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Abstract 

This research investigates the biogenic synthesis, structural characterization, and bio- 

agronomic potential of calcium-doped copper nanostructures (Ca@CuO@Cu) produced via a green 

route mediated by the metabolites of Streptomyces sp. T003. The study was designed to bridge 

microbiology, nanotechnology, and plant pathology, aiming to develop eco-friendly nanomaterials 

capable of replacing conventional chemical fungicides and fertilizers.The Streptomyces strain T003 

was successfully revived and characterized on GYM and CSA media, showing abundant aerial and 

substrate mycelia, sporulation, and strong pigment diffusion typical of highly active actinobacteria. 

Simultaneously, three major phytopathogenic fungi Fusarium oxysporum, Rhizoctonia solani, and 

Phytophthora infestans were isolated and identified through their cultural and microscopic traits, 

representing the main soil-borne and foliar diseases affecting tomato crops.The green synthesis of 

calcium-doped copper nanostructures was visually evidenced by the characteristic color transition 

from blue to dark brown or black, indicating the reduction of Cu²⁺ to Cu⁰/Cu₂O. UV–Visible 

spectroscopy revealed a broad surface plasmon resonance (SPR) band at 540– 590 nm, confirming 

metallic copper formation. XRD analysis showed crystalline peaks corresponding to monoclinic CuO 

(JCPDS 45-0937), metallic Cu (JCPDS 04-0836), and minor CaO/CaCO₃ reflections, demonstrating 

the successful formation of a hybrid Ca@CuO@Cu structure. FTIR spectra indicated the presence of 

hydroxyl, carbonyl, and Cu–O vibrations associated with Streptomyces- derived biomolecules acting 

as reducing and capping agents. SEM micrographs revealed irregularly shaped nanoparticles with an 

average size of 260–270 nm.Biological assays confirmed a multifunctional activity spectrum. 

Calcium-doped copper nanostructures exhibited strong antifungal effects in a dose-dependent 

manner, with Phytophthora infestans being the most sensitive, followed by Fusarium oxysporum 

and Rhizoctonia solani. Antioxidant activity, assessed by the DPPH assay, showed an inverse dose-

response: nearly 100 % radical scavenging at 0.1 mg·mL⁻¹ but declining at higher concentrations 

due to nanoparticle aggregation and possible pro-oxidant ROS generation. Insecticidal tests 

demonstrated time- and dose- dependent lethality, reaching 100 % mortality above 1 mg·mL⁻¹ (LC₅₀ 

≈ 0.6–0.8 mg·mL⁻¹ after 72 h).Agronomic experiments using tomato (Solanum lycopersicum L.) 

seedlings revealed that low to moderate calcium-doped copper nanostructures concentrations (0.5–

0.75 mg·mL⁻¹) significantly enhanced root and shoot growth, chlorophyll synthesis, and biomass 

accumulation, whereas higher concentrations (≥ 1 mg·mL⁻¹) induced phytotoxic effects through 

oxidative stress. In greenhouse trials, foliar spraying of Ca@CuO@Cu (0.1 g·L⁻¹) ten days after 

fungal inoculation substantially reduced wilting, necrosis, and leaf blight, while improving overall 

plant vigor compared to both infected controls and chemically treated plants.Collectively, the results 

demonstrate that biogenic Ca@CuO@Cu produced by actinomycetes combine antifungal, 

antioxidant, insecticidal, and plant-growth-promoting properties, offering a sustainable alternative to 

synthetic agrochemicals and paving the way for their integration into environmentally responsible 

crop protection programs. 
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Résumé 

Cette recherche porte sur la synthèse biogénique, la caractérisation structurale et le potentiel 

bio-agronomique de nanostructures de cuivre dopées au calcium (Ca@CuO@Cu), produites par une 

voie verte médiée par les métabolites de Streptomyces sp. T003. L’étude a été conçue pour établir un 

lien entre la microbiologie, la nanotechnologie et la phytopathologie, dans le but de développer des 

nanomatériaux écologiques capables de remplacer les fongicides et engrais chimiques 

conventionnels.La souche Streptomyces T003 a été réactivée et caractérisée sur les milieux GYM et 

CSA, montrant une abondante mycéliation aérienne et substratée, une sporulation active et une forte 

diffusion pigmentaire, caractéristiques des actinobactéries hautement actives. Parallèlement, trois 

champignons phytopathogènes majeurs ; Fusarium oxysporum, Rhizoctonia solani et Phytophthora 

infestans ont été isolés et identifiés à partir de leurs caractères culturaux et microscopiques, 

représentant les principales maladies telluriques et foliaires affectant les cultures de tomate.La 

synthèse verte des nanostructures de cuivre dopées au calcium a été mise en évidence visuellement 

par le changement de couleur caractéristique, du bleu au brun foncé voire au noir, indiquant la 

réduction du Cu²⁺ en Cu⁰/Cu₂O. La spectroscopie UV–Visible a révélé une large bande de résonance 

plasmonique de surface (SPR) entre 540 et 590 nm, confirmant la formation de cuivre métallique. 

L’analyse XRD a montré des pics cristallins correspondant au CuO monoclinique (JCPDS 45-0937), 

au Cu métallique (JCPDS 04-0836) et à de faibles réflexions de CaO/CaCO₃, démontrant la 

formation réussie d’une structure hybride Ca@CuO@Cu. Les spectres FTIR ont indiqué la présence 

de groupements hydroxyle, carbonyle et de vibrations Cu–O, associés aux biomolécules dérivées de 

Streptomyces, jouant le rôle d’agents réducteurs et stabilisateurs. Les micrographies MEB (SEM) ont 

révélé des nanostructures de forme irrégulière, d’une taille moyenne comprise entre 260 et 270 

nm.Les tests biologiques ont confirmé un spectre d’activités multifonctionnel. Les nanostructures de 

cuivre dopées au calcium ont montré de fortes activités antifongiques dépendantes de la dose, 

Phytophthora infestans étant le plus sensible, suivi de Fusarium oxysporum et Rhizoctonia solani. 

L’activité antioxydante, évaluée par le test DPPH, a révélé une réponse inverse à la dose : près de 100 

% de piégeage des radicaux libres à 0,1 mg·mL⁻¹, mais une diminution à des concentrations plus 

élevées en raison de l’agrégation des nanoparticules et de la possible génération de ROS pro-oxydants. 

Les essais insecticides ont montré une létalité dépendante du temps et de la dose, atteignant 100 % de 

mortalité au-delà de 1 mg·mL⁻¹ (CL₅₀ ≈ 0,6–0,8 mg·mL⁻¹ après 72 h).Les expériences agronomiques 

menées sur des plants de tomate (Solanum lycopersicum L.) ont révélé que des concentrations faibles 

à modérées de nanostructures dopées au calcium (0,5–0,75 mg·mL⁻¹) stimulaient significativement 

la croissance racinaire et caulinaire, la synthèse de chlorophylle et l’accumulation de biomasse, 

tandis que des concentrations plus élevées (≥ 1 mg·mL⁻¹) provoquaient des effets phytotoxiques liés 

au stress oxydatif.Lors des essais en serre, la pulvérisation foliaire de Ca@CuO@Cu (0,1 g·L⁻¹), dix 

jours après l’inoculation fongique, a considérablement réduit le flétrissement, la nécrose et la brûlure 

foliaire, tout en améliorant la vigueur générale des plantes par rapport aux témoins infectés et aux 

plantes traitées chimiquement.Dans l’ensemble, les résultats démontrent que les nanostructures 

biogéniques Ca@CuO@Cu, produites par des actinomycètes, associent des propriétés antifongiques, 

antioxydantes, insecticides et 
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stimulatrices de la croissance végétale, offrant ainsi une alternative durable aux agrochimiques 

synthétiques et ouvrant la voie à leur intégration dans des programmes de protection des cultures 

écologiquement responsables. 

Mots-clés : Synthèse biogénique, Nanoparticules d’oxyde de cuivre, Streptomyces sp. T003, Activité 

antifongique, Activité antioxydante, Promotion de la croissance des plantes,  Nanotechnologie. 
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 لملخصا

َزُبول هذا انجسث انزخهُك انسُىٌ ندسًُبد انُسبص انُبَىَخ ورىطُفهب انجُُىٌ ورمُُى إيكبَبرهب انسُىَخ فٍ انًدبل انشراػٍ،         

ثطزَمخ خؼزاء طذَمخ نهجُئخ اػزًبداً ػهً َىارح الأَغ  (Ca@CuO@Cu زُث رسؼُز خسًُبد انُسبص انًطؼًّخ ثبنكبنسُىو )

َهذف هذا انؼًم إنً ديح ػهى الأزُبء انذلُمخ يغ رمُُبد انُبَى وأيزاع انُجبد يٍ أخم  .Streptomyces sp. T003انسُىَخ نجكزُزَب 

ح انكًُُبئُخ انزمهُذَخ. أظهزد سلانخ رطىَز يىاد َبَىَخ يسزذايخ ًَكٍ أٌ رًثم ثذَلاً فؼبلاً وآيُبً نهًجُذاد انفطزَخ والأسًذ

Streptomyces T003  ًَىاً خُذاً ػهً أوسبؽCSA وGYM  يغ ركىٌّ انخُىؽ انفطزَخ انهىائُخ وانسطسُخ وإَزبج الأثىاؽ واَزشبر

جبربد هٍ واػر نلأطجبؽ، وهٍ خظبئض يًُشح نهجكزُزَب انشؼبػُخ انُشطخ، وفٍ انًمبثم رى ػشل ورسذَذ ثلاثخ فطزَبد يًزِػخ نهُ

Fusarium oxysporum وRhizoctonia solani وPhytophthora infestans  ثبػزجبرهب يٍ أهى يسججبد الأيزاع انززاثُخ

وانىرلُخ انزٍ رظُت يسظىل انطًبؽى. رًذ يلازظخ انزخهُك الأخؼز ندسًُبد انُسبص انُبَىَخ انًطؼًّخ ثبنكبنسُىو ثظزَبً يٍ 

)خلال انزـُز انهىٍَ يٍ الأسرق  Cu²⁺)  إنً انجٍُ انذاكٍ أو الأسىد يًب َذل ػهً اخزشال أَىَبد انُسبص، كًب أظهزد يطُبفُخ الأشؼخ

انًزئُخ )–فىق انجُفسدُخ UV–Vis)  ٍَُبَىيزز يؤكذح ركىٌّ انُسبص انًؼذٍَ. أظهز رسهُم زُىد  090و 040َطبق ايزظبص واسغ ث

انُسبص الأزبدٌ ) لًًبً ثهىرَخ يزىافمخ يغ أكسُذ (XRDالأشؼخ انسُُُخ ) CuO)  يغ وخىد اَؼكبسبد ؽفُفخ لأكبسُذ وكزثىَبد

وخىد  (FTIRكًب ثُُذ أؽُبف الأشؼخ رسذ انسًزاء ) ،Ca@CuO@Cuانكبنسُىو يًب َذل ػهً انزكىٍَ انُبخر نهجُُخ انهدُُخ 

وانزٍ رؼًم  Streptomycesانًزرجطخ ثبندشَئبد انسُىَخ انًشزمخ يٍ  Cu–Oيدًىػبد انهُذروكسُم وانكزثىَُم واهزشاساد 

خسًُبد َبَىَخ ؿُز يُزظًخ انشكم  (SEMكؼىايم يخزشنخ ويثجزخ نهدسًُبد انُبَىَخ. أظهزد طىر انًدهز الإنكززوٍَ انًبسر )

َبَىيزز. أكذد الاخزجبراد انجُىنىخُخ أٌ نهدسًُبد انُبَىَخ ؽُفبً واسؼبً يٍ الأَشطخ انسُىَخ،  270و 260ثًزىسؾ زدى َززاوذ ثٍُ 

 Fusariumالأكثز زسبسُخ رهُهب  Phytophthora infestansزُث أظهزد َشبؽبً يؼبداً نهفطزَبد َؼزًذ ػهً انززكُش وكبَذ 

oxysporum وRhizoctonia solani،  كًب أظهز اخزجبرDPPH  يهؾ/يم  0.1% ػُذ رزكُش 100َشبؽبً يؼبداً نلأكسذح ثهؾ لزاثخ

ركزم اندسًُبد انُبَىَخ وإيكبَُخ رىنُذ أَىاع الأكسدٍُ انزفبػهُخ )ثى اَخفغ ػُذ انززاكُش الأػهً َزُدخ  ROS).  وأثجزذ الاخزجبراد

سبػخ، كًب  72يهؾ/يم ثؼذ  0.8–0.6% ػُذ رزاكُش 100انسشزَخ فؼبنُخ ػبنُخ رؼزًذ ػهً انشيٍ وانززكُش زُث ثهـذ َسجخ انىفُبد 

 0.70–0.0أٌ انززاكُش انًُخفؼخ إنً انًزىسطخ ) (.Solanum lycopersicum Lثُُذ انزدبرة انشراػُخ ػهً شزلاد انطًبؽى )

يهؾ/يم( إنً  1)≤يهؾ/يم( زفشد ًَى اندذور وانسُمبٌ وسادد يٍ يسزىي انكهىروفُم وانكزهخ انسُىَخ فٍ زٍُ أدد انززاكُش انؼبنُخ 

ش انىرلٍ ثًسهىل رأثُزاد سًُخ َجبرُخ َبردخ ػٍ الإخهبد انزأكسذٌ، وفٍ ردبرة انجُىد انًسًُخ أدي انز Ca@CuO@Cu  ثززكُش

ؽ/نزز إنً اَخفبع يهسىظ فٍ أػزاع انذثىل وانُخز وانهفسبد انىرلُخ يغ رسسٍ واػر فٍ زُىَخ انُجبد يمبرَخ ثبنُجبربد  0.1

انشؼبػُخ ردًغ ثٍُ  انًظبثخ أو انًؼبندخ كًُُبئُبً، ورظُهز هذِ انُزبئح يدزًؼخ أٌ اندسًُبد انُبَىَخ انسُىَخ انًُزدخ ثىاسطخ انجكزُزَب

انخظبئض انًؼبدح نهفطزَبد وانًؼبدح نلأكسذح وانًجُذح نهسشزاد وانًُشطخ نًُى انُجبربد يًب َدؼههب ثذَلاً يسزذايبً وواػذاً نهًىاد 

           انكًُُبئُخ انشراػُخ الاططُبػُخ وَفزر آفبلبً واسؼخ نزطجُمهب فٍ ثزايح زًبَخ انًسبطُم انظذَمخ نهجُئخ.

:لمات المفتاحيةالك   

انزخهُك انسُىٌ، خسًُبد أكسُذ انُسبص انُبَىَخ، انُشبؽ انًؼبد نهفطزَبد، انُشبؽ انًؼبد نلأكسذح، رؼشَش ًَى انُجبد، ركُىنىخُب 

      .Streptomyces sp. T003                                                                                                                 انُبَى، 
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Introduction 

The term ―nanotechnology‖ was first introduced to the scientific community by Eric Drexler 

in his seminal book Engines of Creation (Rajput et al., 2018). Nanotechnology encompasses a 

multidisciplinary domain of research and technological innovation dedicated to the design, 

fabrication, and application of materials, devices, and systems at the nanoscale—typically between 1 

and 100 nanometers. These nanoscale entities, whether naturally occurring or synthetically 

engineered, exhibit unique physicochemical characteristics attributed to their diminutive size, 

including high surface area-to-volume ratios, distinct optical and electronic behaviors, and enhanced 

chemical reactivity (Li et al., 2011). Such properties endow nanoparticles with remarkable potential 

in diverse sectors such as medicine, agriculture, energy, environmental remediation, and 

pharmaceuticals (Kumar et al., 2019). 

