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Abstract 

 The economic repercussions of Fusarium wilt on global tomato crops underscore the disease's paramount importance. 
And by employing non-toxic, environmentally friendly ingredients that align with sustainable practices and emphasize 
biosafety considerations, green synthesis, an emerging field in nanobiotechnology, presents financial and ecological benefits 
surpassing customary chemical and physical approaches. The main objective of the present investigation is to formulate 
chitosan nanomolecules laden with Trichoderma harzianum extract and characterize them. Additionally, the study aimed to 
investigate the antifungal effectiveness of these chitosan nanomolecules towards Fusarium oxysporum f.sp. lycopersici. 
Employing the ionic gelation technique and tripolyphosphate (TPP), chitosan nanomolecules laden with T. harzianum 
extract were synthesized. Subsequent characterization involved UV-vis, FTIR, AFM, SEM, XRD, and EDX techniques to 
demonstrate the effectiveness of the biochemical transformation. In addition, the antifungal efficacy of bio-manufactured 
chitosan nanomolecules has been assessed against five strongly virulent isolates from F. oxysporum f.sp. lycopersici. The 
study revealed the highest inhibition rates of growth for all isolates to be 100% at a 1 mg/ml concentration of CNPs. In 
contrast, the minimal inhibitory level rates at 0.125 mg/ml of CNPs were 32.75, 32.83, 32.85, 36.92, and 41.17%, 
consecutively. This investigation’s findings have revealed a recently discovered biological pathway to biosynthesize 
chitosan nanomolecules in an environmentally friendly way by using T. harzianum. The confirmed antifungal efficacy of the 
synthesized CNPs towards F. oxysporum suggests their potential as alternatives to or reducers of widespread fungicide use, 
applicable across various technical and agricultural domains. 
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1. Introduction 

One of the globally significant and extensively 
consumed vegetables, particularly in Iraq, is the tomato 
(Lycopersicon esculentum Mill) (Al-dobaissi, and Al-
masoudi, 2021). The soil fungus Fusarium is a facultative 
parasitizer that favors parasitizing live tissues over 
saprophytic ones. Although it can be found in various 
kinds of soils, sandy soils are thought to be the best for its 
development. When there is no host present, it can live in 
the soil for ten to fifteen years (Hashim et al., 2023). F. 
oxysporum f. sp. lycopersici pathogenicity first targets the 
roots. After that, the vascular fabric colonizes and results 
in severe necrosis, aerial chlorosis, and wilting. Certain 
species yield poisons, such as fusaric acid, which first 
infects the floral tissue during anthesis and then spreads 
across the inflorescence's central axis, harming and 
contaminating grains (Fradi, 2022). 

  The successful cultivation of tomatoes faces various 
challenges, among which Fusarium wilt stands out as a 
noteworthy concern, attributed to Fusarium oxysporum f. 
sp. lycopersici. In the context of diseases and crop 
productivity losses, fungi exert a more pronounced 
influence compared to other plant parasites (Juber, 2012). 

Chemical fungicides can eliminate plant pathogenic fungi; 
however, their excessive use gives rise to multiple adverse 
effects (Abdullah etal., 2019). These include the 
degradation of soil quality, disturbance of the natural 
balance of flora and fauna, escalation of infection 
resistance, and contamination of the surrounding 
environment (Fradi, 2022). As one of the world's most 
sustainable control methods, biological control is strongly 
advised and supported (Jasim et al., 2022). 

Fusarium crown and root rot disease may be 
suppressed by biological control agents (Abed et al., 
2021). A common presence in soil, root, and foliar 
ecosystems, Trichoderma harzianum Rifai is a potentially 
useful tool for biological control; it can effectively combat 
numerous soil-borne pathogenic fungi, including strains 
of Fusarium (Kareem and Al-Araji, 2021). By competing 
with pathogens for resources, colonizing root surfaces, 
mycoparasitism, and other strategies, T. harzianum can 
directly provide biocontrol. Consequently, to improve 
crops and biocontrol soil-borne fungal infections, T. 
harzianum has become one of the most extensively used 
beneficial fungi (Esmael et al.,2021). 

