cde 

T9 39.633a 35.700a 38.667abc 

T10 40.667a 38.400a 37.100bcd 

T11 39.733a 38.533a 34.200cde 

T12 38.800a 37.700a 37.833abcd 

 

 300 ppm 500 ppm 700 ppm 

T13 39.600a 39.667a 31.867e 

T14 38.100a 37.633a 37.133bcd 

T15 36.533a 35.767a 37.967abcd 

T16 37.083a 36.543a 37.590abcd 

 

T17 40.567a 40.567a 40.567ab 

T18 37.267a 37.267a 37.267abcd 

T19 37.533a 37.533a 37.533abcd 
 

Note: Different alphabets represent significant differences among treatments. The 

means with different Letters as superscripts are significant (P < 0.05). The means with 

same letters or having common letter(s) are not significantly different. 
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Figure 6.38.1: Graph showing the effect of three concentrations of treatments on 

chlorophyll content after 24 hours of spray 

Figure 6.38.2: Boxplots showing the effect of three concentrations of treatments on chlorophyll content 

after 24 hours at:  a) 0.10%; b) 0.20%; c) 0.30% 
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Chapter 7 

Summary and Conclusions
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The chronology of work done in the present effort has been summarized besides being 

correspondingly concluded which goes as follows: 

7.1. Collection, preservation and preparation of cell-free fungal extracts 

Three fungal cultures of P. sajor caju, A. bisporus and L. edodes were collected from 

MRTC, SKUAST-Kashmir. The cultures were sub-cultured so as to preserve them for 

further use. The cultures were then independently grown in PDB and the respective 

flasks were transferred to incubator at 26 ± 1°C and left for 6-7 days till the appearance 

of mycelial mats in the flasks. The mycelia were separated by filtration, transferred to 

sterile de-ionized water and again left for incubation in dark conditions for 3 days. 

Using second filtration, individual cell-free extracts of the fungal cultures were 

obtained from the fermented broth of the mycelial mats separated. These extracts were 

used further for metal salt reduction in nanoparticles.  

7.2. Mycogenic synthesis and characterization of nanoparticles 

The extracts prepared from the fungal cultures were used for the synthesis of ZnO, MgO, 

MnO2 and Combination nanoparticles. The mycogenic synthesis of nanoparticles was 

supported by mixing 5 mM metal salts of zinc, magnesium and manganese with the 

fungal extracts individually for the single nanoparticles and in combination for the 

Combination nanoparticles. Each resultant solution was agitated continuously on the 

magnetic stirrer at 60°C for 1 hour till the reaction mixture showed color change and 

nanoparticle synthesis became visible. The solutions were centrifuged at 10,000 rpm 

for 15-20 minutes. The process of centrifugation was repeated thrice along with 

washing and decantation so as the nanoparticles in pellet are free from any 

macromolecules or foreign particles. The latter was oven-dried overnight at 60°C, 

ground, and stored under -4°C for further use. Hence, a total of twelve samples of 

nanoparticles (four from each fungal extract) were obtained.  

 The physicochemical characterization of the synthesized nanoparticles was 

carried out through an alliance of spectroscopic and microscopic analytical techniques. 

The preliminary physicochemical characterization was done to evaluate the potential 

synthesis of ZnO, MgO, MnO2 and Combination nanoparticles and comprised of a basic 

technique of UV-Vis Spectroscopy. This process was utilized to have an elementary 
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screening of all the twelve myco-synthesized nanoparticles, to initially filter out the 

most desirable nanoparticle sample chiefly in terms of SPR positioned within the range 

of 200-800 nm. Twelve samples of nanoparticles were seen to yield satisfactory results. 