Traditionally, nanoparticle synthesis has been achieved through chemical, photochemical, and 

physical techniques, which are generally categorized into two fundamental approaches: the ―top- 

down‖ and ―bottom-up‖ strategies. The top-down approach involves the mechanical or chemical 

breakdown of bulk materials into nanosized particles, whereas the bottom-up approach assembles 

nanoparticles atom-by-atom or molecule-by-molecule (Daniel and Astruc, 2004). Despite their 

widespread use, these conventional methods present several drawbacks: they are often expensive, 

time-intensive, and require stringent control of reaction parameters. Moreover, they may generate 

toxic by-products and hazardous waste, limiting their scalability and environmental compatibility 

(Muhammad et al., 2016). 

To address these challenges, green synthesis has emerged as a sustainable and eco-friendly 

alternative for nanoparticle production. This approach employs biological systems—such as 

microorganisms, fungi, and plant extracts—as reducing and stabilizing agents, enabling the synthesis 

of nanoparticles in a biocompatible and environmentally benign manner (Iravani, 2011). Green 

synthesis offers multiple advantages, including the minimization or elimination of toxic reagents, 

lower production costs, and greater control over nanoparticle morphology and dispersion (Singh et 

al., 2017). 

Among the diverse microbial candidates explored for nanoparticle biosynthesis, 

Actinomycetes have gained particular attention. These filamentous, Gram-positive bacteria— 

abundant in soil ecosystems—are renowned for their ability to produce a wide spectrum of bioactive 

secondary metabolites such as enzymes, antibiotics, and reducing compounds that facilitate the 

bioreduction of metal ions into stable nanoparticles (Kumar et al., 2018). The use of Actinomycetes 

in nanoparticle synthesis presents several advantages: they are easy to cultivate, possess well- 

characterized metabolic pathways, and can yield nanoparticles with well-defined size, morphology, 

and physicochemical attributes (Patel et al., 2019). 

Nanoparticles synthesized by Actinomycetes exhibit wide-ranging applications. In agriculture, 

they can function as antimicrobial agents or plant growth enhancers (Singh et al., 2017). In biomedical 

fields, they serve as efficient vehicles for targeted drug delivery and as potential therapeutic agents 

against various diseases, including cancer (Patel et al., 2019). Environmentally, they play a pivotal 

role in the detoxification and remediation of contaminated soils and water through processes such as 

adsorption and reduction of heavy metals (Singh et al., 2017). 
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Overall, Actinomycetes represent a promising, sustainable, and versatile biological platform 

for nanoparticle production, combining environmental safety with efficiency and broad applicability 

(Singh et al., 2017; Kumar et al., 2018; Patel et al., 2019). 

To achieve this objective, a comprehensive literature review was conducted as the first part of 

this study. It aims to compile essential information on Actinomycetes, including their lifestyle, 

ecological significance, and biotechnological importance, as well as an overview of nanoparticles 

particularly copper nanoparticles their biosynthesis mechanisms, additionally, a section was devoted 

to reporte the biological activities of copper nanoparticles. 

In the second part of this study, the methodology is presented through the description of the 

techniques employed to conduct the experimental work, followed by the main results and their 

corresponding discussion. The study concludes with a general conclusion and future perspectives. 
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I . Actinomycetes 

Actinomycetes are unique, bodacious, and appealing gram-positive filamentous bacteria that 

have a high G+C content (more than 55%) and precise aerial hyphae. They are members of the phylum 

Actinobacteria, which is one of primary taxonomic groupings among 18 major lineages that have been 

identified within the bacterial domain, with numerous variations within the soil category (Farda et 

al., 2020). Phylogenetic and molecular methods have also had a big impact on how they classify things 

when they've been used (Devanshi et al., 2021). On the other hand, thanks to the emergence of 

molecular technology, a number of creatures that were previously classified incorrectly have been 

reclassified(Jagannathan et al., 2021). However, in recent years, 16S rRNA and the use of PCR for 

sequencing and analysis have frequently resulted in classification of species and phylogenies 

(Rathore et al., 2021). At the microscopic level, life cycle of actinomycetes has three distinct 

appearances: vegetative mycelium (growth), aerial mycelium bearing spore cuffs (Mishra et al., 

2021). Both culture and microscopic traits work together to help researchers organize actinomycetes 

until they reach a genus (Bhattacharyya et al., 2022). Approximately 70% to 80% of commercially 

available medications and antiviral active compounds have been synthesized so far (Rajivgandhi et 

al., 2021). Due to the declining success rate of discovering novel strains, A lot more work was done 

to look for new chemical compounds, but it didn't work out very well because actinomycetes have 

been improving their abilities for a long time(Cimermanova et al., 2021).Actinomycetes manufacture 

over 80% of all rationally developed antibiotics, with Streptomyces and Micromonospora being the 

most common producers (Xie et al., 2022). Furthermore, actinomycetes include a variety of bioactive 

compounds, including 

anthracyclins, aminoglycosides,carbapenem, cephalosporins, quinolones, lactams, proteomics, 

nucleobases, hydrocarbons, polyamides, and oxytetracycline(Raja and Prabakarana., 2011). 

Antimicrobials pure components or quasi-derived products of natural bacteria (He et al., 2022). The 

separation of secondary metabolites from novel actinomycetes remains an important endeavor for 

achieving this exciting isolation and characterization of novel actinomycetes from natural income 

(AbdElgawad et al., 2021). Streptomyces is most common actinobacteria strain found in the natural 

environment (Dai et al., 2021). Actinomycetes can be antimicrobial, plant estrogens, 

immunomodulatory, fungicidal, antibiotic, genotoxic, antitumor, and antiviral in nature (Rani et al., 

2021). 

I. 1. History 

The first documented identification of an actinomycete was by Harz (1877-1878), who isolated 

Actinomyces bovis from 'lumpy jaw' in cattle. Gasperini (1890, 1892) later coined the term 

'actinomycetes' (ray fungi) to describe microbes that distinguished themselves from other bacteria by 

their ability to form a mycelium composed of narrow hyphae (approximately 1 µm in diameter) which 

occasionally produced spores of a similar size. These initial studies were primarily based on clinical 

sample observations. The groundbreaking research of Krainsky (1914) and Waksman & Curtis (1916) 

revealed that actinomycetes were widespread saprophytes in the soil, and further investigations (1919- 

1920) provided key insights into the distribution and functions of actinomycetes, such as 

Streptomyces, Micromonospora, and Thermoactinomyces (Williams, 1990). 
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I. 2. Definition 

Actinomycetes are typically filamentous, branched bacteria that form circular colonies 

composed of hyphae, which expand centrifugally from the center of growth. They occupy an 

intermediate position between fungi and true bacteria in terms of morphology and physiology. 

Notably, their ability to secrete antibiotics renders them capable of engaging in diverse biochemical 

reactions and synthesizing a wide range of bioactive compounds (Bourguignon and Bourguignon, 

2015). 

These actinobacteria thrive in environments with near-neutral pH levels, generally between 

6.0 and 7.5 (Soltner, 2005), and are widely distributed in nature. They can be found in soil, air, 

freshwater and marine environments, compost, plant debris, pollen, melliferous plants, lichens, and 

numerous other substrates (Henri, 1969 ; Goodfellow and Williams, 1983). 

A recent synthesis highlights that arid soils exhibit a higher abundance of actinobacteria and a 

lower prevalence of Proteobacteria, Cyanobacteria, and Planctomycetes when compared to the 

microbiomes of non-arid soils (Javiera et al., 2020). 

I. 3. Characteristics of actinomycetes 

I. 3. 1. Morphology of actinomycetes 

The morphology of actinomycetes exhibits significant diversity, ranging from simple bacillary 

forms to highly complex mycelial structures. Some species develop a vegetative or substrate 

mycelium that grows within or on the surface of the culture medium, while others produce aerial 

mycelium that extends above the substrate. These filamentous structures may generate spores that are 

either solitary, arranged in chains, or enclosed within specialized structures such as sporangia or 

conidia, which release spores of various shapes and surface textures, including smooth or wrinkled 

appearances. Certain actinomycetes produce a non-persistent mycelium that rapidly transforms into 

irregular, bacteroid-like forms. In contrast, others exhibit only rudimentary mycelial development. 

When cultivated on solid media, actinomycetes form characteristic colonies resulting from the 

accumulation of branched hyphae rather than discrete cells, as observed in non-filamentous bacteria. 

The diameter of these colonies typically ranges between 1 and 4 mm. The colonies are typically 

compact, dry, and exhibit a surface that can be smooth or rough, often resembling a cauliflower shape 

with either smooth or lobed edges. They are frequently pigmented in various colors such as white, 

cream, yellow, violet, pink, or grey (Boudemech, 2007). 

 

 

 

 

 

 

 

 

 

 

, 

Figure 1. Actinomycetes colony growing on agar (common morphology of actinomycetes, the cross 

section of an actinomycete colony showing the substrate mycelium and aerial mycelium with chains 

of conidiospores) 
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I. 3. 2. Physiology 

Actinomycetes are generally Gram-positive bacteria (Locci, 1976 ; Williams et al., 1993; 

Sanglier and Trujillo, 1997). They are predominantly aerobic organisms with an oxidative 

metabolism, although some species exhibit fermentative metabolism under anaerobic conditions. 

Most species are heterotrophic; however, certain strains are capable of chemolithoautotrophic growth. 

These organisms often require specific nutrients, such as vitamins and essential amino acids, for 

optimal growth. Actinomycetes are commonly found colonizing insoluble substrates such as coal and 

are capable of degrading complex organic compounds including proteins, cellulose, paraffin, and plant 

residues in the soil (Crawford al., 1993 ; Lacey, 1997). 

I. 3. 3. Chemical characteristics 

I. 3. 3. 1. Cell wall composition 

The cell wall of actinomycetes lacks chitin and cellulose. Instead, it is composed of 

glycoproteins that may contain lysine (in fermentative forms) or diaminopimelic acid (in oxidative 

forms). Cytologically, actinomycetes exhibit typical bacterial features; they lack a nuclear membrane 

and possess flagellar organelles similar to those found in other bacteria. Most actinomycetes are 

sensitive to lysozyme and antibacterial agents. Notably, the diameter of their hyphae is smaller than 

that of fungi (Gottlieb, 1973 ; Mariat and Sebald, 1990). 

I. 3. 3. 2. DNA Structure 

The nuclear chromosome composition is a key determinant in the classification of 

actinomycetes families. One of the primary criteria used is the GC content, also known as the Chargaff 

coefficient, which represents the percentage of guanine and cytosine base pairs per 100 base pairs of 

DNA (Larpent & Sanglier, 1989); In actinomycetes, the GC content typically ranges from 63% to 

76%. 

 

Figure 2. Gram staining (a) and Scanning Electron Microscope (b) morphology of actinomycete 

isolate AA1 (Maria et al., 2018) 

I. 4. Ecology and distribution of actinomycetes 

Actinomycetes are ubiquitous microorganisms commonly found in a wide range of natural 

substrates (Waksman, 1959). 

I. 4 .1. Actinomycetes in Soil 

Actinomycetes are widely distributed across all soil types, except in environments subjected 

to extreme conditions. They are particularly abundant in the layer ranging from the soil surface down 

to approximately 2 meters in depth, known as the rhizosphere. Among the various genera, 
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Streptomyces is the most predominant in soil, accounting for about 95% of all isolated actinomycete 

strains (Nonomura, 1969). 

I. 4. 2. Actinomycetes in Marine 

Actinomycetes have also been reported in marine environments. However, the notion that 

actinomycetes can colonize such habitats remains highly controversial. Some researchers argue that 

the actinomycete strains isolated from marine environments are merely terrestrial forms that have 

adapted to the saline conditions of seawater. In contrast, others suggest the existence of a distinct 

actinomycete community specific to marine sediments, characterized by barotolerance, halophilicity, 

and a preference for low optimal temperatures (Weyland, 1981). 

I. 4. 3. Actinomycetes in Air 

Air does not serve as a natural habitat for actinomycetes but rather functions as a vehicle for 

their dispersal. The spores produced by actinomycetes are significant environmental contaminants. 

Exposure to these airborne spores may lead to adverse health effects (Gazenko et al., 1998 ; Reponen 

et al., 1998 ; Suutari et al., 2002). 

I. 4. 4. Thermophilic actinomycetes 

Actinomycetes have been isolated at temperatures ranging from 40°C to 60°C from various 

substrates such as diverse soils, manure, compost, hay, and forage. These isolates are generally 

considered thermotolerant rather than truly thermophilic (Lacey, 1997). 

I. 4. 5. Pathogenic Actinomycetes 

Several species of Actinomycetes are known to be pathogenic to plants, animals, and humans 

(McNeil, 1994; Boiron, 1995). Notable examples include: 

 Streptomyces scabies, the causative agent of potato scab; 

 Actinomyces bovis, responsible for actinomycosis in cattle; 

 Mycobacterium tuberculosis, the agent of tuberculosis, and Mycobacterium leprae, the causative agent 

of leprosy; 

 Nocardia asteroides, associated with human nocardiosis; 

 Micropolyspora faeni, which can cause allergic pneumonitis in humans. 

 

 

 
 

Figure 3. Diversity of actinomycetes habitats (Ngamcharungchit et al., 2023). 

Actinomycetes are predominantly found in various ecological habitats e.g., marine ecosystems (of water bodies, coral 

reefs, seawater, mangrove forest), and terrestrial ecosystems (soil and plants, and insects). 
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I. 5. Isolation methods of actinomycete 

Selective techniques for the isolation of actinomycetes are fundamental for understanding their 

ecological roles and for identifying strains with potential industrial applications. These methods 

typically involve the use of selective culture media—often supplemented with antibiotics—to inhibit 

the growth of non-target microorganisms. Pretreatment procedures are also essential to increase the 

recovery of actinomycetal strains while suppressing competing flora (Hayakawa, 2008). 

 

 

Figure 4. Colony morphology of actinomycete isolate AA1 on Starch casein agar (Maria et al., 

2018). 

Table 1. Selected techniques for the isolation of actinomycetes from soil samples (Hayakawa, 2008). 

 

Type of Treatment 
Pretreatment 

Details 
Culture Medium Isolated Genera 

Physical 
Heating at 120°C 

for 1 hour 

HV agar ± nalidixic 

acid and 
trimethoprim 

*Streptomyces*, rare 
actinomycetes 

(*Spirilliplanes*) 

Chemical 
0.05% SDS + 5% 
yeast extract 

HV agar + nalidixic 

acid 

*Streptomyces* and 

other genera 

 

Physical + 

Chemical 

Heating at 110°C 

for 1 hour + 1% 

phenol 

HV agar + 

kanamycin, 

josamycin, 

lysozyme, nalidixic 

acid 

 

*Actinomadura viridis* 

 

 

Enrichment 

Rehydration at 

30°C for 90 min + 

centrifugation 

(1500×g, 20 min), 

incubation in 

moisture and drying 

 

HV agar + nalidixic 

acid and 

trimethoprim 

*Actinoplanes*, 

*Actinosynnema*, 

*Actinokineospora*, 
*Kineosporia*, 

*Streptomyces*, and 

others 

I. 6. Identification of actinomycetes 

The taxonomy of actinomycetes is based on a combination of morphological, chemical, 

physiological, and molecular criteria. It has undergone four major phases, each contributing 

significantly to the understanding and classification of these microorganisms. 