 Nanotechnology has become a vital technology across 
many disciplines due to recent advancements in the 
production of diverse nano molecules that vary in 
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dimension, form, and action. In contrast to bulky 
substances, nanoparticles possess a higher specified 
external space as well as a greater reaction efficacy and, 
therefore have been demonstrated to affect a variety of live 
cells, including fungal cells. Green synthesis of 
nanomolecules has various advantages over physical and 
chemical techniques (Zhao etal., 2023). For the synthesis 
of nanoparticles in a variety of applications, chitosan has 
frequently been a preferred solution; it is a naturally 
occurring polysaccharide biopolymer, and the most well-
known form is an amino polysaccharide derived cellular 
walls for insects, crustaceans, and fungal (Mustafa and Al 
–Ogaidi, 2023).  

The use of Nano natural polymers is becoming more 
and more popular as a means of phytopathogenic fungi; 
this could provide a safe alternative to chemical fungicides 
and reduce the toxicity of metal nanoparticles (MNPs) 
(Medda et al., 2015). Out of all known nano-polymers, 
chitosan nanoparticles (CNPs) are drawing considerable 
attention for their application as the antifungals of choice 
for various pathogenic fungi. This interest is attributed to 
their unique characteristics, including non-toxicity, 
efficiency, biodegradability, high permeability, and broad-
spectrum mycotoxic towards diverse phytopathogenic 
fungi (Oh etal., 2019). The primary objective of the 
current study has been to synthesize and characterize 
chitosan nanoparticles laden by using T. 
harzianum extract. Furthermore, the study aimed to assess 
the mycotoxic efficiency of these nanoparticles towards F. 
oxysporum f.sp. lycopersici. 

2. Materials and methods 

2.1. Fungal pathogen isolation, identification  

The present investigation focused on F. 
oxysporum f.sp. lycopersici which leads to Fusarium wilt 
disease. This fungus has been isolated from infected 
tomato plants between August and December 2022, and in 
January 2023 sourced from fields and greenhouses in Al-
Rashidiya, Al-Zaafaraniya, Al-Mahmoudiya, Al-
Nahrawan, Al-Taji, Al-Swayrah, and Karbala, Iraq. The 
symptoms that appeared on the shoots and roots of the 
infected plants in a field included yellowing and drooping 
leaves, the death of some branches, reddish-brown streaks 
that appeared in the vascular tissues of the stem when 
sliced with a knife, and finally, the death of the plants. 
Collected samples were individually sealed in plastic bags 
with the name of the location and the date of collection 
recorded on each bag. The pathogens were isolated and 
then identified from infected samples in the lab. Five parts 
of each infected plant (two for the root and three for the 
stem) were subjected to surface sterilization with a 1% 
hypochlorite solution, and subsequently cultured in Petri 
dishes with sterilized Potato Dextrose Agar (PDA), with a 
5-day incubation period at 25 ± 2 °C. After obtaining pure 
cultures on the PDA medium using a single-spore method, 
they were stored at 4 °C until required (Farahani etal., 
2020). According to the morphology of the colony, 
conidiophores, and spore forms were used to 
identify Fusarium isolates in the lab. All fungal isolates 
were cultivated and preserved on autoclaved PDA and 
incubated for five days at 25±2 °C (Awad et al., 2020). 
Moreover, slant cultures were created, and all were kept in 

a refrigerator at 4 °C (Hussain et al., 2022). The molecular 
and morphological characterization of isolates had been 
addressed in another accepted research done by the same 
researchers. The selection of five pathogenic isolates of F. 
oxysporum has been based on pathogenicity tests, 
prioritizing those exhibiting the highest severity. 

2.2. Preparation of T.harzianum Crude Extract 

T.harzianum isolate was obtained from the Department 
of Agricultural Research in Baghdad and was diagnosed 
morphologically, and its diagnosis was also confirmed by 
molecular methods. For the preparation of T. 
harzianum extract, a 10 mm diameter mycelial agar disc 
has been taken from the mature layer of a 120-hour-old T. 
harzianum culture on Potato Dextrose Agar (PDA). This 
disc has been subsequently transferred to a 500 ml flask 
containing 300 ml of autoclaved Potato Dextrose Broth 
(PDB). The flask was then subjected to a ten-day 
incubation period at 27±2˚C on a shaker incubator 
operating at 150 rpm. Following incubation, the fungal 
cultures underwent centrifugation at standard measures, 
and the resulting extract was concentrated using a rotary 
evaporator (Mahdavi etal., 2013).  