After successfully screening the potentially synthesized nanoparticles via UV-visible 

spectroscopy, the nanoparticles were sought for a detailed physicochemical 

characterization using analytical techniques such as FT-IR Spectroscopy, XRD, and 

SEM with EDX Spectroscopy. The XRD diffractograms presented typical sharp 

diffraction peaks agreeing to the presence of ZnO, MgO, MnO2 and the Combination 

nanoparticles. Furthermore, the FT-IR bands of the nanoparticles confirmed the 

existence of various functional assemblies as contributed by the extracellular or 

intracellular fraction of the respective fungi used. These functional groups represented 

as natural reducing as well as capping agents consequently, assisting in the bio-

amalgamation of ZnONPs, MgONPs, MnO2NPs and CNPs respectively. The SEM 

micrographs showed the presence of irregular, spherical and angular aggregates 

comprising of hexagonal to quasi-spheroidal nanoforms. The EDX spectrum for all 

twelve nanoparticles was seen to display basic emission peaks conforming to O, Zn, 

Mg and Mn establishing the formation of ZnO, MgO, MnO2 and their combination 

nanoparticles. 

7.3. Evaluation of antifungal activity of the nanoparticles 

The in vitro antifungal activities of the nanoparticles of ZnO, MgO, MnO2 and their 

combination were assessed against two fungal pathogens of Apple plant namely A. mali 

and V. inaequalis using two techniques- poison food technique and spore germination 

test respectively. Three concentrations (0.10%, 0.20% and 0.30%) were prepared from 

each of the nanoparticles and were applied to the media (PDA in case of PFT and water 

agar in case of SGT). Metal salts of zinc, magnesium and manganese were selected as 

positive controls while two fungicides- mancozeb and flusilazole were selected as 

standard controls. Furthermore, all the nanoparticles showed a broad-spectrum and 

appreciable dose-dependent antifungal potential. In case of A. mali, maximum 

inhibition of 96.04% was shown by MnO2NP-Le at the highest concentration used 

(0.30%) compared to no inhibition in the control (0%), indicating a maximal inhibitory 

effect. The antifungal activity of the comparative controls i.e., metals salts and 
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fungicides, was seen to be comparatively less or equal, than that shown by these 

mycogenic nanoparticles at lower doses. Among the metal salts used, maximum 

inhibition was shown by Zn-Ms at 96.33% at the highest concentration of 700 ppm. 

Similarly, in case of V. inaequalis, CNP-Ab showed the inhibition percentage of 

68.823%, meaning only 31.177% of spores germinated in the treated group at the 

highest concentration of 0.30%, and caused a 3.21fold decrease in spore germination 

compared to the control. Among the metal salts, maximum inhibition in spore 

germination was caused by Zn-MS (70.553%). 

Nanotechnology, therefore, provides highly efficient ways to manage plant 

diseases. ZnO, MgO, MnO2, and combination nanoparticles exhibit extremely strong 

antifungal potential, according to a critical review of the research conducted thus far in 

the area of using nanoparticles to manage plant diseases. These nanoparticles are also 

significantly more potent than traditional insecticides and work well at lower 

concentrations. Higher concentrations of metal ions of the Zn, Mg, and Mn combination 

require more research since it is evident from the data that an increase in nanoparticle 

concentration significantly increases antifungal potential. However, given the results of 

current research, it is certain that combination nanoparticles have a great deal of 

promise as antifungal agents and may thus be investigated further. 

7.4. Evaluation of the effect of nanoparticles on apple plant parameters 

The efficacy of synthesized nanoparticles in changing the gas exchange parameters and 

chlorophyll content of the apple plants was appraised on the trial maintained at 

experimental field in SKUAST, Kashmir employing IRGA and SPAD analysers. Three 

concentrations (0.10%, 0.20% and 0.30%) were prepared from each of the nanoparticles 

and were applied to the Apple plants. Readings were taken after 6 hours and 24 hours 

of spray. Among the gas exchange parameters evaluated, stomatal conductance showed 

an increase with the increase in concentration of nanoparticles, while in metal salt 

treated plants, values decreased with an increase in concentration of metal salts from 

300 ppm to 700 ppm. The values shown by metal salt concentrations (at 300 ppm) were 

in accordance with 0.20% concentration of the nanoparticles. The nanoparticle treated 

plants showed better stomatal conductance than the standard and normal control. 