During the first phase, identification relied solely on macromorphological and 

micromorphological characteristics. Key features such as the presence, abundance, and arrangement 

of hyphae in both aerial and substrate mycelium, the presence and morphology of spores (including 

their number, motility, shape, and positioning on hyphae), as well as the occurrence of sporangia, 

were used to differentiate between genera (Waksman and Henrici, 1943). 

The second phase marked the emergence of chemotaxonomy, which, when combined with 

morphological criteria, greatly enhanced the differentiation of various genera—for example, 

distinguishing Streptomyces from Nocardia (Becker et al., 1964). Chemical markers enabled the 
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identification of various cell wall types based on cellular constituents in actinomycetes. In this context, 
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Nonomura (1974) proposed a classification approach for actinomycetes, especially the genus 

Streptomyces, based on morphological, physiological, and biochemical features. The most frequently 

used characteristics include: 

 Color of the aerial mycelium (various series: white, gray, red, green, blue, or violet); 

 Production of melanoid pigments (greenish-brown or dark brown); 

 Production of soluble pigments (red, orange, green, yellow, blue, or violet); 

 Color of the substrate mycelium; 

 Carbohydrate assimilation patterns; 

 Spore chain morphology (e.g., Rectiflexibles [RF], Retinaculiaperti [RA], or Spirales [S]) 

 Spore surface characteristics (smooth, warty, spiny, or hairy). 

 Presence or Absence of Specific Structures: 

Identification may also include observation of specific structures such as sclerotia, synnemata, 

and sporangia (Nonomura, 1974). 

The third phase in the development of actinomycete taxonomy was marked by the introduction 

of numerical taxonomy in the 1970s. This approach combined computer-assisted analysis with a large 

number of biochemical and physiological tests. As a result, dendrograms were generated, allowing 

the classification and identification of species across various genera of actinomycetes. These included 

Actinomyces and Rothia (Holmberg and Hallander, 1973), Arachnia (Holmberg and Nord, 1975), 

Actinomadura (Goodfellow and Alderson, 1979), Nocardia (Orchard and Goodfellow, 1980), 

Streptomyces (Williams et al., 1983), Actinomadura and Nocardiopsis (Athalye et al., 1985), and 

Actinoplanes (Goodfellow et al., 1990). 

The fourth and most recent phase has been defined by the use of genetic and molecular analysis 

methods. These techniques have provided unprecedented clarity in the classification of actinomycetes 

by enabling the reconstruction of their phylogeny (Stackebrandt and Kroppenstedt, 1987). 

I. 7. Nutritional aspects of actinomycetes 

Early studies on actinomycetes focused on pathogenic species, which were slow-growing, 

anaerobic or microaerophilic, and required complex media and specific conditions for growth. 

However, the discovery of saprophytic, aerobic actinomycetes, especially Streptomyces, in soils led 

to the development of simple media like Conn’s agar and Kuster-Williams agar, which effectively 

isolated these organisms by limiting bacterial growth. While Streptomyces species are easily cultured, 

other actinomycetes, which grow slower or in smaller numbers, require special methods to reduce 

competition and provide necessary growth factors. Recent research has focused on isolating and 

preserving these rarer actinomycetes for biotechnological exploration, improving our understanding 

of their physiology and nutritional needs(Srinivasan et al., 1991). 

I. 8. Taxonomy and classification of actinomycetes 

Initial taxonomic systems for actinomycetes were primarily based on observable phenotypic 

traits, such as the color of spores, substrate mycelium, soluble pigments, and melanin production 

(Anderson and Wellington, 2001 ; Ngamcharungchit et al., 2023)Although morphological 

characteristics remain useful in describing taxa, they often lack the resolution to differentiate between 

many genera. To address this limitation, polyphasic taxonomy was developed, offering more reliable 
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identification through a combination of genotypic, phenotypic, and chemotaxonomic data (Citarella 

and Colwell., 1970). 

Genotypic techniques typically focus on nucleic acid analysis (DNA or RNA), while 

chemotaxonomic methods assess proteins, cellular structures, and other phenotypic features. Each 

approach provides varying degrees of resolution at different taxonomic levels. Techniques like DNA 

base composition analysis and DNA–DNA hybridization (DDH) are commonly used for bacterial 

characterization, whereas more complex and labor-intensive methods, such as amino acid sequencing, 

are only necessary for specific taxa (Vandamme et al., 1996). 

Currently, actinomycete taxonomy is significantly informed by 16S rRNA gene sequencing 

and whole-genome-based phylogenetic analysis. DDH remains an important tool for determining 

species relatedness, with a threshold value of 70% suggested for defining distinct species (Wayne et 

al., 1987). Digital DDH (dDDH), which estimates genomic similarity through melting temperature 

and sequence comparison, offers a more accurate genome-wide distance. Alongside dDDH, average 

nucleotide identity (ANI) based on high-scoring segment pairs (via BLAST and other tools) provides 

enhanced resolution, correlating better with 16S rRNA sequences and presenting a lower error margin. 

The accepted species delimitation thresholds are approximately 95–96% for ANI and 70% for dDDH 

(Meier-Kolthoff et al., 2013). 

In addition, molecular taxonomy, microscopic morphology, and chemotaxonomic profiles— 

particularly those involving cell wall composition, whole-cell sugar patterns, phospholipid types, and 

menaquinone profiles—are essential for taxonomic investigations at the family and genus levels 

(Tindall et al., 2010). Actinomycetes exhibit significant morphological diversity, especially in terms 

of the presence or absence of substrate or aerial mycelium, pigmentation, and spore structure (Barka 

et al., 2016). These features, in conjunction with polyphasic approaches, have facilitated the discovery 

of novel actinomycete species in various habitats, including Actinokineospora bankokensis, 

Saccharopolyspora rhizosphaerae (Intra et al., 2019), Streptosporangium jomthongense (Intra et al., 

2014), Saccharomonospora colocasiae (Wattanasuepsin et al.,2017), Amycolatopsis iheyensis 

(Ngamcharungchit et al., 2023), and Micromonospora pelagivivens (Intra et al., 2020). 

Table 2. Taxonomy of Actinomycetes (2nd Edition of Bergey's Manual of Systematic Bacteriology) 

(Goodfellow et al., 2012). 
 

 

Order Suborder Family Genera 

Actinomycineae Actinomycetaceae Actinomyces 

Actinobaculium 

Arcanobacterium 

Mobiluncus 

 

 

 

 

 

 

 

 

 

 

Actinomycetales 

Corynebacterineae  Mycobacteriaceae Mycobacterium  

Nocardiaceae Nocardia 

Rhodococcus 
 

Micromonosporaceae Micromonosporaceae Micromonospora 

Actinoplanes 

Catellatospora 

Couchioplanes 

Dactylosporangium 

Pilimelia 

Spirilliplanes 

Verrucosispora 
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Pseudonocardineae Pseudonocardiaceae Pseudonocardia 

Saccharomonospora 
 Actinosynnemataceae Saccharothrix 

Streptomycineae Streptomycetaceae Streptomyces 

Kitasatospora 

Streptoverticillium 

Streptosporangineae Streptosporangiaceae Streptosporangium 

Microtetraspora 
 Nocardiopsaceae Nocardiopsis 

Thermobifida 

 Thermomonosporaceae Thermomonospora 

Actinomadura 

Spirillospora 

 

I. 9. Role of actinomycette 

 

I. 9. 1. Antibiotic production 
 

Actinomycetes are a major source of antibiotics used in human medicine. Species of the genus 

Streptomyces produce a wide range of clinically important antimicrobial agents, including 

streptomycin. These bacteria naturally synthesize secondary metabolites that inhibit or kill other 

microorganisms (Genilloud, 2018). 

I. 9. 2. Ecological role 

Actinomycetes play a pivotal role in soil ecosystems by decomposing complex organic matter, 

such as cellulose and lignin, thereby contributing to nutrient cycling and enhancing soil fertility.Their 

enzymatic capabilities enable them to break down recalcitrant compounds, making them essential in 

the biodegradation of organic pollutantsMoreover, certain species have demonstrated potential in 

bioremediation efforts, including the degradation of hydrocarbons and detoxification of heavy metals 

,thus aiding in the restoration of contaminated environments (Bhatti et al., 2017 ; Thangaraj et al., 

2023). 

I. 9. 3. Medical Impact 

While many Actinomycetes are beneficial, certain species such as Actinomyces can be 

pathogenic. Actinomyces israelii, for instance, is responsible for actinomycosis, a chronic 

granulomatous disease that leads to abscess formation and tissue damage (Kumar et al., 2023). 

I. 9. 4. Industrial uses 

Beyond antibiotic production, Actinomycetes are employed in industrial settings for their 

ability to produce a variety of enzymes (e.g., cellulases, amylases) and bioactive compounds. They 

are also used in wastewater treatment due to their ability to degrade complex organic pollutants 

(Thangaraj et al., 2023). 

I. 9. 5. Unique biological features 

Actinomycetes are Gram-positive bacteria with filamentous growth, resembling fungi in 

morphology. They exhibit a branching hyphal structure and are capable of forming spores, a rare 

characteristic among bacteria (Williams et al., 1989). 
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I. 9. 6. Agricultural applications 

Certain species of Actinomycetes play a crucial role in sustainable agriculture by improving 

soil health and suppressing plant diseases. Their antimicrobial properties help reduce the need for 

chemical pesticides, thereby promoting eco-friendly farming practices (Kumar et al., 2023). 

I. 9. 7. Ongoing research 

Current research on Actinomycetes is intensifying, focusing on the discovery of novel 

bioactive compounds, particularly antibiotics, to combat the rising threat of multidrug-resistant 

pathogens. Advancements in genomic and metabolomic technologies have facilitated the exploration 

of previously uncultivable Actinomycetes, unveiling a plethora of new species with unique 

biosynthetic pathways 

Marine-derived Actinomycetes, for instance, have emerged as a promising source of novel 

antimicrobial agents, expanding the horizons of pharmaceutical applications (Subramani and 

Sipkema, 2019 ; Barka et al., 2016). 

I. 10. Developmental cycle of actinomycetes 

The life cycle of many actinomycetes involves the formation of filamentous cells known as 

hyphae, as well as the production of spores (Figure 5) (Prescott et al., 2010). Actinomycetes typically 

exhibit a two-layered mycelial structure: 

 The first layer consists of aerial mycelium. 

 The second layer is composed of substrate mycelium. 

 
 

Figure 5. Schematic representation of the lifecycle of sporulating actinomycetes (Barka et al., 2016). 

I. 10. 1. Aerial mycelium 

The aerial mycelium is often thicker than the substrate mycelium and represents a significant 

level of differentiation. Several isolates are capable of being grouped based on similar morphological 

characteristics under specific conditions. This differentiation forms the basis for the classification of 

the genus Streptomyces into species. The aerial mycelium is typically characterized by a cottony, 

velvety, or powdery texture. Additionally, the formation of concentric zones, pigmentation, or ring 

patterns is commonly observed. 

I. 10. 2. Substrate mycelium 

The substrate mycelium, also referred to as the "primary" or "vegetative" mycelium, develops 
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from the germination tube of spores. When hyphae grow on a solid substrate such as soil or agar, 
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actinomycetes form a branched network of hyphae. These hyphae extend inward into the substrate, 

creating a dense mat known as vegetative mycelium. In many actinomycetes, the vegetative hyphae 

differentiate into upward-growing hyphae that give rise to the aerial mycelium, which rises above the 

surface (Prescott et al., 2010). 

 Spore germination occurs as part of this developmental process. 

 Spore Germination Process in Actinomycetes 

 Spore germination in actinomycetes occurs in four distinct stages: activation, initiation, 

emergence of the germ tube, and germ tube elongation. 

In these bacteria, the substrate mycelium exhibits considerable variability in size, shape, and 

thickness. Additionally, it shows a wide range of pigmentation, varying from white or nearly colorless 

to shades of yellow, brown, red, pink, orange, green, or even black (Prescott et al., 2010) 

I. 11. Metabolism of actinobacteria 

Actinobacteria are generally heterotrophic organisms with minimal nutritional requirements. 

They derive their energy from a wide range of nitrogenous and carbonaceous substrates, which 

contributes to their widespread distribution in nature. Many species exhibit strong proteolytic and 

amylolytic activities (Hsu and Lockwood, 1975). 

Actinomycetes are often bacteriolytic due to their production of hydrolytic enzymes capable 

of degrading peptide components of bacterial cell walls. Their antimicrobial properties are well- 

documented, and numerous antibiotics are synthesized during their growth. The enzymatic arsenal of 

actinomycetes is highly diverse, underpinning their significant ecological role. Their abundance and 

diversity are influenced by various environmental factors such as pH, organic matter content, seasonal 

variations, and agricultural practices. Moreover, actinomycetes play an important role in aquatic 

environments, including freshwater bodies such as rivers and streams. 

Ii. 12. Future perspectives on actinomycetes 

Actinomycetes are prolific producers of a wide array of bioactive metabolites, many of which 

serve as valuable therapeutic lead compounds. Consequently, the continued exploration of these 

microorganisms presents a vast potential reservoir of pharmacologically active substances (De Simeis 

and Serra, 2021 ; Mast and Stegmann, 2019 ; Jose and Jha, 2016).These bacteria inhabit a broad 

spectrum of ecological niches, including both terrestrial and marine environments, and can be isolated 

from various sources such as soil, aquatic systems, sediments, plants, and insects (Betancur et al., 

2017 ; Gadelhak et al., 2005 ; Vijayabharathi et al., 2014). Despite their significant contribution to 

commercially available therapeutic agents, a substantial proportion of actinomycetes and their 

secondary metabolites—with potentially high therapeutic value—remain insufficiently studied (Jose 

and Jha, 2016) 

The discovery of new genera and species within this group is particularly promising for the 

identification of novel bioactive secondary metabolites. Thus, a deeper understanding of actinomycete 

biodiversity, combined with targeted isolation and taxonomic characterization, is essential for 

optimizing the production of these compounds(Tiwari and Gupta, 2012 ; Ding et al., 2019 ; 

Lazzarini et al., 2000).Screening strategies focused on novel strains with potential biosynthetic 

capabilities should be prioritized. 
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Furthermore, genomic analyses have revealed the presence of numerous biosynthetic gene 

clusters (BGCs), many of which are transcriptionally silent under standard laboratory conditions. 

Reactivating these silent clusters could lead to the discovery of new metabolites (Choi et al., 2015 ; 

Peng et al., 2018). Preliminary whole-genome sequencing enables the assessment of strain 

biodiversity and facilitates the identification of BGCs. Genome mining, particularly when focused on 

detecting silent BGCs, offers a promising approach to uncover hidden metabolic potential (Lee et al., 

2020) 

Genetic engineering techniques—such as cloning and heterologous expression of entire 

BGCs—represent alternative strategies for activating these cryptic pathways (Liu et al., 2021 ; 

Gomez-Escribano and Bibb, 2011 ; Salcedo et al., 2016) . Additionally, co-cultivation with other 

microorganisms, including bacteria and fungi, has been shown to trigger the expression of silent gene 

clusters (Yu et al., 2019 ; Hoshino et al., 2018) . This interaction, driven by competition for nutrients 

or the presence of signaling molecules, can stimulate the production of novel metabolites. However, 

co-cultivation can also lead to the repression of other gene clusters, making the selection of suitable 

microbial partners a critical challenge. Therefore, a deeper understanding of the molecular signals 

involved in silent BGC activation is essential to unlock the full biosynthetic potential of actinomycetes. 
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II. Biogenic synthesis of copper nanoparticles and their applications 

Nanotechnology is an innovative and rapidly advancing field that has gained significant 

attention due to its remarkable versatility and broad range of applications. One of the major driving 

forces behind this progress is the development of metal nanoparticles, such as copper nanoparticles 

(CuNPs). Nanoparticles are nanoscale entities composed of clusters of atoms ranging from 1 to 100 

nanometers in size. 