2.3. Preparation of Chitosan/T. harzianum 
Nanoparticles 

     Using the same procedures mentioned in the 
references (El Naggar etal., 2022), the formulation of the 
chitosan-T. harzianum adduct involved the following 
procedures: Chitosan and 5% of T. harzianum extract were 
combined in equimolar ratios, and the calculated amount 
of water was removed. An intensification reaction has 
been conducted using a Dean-Stark (Clevenger) device 
using xylene. The chitosan amide product underwent 
repeated washing with methanol, ethanol, and warm 
distilled water.  Afterward, the material was dried using a 
50°C temperature, resulting in the production of a chitosan 
amide derivative.  

   The Chitosan NPs laden with T. harzianum extract 
were obtained using the ionic gelation pathway following 
the procedure outlined below (A 1% w/v), acetic acid 
solution has been employed to dissolve 5 mg/ml of the 
Chitosan-T. harzianum extract until the solution achieved 
transparency. Subsequently, a solution of Tri 
polyphosphate has been incrementally added to the 
Chitosan-T. harzianum extract solution in a 1:2.5 (w/w%) 
ratio, with constant mixing at room temperature for six 
hours. The resulting nanoparticles underwent separation; 
multiple wishing, removal of the supernatant layer, re-
suspension of the precipitate in water, and subsequent 
drying (Agarwal etal., 2018). 

2.4. Characterization of CNPs laden T. harzianum 
extract  

CNPs loaden T. harzianum extract has been 
characterized using UV-visible spectrum, FTIR, XRD, 
AFM, EDX, and SEM. 

2.4.1. UV-Visible Absorption Spectroscopy 

The absorbance spectrum of the chitosan nanoparticles 
(CNPs) incorporating T. harzianum extract has been 
determined utilizing UV-VIS double-beam 
spectrophotometers, covering a 200 to 800 nm range, to 
measure the absorption (Oh et al.,2019). 
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2.4.2.  Fourier Transform Infrared (FTIR) Test: 

 Analyzing the functional groups present on the 
chitosan nanoparticles (CNPs) laden with T. harzianum 
extract and the extract itself has been accomplished 
through Shimadzu Fourier Transform Infrared 
Spectroscopy (FTIR). Spectra have been scanned with a 
resolution of 4 cm⁻¹ within the range of 400–4000 cm⁻¹. 
Standard sample preparation methods were employed, 
involving the dispersion of samples on a microscope slide 
(Dheeb et al., 2015). 

2.4.3. Atomic Force Microscopy (AFM) 

The shape of the nanoparticles’ top layer has been seen 
using Atomic Force Microscopy (AFM) in Contact mode 
under ambient atmospheric conditions. The analysis has 
been conducted following established methodologies and 
procedures (Thomas etal., 2017). 

2.4.4. X-ray diffraction (XRD) 

A thin layer of nanoparticles dispersed in a 
homogeneous water medium has been deposited onto a 
glass slide and allowed to undergo drying. Subsequently, 
an X-ray diffractometer, configured in 2θ/θ scanning mode 
with operational parameters set at 40 kV voltage, 30 mA 
current, and Cu K (α) radiation (λ = 1.540), has been 
employed to generate an XRD pattern (23). Data 
acquisition occurred with a step size of 0.0200 degrees 
over the 2θ range from 10 to 80 degrees. The analysis of 
Chitosan nanoparticles (CNPs) involved the interpretation 
of the XRD results using the JCPDS reference. The 
application of the Scherer equation facilitated the 
determination of particle sizes in the produced samples 
(Dheeb etal., 2023). 

2.4.5. Analysis of Scanning Electron Microscopy (SEM 

Analyzing the top layer of the synthesized 
nanoparticles has been conducted using Scanning Electron 
Microscopy (SEM). A Brucker SEM instrument has been 
employed for the characterization of the morphology of 
CNPs laden with T. harzianum extract.  Sample 
preparation adhered to established procedures (Abed et al., 
2021). 

2.4.6. Energy Dispersive X-ray (EDX)  

EDX test has been conducted utilizing EDX devices, 
which are employed in conjunction with a Scanning 
Electron Microscope (SEM) operating in transmission 
mode (Khan et al., 2019). 