Among all the nanoparticles tested, at 0.30% concentration, MnO₂NP-Le and MgONP-
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Psc resulted in a 2.38 and 2.23 fold increase in stomatal conductance compared to the 

control after 6 hours and 24 hours respectively. Similarly, all the nanoparticles were 

observed to present a promising efficacy for net photosynthesis which was seen to be 

dose-dependent (increasing with an increase in concentration) in comparison to the 

comparative controls i.e., fungicides, being seen to hold a value of net photosynthesis 

equivalent to that of the net photosynthesis in nanoparticle treated   plants at 

concentration for 0.20%. ZnONP-Psc at 0.30% showed the highest net photosynthesis 

value after 6 hours, representing a 1.15 fold increase compared to the control. Similarly, 

at the same concentration, CNP-Psc showed the highest value after 24 hours, indicating 

a 2.46 fold increase in net photosynthesis compared to the control. The values decreased 

in plants sprayed with metal salts with highest values shown at lower concentration of 

300 ppm. In case of intercellular CO2 of the plants, the values decreased with the 

increase in concentration of the nanoparticles. At the highest concentration of 0.30%, 

the lowest decrease was recorded with CNP-Ab and MnO₂NP-Psc, showing the values 

of 2089 μmol.mol-1 and 2459 μmol.mol-1, compared to the controls (7709 μmol.mol-

1 and 8466 μmol.mol-1) after 6 hours and 24 hours respectively. These values indicated 

the fold decrease of 4.05 and 3.44. Furthermore, the highest decrease was shown by 

MgONP-Ab with the values of 1082.500 μmol.mol-1 and 1262.500 μmol.mol-1 (after 

6 hours and 24 hours respectively) compared to the controls - 7709 μmol.mol-1 (after 

6 hours) and 8466 (after 24 hours) indicating the fold decrease of 7.12 and 6.71 

respectively. Likewise, in metal salts, with an increase in concentration form 300 ppm 

to 700 pm, a decrease in the values of intercellular CO2 was observed. The transpiration 

rate of treated plants showed a net increase in values as compared to the control plants. 

After 6 hours, MgONP-Psc showed the highest value at 0.30% concentration indicating 

a 6 fold increase, while after 24 hours, the highest value was shown by ZnONP-Le at 

the same concentration with a 7 fold increase. In case of chlorophyll content, 

change/increase in nanoparticle concentration did not result in any increase in the 

values. There were minimal variations in the chlorophyll content of apple plants treated 

with nanoparticles with the maximum values shown by ZnONP-Psc (after 6 hours) and 

ZnONP-Ab (after 24 hours) at the highest concentration of 0.30% indicating 1.02 fold 

decrease and 1.04 fold increase respectively.  
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Metal nanoparticles have been thoroughly researched due of their unique 

physical and biological characteristics, which allow them to perform a variety of tasks 

not seen in the bulk phase. The myco-synthesized nanoparticles showed effective 

antifungal activity against phyto-pathogens of apple orchards – Alternaria mali and 

Venturia inaequalis. The biological source of nanoparticle synthesis influences the 

activity of corresponding nanoparticles. The extracellular and intracellular components 

of all three fungal cultures- P. sajor caju, A. bisporus and L. edodes were seen to yield 

nanoparticles that demonstrated significant properties. As it has already been cited that 

fungi are mostly known to synthesize nanoforms extracellularly. Hence, this work 

certainly gave us an edge over the aforementioned notion and garnered that the fungi 

could efficiently synthesize ZnO, MgO, MnO2 and combination nanoparticles. The 

resulting nanoparticles synthesized gave satisfactory efficacy under the tested 

parameters as antifungal, besides their dose dependent effects on the physiological gas 

exchange parameters and chlorophyll content. Therefore, nanotechnology can offer a 

sustainable crop protection alternative, but it must be handled cautiously because of the 

toxicity of the related nanoparticles. Henceforward, in-depth work must be undertaken 

to fully exploit the worth of these mycogenic nanoparticles in other areas of research. 