In recent years, biogenic synthesis has emerged as a sustainable alternative to conventional 

chemical synthesis methods. This approach is preferred for its environmental friendliness, reliability, 

sustainability, and low energy requirements (Díaz et al., 2023). Biogenic synthesis relies on biological 

agents—including microorganisms and plant extracts—as reducing and stabilizing agents in 

nanoparticle formation. Compared to traditional chemical methods, this green synthesis route is eco- 

friendlier and more cost-effective, and it offers potential for scaling up production processes (Luque 

et al., 2023). 

This environmentally conscious approach has demonstrated promising applications in 

medicine, pharmaceuticals, food processing, and agriculture. Over the past decade, numerous studies 

have investigated the biogenic synthesis of copper nanoparticles. However, a comprehensive and 

organized review summarizing their properties and potential applications has been lacking. 

Therefore, this systematic review aims to evaluate research conducted over the past ten years 

concerning the antioxidant, antitumor, antimicrobial, dye removal, and catalytic activities of 

biogenically synthesized copper nanoparticles, employing a big data analytics framework. The review 

focuses on copper nanoparticles synthesized using plant extracts and microorganisms (bacteria and 

fungi) as biological agents. Our objective is to assist the scientific community in better understanding 

and identifying valuable insights for future research and application development (Luque et al., 

2023). 

II.1. Historical background 

The term ―nano‖ originates from the Greek word meaning dwarf or extremely small, 

representing one-billionth of a meter (10⁻⁹ m). It is important to distinguish between nanoscience and 

nanotechnology. Nanoscience refers to the study of structures and molecules on the nanometer scale 

(1–100 nm), while nanotechnology involves the practical application of this knowledge in developing 

devices and systems at the nanoscale (Mansoori et al., 2005). 
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Figure 06. Fields of application of copper nanoparticles synthesized via green methods (Siddiqi et 

al., 2018). 

II.2. Rationale for biogenic production of copper nanoparticles 

II.2.1. Eco-friendly and sustainable 

Biogenic synthesis eliminates the use of toxic chemical reducing agents such as sodium 

borohydride and hydrazine, which are commonly used in conventional chemical synthesis. Instead, it 

employs renewable biological resources—including plants, bacteria, fungi, and algae—making it a 

safer and more sustainable alternative. Moreover, this method produces minimal hazardous waste, 

thereby reducing environmental pollution and protecting ecosystems (Pérez et al., 2021). 

II.2.2. Cost-effective and simple 

Biogenic production relies on inexpensive and readily available materials, such as plant 

extracts and microbial cultures. The process does not require costly equipment or high-energy inputs 

typically associated with physical or chemical synthesis methods, making it an economically viable 

and scalable approach (Parikh et al., 2021). 

II.2.3. Biocompatibility 

Nanoparticles synthesized through biological methods are naturally bio-capped with organic 

molecules such as proteins, flavonoids, and polysaccharides. These natural coatings enhance 

nanoparticle stability, prevent aggregation, and improve biocompatibility, thereby making them 

suitable for medical, agricultural, and environmental applications (El-Deeb et al., 2020). 

II.2.4. Tunable properties 

Different biological systems—plants, fungi, and bacteria—can produce copper nanoparticles 

with diverse shapes, sizes, and surface chemistries. This variability allows researchers to optimize 

nanoparticle properties for specific applications such as antimicrobial, antioxidant, or catalytic 

functions. 

II.2.5. Dual functionality of biomolecules 

During green synthesis, biological molecules serve a dual role: 

 As reducing agents, they convert copper ions (Cu²⁺) into elemental copper (Cu⁰). 
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 As capping agents, they stabilize the newly formed nanoparticles, preventing agglomeration. 

This dual function simplifies the overall synthesis process while enhancing nanoparticle 

stability and performance (Javed et al., 2022). 

II.2.6. Scalability and broader applications 

The use of microbial fermentation and plant extracts facilitates easy scale-up for industrial 

production. Biogenically synthesized copper nanoparticles show immense potential across diverse 

sectors—pharmaceuticals, agriculture (as antifungal and antibacterial agents), wastewater treatment 

(for dye degradation), and catalysis (Lithi et al., 2025). 

II.3. Microorganism-mediated synthesis of copper nanoparticles 

II.3.1. Mechanism 

 Enzymatic Reduction: 

Microbial enzymes such as nitrate reductase, hydrogenase, and oxidoreductases catalyze the 

reduction of copper ions (Cu²⁺ → Cu⁰) (Antonio et al., 2023). 

 Extracellular synthesis: 

Microorganisms secrete enzymes and metabolites into the surrounding culture medium, which 

reduce copper ions outside the cell, resulting in the formation of extracellular nanoparticles (Antonio 

et al., 2023). 

 Intracellular Synthesis: 

Copper ions can enter microbial cells and are subsequently reduced by intracellular enzymes 

and proteins, leading to the nucleation and growth of nanoparticles within the cell (Antonio et al., 

2023). 

 Capping and stabilization: 

Microbial biomolecules such as proteins, peptides, and polysaccharides act as capping agents, 

preventing nanoparticle aggregation and enhancing stability (Antonio et al., 2023). 

II.3.2. Selection of biological agents for green biosynthesis 

The concept of green chemistry underpins the biosynthesis of copper nanoparticles, 

emphasizing environmentally friendly and sustainable practices. Biological entities such as bacteria, 

fungi, plants, and actinomycetes are widely used due to their ability to reduce and stabilize metal ions, 

producing nanoparticles with unique characteristics. Both unicellular and multicellular organisms 

participate effectively in these syntheses. 

 Plant-mediated synthesis 

Plants act as natural ―chemical factories,‖ providing a low-cost, low-maintenance, and 

renewable source for nanoparticle synthesis. They possess remarkable abilities to detoxify and 

accumulate heavy metals, making them ideal for eco-friendly nanoparticle production (Singh et al., 

2019). 
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Magnolia leaf extract has been used to produce CuNPs with sizes ranging from 40–100 nm. 

Leaf extracts of Brassica juncea, Medicago sativa, Helianthus annuus, and Tridax procumbens have 

successfully reduced Cu²⁺ ions to Cu⁰, forming stable nanoparticles (Abdul Hameed, 2012). Gum 

karaya, a natural hydrocolloid, served as both reducing and capping agent, yielding nanoparticles as 

small as 4.8 ± 1.6 nm. The medicinal plant Ocimum sanctum has also been employed, where its 

alkaloids, glycosides, tannins, and saponins contribute to reduction and stabilization (Kulkarni et al., 

2013). 

 Bacteria-mediated synthesis 

Bacteria have demonstrated strong potential for nanoparticle production due to their short 

generation time, ease of culture, mild experimental conditions, and extracellular synthesis capabilities 

(Jadoun et al., 2021). They survive in toxic metal environments by converting harmful ions into non- 

toxic metal oxides (Sheini et al., 2017). Serratia sp. isolated from insect midguts was used to 

synthesize CuO nanoparticles (Hasan et al., 2008). Morganella morganii RP42 and Morganella 

psychrotolerans produced CuNPs measuring 15–20 nm (Suresh et al., 2011). Pseudomonas stutzeri 

generated spherical CuNPs (8–15 nm) via rapid biological synthesis (Varshney et al., 2010). 

Streptomyces sp. synthesized CuO nanoparticles for antimicrobial textile coatings (Usha et al., 2010). 

Escherichia coli and Pseudomonas stutzeri produced nanoparticles with variable morphologies, 

including cubical CuNPs (50–150 nm) from electroplating wastewater (Varshney et al., 2011). 

 Fungi-mediated synthesis 

Fungi are excellent candidates for nanoparticle biosynthesis owing to their abundant enzyme 

secretion and ease of handling (Sahayaraj et al., 2011). Penicillium species (P. aurantiogriseum, P. 

citrinum, P. waksmanii) have been shown to synthesize CuNPs extracellularly (Honary et al., 2012). 

Fusarium oxysporum produced CuNPs at room temperature, even using copper recovered from 

electronic waste. 

Hypocrea lixii generated spherical CuNPs (~24.5 nm) stabilized by protein amide groups 

(Marcia R. et al., 2013). Marine brown algae Bifurcaria bifurcata synthesized CuNPs through 

diterpenoids, which served both reducing and stabilizing roles (Abboud et al., 2013). 

Table 03. Some biological cells involved in the green biosynthesis of CuNps. 

 

Biological entity Species Parts used Size References 

Bacteria Escherichia coli _ _ (Singh et al., 2010) 

 M.psychrotolerans 
and M. morganii 

RP42 

_ 15-20 nm (Ramanathan et al., 

2011) 

 Pseudomonas sp _ 84-130 nm (Majumder, 2012) 
 Pseudomonas stutzer _ 8-15 nm (Varshney et al., 2010) 
 Pseudomonas stutzeri _ 50-150 nm (Varshney et al., 2011) 
 Serratia _ _ (Hasan et al., 2008) 
 Streptomyces sp. _ _ (Usha et al., 2010) 

Fungi Fusarium oxysporum _ 93-115 nm (Majumder, 2012) 

 Hypocrea lixii _ average of 
24.5 nm 

(Salvador et al., 2013) 

 Penicillium 

aurantiogriseum, 

Penicillium citrinum 

Penicillium 

waksmanii 

_ _ (Honary et al., 2012) 
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Algae Bifurcaria bifurcata _ 5–45 nm (Abboud et al., 2013) 

Angiospermic 
Plant 

Calotropis procera L. Latex 15 ± 1.7 
nm 

(Harne et al., 2012) 

 Euphorbia nivulia Latex _ (Lee et al., 2013) 

 Gum karaya Gum 4.8 ± 1.6 
nm 

(Černík., 2013) 

 Helianthus annus _ _ (Hameed et al., 2012) 

 Lantana camara _ Average of 
20 nm 

(Majumder, 2012) 

 Magnolia Leaves 40-100 nm (Lee et al., 2011) 

 Magnolia kobus Leaves average 
size 37 - 
110 nm 

(Lee et al., 2013) 

 Medicago sativa _ _ (Hameed et al., 2012) 

 Ocimum sanctum leaves 77 nm (Kulkarni and 
Kulkarni, 2013) 

 Soy beans seed _ (Guajardo-Pacheco et 

al., 2010) 

 Syzygium aromaticum Flower 
Buds 

40-45 nm (Ipsa subhankari and 

Nayak, 2013) 

 Tridax procumbens _ _ (Hameed et al., 2012) 

 Zingiber officinale Rhizome 40 and 25 
nm 

(Ipsa subhankari and 

Nayak, 2013) 

II .4. Characterizations of copper nanoparticles 

Table 04. Characterization of copper nanoparticles (Rani et al., 2017). 
 

Technique Principal Purpose in CuNP Outcome 

UV–Visible 

Spectroscopy (UV–Vis 

Measures surface plasmon 

resonance (SPR) 

absorption of CuNPs | 

Confirms nanoparticle 

formation and 

estimates stability 

Peak around 

560–600 nm 

indicates CuNPs 

Fourier Transform 

Infrared Spectroscopy 

(FTIR) 

Detects vibration of 

functional groups 

Identifies 

phytochemicals/protein 

s responsible for 

reduction and capping 

Shows functional 

groups (–OH, – 

NH, –C=O) 

involved in 

stabilization 

X-ray Diffraction 

(XRD 

Measures diffraction of 

X-rays through crystalline 

material 

Determines 

crystallinity, size, and 

phase composition 

Confirms 

crystalline nature 

and average 

particle size 

(using scherrer’s 

equation 

Transmission Electron 

Microscopy (TEM) 

Electron beam transmitted 

through thin sample 

Provides detailed 

morphology and size 

distribution 

High-resolution 

images of 

nanoparticles (1– 

100 nm) 

Scanning Electron 

Microscopy (SEM 

Uses electron beam 

scanning to image 

surfaces 

Analyzes morphology 

and surface topography 

Reveals shape 

(spherical, cubic, 

irregular) and 

surface texture 

Energy Dispersive X- 

ray Spectroscopy 

(EDX/EDS) 

Coupled with SEM/TEM 

to detect emitted X-rays 

Confirms elemental 

composition 

Detects presence 

of copper along 

with other 

capping elements 

Dynamic Light 

Scattering (DLS) 

Measures scattering of 

light by particles in 

suspension 

Determines 

hydrodynamic particle 

size and polydispersity 

index 

Gives average 

particle size in 

colloidal form 
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Zeta Potential Analysis Measures electrostatic 

potential at particle 

surface 

Evaluates surface 

charge and stability in 

suspension 

High absolute 

zeta value 

indicates better 

stability 

 

Thermogravimetric 

Analysis (TGA)) 

Measures weight change 

with temperature 

Studies thermal 

stability and organic 

content on CuNPs 

Provides info 

about 

decomposition 

and capping 

molecules 

 

II.5. Optimization of physico-chemical factors for the biosynthesis of copper nanoparticles 

 

The biosynthesis of metallic nanoparticles (NPs) using plant extracts requires careful 

optimization of reaction parameters. Key factors include the concentration and ratio of plant extract 

to metal salt, as well as pH, reaction time, and temperature. Adjusting these variables allows control 

over nanoparticle size, shape, and yield. 

An increase in plant extract concentration can influence nanoparticle morphology and size, 

while longer reaction durations tend to enhance NP production. In contrast, elevated temperatures 

often lead to a decrease in both nanoparticle size and overall yield. Furthermore, the interaction 

between metal ions and biomolecules in plant extracts is highly dependent on pH. At varying pH 

levels, nanoparticles of different morphologies—tetrahedral, hexagonal, spherical, rod-shaped, or 

irregular—can be synthesized. Generally, higher pH values result in smaller nanoparticles (Dikshit et 

al., 2021). 

II.51. Effect of pH 

 

Adjusting pH plays a crucial role in determining the shape, size, and efficiency of metallic 

nanoparticles. These morphological features can be optimized by controlling experimental parameters 

such as reaction time, reactant concentration, temperature, and the ratio of plant extract to metal salt. 

In acidic conditions, larger nanoparticles are generally formed, while more alkaline 

environments favor smaller, well-dispersed nanoparticles. For instance, during Avena sativa biomass- 

mediated synthesis, smaller gold nanoparticles were observed at pH 3.0–4.0 compared to pH 2.0, 

likely due to enhanced nucleation promoted by functional groups at higher pH levels (Dikshit et al., 

2021). 

At low pH values, silver ions (Ag⁺) interact with amino and sulfhydryl groups, leading to 

reduction into Ag⁰. This reduction process is favored around pH 8, where positively charged functional 

groups promote ionic bonding. At higher pH, increased bioreduction and nanoparticle dispersion 

occur, often accompanied by negative zeta potentials, which result in larger NP sizes (Rahuman et 

al., 2022). 