2.5. Antifungal Activity of Chitosan NPs Laden T. 
harzianum Extract.    

The test has been designed to explore the in vitro 
antifungal efficiency of CNPs-laden T. harzianum extract 
towards F. oxysporum f.sp. lycopersici. The test has been 
performed in Petri dishes comprising sterilized Potato 
Dextrose Agar (PDA). Specific quantities of CNPs-laden 
T. harzianum extract were dissolved in deionized distilled 
water under aseptic conditions with stirring for 90 minutes. 
After adding the nanomaterial to PDA, the ultimate 
concentrations were achieved (0.125, 0.25, 0.5, and 1 
mg/ml). To concoct the inoculum of the fungus, 
F.oxysporum mycelium has been transferred onto PDA 
plates extracted from a single colony (Huang et al., 
2021). A fungal disc with a diameter of 5 mm has been 
obtained from the pure and active growth periphery placed 

in the middle of the plates. Daily check-ups were 
conducted on the inoculated plates till the CNP-free 
control treatment reaches the margins of the plates.  The 
antifungal efficacy has been compared with that of the 
commercial Topsin fungicide (with the active ingredient 
Thiophanate Methyl at 70%) regarding the mycelial 
outgrowth of F. oxysporum under identical conditions. 
Three replicates were conducted for each concentration 
with an additional three replicates for both the positive and 
negative control treatments. The inhibition of fungal 
growth has been evaluated using the formula below:  

"Percentage inhibition of radial growth (PIRG) (٪) = [(A1-
A2)/A1] × 100٪ " 

A1 denotes the F. oxysporum radial growth in the control plate, 
and A2 denotes the F. oxysporum radial growth in the treatment 
plate (EL Sayed et al., 2023). 

2.6. Statistical Analysis:  

For the evaluation of the effect of different elements on 
this investigation’s variables, the SAS software has been 
used (SAS, 2018). In the present investigation, the 
ANOVA test known as the least significant difference 
(LSD) has been employed to compare the means. 

3. Results and Discussion 

3.1. Morphological Identification of Fusarium isolates 

Pathogenic Fusarium isolates were purified and 
identified using morphological and microscopic 
characteristics. The morphological characteristics of 
Fusarium isolates were observed on PDA media, such as 
cottony mycelium growth and changing color according to 
age, from a colony with pinkish violet colors to white, and 
cream-colored colonies. Characteristics of F. oxysporum 
observed under a microscope revealed that macroconidia 
have sickle-shaped, three to five septate, and basal cells 
with a foot shape. Microconidia are oval to reniform, 
without septa, in addition to the chlamydospores, as seen 
in culture. These features matched with F. oxysporum and 
were in concord to (Fradi, 2022). 

3.2. The Synthesized CNPs’ Primary disclosure 

The present investigation focuses on a new fabrication 
of Chitosan NPs from chitosan solution utilizing T. 
harzianum extracts. No previous study on the application 
of the fungus T. harzianum for the transformation of 
chitosan polymers into nanoforms. As a result, the present 
investigation employs T. harzianum extract to establish a 
new methodology for the eco-friendly manufacturing 
method of CNPs. This process offers several advantages 
compared to the standard biosynthesis techniques 
(Abdulbaqi et al., 2018). 

3.3. Characterization of CNPs Laden with T.harzianum 
Extract 

3.3.1. UV-Vis Spectroscopy 

The UV-Vis spectrum depicted in Figure 1 for the T. 
harzianum extract reveals a singular peak at 254 nm, 
exhibiting an absorbance of 0.843. This peak is attributed 
to the π–π* and n–π* transitions within the characteristic 
category of organic compounds in the fungal extract. The 
presence of this broad peak is solid evidence affirming the 
efficacy of the fungal extraction method (Salih et al., 
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2022).According to Figure 2, the spectrum of UV-Vis for 
CNPs laden with T. harzianum extract showed a 
characteristic peak at 297 nm with an absorbance of 0.72. 
The observed shift in UV-Vis spectrum stands as 
substantial evidence of the chemical reaction; 
consequently, this technique provides robust confirmation 
of the formation of a new material (Dheeb etal., 2019). 