7.5. Future Prospects 

Nanotechnology is often referred to as “the future technology” that can solve many 

problems. The accelerated advance in the knowledge of nanoparticle synthesis and 

application is not synchronous with the advance of knowledge about their assimilation 

in the environment. The forthcoming set-ups of this current effort embraces an 

extensive probability to additionally comprehend ZnO, MgO, MnO2 and combination 

nanoparticles for their supplementary yet unexplored domains in addition to their other 

latent activities besides safety. Several factors also need to be considered for better and 

safer utilization of these nanoparticles in various applications. Henceforth, it broadly 

includes the following-  

1. According to this study, the impact of nanoparticles on plants varies depending on 

their type and concentration. To assess the toxicity at greater concentrations, further 

research must be done on the impact of nanoparticles in open fields.  
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2. These nanoparticles should be assessed for their distinctive antimicrobial potential 

adopting additional in vitro and in vivo parameters and that too against an extensive 

range of microbes.  

3. In addition to the use of nanoparticles in agriculture, nanomaterials in various forms 

are being utilized in many other diverse fields. Since nano-fertilizer technology is 

highly creative and there is a dearth of published information in scientific publications, 

nanoparticles can be employed to formulate nano-fertilizers if the aforementioned 

difficulties are resolved. Nonetheless, a number of papers and patented technologies 

indicate that there is a great deal of room for developing nano-fertilizers. 

4. The active components of insecticides and substances that boost host defence can be 

delivered to the target pathogens via nanoparticles. Nano-pesticides have improved 

penetration, enhanced effective duration and decreased the entry of chemicals into the 

ecosystem. They also require fewer amounts of active ingredients to control pest. But  

their higher penetration capacity is the major concern as there is a high chance of their 

entry into the human body through skin or inhalation which has to be taken care. 

5. The nanoparticles could be tried out for functionalization in combination with 

existing conventional drugs as antimicrobials, antioxidants, immunomodulators, 

chemotherapeutic drugs, or routinely used medications against various other aetiologies, 

etc., or with certain natural surface-active agents so as to boost the corresponding 

pharmacological activity and possibly minimizing the toxic side effects.  

6. Additional studies might be steered to assess the antioxidant capacity of these 

mycogenic nanoparticles via employing spare in vitro as well as in vivo models in 

addition to determining their underlying antioxidant mechanisms.  

7. The nanoparticles ought to undergo a thorough in-depth assessment of their 

anticancer efficacy via utilizing an array of more sophisticated in vitro tests and 

additional cell lines as well as in vivo assessments. The appraisal of the basic 

mechanisms for the same should also be undertaken.  



184 

 

8. As kingdom fungi is diversified, still more fungal species are in the way to be used 

in the fabrication of zinc, magnesium or manganese nanoparticles where the fungal 

extracts act as reducing, stabilizing or capping agents. 

9. The bioaccumulation of mycogenic nanoparticles in the plant system is normally low 

when compared to their corresponding ionic form and, therefore, cause less damage to 

the metabolism, antioxidant system, morphological and anatomical features of the 

plants. Still, toxicity studies on experimental apple plants treated with various 

concentrations of mycogenic nanoparticles and corresponding bulk materials need to 

be undertaken.  

10. Moreover, the nanoparticle accumulation in plants that have the chances to pass 

these nanoparticles to animal and human consumers has to be considered as an 

important issue to address.
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Appendix 1 

Media 

1. Potato Dextrose Agar (PDA) 

Ingredients gm/L 

Potato infusion 200 gm 

Dextrose 20 gm 

Agar 15 gm 

Distilled water 1 L 

 

2. Potato Dextrose Broth (PDB) 

Ingredients gm/L 

Potato infusion 200 gm 

Dextrose 20 gm 

Distilled water 1 L 

 

3. Water Agar (WA) 

Ingredients gm/L 

Agar 20 gm 

Distilled water 1 L 
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Appendix 2 

Reagents 

1. Sodium hypochlorite (2.5 %) 

Ingredients Quantity 

Sodium hypochlorite 2.5 gm 

Distilled water 100 mL 

 