Similarly, in the biosynthesis of copper nanoparticles using Punica granatum fruit rind extract, 

pH significantly influenced the bioreduction of copper sulfate. Lower pH values produced smaller 

crystallite sizes due to faster nucleation rates (Kumari et al., 2018). 

II.5.2. Effect of temperature 

 

Temperature is another critical factor influencing nanoparticle formation. For example, 

extracts of hawthorn berries used in the synthesis of copper and silver nanoparticles produced a light 
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brownish color at 20°C, which darkened to reddish-brown at higher temperatures, indicating 

nanoparticle formation. Increasing temperature generally results in smaller nanoparticle sizes when 

aqueous plant extracts are employed (Długosz et al., 2020). 

At around 60°C, uniformly small metallic nanoparticles are typically obtained, regardless of 

the salt used. In general, nanoparticle size is inversely proportional to temperature. For instance, silver 

nanoparticles synthesized using olive leaf extracts exhibited faster reduction of Ag⁺ ions and uniform 

nucleation at elevated temperatures, producing smaller, spherical particles. High temperatures 

promote rapid reduction rates and limit secondary reduction to the surface of preformed nuclei. 

Conversely, lower temperatures tend to yield polydisperse nanoparticles ranging from 5 to 300 nm 

(Khan et al., 2022). 

II.5.3. Effect of reaction time 

 

The reaction time also has a pronounced effect on nanoparticle synthesis efficiency and yield. 

Using Punica granatum plant extracts, optimal copper nanoparticle production was achieved within 2 

hours (Kumari et al., 2018). Ficus hispida leaf extracts showed an increased surface plasmon 

resonance (SPR) intensity after 1 hour of reaction, confirming active nanoparticle formation (Ramesh 

et al., 2018). In another study, Saudi date extracts yielded the highest production of platinum 

nanoparticles after 10 hours (Al-Radadi., 2019). These findings highlight the importance of 

determining the optimal reaction time for each biological source to ensure efficient nanoparticle 

synthesis. 

II.5.4. Effect of CuSO4 concentration 

 

The concentration of copper sulfate (CuSO4) directly influences nanoparticle formation. 

Experiments using CuSO4 concentrations of 318.4, 750, and 1000 ppm revealed that control samples 

(without biological agents) showed no characteristic absorption peaks in the 550–650 nm region 

typical of CuNPs. 

When cell-free microbial supernatant was added to 750 and 1000 ppm CuSO4 solutions, 

absorption peaks appeared above 700 nm, confirming nanoparticle formation. Specifically, adding 10 

mL of cell-free supernatant to a 318.4 ppm CuSO4 solution produced a clear absorption peak, 

indicating that this amount was sufficient for complete reduction of copper ions. Increasing the 

supernatant volume to 40 mL for 1000 ppm CuSO4 led to peak sharpening and nanoparticle 

aggregation, suggesting over-reduction and particle clustering (Shantkriti and Rani, 2014). 

II.6. Biological and catalytic activities 

 

II.6.1. Antioxidant activity 

 

Copper nanoparticles (CuNPs) have been widely reported to exhibit strong antioxidant 

potential due to their ability to scavenge free radicals and reduce oxidative stress. Their high surface- 

area-to-volume ratio enhances electron transfer, enabling the effective neutralization of reactive 

oxygen species (ROS). 

For example, Kareem et al. (2022) demonstrated that green-synthesized CuNPs using 

Terminalia chebula fruit extract exhibited dose-dependent antioxidant activity in the DPPH radical 

scavenging assay, with an EC₅₀ value of 44.65 µg/mL, indicating significant free radical quenching 
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capability. These findings highlight the potential of CuNPs as effective antioxidant agents with 

possible applications in biomedical, agricultural, and food systems (Kareem et al., 2022). 

II.6.2. Antitumor activity 

 

Copper nanoparticles (CuNPs) have shown promising antitumor properties through multiple 

mechanisms, including ROS generation, oxidative stress induction, mitochondrial dysfunction, and 

activation of apoptosis pathways in cancer cells. Their nanoscale size facilitates efficient cellular 

uptake, enabling selective cytotoxicity toward tumor cells while sparing normal cells at controlled 

concentrations. 

Vidya et al. (2020) reported that biosynthesized copper oxide nanoparticles induced dose- 

dependent cytotoxicity in human breast cancer (MCF-7) and colon cancer (HT-29) cell lines through 

ROS-mediated apoptosis. The nanoparticles disrupted mitochondrial membrane potential and 

activated caspase-dependent pathways, confirming their potential as cost-effective nanotherapeutics 

for cancer treatment, particularly when synthesized via eco-friendly biological routes (Vidya et al., 

2020). 

II.6.3. Antimicrobial activity 

 

Copper nanoparticles (CuNPs) exhibit broad-spectrum antimicrobial activity against Gram- 

positive and Gram-negative bacteria, as well as various pathogenic fungi. Their antimicrobial 

mechanism is primarily attributed to the generation of reactive oxygen species (ROS), disruption of 

microbial membranes, leakage of intracellular contents, and binding to proteins and nucleic acids, 

thereby impairing vital cellular processes. 

For instance, Usman et al. (2013) reported that green-synthesized CuNPs displayed strong 

antibacterial activity against Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa. 

The nanoparticles effectively inhibited bacterial growth by damaging cell walls and inducing 

oxidative stress, confirming their potential as eco-friendly antimicrobial agents in biomedical and 

agricultural applications (Usman et al., 2013). 

II.6.4. Antifungal activity 

 

Copper nanoparticles (CuNPs) have demonstrated significant antifungal activity against a 

wide range of pathogenic fungi. Their antifungal action results from ROS generation, membrane 

disruption, and interference with essential enzymatic processes. Due to their small size, CuNPs 

interact directly with fungal spores and hyphae, leading to structural deformation and growth 

inhibition. 

Ramesh et al. (2014) showed that biosynthesized CuNPs exhibited potent antifungal effects 

against Fusarium oxysporum, Aspergillus niger, and Candida albicans. The study reported a marked 

reduction in spore germination and hyphal elongation, attributed to oxidative stress and membrane 

damage. These results indicate that CuNPs are promising eco-friendly antifungal agents for use in 

agriculture and medicine (Ramesh et al., 2014). 

II.6.5. Antibacterial activity 

 

Copper nanoparticles (CuNPs) possess remarkable antibacterial efficacy against a wide variety 

of pathogenic microorganisms. Their mechanism of action includes penetration of bacterial cell walls, 



Literature Review. II. Biogenic synthesis of copper Nano and their application. 

26 Biogenic synthesis of nanocopper particles and their 

applications 
Moulai R, Mokhtari H, Gacem M.A 

 

 

 

generation of ROS, and interference with key metabolic pathways. Their nanoscale dimensions allow 

intimate interaction with bacterial membranes, leading to protein denaturation, membrane 

disintegration, and cytoplasmic leakage. 

Usman et al. (2013) reported that biosynthesized CuNPs exerted strong antibacterial effects 

against both Gram-negative (Escherichia coli, Pseudomonas aeruginosa) and Gram-positive 

(Staphylococcus aureus) bacteria. Electron microscopy revealed visible cell wall disruption in treated 

bacteria, confirming the nanoparticles’ potential as efficient antimicrobial agents for biomedical and 

environmental applications (Usman et al., 2013). 

II.6.6. Antiviral activity 

 

Copper nanoparticles (CuNPs) also display potent antiviral activity by directly interacting with 

viral particles, disrupting surface proteins, and producing reactive oxygen species (ROS) that damage 

viral nucleic acids. Their strong redox behavior enables them to inactivate both DNA and RNA 

viruses, reducing infectivity and replication rates. 

For instance, Hang et al. (2015) reported that copper oxide nanoparticles significantly 

inhibited the replication of Herpes simplex virus type 1 (HSV-1) by binding to viral glycoproteins and 

blocking entry into host cells. Similarly, CuNPs have been shown to reduce the infectivity of influenza 

and other enveloped viruses, demonstrating their potential as antiviral agents for biomedical and 

environmental applications, such as surface coatings, disinfectants, and protective materials (Hang et 

al., 2015). 

 

 

Figure 07. Schematic representation of the different activities of copper nanoparticles. 

 

II.6.7. dye removal and environmental remediation 

 

Copper nanoparticles (CuNPs) have shown great promise in environmental remediation, 

particularly in the removal of toxic dyes from industrial wastewater. Their high surface-area-to- 

volume ratio and strong catalytic redox properties make them highly effective in degrading synthetic 

dyes such as methylene blue, methyl orange, and rhodamine B. 

CuNPs function as efficient catalysts in advanced oxidation processes (AOPs) by enhancing 

electron transfer and accelerating the breakdown of dye molecules into less harmful or colorless 

byproducts. 
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For example, Rajeshkumar and Naik (2018) reported that green-synthesized CuNPs 

exhibited excellent catalytic activity in the degradation of methylene blue and Congo red, achieving 

significant decolorization within a short reaction time. These results highlight the potential of CuNPs 

as eco-friendly and cost-effective nanomaterials for wastewater treatment and environmental 

remediation (Rajeshkumar et al., 2018). 

II.7. Mechanisms of action of copper nanoparticles 

 

Copper nanoparticles (CuNPs) exhibit a wide range of biological and catalytic activities owing 

to their unique physicochemical properties at the nanoscale. Their mechanisms of action can be 

categorized into several interconnected pathways, involving both redox activity and molecular 

interactions with biological components. 

II.7.1. Generation of reactive oxygen species (ros) 

 

CuNPs undergo continuous redox cycling between Cu⁰, Cu⁺, and Cu²⁺ oxidation states, leading 

to the generation of reactive oxygen species (ROS) such as hydroxyl radicals (•OH), superoxide 

anions (O2•–), and hydrogen peroxide (H2O2). These oxidative species induce lipid peroxidation, 

protein oxidation, DNA fragmentation, and ultimately cell death in both microbial and cancer cells 

(Usman et al., 2013). 

II.7.2. Disruption of cell membranes 

 

CuNPs interact electrostatically with negatively charged microbial or cancer cell membranes. 

This interaction increases membrane permeability, resulting in leakage of intracellular components, 

disruption of ion balance, and eventual structural collapse of the cell (Ruparelia et al., 2008). 

II.7.3. Interaction with proteins and enzymes 

 

CuNPs bind to thiol (–SH) and amino groups of proteins, leading to the inactivation of key 

metabolic and enzymatic systems involved in cellular respiration, replication, and repair. Such 

interactions disrupt essential biochemical pathways, thereby inhibiting microbial growth and tumor 

cell proliferation (Dizaj et al., 2014). 

II.7.4. DNA and RNA damage 

 

Copper ions released from CuNPs can intercalate with nucleic acids, causing DNA strand 

breaks, base modifications, and replication inhibition. These interactions interfere with both DNA 

transcription and RNA translation, resulting in genetic mutations or cell death. This mechanism plays 

a crucial role in the antimicrobial and antiviral activities of CuNPs (Hang et al., 2015). 

II.7.5. Catalytic redox reactions 

 

In environmental remediation and organic synthesis, CuNPs function as efficient 

heterogeneous catalysts. Their surface provides active redox sites that facilitate oxidation, reduction, 

and coupling reactions. These catalytic processes are vital for applications such as dye degradation, 

pollutant detoxification, and chemical synthesis (Nasrollahzadeh et al., 2015). 
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Figure 08. Schema of mechanism action of copper nanoparticle (Yin et al., 2023). 

 

II.8. Application of copper nanoparticles in agriculture and their insecticidal activity 

 

Copper nanoparticles (CuNPs) have found applications across various fields due to their 

diverse physicochemical and biological properties. In agriculture, they are utilized to enhance crop 

growth, yield, and quality (Hernández-Hernández et al., 2019). In medicine, CuNPs exhibit potent 

antioxidant, antibacterial, and anticancer activities (Mehdizadeh et al., 2020), while in environmental 

science, they serve as effective decontamination and remediation agents (Abbas et al., 2020). 

Additionally, CuNPs are increasingly employed in several technological applications, including 

sensors, catalysis, and material engineering (Huang et al., 2019). 

Recent studies in the agricultural sector have particularly emphasized the significance of 

CuNPs in promoting plant health and controlling insect pests, highlighting their potential as eco- 

friendly alternatives to conventional agrochemicals. 

 

 

Figure 09. Application of copper nanoparticles in agriculture (growth of plants). 
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Figure 10. Top insects managing by CuNPs in the agricultural field. 

Green synthesized of CuNPs show good effect against Anopheline mosquitoes, the highest 

larval mortality (100.0%) was obtained with 140 and 20 ppm of Lantana camara extract alone or 

mixed with CuNPs, respectively (Hassanain et al., 2019). The above results are proved by a more 

recent study. The authors reported that CuNPs synthesized by Pseudomonas fluorescens MAL2, 

similar to Pseudomonas fluorescens DSM 12442
T
, demonstrate 100% mortality against Tribolium 

castaneum (the little mealworm) in the presence of 300 μg mL
-1

 of NPs (El-Saadony et al., 2020). 

Green synthesis of CuONPs from the leaves of Tridax procumbens and evaluation of its larvicidal 

activities against Aedes aegypti revealed high mortality (Selvan et al., 2018). The remarkable 

insecticidal activity of CuNPs compared to plant extracts is strongly attributed to the small particle 

size. The CuNPs can penetrate and cross the larval cell membrane and bind to proteins and DNA. 

Damage is possible after the interaction of NPs with cellular proteins and nucleic acids. Consequently, 

the alterations induce a rupture of the cell membrane and disrupt the driving forces of the protons. It 

involves a breakdown of cell functions and ultimately cell death (Parthiban et al., 2018). The 

insecticidal effect may also be attributed to the ability of CuNPs to cross the barrier of epithelial and 

endothelial cells by transcytosis (El-Saadony et al., 2020). The NPs can reach the circulatory system 

and attack potentially sensitive target sites such as the nervous system (Ramadan et al., 2020). 

In other equally important crops, CuNPs have displayed a remarkable insecticidal effect. For 

example, in common bean cultivation (Phaseolus vulgaris L.) widely cultivated in the world, copper 

nanocapsules (alginate/chitosan/copper oxide nanoparticle) sprayed during the simultaneous 

appearance of the first flower buds demonstrated a significant reduction in the population of 

Tetranychus urticae (Dorri et al., 2018). Copper oxide NPs (CuONPs) showed high mortality rates 

in Spodoptera littoralis larvae (the cotton leafworm). NPs affect eggs laid in females and modify the 

sex ratio of females and males. However, the combination of CuNPs with the methomyl pesticide 

minimizes the toxic potency of the pesticide in the insects, the reduction of the toxic effect is due to 

the photodegradation of pesticide by CuNPs (Shaker et al., 2016). For other NPs, the insecticidal 

activity can be further enhanced by combining NPs with other chemical agents, citing as an example 

the combination of silver NPs with malathion. The resulting combination clearly showed its high 
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insecticidal efficacy against T. castaneum (Alif Alisha and Thangapandiyan, 2019), in S. litura, the 

use 

of CuONPs enhances the activity of β-cypermethrin against the insect (Lu et al., 2019). 

The incorporation of CuONPs and silver-doped copper oxide nanosheets into the diet of S. 

littoralis demonstrated high larval mortality. Copper NPs are more effective than doped with silver. 

The mortality rate is proportional to the concentration of NPs, the exposure time, and the larval stages. 