Figure1.  UV-visible spectroscopy of T.harazanium extract with a 
peak at 254 nm ,and analyzed through a UV/VIS’S spectra range 
of 200–800 nm 

Figure2. UV- visible spectroscopy of CNPs laden with 
T.harazanium extract with a peak  at 297 nm, ,and analyzed 
through a UV/VIS’S spectra range of 200–800 nm 

3.3.2. Fourier Transform Infrared (FTIR) Analysis:  

The FTIR spectrum presented in Figure 3 for the T. 
harzianum extract reveals characteristic peaks 
corresponding to the functional groups of the organic 
compounds within the extract. The peak observed at 
3390.86 cm⁻¹ is attributed to the OH group's stretching 
vibration in cis-aconitic anhydride, butyn-1-ol, 2-
pyrrolidine thione, and decanoic acid, as indicated by the 
GC-MS results. The peak at 2939.52 cm⁻¹ corresponds to 
the stretching vibration of aliphatic C-H in the compounds. 
The presence of carboxylic acid is indicated by the peak at 
2322.29 cm⁻¹, associated with the stretching vibration of 
C=O. The peak at 1608.63 cm⁻¹ is attributed to the C=C 
cyclic alkene. Additionally, the peak at 1402.25 cm⁻¹ is 
associated with the stretching vibration of S=O, indicative 
of Sulfonyl chloride. Peaks observed at 1327.03 and 
1247.94 cm⁻¹ are attributed to the stretching of C-N, 

signifying aromatic amines. The C-O stretching of primary 
alcohol may be responsible for the peak at 1064.71 cm⁻¹. 
Peaks at 927.76, 860.24, 817.82, and 775.38 cm⁻¹ are 
assigned to the N-H wagging of amine compounds' 
stretching vibration. Lastly, the C-Br group's stretching 
vibration in alkyl halide compounds is identified as the 
origin of the peaks at 617.22 and 551.64 cm⁻¹. 

The FTIR spectrum depicted in Figure 4 for Chitosan 
nanoparticles (CNPs) laden with T. harzianum extract 
exhibits characteristic peaks. The initial peak, identified at 
3437.15 cm⁻¹, corresponds to the vibratory stretching of 
the OH bond of alcohol. Subsequently, the second peaks 
observed at 2924.09 and 2854.65 cm⁻¹ are attributed to the 
stretching vibrations of aliphatic C–H group'. Peaks at 
1788.01 and 1714.72 cm⁻¹ are associated with the presence 
of the C=O stretching in conjugated acid halide and 
unsaturated ester. The absorption peak at 1651.07 cm⁻¹ is 
linked to the C=C stretching of the alkene group. The peak 
at 1381.03 cm⁻¹ is attributed to the wagging of CH3. The 
presence of the (C-O-C) bridge's anti-symmetric stretching 
is denoted by the peak at 1143.79 cm⁻¹, while the 
stretching vibration associated with the C–O group is 
indicated by the peak at 958.62 cm⁻¹. The stretching 
vibrations of the C-Cl group in alkyl halide compounds 
contribute to the peaks observed at 837.11, 623.01, and 
511.14 cm⁻¹.   

Demchenko et al. (2020) reported that the variable 
position chemical groups showed successful loading 
meaning the successful loading process of T. harazanium 
into chitosan/TPP and the formation of CSNPs loaded with 
T. harazanium. These results were confirmed by Alqaysi 
etal  (2016), who demonstrated that shifted peaks indicate 
the formation of a new compound and thus changes in the 
functional groups of bioactive molecules suggested that 
they were related to the formation of T. harazanium-
loaded CSNPs.  

Figure 3: FTIR spectrum showed functional group of 
T.harazanium extract, spectra have been scanned with a 
resolution of 4 cm⁻¹ within the range of 400–4000 cm⁻¹.   

max= 254 nm 

max= 297 nm 
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Figure 4: FTIR spectrum showed functional group of CNPs 
loaded with T.harazanium extract, spectra have been scanned 
with a resolution of 4 cm⁻¹ within the range of 400–4000 cm⁻¹. 

3.3.3. X-ray diffraction (XRD) 

 The XRD pattern is thought to be the distinctive mark 
of periodical atomic structures in any particular material. 
XRD analysis is a quick procedure that is mostly utilized 
in the discipline of material science, in the stage of 
determining the crystalline structure; moreover; it can 
provide data about the measurement of unit cells.  The 
XRD of CNPs laden with T. harzianum extract in Figure 5 
showed the characteristic peaks of nanochitosan at 11.625, 
19.225, 22.975, 25.225, 33.525, and 38.975 degrees.  