2. Zinc acetate dihydrate (0.005 M) 

Ingredients Quantity 

Zinc acetate dihydrate 1.09 gm 

Distilled water 1 L 

 

3. Magnesium nitrate hexahydrate (0.005 M) 

Ingredients Quantity 

Magnesium nitrate hexahydrate 1.28 gm 

Distilled water 1 L 

 

4. Manganese dioxide (0.005 M) 

Ingredients Quantity 

Manganese dioxide 0.43 gm 

Distilled water 1 L 

 

5. Combination metal salt (0.005 M) 

Ingredients Quantity 
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Zinc acetate dihydrate 0.12 gm 

Magnesium nitrate hexahydrate 0.14 gm 

Manganese dioxide 0.05 gm 

Distilled water 1 L 

 

6. Methylene cotton blue stain 

Ingredients Quantity 

Lactophenol cotton blue 0.125 gm 

Distilled water 50 ml 
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Appendix 3 

Instruments used 

Serial No. Instrument 

1  Autoclave 

2  Refrigerator 

3  Hot air oven 

4  Centrifuge 

5  Weighing balance 

6  Laminar air flow 

7  BOD incubator 

8  Magnetic stirrer with hot plate 

9  Sonicator 

10  Pipettes 

11  Inoculation loop 

12  Mortar and Pestle 

13  Water bath 

14  Light microscope 

15  UV-Vis Spectrophotometer 

16  FT-IR Spectrophotometer 

17  X-Ray Diffractometer 

18  Scanning Electron Microscope with EDX 
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Conference on “Impact of Climate Change on Socio-Economics and Ecological 

Transformation in Himalayan region” organized by Mahima Research Foundation and 

Social Welfare, Banaras Hindu University, Varanasi, UP, India in collaboration with 

Faculty of Horticulture, SKUAST-Kashmir, J&K, India, held on 21-22 September 

2023.  

Oral presentation on topic “Mycogenic biofabrication of zinc nanoparticles: 

characterization and antifungal evaluation against Alternaria mali” in the 

International Conference on “Microbial Bioprospecting Towards Sustainable 

Development Goals” organized by Association of Microbiologist of India-LPU Unit 

and Society of Chemical and Synthetic Biology at Lovely Professional University, 

Punjab, held on 24- 25 November 2023. 

Completed a five days Hands-on Training Program on “Bioinformatics” organized by 

Institutional Biotech Hub, Bahona College, Jorhat, held on 19-23 December 2023. 

Oral presentation on topic “Nanotechnology in the 21st Century: A Frontier Beyond 

Imagination” in the International Conference on “Fundamentals and Applications of 

Nanotechnology (ICFAN 2024)” organized by Department of Physics, Chevalier T. 

Thomas Elizabeth College for Women, University of Madras in collaboration with 

IQAC, held on 05 January 2024. 

Oral presentation on topic “Botanical breakthroughs: exploring the green frontier 

with recent advancements in plant-nanotechnology integration” in the International 

Marmara Scientific Research and Innovation Congress organized by International 
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Science and Art Research Center (ISARC), Istanbul, Turkey, held on 27-28 January 

2024. 

Oral presentation on topic “Fungal-mediated synthesis of magnesium nanoparticles 

and evaluation as novel antifungal agents” in the 5th International Conference on 

“Recent Advances in Fundamental and Applied Sciences (RAFAS-2024)” organized 

by School of Chemical Engineering and Physical Sciences, Lovely Professional 

University, Punjab, held on 19-20 April, 2024. 

Oral presentation on topic “Biological synthesis of metal oxide nanoparticles of zinc, 

magnesium and manganese using cell-free extracts of edible fungi” in the 1ˢᵗ 

International Conference on “Emerging Technologies in Agriculture and Allied 

Sciences (ETAAS-2024)” organized by Society for Agriculture, Allied Sciences & 

Technology (SAAST), Odisha, School of Agriculture, SR University, Warangal & 

Meadow Agriculture Pvt. Ltd., UP, held on 10-11 August, 2024. 

 