CuO nanostructures have a significant effect on the timing of living larval development. Deformities 

of pupae and malformations in adults are also recorded (Atwa et al., 2017). In Galleria mellonella, 

whose larvae are a problem for beekeepers, CuONPs induce a significant oxidative stress. The 

accumulation of NPs in the midgut and fat body tissues of the insect larvae significantly increases the 

activity of glutathione S-transferase in the fat body. The CuONPs concurrently increase catalase 

activity (CAT) in the midgut and fat body. However, superoxide dismutase activity (SOD) is 

weakened (Sezer Tuncsoy et al., 2019). In the same insect, the diets containing 10 and 100 mg L
-1

 of 

CuNPs induce a significantly higher increase in the total number of hemocytes, while the diets 

containing 1000 mg L
-
 
1
 of CuNPs induce an opposite effect (Sezer Tuncsoy and Ozalp, 2017). 

In Drosophila or vinegar fly (Drosophila melanogaster), CuNPs induce genotoxicity in larval 

hemocytes. Toxicity is characterized by DNA damage, reduced larval count, and delayed development 

of adult larvae (Carmona et al., 2015). In Schistocerca gregaria, treatment by CuNPs revealed acute 

toxicity. Pupal mortality is initially observed in the 4
th

 stage of development (Ramadan et al., 2020). 

It should be noted that the insect mortality rate is proportional to the increase in the concentration of 

CuNPs and to the exposure time (El-Saadony et al., 2020). It is also noted that the nanometric level 

of the Cu nanoparticles is important for attenuating the targets and inducing toxicity. (Karlsson et al., 

2009). Table 6 demonstrates some insecticidal effects of CuNPs. 

Table 05. Insecticidal activity of some copper nanoparticle. 

 

Nanoparticle Size Structure 
Insecticidal 

activity against 
Lethal dose References 

CuNPs 240.88 ±  Euwallacea  (Cruz et al., 

 62.66 nm  fornicatus  2021) 

CuNPs 10-70 nm Spherical Tribolium 300 μg mL-1 (El-Saadony et 

   castaneum  al., 2020) 

Cellulose/nanocrystal   Anopheles  (Elfeky et al., 

ZnO/CuO   stephensi  2020) 

Nanostructure      

CuONPs 20-40 nm Spherical Anopheles 80 ppm for 48h (Velsankar et 
   subpictus  al., 2020) 
   mosquito larvae   

CuNPs 11.5-13.5 nm Rods in Schistocerca  (Ramadan et 

  shape gregaria  al., 2020) 

Cu/NiNPs   Culex 83,96; 258.83 (Danbature et 

   quinquefasciatus and 331.50 mg 

L-1 

alH., 2020) 

CuNPs 11-17.8 nm Spherical Anopheline 20 ppm (assanain et 

   mosquitoes  al., 2019) 

CuONPs 33.0±8.3 nm) Spherical Galleria 10 µg L-1. ( Tuncsoy et 
   mellonella  al., 2019). 

Cu2O nano capsules Less than  Tetranychus 5.5 g L-1 (Dorri et al., 
 50nm  urticae  2018) 

CuONPs 16 nm Monoclinic Aedes aegypti 10 mg mL-1 ( Selvan et al., 

  structure   2018) 

Ag-doped CuO ~ 10 nm  Spodoptera 300 mg/150 mL (Atwa et al., 

 nanostructures    littoralis  2017) 

CuONPs-Ag      

CuO nanostructures 24-52.4 nm  Spodoptera 1 g L-1 (Shaker et al., 
   littoralis  2016) 
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 CuONPs 29.84 ± 15.28 
nm 

Spherical Drosophila 

melanogaster 

0.24–7.5 mg 

mL-1 

(Carmona et 

al., 2015) 
 

 

II.8.1. Mode of interaction of copper nanoparticles against insects 

Despite the recommendations encouraging the application of NPs in agriculture for pest 

control, knowledge of the mode and mechanism of action is essential to predict the toxicological 

consequences arising from the use of CuNPs as pesticides. Several types of researches have illustrated 

the mechanism of action of CuNPs in bacteria (Chatterjee et al., 2014; Varympopi et al., 2020; 

Aguilera-Correa et al., 2021). For others, they confirmed the toxicity in rats (Xu et al., 2018; Tang 

et al., 2018; Zhou et al., 2019). However, illustrations of the mode and mechanism of action of CuNPs 

against insects are strictly limited, and only a few studies have focused on possible mechanisms of 

action (Sezer Tuncsoy et al., 2019; Carmona et al., 2015). Due to the lack of information 

regarding the mechanism of action of CuNPs at the molecular level in insects, the paragraphs below 

discuss the most likely mechanism of toxicity by which CuNPs extinguish insects. Figure 10 

illustrates the likely mechanism of action of CuNPs against insect pest. 

 

 

Figure 11. Proposed mechanism of action of CuNPs against insect pest. 

In general, several probable mechanisms illustrating the mode and mechanism of action of 

NPs against insects are accepted. Oxidative stress triggered by NPs in the target tissues is the most 

discussed mechanism (Angelé-Martínez et al., 2017). In addition, toxicity may also be due to the 

penetration of nanoparticles orally inside the digestive tract and then into the circulation (Atwa et al., 

2017). As demonstrated in the intracellular space of human cells (cell line A549), CuNPs can interfere 

with DNA and as a result, they induce oxidative damage and DNA damage (Karlsson et al., 2009). 

The interaction of NPs with the membrane components is also possible, and as a consequence, it 

damages the membrane (Karlsson et al., 2013). 
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In insect, DNA is considered the primary target of CuNPs, in addition, DNA is sensitive to 

stress and oxidative damage. As clearly shown in human cells (alveolar epithelial cell line R3/1), 

CuNPs release reactive oxygen species (ROS) and induce the formation of H2O2 that cause cell death 

(Vanwinkle et al., 2009). In insects, CuNPs are well known for their genotoxic properties with several 

mechanisms controlling their ability to promote DNA damage. In the larval hemocytes of 

D.melanogaster, CuNPs induce remarkable toxicity. CuNPs cause dose-dependent DNA strand 

damage and breaks (Carmona et al., 2015). Oxidative stress is proposed as the main mechanism of 

the alteration. The ROS generated in the intracellular environment potentially cause oxidative damage 

to DNA by a radical attack (Ahamed et al., 2010). DNA damage is also possible by interaction with 

malondialdehyde formed by the breakdown of lipid peroxidation products. In D. melanogaster treated 

with CuNPs, the induction of oxidative stress via lipid peroxidation is not an intrinsic characteristic 

effect of CuNPs, but it is attributed to copper (Carmona et al., 2015). In the human lung epithelial 

cell line (A549), cells surviving the actions of CuNP demonstrated cell cycle arrest. The blocked cell 

cycle is attributed to Cu ions released by CuNPs in the medium (Hanagata et al., 2011). 

CuNPs can alter the activities of antioxidant enzymes. As demonstrated in G. mellonella larvae 

exposure to CuNPs, the accumulation of copper in the midgut and fat body of the larvae causes a 

reduction of SOD in the fat body. However, CAT activity increases in the midgut and fat body. For 

glutathione S-transferase, an increase is noted in the fat body, while for acetylcholinesterase (AChE), 

a decrease is noted in the midgut ( Tuncso et al., 2019). In S. gregaria, treatment with copper NPs 

also induced a decrease in the enzymatic activity of AChE (Ramadan et al., 2020). The affinity of 

copper for sulfur-donor groups may induce AChE inhibition by binding to its thiol residues (Gomes 

et al., 2011). Treatment of S. littoralis larvae (2
nd

 instar) by CuNPs resulted in malformations and 

morphological changes through adsorption of nanoparticles. Low levels of SOD are also noted (Abd 

El Wahab and Anwar, 2014). During the study of the enzymatic activity in Daphnia magna, the 

glutathione content and the activities of CAT and SOD are inhibited when the insect was exposed to 

CuNPs (Liu et al., 2014). This strongly suggests that the destabilization of the cellular functionalities 

is due to the strong oxidative stress induced by CuNPs. 

CuNPs can reach the nervous system and induce severe toxicities. As demonstrated in S. 

gregaria, CuNPs cause paralysis, decreased locomotion, and tremors of the abdominal segments 

(Ramadan et al., 2020). The pervious result suggests that excessive copper levels can be harmful to 

the nervous system (Gromadzka et al., 2020). Otherwise, astrocytes can accumulate copper oxide 

nanoparticles and copper ions. When the accumulation exceeds the threshold tolerated by the cells, 

accelerated production of ROS is noted (Bulcke and Dringen, 2016). The gradual accumulation of 

copper causes brain damage and neurological symptoms. In rat astrocytes, the excess copper decreases 

the activity of glutathione reductase and increases the activity of nitric oxide. The destabilization of 

enzymatic activities aggravates oxidative stress (Scheiber et al., 2014), and causes a severe loss of 

cell viability (Joshi et al., 2019). CuNPs also induce mitochondrial dysfunctions and plasma 

membrane disintegration (Minocha and Mumper, 2012). 

II.9. Nanomaterials as detoxification tools in feeds 

Nowaday, the elimination and detoxification of mycotoxins has become a challenge for the 

food industry. Indeed, a large number of control and prevention strategies are applied. Despite the 

success recorded for conventional methods of detoxification in its early tages, the limitations noted 
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and the requirements demanded proved the failure of these methods. these methods suffer from 

disadvantages, such as the generation of toxic residues for humans and the environment, moreover the 

biological methods require selection and a long period of growth without neglecting the high cost 

during their applications. The inability of conventional methods to remove mycotoxins has prompted 

research to innovate more potent techniques capable of destroying toxigenic fungal cells and/or 

blocking their mycotoxin biosynthetic pathways. In recent years, several studies have reported the 

advantage of NMs in the detoxification of mycotoxins, several types of NMs have been the subject of 

a fungicide capable of inhibiting toxigenic molds and/or their toxin. In this part of the chapter several 

types of nanomaterials are reported. 

II.9.1. Detoxification by targeting mycotoxinogenic molds or adsorption of mycotoxins 

 

The treatment of corn with zinc oxide nanoparticles (ZnO-NPs) under the experimental 

conditions described by Hernández-Meléndez and his team in 2018 demonstrated that at 100 µg/g of 

ZnO-NPs, significant inhibition of the growth of A. flavus and mycotoxin synthesis are recorded. The 

untreated grains presented a fungal invasion of 67%, on the other hand, the treated grains presented a 

moderate fungal invasion (30%). Aflatoxin production in control and treated grains was 45 ng/g and 

14 ng/g, respectively (Hernández-Meléndez et al., 2018). In a more recent study, the 

antiaflatoxinogenic efficacy of ZnO-NPs was 93.80% in stored maize grains, this result is recorded in 

the presence of 1.13 μg/kg of AFB1 (Yousif et al., 2019). Similar results were observed with 100µg/ml 

of ZnO-NPs, a more than three-fold reduction (12ng/l of AFB1) is observed on treated samples 

compared to controls (46 ng/l) (Nabawy et al., 2014). It should be noted that the reducing agents used 

in the synthesis of ZnO-NPS play a very important role in the efficiency of NPs, the ZnNPs derived 

from the reducing agent NaOH exert a large antifungal potential and high efficiency in DNA 

disintegration of maize fungal pathogens (Kalia et al., 2021). In liquid culture medium, ZnO-NPs 

prepared from Syzygium aromaticum demonstrated their efficacy in the regression of DON and ZEA 

of F. graminearum (Lakshmeesha et al., 2019). Anti-aflatoxigenic activity is highly dependent on 

reactive oxygen species (ROS) generation, Zn
2+

 release, hyphal damage, lipid peroxidation and 

antioxidant response (Zhang et al., 2021). 

Silver nanoparticles (Ag-NPs) are also effective in inhibiting AFB1 synthesis, Ag-NPs can gain 

access inside the fungal cell and alter genes responsible for mycotoxin biosynthesis. Deabes and his 

team confirmed this principle, Real Time-polymerase chain reaction (qRT-PCR) proved that Ag-NPs 

alter O-methyltransferase gene (omt-A) in the gene cluster responsible for the biosynthesis of AFB1 

(Deabes et al., 2018). Damage to genes responsible for mycotoxin biosynthetic pathways leads to 

downregulation or complete blockage of mycotoxin synthesis 

Copper trace elements are essential in cereal crops. Cu deficiency may be the cause of higher 

Fusarium incidence on wheat. The treatment of wheat kernel with powdered CuO-NPs prepared as a 

superabsorbent polymer demonstrated that at a dose of 200 g/ha Cu, the NPs are able to imbibe water 

and slowly release nutrients. This result suggests that the Cu uptake capacity of the plants has 

improved. CuO-NPs improve the fat, crude fiber and cellulose content of wheat grain. Note that an 

absence of DON was recorded on the samples treated with CuO-NPs (Kolackova et al., 2021). In 

another study, the ion-exchanged zeolites with Li⁺ and Cu²⁺ demonstrated an excellent antifungal 

effect against A. flavus and inhibition capacity of AFB1 (Savi et al., 2017). However, the use of CuO- 

NPs can be toxic to agricultural crops, Rajput et al demonstrated that the application of CuO-NPs 
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cause toxicity in barley (Hordeum sativum distichum), harmfulness is characterized by the formation 

of electron-dense materials in the intercellular space of cells and a reduction in root length (Rajput et 

al., 2018). 

Some polymers are also considered as fungicides, chitosan is among the most studied polymers, this 

compound has very good antifungal and antimycotoxinogenic activity. When applied alone, chitosan 

nanoparticles of with an average size of 3.00 ± 0.70 nm are able to inhibit AFB1, chitosan is able to 

adsorb AFB1 by interacting the positive charges of the amino group, with the negative charges of the 

oxygen atoms of the aflatoxins (Cortés-Higareda et al., 2019). Chitosan also has the ability to 

incorporate metallic NPs and other fungicides, the resulting NMs have an excellent antifungal and 

antimycotoxigenic potential. Copper-chitosan nanocomposite-based chitosan hydrogels (Cu- 

Chit/NCs hydrogel) prepared using a metal vapor synthesis exhibits an excellent antifungal activity 

against A. flavus associated with peanut meal and cotton seeds. The activity depends on the fungal 

strain and the concentration of NPs (Abd-Elsalam et al., 2020). Application of these NPs at different 

concentrations in maize grains (under laboratory conditions and incubated at 28°C for 28 days) 

inhibited F. graminearum growth and DON and ZEA synthesis. The encapsulation of the essential oil 

in NPs gives it an excellent stabilization by increasing the lifetime antifungal activity of CMEO by 

gradual release of antifungal constituents of Ce-CMEO-NPs (Kalagatur et al., 2018). In another 

study, Chitosan nano biopolymer entrapped Coriandrum sativum essential oil (Ce-CSEO-NPs) with 

a size ranging between 57–80 nm exerts good antifungal activity against several stored rice 

contamination molds, complete inhibition is recorded against A. flavus, A. niger, A. fumigatus, A. 

sydowii, A. repens, A. versicolor, A. luchuensis, Alternaria alternata, Penicillium italicum, P. 

chrysogenum, P. spinulosum, Cladosporium herbarum, F. poae, F. oxysporum Chitosan 

nanoemulsion showed insignificant inhibition of AFB1 secretion (13.06%) (Das et al., 2019). Other 

essential oil encapsulates in Ce-NPs have also proven to be effective in inhibiting mycotoxin 

synthesis. Fumigation of two samples of maize (150g) with 1.0 µL/mL and 2.0 µL/mL of Origanum 

majorana essential oil encapsulated into chitosan nanoemulsion (Ce-OmEO-NPs) and inoculated with 

10
6
 spores/mL of A. flavus demonstrated relevant results, a total absence of AFB1 is recorded in the 

two maize samples after a storage period of 6 months, however, the controls recorded contamination 

of approximately 26.17 µg/Kg and 25.37 µg/Kg (Chaudhari et al., 2020). Propolis known for its 

medicinal properties can also be incorporated into chitosan, the application of coatings based on 

chitosan and propolis on figs under semi-commercial conditions has shown encouraging results. After 

12 to 15 days of storage of figs infected with spores of A. flavus and treated with NPs, a decrease in 

aflatoxin synthesis of <20 ppb is obtained compared to the control which recorded a level of 250 ppb, 

The sensory quality was acceptable, however, the antioxidant activity increased (Aparicio-García et 

al., 2021). 