Furthermore, the measurement showed other peaks that 
could be attributed to the compounds of T. 
harzianum extract at 14.825, 29.375, 29.775, 35.375, 
42.475, 46.925, 47.875, and 31.875 degrees. Depending on 
the Scherrer equation, the particle size has been calculated 
and found in the range 8.12-42.80 nm with a typical 
particle size of 22.68 nm, as illustrated in Table 1. These 
findings were consistent with those of Thamilarasan et al. 
(2018), who discovered that the pure chitosan diffraction 
peak, which had previously been discovered at 20.20°, had 
moved to a lower value of 19.85°. This migration may 
have been caused by the interaction between CS-NPs and 
TPP as well as the crystalline structure of CS-NPs. The 
patterns' variations may be related to changes in the crystal 
lattice's molecular arrangement (Morsy, 2019). The 
presence of both Nano chitosan and fungi extract peaks is 
solid evidence for the success of the reaction between the 
two starting materials. 
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Figure 5. XRD of CNPs loaded with T.harazanium extract 
showed the five characteristic peaks of nanochitosan and eight 
characteristic peaks of fungal extract, X-ray diffractometer, 
configured in 2θ/θ scanning mode with operational parameters set 
at 40 kV voltage, 30 mA current, and Cu K (α) radiation (λ = 
1.540)

Table 1. XRD data, particle size, and average particle size of 
CNPs laden with T.harzianum 

Average 
particle 
size (nm)

Particle 
size 
(nm) 

FWHM 
(degree) 

Height 
(Counts) 

Assignment Peak 
position 
(degree) 

 CS 11.625٭ 88.8945 0.56161 14.86 22.68

35.82 0.2338 8.756724  FE 14.825٭ 

8.12 1.03677 247.5352 CS 19.225 

32.51 0.26067 972.4502 CS 22.975 

10.71 0.79469 449.5584 CS 25.225 

30.40 0.28233 668.5985 FE 29.375 

14.32 0.6 388.5954 FE 29.775 

32.82 0.2631 818.4524 FE 31.875 

42.80 0.20264 794.59 CS 33.525 

4.78 1.82232 179.8877 FE 35.375 

22.40 0.39316 193.8549 CS 38.975 

13.50 0.65992 140.4034 FE 42.475 

20.33 0.44537 177.4748 FE 46.925 

34.22 0.26553 152.693 FE 47.875 

 FE refer to Fungal extract٭       CS refer to Nano chitosan ٭

3.3.4. Energy Dispersive X-ray (EDX)   

The EDX accounted for CNP load with T. harzianum 
extract (Figure 6) and showed five main peaks at 0.277, 
0.432, 0.525, 1.041, and 3.312 KeV which attributed to the 
carbon, nitrogen, oxygen, sodium, and potassium, 
consecutively. The presence of these elements could be 
considered additional evidence for the formation of CNPs 
laden with T. harzianum. Furthermore, the EDX 
measurement showed one additional peak of Au (used in 
the sample preparation) at 2.250 keV.  

The constituent parts of CNPs were examined using an 
electron microscope in conjunction with an EDXS study. 
When an electron beam from a scanning electron 
microscope (SEM) strikes an element's inner orbit, another 
electron from an outer orbit moves into the vacancy to fill 
it. This process results in the liberation of an energy 
variation that is specific to that element and manifests as 
an X-ray. Furthermore, there is a direct correlation 
between the particle's amount of the element and the 
intensity of the particular X-ray. Nonetheless, the analysis 
gives a positive result of the native chitosan's different 
elemental compositions, assuring the consistency and 
sustainment of CNPs throughout the biological conversion 
procedure (Thamilarasan et al. 2018). The outcomes 
concur with those of Raza and Anwar (2017), who verified 
the existence of CSNPs on the treated fabric using 
scanning electron microscopy outfitted with EDX. 
Furthermore, the Energy Dispersive X-ray Spectroscopy 
(EDX) spectrum of CS10 has four types of elements: C, O, 
N, and Br, according to Dheeb et al.( 2022).
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Figure 6.Spectrum of elemental analysis of CNPs loaded T.harazanium showed five main peaks by EDX, EDX analysis was performed via 
EDX Oxford instruments INCA 350 with Si detector 10mm2 area, resolution at Mn 133eV

3.3.5. Atomic Force Microscopy (AFM) 

The Atomic Force Microscopy (AFM) investigation for 
Chitosan nanoparticles (CNPs) laden with T. harzianum 
extract, as depicted in Figure 7, establishes the presence of 
homogenous sphere-like structures with a medium 
diameter of 33.62 nm, aligning with the dimensions 
derived from XRD outcomes. These observations affirm 
the existence of nano chitosan, attesting to its preferred 

structural configuration. Additionally, the analysis 
conclusively demonstrates that the surfaces exhibit nano 
chitosan characteristics, as portrayed in Figure 8, 
providing substantiation of the encapsulation with the 
fungal extract. This finding agrees with (Du et al., 2008); 
they showed that the biosynthesized chitosan nanoparticles 
were homogenous particles with an average size of 30–98 
nm. 

Figure7.Granularity distribution chart of CNPs loaden with   T.harazanium extract based on particles size with a medium diameter of 33.62 
nm surface morphology of the nanoparticles was visualized by Atomic Force Microscope Contact mode, under normal atmospheric 
conditions 

Figure8. 3D View of the surfaces of chitosan Nano molecules    laden with T.harazanium extract show the size of particles
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3.3.6. Analysis of Scanning Electron Microscopy  

The exceptional dispersion and intricate morphology of 
Chitosan nanoparticles (CNPs), resulting in an increased 
exposed surface area, are discernible in the three-
dimensional scanning electron microscopy (3D SEM) 
image. This observation further substantiates the suitability 
of CNPs for adsorption purposes. The analysis revealed a 
distinctive geometric structure for the CNPs laden with T. 
harzianum extract composite, illustrating the presence of 
uniformly shaped spherical structures with diameters 
ranging from 17.86  to 31.26   nm, indicative of Nano 
chitosan and affirming the success of encapsulation (refer 
to Figure 9). These porosity and aggregated CNPs have 
been identified as crucial characteristics for the 
manufacturing of innovative CNPs to enhance their 

efficacy as biologically synthesized nanomaterials in the 
applications of agriculture. The porous nature of these 
CNPs facilitates the effective adsorption of harmful 
chemicals and the suppression of pathogens. Notably, 
high-porosity nanoparticles exhibit greater specific 
external area and heightened reaction activity compared to 
lower-porosity bulk materials (Khan, 2019). The ratio of 
TPP to chitosan determines the size of the nanoparticles. 
To create nanoparticles, TPP, a positive charge ion, 
combines with the chitosan's negatively altered amino 
group. Previous studies indicate that altering the chitosan 
to stabilizer ratio can change the size and surface of 
chitosan nanoparticles (Deshaies et al., 2022) 

  

Figure 9. Image from Scanning Electron Microscopy showed the shape and size of chitosan nanomolecules laden T. harazanium   extract , 
illustrating the presence of uniformly shaped spherical structures with diameters ranging from 17.86 to 31.26 nm 

3.4. Antifungal Activity of CNPs Laden T. harzianum 
Extract 

   Utilizing Chitosan nanoparticles (CNPs) as a 
biodegradable polymer, the in vitro antifungal efficacy of 
CNPs laden with T. harzianum extract demonstrated 
significant inhibition of F. oxysporum f.sp. lycopersci 
growth in the PDA medium. The reaction occurring in the 
cationic amino groups of CNPs and fungal cellular 
constituents together suggests inherent antifungal 
properties (Deshaies etal., 2022). Each experiment has 
been conducted in a PDA medium with varying CNP 
concentrations ranging from 0.125 to 1 mg/ml, at room 
temperature for 168 hours. Figure 10 and Table 2 illustrate 
the impact of CNPs laden with T. harzianum extract on the 
mycelium radial growth for five isolates of F. oxysporum 
f.sp.lycopersci. The results indicate that elevating CNPs 
concentration correlates with increased inhibition 
percentages for all isolates (Huang, 2021). The highest 
inhibition rates of mycelium radial growth for all isolates 
were observed at 100% for a CNPs amount of 1 mg/ml, 
while the minimum inhibition rates for the five isolates 
were 32.75, 32.83, 32.85, 36.92, and 41.17% at a CNPs 
concentration of 0.125 mg/ml, consecutively. In 
comparison, the recommended dosage of Topsin fungicide 
(positive control) resulted in nearly 100% inhibition of 
fungal growth.  

The concentration of chitosan directly correlates with 
the level of fungicidal effectiveness; previous research has 
shown that chitosan derivatives inhibit the growth of 
several plant-pathogenic fungi (Abdulateef et al., 2023). 