Carbon-based nanostructures have impressive advantages in the fight against mycotoxins, 

Graphene oxide GeO is among one of these promising materials, it has excellent adsorption property. 

In vitro tests have demonstrated that GeO (10 μg/mL) is capable of adsorbing AFB1, ZEA and DON, 

The maximal removal efficiency was attained at 65% for 25 ng/g DON and 90% for 6 and 0.5 ng/g of 

ZEA and AFB1, respectively. The adsorption capacity of GeO was 1.69 mg/g, 0.53 mg/g, 0.045 mg/g 

for DON, ZEA, and AFB1, respectively (Horky et al. 2020). Reduced graphene oxide-gold 

nanoparticle (rGO-AuNP) also exhibits good capacity and selectivity in the adsorption of AFB1, 
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AFB2, AFG1, AFG2, AFM1 and AFM2 from wheat and maize samples, the recovery of mycotoxins is 

related to the concentration of the nanocomposite, it increased from 48.5% to 106.6% when the 

quantity of rGO-AuNPs increased from 5 to 15 mg. However, a decrease in recoveries is recorded 

above 15 mg of rGO-AuNPs (Guo et al., 2017). 

The application of magnetic nanomaterials in the removal of mycotoxins in food matrices 

could be attractive, these types of NMs have good adsorption and separation ability due to magnetic 

susceptibility (Targuma et al., 2021). These types of NMs are used in the detection of mycotoxins in 

food samples, suggesting their ability in the removal of mycotoxins. Iron oxide carbon 

nanocomposites prepared from for bagasse with a size range of 60–300 nm has an excellent capacity 

in adsorbing AFB1, for 200 ppm, the equilibrium time was 115 min and 150 min at pH 3 and pH 7, 

respectively. According to the researchers, the prepared adsorbent can be used as an alternative to 

activated carbon to detoxify poultry feed (Muhammad and Khan, 2018). Magnetic carbon 

nanocomposites prepared from maize wastes has good capacity in the removal of AFB1. Nearly 90% 

removal of AFB1 was achieved, the equilibrium time is depend on pH, it is 96 and 180 min at pH 7 

and 3, respectively (Zahoor and Khan, 2016). In another study performed on oil system with an 

initial concentration (0.2 μg/mL) of AFB1, magnetic mesoporous silica prepared from rice husk is 

able to adsorb 94.59% of mycotoxin (Li et al., 2020b). Magnetic nano-zeolite (MZNC) can adsorb 

mycotoxins better than the natural zeolite, 50 mg of the nanocomposite removed >99% of Afs, 50% 

of OTA, 22% of ZEA, and 1.8% of the DON from the contaminated sample (Karami-Osboo et al., 

2020). 

II.9.2. Detoxification of mycotoxins by photocatalysis 

 

The photocatalytic nature of NMs enabled these materials to be involved in the degradation 

of mycotoxins. The process of degradation of mycotoxins by photocatalytic reactions as oxidation 

technology is very encouraging, this process is characterized by its low cost and respect for the 

environment. The process of photocatalysis involves a chemical reaction after absorption of 

photons, the reaction is based on the process of generating pairs of electrons (e-) and holes (h+) in 

the NM (photocatalyst) exposed to light. The electrons and the holes formed lead to reduction and 

oxidation reactions of the molecules adsorbed on the surface of the NMs. Along with this process, it 

is observed that during photocatalytic degradation, other reactive oxygen species (ROS) can also 

form, it is superoxide (O2
.-), hydroxyl radical (OH

.
), and hydrogen peroxide (H2O2) (Murugesan et 

al., 2021).Formation of ROS speciesis shownin Figure12. 

 

Figure 12. Formation of ROS species. 
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Notably, He et al. developed a novel and highly efficient nanomaterials of cerium (Ce) doped 

titanium dioxide (TiO2) (Ce-TiO2) with an enhanced photocatalytic activity for the DON in aqueous 

solution under ultraviolet light irradiation (λ = 254 nm). Different levels of Ce doping on pure TiO2 

demonstrated different Ce-TiO2 photocatalytic degradation effects. The degradation rate can reach 

96% using 0.5Ce-TiO2 after 240 min. The exploration of the main ROS active in the process of DON 

degradation indicate that the hole plays a crucial role in the photocatalytic reaction than OH•. 

Moreover, the small CeO2 particles produced on the TiO2 particles caused by Ce doping play a co- 

catalytic effect on DON degradation following the generation O2
•−. The two possible degradation 

intermediate products are C5H8O3 and C17H18O6 (He et al., 2021). The degradation of DON in aqueous 

solution by the photocatalytic activities of the dendritic-like α-Fe2O3 under visible light irradiation (λ 

> 420 nm) demonstrated that dendritic-like α-Fe2O3 could adsorb more DON than that of commercial 

α-Fe2O3. Degradation rate is estimated at 90.3% in 2 h at initial concentration of 4.0 μg/mL of DON. 

During the photoreaction over α-Fe2O3, the morphology of the dendritic-like α-Fe2O3 absorbs more 

sunlight and provides more electrons and the holes, these lead to the formation of active radicals such 

as O2
•−and OH• which could react with the active site of DON and form two intermediate products 

(Wang et al., 2019), in another study, three degradation products were identified, namely C15H20O8, 

C15H20O7 and C15H20O5 under simulated sunlight using UCNP@TiO2 (6 mg/mL). OH·, h
+
 and O2

·- 

are the main ROS produced in the photocatalytic reaction. The application of UCNP@TiO2 in the 

reduction of DON in wheat demonstrated a decrease in the detoxification compared to that of standard 

DON. It may be due to the combination of mycotoxin with starch, protein and other macromolecules 

of wheat, on the other hand, the light cannot be evenly diffused on the contaminated wheat, which 

also affect the degradation efficiency (Wu et al., 2020b). 

A recent study investigated the photocatalytic activity of ZnO-NPs in the degradation of AFB1 

in aqueous solution under UV light. A complete removal of AFB1 (10 μg/L) by 0.10 mg/mL of NPs 

has been recorded after 60 min under UV irradiation. Application NP in soymilk (5 mg ZnO-NPs to 

50 mL soymilk with 10 μg/L of AFB1) completely removed AFB1 (91.53%) after 60 min under UV 

irradiation with no significant effect on its overall acceptability, which suggests its application in 

liquid foodstuffs (Raesi et al., 2022). Similarly, the study of the effect of ZnO-NPs on fumonisin 

accumulation by F. proliferatum both in vitro and in situ demonstrated a significative result. With 

ZnO-NPs concentrations of 0.8 and 8 g L-1 at 25 °C, 21 days and under darkness or photoperiod 

incubation, a high reduction (84–98%) occurred after 14 days under photoperiodic incubation. Under 

the in-situ assay, the evaluation of the effect of ZnO-NPs on FB1, FB2 and FB3 rates on irradiated 

maize grains (adjusted to 0.995, 0.98 and 0.97 aW) in darkness at 25 °C during 21 days demonstrated 

a reduction of FBs rates. At 0.8–2 g kg−1 and 0.98–0.995 aW, ZnO-NPs reduce total FBs 

accumulation by 71–99%, suggesting that ZnO-NPs could be applied in maize grains to control 

phytopathogenic and toxigenic fungi such as F. proliferatum and to reduce fumonisins accumulation 

(Pena et al., 2022). The photocatalytic graphitic carbon nitride (g-C3N4) could induce photocatalytic 

effect on ZEA UV lamp (λ = 254 nm). Under experimental conditions, g-C3N4 degrades a rate of 

50% of ZEA in real powder samples (Li et al., 2021). Patulin degradation in aqueous solution is also 

possible by nitrogen-doped chitosan-TiO2 nanocomposite under UV, 500 μg/kg was completely 

degraded within 35 min. This improved degradation compared to TiO2 nanoparticles and chitosan- 

TiO2 nanocomposite is linked to the reduction of the average particle size of TiO2 nanoparticles due 

to : (1) the introduction of nitrogen and chitosan, the structure obtained facilitates the movement of 
-
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e from the structure to the surface, thereby reducing the probability of recombination with holes, (2) 

the introduction of nitrogen and chitosan increase the surface of the nanocomposite which is beneficial 

to the adsorption of toxin, (3) the introduction of nitrogen and chitosan improved the photoresponse 

ability of TiO2 nanoparticles and enhanced its photocatalytic activity (Huang and Peng, 2021). 

Activated carbon supported TiO2 catalyst (AC/TiO2) has an excellent efficiency for degradation of 

AFB1 under UV–Vis light in comparison with TiO2. OH• and h+ play an important role in the 

degradation of AFB1 (Sun et al., 2019). Magnetic graphene oxide/TiO2 nanocomposite (MGeO/TiO2) 

is able to reduce AFB1 in corn oil, the quality of the nanocomposite-treated oil was acceptable after 

180 days of storage (Sun et al., 2021). 
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I. Material and methods 

I .1.Actinomycetes 

I.1.1. Reactivation of a preserved strain (T003) 

The Actinomycete strain used in this study, designated T003, belongs to the microbial collection 

of Dr. Gacem Mohamed Amine. The strain had previously been preserved at –20 °C in a 50% (v/v) 

glycerol solution. 

For reactivation, a small aliquot of the frozen culture was taken using a sterile needle and 

inoculated onto Casein Starch Agar (CSA) medium. The plates were incubated at 30 °C for 3–5 days. 

Characteristic Actinomycete colonies gradually appeared, exhibiting filamentous morphology and 

distinctive pigmentation that varied according to the strain. 

I.1.2. Purification of the strain 

Purification is a crucial step to ensure that each culture represents a single, genetically uniform 

organism. This was achieved by repeated sub-culturing on CSA medium and GYM medium. Each 

colony showing distinct coloration or morphology was isolated and cultured separately. After 

incubation at 30 °C for 3–5 days, homogeneous colonies were selected and considered as pure isolates. 

I.1.3. Preservation of the purified strain 

To ensure long-term viability and genetic stability of the purified strain T003, preservation was 

carried out in 50% (v/v) glycerol. Sterile tubes were prepared by filling them with equal volumes of 

sterile distilled water and glycerol, followed by autoclaving for sterilization. 

After cooling, aliquots of the pure culture were aseptically transferred into the tubes. The 

preparations were then stored at –20 °C for short-term maintenance or at –80 °C for long-term 

preservation. The tubes used for glycerol preservation are known as cryovials or freezing vials.  

 

Figure 13. Preservation of T003 strain in glycerol 50%. 

I.2. Fungal strains 

I.2.1. Isolation and preparation of fungal strains 

In this study, three phytopathogenic fungal strains were used: Fusarium oxysporum, Rhizoctonia 

solani, and Phytophthora sp. Fusarium oxysporum strain was obtained from the microbial collection of Dr. 

Gacem Mohamed Amine, while Rhizoctonia solani was isolated from infected tomato tissues, and 

Phytophthora sp. was isolated from infected potato leaves exhibiting symptoms of late blight. 

Small fragments of the infected plant tissues were aseptically placed onto Potato Dextrose Agar (PDA) 

medium in sterile Petri dishes. All plates were incubated at 30 °C for 7 days to allow fungal growth and colony 

development. 
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I.2.2. Purification of fungal isolates 

After initial growth, each fungal strain was purified to obtain a single, genetically uniform culture. This 

was achieved by sub-culturing individual colonies with distinct morphological characteristics onto fresh PDA 

plates. The purified colonies were incubated at 30 °C for 7 days to confirm their purity. 

I.2.3. Identification of Fusarium, Rhizoctonia, and Phytophthora 

Following purification, the fungal strains were identified based on their morphological and microscopic 

characteristics using the microculture method: 

 Fusarium oxysporum forms cottony colonies ranging from white to pink. Microscopically, it 

produces crescent-shaped macroconidia with multiple septa.

 Rhizoctonia solani develops flat, brown, felt-like colonies without spore formation; its hyphae 

branch at right angles and may produce dark sclerotia.

 Phytophthora sp. develops creamy, fluffy colonies, and microscopic examination reveals 

coenocytic hyphae typical of oomycetes.

Described by Haris (1989), the microculture technique involves inoculating fungal spores onto a slide 

containing small squares of acidified PDA medium, which are then covered with a coverslip. The spores are 

placed along the peripheral edges of the medium to provide a high oxygen potential, promoting germination. 

The entire assembly is incubated in a sterile, humid chamber at 25 ± 2 °C for 7 days (Figure). 

After incubation, the coverslips with attached mycelium are transferred onto other sterile slides 

containing a few drops of lactophenol. Microscopic observations are then performed at ×10, ×40, and ×100 

magnifications. Fungal genera are determined based on their cultural and microscopic characteristics, referring 

to the manual of Barnett and Hunter (1972). 

This workflow ensures that the identification is performed only on pure, uncontaminated cultures, 

providing reliable characterization before further experimentation. 
 

Figure 14. Microculture of fungi for microscopic identification. 

I.3. Submerged pre-culture of actinomycetes in gym liquid medium for fermentation 

preparation 

The submerged pre-culture stage aims to promote the growth and multiplication of Actinomycetes 

isolates in a nutrient-rich liquid medium before the main fermentation. In this step, sterile Erlenmeyer 

flasks containing 150 mL of liquid Gym medium are prepared. Small agar squares cut from solid Gym 

medium with actively growing Actinomycetes (T03) are inoculated into the flasks. The cultures are 

incubated under agitation at 28–30 °C for 7 to 10 days to ensure sufficient aeration and microbial 
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development. This submerged culture technique, carried out in a liquid medium under continuous 

shaking, offers significant advantages such as higher biomass yield and enhanced production of 

bioactive metabolites within a shorter period (Singh et al., 2016). The resulting pre-culture provides 

abundant microbial biomass that serves as the inoculum for the subsequent fermentation or metabolite 

production stage (Figure 05: Gym liquid medium used for the pre-fermentation stage). 

 

 

 

 

Figure 15. Gym liquid medium used for pre-fermentation stage. 

I.4. Extraction process of secondary metabolites produced by actinomycetes. 

To prepare the crude extracts, 20 ml of ethyl acetate (Sigma-Aldrich, USA) was mixed with 

20 ml of bacterial culture from the previously prepared selected isolate (culture incubated under 

agitation for 10 days in liquid media, namely: 5294). The mixtures were agitated for 12 min, and then 

the media were separated by centrifugation at 6000 rpm for 10 min. The solvent containing the 

metabolites was subsequently transferred to a rotavapor (Heidolph, Germany) in order to evaporate it 

completely. Once evaporation was completely achieved, the weight of the extract is calculated and 

then recovered in 1 ml of methanol (figure ). 
 