These results were similar to those found by Du et 
al. (2008) who reported that nano-chitosan was effective 
and gave promising antifungal activity at a lower 
concentration of 1000 ppm against F. solani and F. 
oxysporum, with a fungal growth inhibition rate of 41.48 
and 30.37%, respectively. These results were also 
consistent with those found by Boruah and Dutta (2021), 
who mentioned that CNPs synthesized using T. asperellum 
were effective in inhibiting the growth of F. oxysporum 
and other soil-borne pathogenic fungi. 

 The ability of nano chitosan may be directly related to 
the activity of enzymes (catalase and peroxidase), which 
control the balance of reactive oxygen species (ROS) for 
plant resistance, and this led to a significant reduction in 
disease severity (Dheeb et al. 2015). Plant pathogenic 
fungi have varying levels of tolerance to chitosan 
nanoparticles (Al-Sarraj, 2024; Kaur et al., 2012; El-
Mohamedy et al., 2014). 

  It is crucial to note that variations in experimental 
conditions and fungal types may contribute to 
discrepancies between the findings of the present 
investigation F.  oxysporum f.sp. lycopersci has been 
effectively inhibited by CNPs, suggesting potential 
strategies to impede sporogenesis, spore germination, and 
mycelia development. Three proposed mechanisms 
elucidate chitosan's inhibitory action. First, chitosan 
primarily targets the fungal cell membrane, increasing 
permeability and leading to the leakage of cellular 
contents, ultimately inducing cell death. The modification 
of membrane permeability and its interaction with the 
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fungal cell membrane may underlie chitosan's inhibitory 
effect. 

 In the second strategy, chitosan's chelating action 
binds trace elements, preventing their utilization for fungal 
development. Lastly, the positive charge of chitosan 

facilitates interaction with the negatively charged 
phospholipid elements of the fungal cell membrane, 
potentially disrupting proteins or DNA within fungi, and 
hindering the synthesis of necessary proteins and enzymes 
by preventing mRNA synthesis (AL Karagholy 2017).  

Table2. The Impact of Chitosan Nanoparticles Laden with T. harzianum Extract on the  Growth Inhibition Percentage of the Investigated 
Isolates. 

CNPs laden 
T.harzianum  extract 
conc.(mg/ml ) 

Mean ±SE of Inhibition Percentage of fungal growth (%) 

F.oxysprum3 F.oxysprum5 F.oxysprum9 F.oxysprum17 F.oxysprum20 

C: 0.125 41.17 ±2.07 d 32.75 ±1.97 d 32.85 ±2.19 d 32.83 ±1.87 d 36.92 ±1.69 d 

C: 0.25 58.82 ±2.65 c 58.62 ±2.61 c 61.42 ±3.08 c 58.2 ±2.05 c 64.61 ±2.97 c 

C: 0.5 75.0  ±3.96 b 74.13 ±3.56 b 74.28 ±4.05 b 76.11 ±3.54 b 78.46 ±3.55 b 

C: 1 100 ±0.00 a 100 ±0.00 a 100 ±0.00 a 100 ±0.00 a 100 ±0.00 a 

Control  Topsin (+ve) 100 ±0.00 a 100 ±0.00 a 100 ±0.00 a 100 ±0.00 a 100 ±0.00 a 

Control(- ve) 68 ±3.72 e 58 ±2.96 e 70 ±3.05 e 67 ±3.56 e 65 ±3.61 e 

LSD value 8.77 ** 8.65 ** 9.02 ** 8.61 ** 8.69 ** 

** (P≤0.01). 

 
Figure10. Antifungal activity of Chitosan nanoparticles loaded with T.harazanium extract against F.oxysporum f.sp.lycopersci
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4. Conclusions 

The present investigation introduces a new eco-friendly 
method employing T. harzianum extract for the eco-
friendly manufacturing of CNPs. The comprehensive 
characterization for the CNPs substantiates the efficacy 
and suitability of T. harzianum extract as a bio-
transforming agent. The demonstrated antifungal efficacy 
of the synthesized CNPs towards F. oxysporum 
underscores their potential as alternatives to or mitigators 
of the widespread use of chemical fungicides. Moreover, 
their versatility extends to diverse applications in both 
technical and agricultural domains.  
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