 

Figure 16. Extraction process of secondary metabolites produced by actinomycetes. 
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I.5. Biosynthesis of copper nanoparticles and characterization 

I.5.1. Biosynthesis and recovery of copper nanoparticles (CuNPs) from actinomycete culture 

The culture medium 5294 containing Actinomycetes was collected in an Erlenmeyer flask and 

subjected to thermal treatment in a water bath at 60–70 °C for one hour to induce cell lysis. This 
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process facilitates the release of intracellular bioactive compounds and the potential formation of 

biogenic nanoparticles. 

Following lysis, the lysate was distributed into 50 mL centrifuge tubes and centrifuged at 6000 

rpm for 10 minutes. The resulting supernatant, containing soluble metabolites and extracellular 

biomolecules, was retained for nanoparticle precipitation experiments. 

To each supernatant sample, an aqueous copper sulfate (CuSO₄) solution was added as a source 

of Cu²⁺ ions. The mixtures were then incubated in a water bath at 60–70 °C for 15–20 minutes to 

promote the bioreduction of copper ions and the subsequent formation of bio-capped copper 

nanoparticles (CuNPs). Subsequently, NaOH was added dropwise until the solution reached an 

alkaline pH (8), favoring the reduction and precipitation of copper nanoparticles. 

After the bioreduction step, the samples were centrifuged again at 6000 rpm for 10 minutes. 

The resulting pellet, containing the biosynthesized CuNPs, was collected, whereas the supernatant— 

containing residual copper ions and other impurities—was discarded. 

For purification, the pellet was washed repeatedly with distilled water followed by 

centrifugation until the blue or green coloration, indicative of unreacted copper species, disappeared 

completely. A final wash with ethanol was performed to remove organic impurities (Iravani, 2011 ; 

Rajeshkumar and Bharath, 2018). 

The purified nanoparticle pellet was then dried either at room temperature or in a low- 

temperature oven. The dried CuNPs were stored in sterile containers for subsequent physicochemical 

characterization, including UV–Vis spectrophotometry, Fourier-transform infrared spectroscopy 

(FTIR), and electron microscopy (SEM/TEM), to confirm their formation, morphology, and stability. 

 

 

Figure 17. Preparation of biogenic copper nanoparticle. 

I.5.2. Characterization of copper nanoparticles (CuNPs) 

The synthesized copper nanoparticles (CuNPs) were subjected to comprehensive 

physicochemical characterization using several analytical techniques to determine their structural, 

morphological, and optical properties. 
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 The UV–Visible spectroscopy analysis was carried out using a spectrophotometer in the 

wavelength range of 200–800 nm to confirm nanoparticle formation through surface plasmon 

resonance (SPR) absorption, typically observed around 560–580 nm for CuNPs. 

 The Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed in the 

spectral range of 400–4000 cm⁻¹ to identify the functional groups present on the nanoparticle 

surface and to confirm the presence of organic biomolecules responsible for capping and 

stabilization. 

 The X-Ray Diffraction (XRD) analysis was conducted using Cu Kα radiation (λ = 1.5406 

Å) to determine the crystalline nature, phase purity, and average crystallite size of the 

CuNPs, which was calculated using the Debye–Scherrer equation. 

 The Transmission Electron Microscopy (TEM) analysis provided detailed insights into the 

morphology and particle size distribution, revealing spherical and well-dispersed 

nanoparticles with average diameters typically below 50 nm. 

 

 

Figure 18: Physicochemical characterization of copper nanoparticles (CuNPs). 

Together, these complementary techniques confirmed the successful synthesis of stable, 

crystalline, and uniformly distributed CuNPs with properties suitable for biological and antifungal 

applications. 

I.6. Measurement of antifungal activity 

I.6.1. Measurement of antifungal activity of crude extract 

The antifungal activity was evaluated using the agar well diffusion method on Potato Dextrose 

Agar (PDA) plates. Young fungal cultures were first prepared, and the inoculum was adjusted to the 

desired optical density using a spectrophotometer to ensure standardized spore concentration. PDA 

plates were inoculated uniformly by flooding with 100 µL of the prepared fungal inoculum (106 UFC). 

After solidification, wells were aseptically perforated in the agar using a sterile cork borer. Each well 

was then filled with 30 µL of the crude extract. The plates were incubated at 27 °C for 5 days to allow 

fungal growth and diffusion of the extract. 

Following incubation, the antifungal activity was determined by measuring the diameter of the 

inhibition zones around each well. The results were expressed in millimeters (mm) as an indication of 

the antifungal potential of the tested sample. 

This method is a well-established and widely used technique for assessing the antimicrobial or 

antifungal efficacy of bioactive compounds (Balouiri et al., 2016). 
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I.6.2. Measurement of antifungal activity of copper nanoparticles 

The antifungal potential of copper nanoparticles (CuNPs) was assessed using the agar well 

diffusion method on Potato Dextrose Agar (PDA) medium. Wells were aseptically perforated into the 

solidified and inoculated PDA using a sterile cork borer. Each well was subsequently filled with 30 

µL of CuNP suspensions prepared at different concentrations: 2, 1.5, 1.0, 0.75, 0.5, 0.25, and 0.1 

mg/mL. 

The inoculated plates were incubated at 27 °C for 5 days under static conditions to allow fungal 

growth and diffusion of the nanoparticles into the medium. After incubation, the antifungal activity 

was evaluated by measuring the diameter of the inhibition zones surrounding each well. The inhibition 

zone was expressed in millimeters (mm) as an indicator of the antifungal efficacy of the copper 

nanoparticles (Balouiri et al., 2016). 

All treatments (extract and CuNP concentrations) were performed in triplicate to ensure the 

reliability and reproducibility of the results. 

 
 

 

 

 

 

 

 

 
CuNP concentrations 

 

 

 

 
Crude extract 

 

Figure 19. Schematic representation of the antifungal activity assay of crude extract and copper 

nanoparticles by the agar well diffusion method. 

I.7. Antioxidant test by DPPH radical scavenging assay 

 

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay is among the most widely employed 

methods for the rapid and reliable assessment of antioxidant activity, owing to the stability of the 

DPPH radical and the simplicity of the procedure. DPPH exhibits a characteristic absorption 

maximum at 517 nm within the visible spectrum. In this study, the evaluation of free radical 

scavenging activity was performed following the method of McCune and Johns (2002), with slight 

modifications as described by Dosseh et al. (2014) and adopted by Evenamede et al. (2017). 

An amount of 0.025 g of copper nanoparticles was accurately weighed and transferred into a 

clean test tube. Subsequently, 12.5 mL of hydrochloric acid (HCl) was added, and the mixture was 

vortexed thoroughly until a homogeneous suspension was obtained. This stock solution served as the 

basis for preparing the different working concentrations used in the assay. 
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From the stock solution, a series of dilutions was prepared to obtain the following 

concentrations: 2, 1.5, 1.0, 0.75, 0.5, 0.25, and 0.1 mg/mL (or as specified according to the 

experimental design). 

 

 

Figure 20. Schematic representation of the DPPH radical scavenging assay procedure for evaluating 

the antioxidant activity of copper nanoparticles. 

To each test tube, add 3 mL of DPPH solution and 1 mL of nanoparticle solution at the desired 

concentration. Mix the contents thoroughly and incubate the tubes in the dark at room temperature for 

30 minutes to prevent photodegradation of DPPH. After incubation, measure the absorbance at 517 

nm using a UV–Visible spectrophotometer, with methanol serving as the blank. 

I.8. Evaluation of insecticidal activity 

 

The insecticidal activity of copper nanoparticles (CuNPs) was evaluated using the leaf-dip 

method described by Bhattacharyya et al. (2016), with some modifications adapted for tomato 

leaves. 

A colony of aphids was maintained on healthy tomato plants to obtain a homogeneous 

population of insects for bioassays. The experiments were conducted using tomato leaves collected 

from both healthy and naturally infested plants. 

The selected leaves were carefully washed three times with distilled water and then air-dried 

at room temperature. They were subsequently immersed for 5 minutes in CuNPs solutions prepared 

at different concentrations: 0.1, 0.25, 0.5, 0.75, 1, 1.5, and 2 mg/mL. Each concentration was prepared 

by dilution in sterile distilled water. 

After immersion, the leaves were placed in Petri dishes (90 × 14 mm) lined with moistened 

filter paper and left to dry at room temperature. Once dry, 10 live aphids were gently transferred onto 

each leaf using a fine brush. 

Two control groups were prepared: 

 

 Positive control: infested but untreated leaves. 

 Negative control: 10 aphids placed in a Petri dish with moistened filter paper (without leaf or 

treatment). 
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Each experimental condition was performed in triplicate. The number of dead aphids was 

recorded every 3 hours until complete mortality was achieved. Death was confirmed by the absence 

of movement upon stimulation of legs and antennae using a fine brush. 

The mortality rate and corrected mortality rate were calculated according to Abbott’s formula 

(1925): 

 

Corrected mortality (%) = [(Treatment mortality − Control mortality)/ (100 − Control 

mortality)] x 100 

 

 

Figure 21. Experimental design illustrating the evaluation of copper nanoparticle treatments (0.1–2 

mg/mL) on tomato plants infested with aphids. 

I.9. Evaluation of the effect of copper nanoparticles on tomato seed germination and pigment 

content 

I.9.1. Experimental design for germination assay 

 

To evaluate the phytotoxic or stimulatory effects of copper nanoparticles on tomato (Solanum 

lycopersicum) seed germination, seven different nanoparticle concentrations were prepared using 

distilled water acidified with HCl: 2, 1.5, 1, 0.75, 0.5, 0.25, and 0.1 mg/mL. 

For each concentration, ten tomato seeds were placed in sterile test tubes containing the 

respective nanoparticle suspensions and soaked for three hours under controlled conditions. After 

treatment, the seeds were transferred into pots containing sterilized soil and covered with a thin layer 

of the same soil. 

Two control tests were also conducted: the first with untreated seeds (seeds alone) and the 

second with seeds soaked only in the HCl-acidified solution without nanoparticles (Adhikari, et al., 

2012). 

All pots were maintained under identical environmental conditions and regularly irrigated with 

tap water. Germination percentage and early seedling development were monitored for two weeks. 

I.9.2. Determination of chlorophyll and photosynthetic pigments in tomato seedlings 

 

The quantification of photosynthetic pigments, including chlorophylls (a and b) and 

carotenoids, was performed spectrophotometrically after pigment extraction from 15-day-old fresh 

tomato seedling leaves, following the classical methods of Arnon (1949) and Lichtenthaler and 
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Wellburn (1983). This procedure allows for the evaluation of the physiological effects of copper 

nanoparticles on the photosynthetic efficiency of the treated plants. 

For sample preparation, approximately 0.3 g of fresh tomato leaves were carefully weighed 

after gently removing surface moisture. The leaves were then finely chopped using a sterile scalpel to 

facilitate pigment extraction. The chopped plant material was transferred into a clean mortar, and 10 

mL of acetone (80% or 90%) was added for every 0.1 g of plant tissue. The mixture was thoroughly 

ground until a homogeneous bright green extract was obtained, indicating the release of chlorophylls 

and other pigments. The homogenate was then filtered through Whatman filter paper or centrifuged 

at 3000 g for 10 minutes to obtain a clear supernatant containing the dissolved pigments (Figure). 

Spectrophotometric quantification of chlorophylls and carotenoids was carried out by 

transferring an aliquot of the clear extract into a clean quartz cuvette and measuring absorbance using 

a UV–Visible spectrophotometer. Absorbance readings were taken at 663 nm for chlorophyll a, 647 

nm for chlorophyll b, and 470 nm for total carotenoids, with a baseline correction at 750 nm to 

eliminate turbidity interference. The concentrations of the different pigments were then calculated 

using the equations proposed by Lichtenthaler and Wellburn (1983), allowing the determination of 

total chlorophyll content and the relative pigment composition in tomato seedlings. 

 

 

Figure 22. Preparation of chlorophyll extract from tomato leaves using acetone. 

 

I.10. Evaluation of the effect of copper nanoparticles on fungal growth and tomato plant health 

under greenhouse conditions 

I.10.1. Preparation and transplantation of tomato seedlings for growth experiments 

 

During this stage, tomato seeds were first sown in small pots, with five seeds per pot. A thin 

layer of soil was added to cover the seeds. A total of 80 pots were prepared and maintained under 

controlled watering and care conditions to promote germination and initial growth. 

After three weeks, when the seedlings were sufficiently developed, they were carefully 

transferred to a pre-prepared soil bed. The soil had been conditioned and well-aerated to facilitate root 

development. To organize the planting area and separate the experimental groups, plastic films were 

used as barriers between the rows. In addition, a wooden stake was placed next to each plant to provide 

structural support during the growth of the tomato plants, as illustrated in the corresponding figure. 

The planting bed was divided into three rows per section, with six tomato plants per row, to 

ensure better organization and optimal monitoring. After transplantation, each plant was irrigated with 

200 mL of water containing NPK fertilizer at a concentration of 0.5 g/L, once a week for two months. 

This nutrient solution contributed to strengthening root establishment and promoting healthy 

vegetative growth. 
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Figure 23. Evaluation of the effect of copper nanoparticles on fungal growth and tomato plant health 

under greenhouse conditions 

I.10.2. Tomato fruit development 

 

During the growth period, tomato plants were regularly monitored to document the 

morphological and physiological progression of fruit development. Following flowering and 

pollination, the fertilized ovaries initiated the fruit set process, marking the onset of fruit formation. 

The growth of the tomatoes occurred in distinct phases: an initial stage of rapid cell division, followed 

by a phase of cell expansion leading to the gradual increase in fruit size. 

Over time, the fruits exhibited a gradual color transition from green to orange and finally to 

deep red, corresponding to the degradation of chlorophyll and the accumulation of carotenoid 

pigments, particularly lycopene and β-carotene. This chromatic evolution reflects the physiological 

stages of ripening, during which significant biochemical changes also occur, such as sugar 

accumulation, reduction in acidity, and softening of fruit tissues. 

Visual and photographic observations conducted throughout this period clearly illustrate these 

developmental stages and confirm a uniform and healthy fruit maturation, favored by optimal 

cultivation conditions in terms of irrigation, nutrient availability, and light exposure. 

I.10.3. Fungal inoculation procedure 

 

For the fungal infection experiment, four distinct plots were established, each consisting of 

three rows of tomato plants. 

 The first plot served as the negative control, with no fungal inoculation, to observe normal 

plant growth.

 The second plot, used as the positive control, was infected only with the pathogenic fungi 

without any treatment.

 The third plot was infected and treated with a copper-based nanosolution, while

 The fourth plot was infected and treated with a commercial chemical fungicide (Metraz).

 

The fungal inoculum was prepared from preserved fungal cultures maintained in slanted tubes. 

Using a sterile swab, a portion of each pathogenic strain (Fusarium, Phytophthora, and Rhizoctonia) 
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was transferred into sterile distilled water and thoroughly homogenized. The resulting suspension was 

then analyzed using a spectrophotometer. When the absorbance value ranged between 0.8 and 1.0, the 

suspension was considered suitable for inoculation. 

Once the fungal suspensions were ready, they were transferred into sterile spray bottles. A 

volume of 10 mL of each fungal suspension was uniformly sprayed onto the tomato plants in the 

corresponding plots, targeting both the foliage and the fruits. This quantity was chosen to ensure a 

consistent inoculation while avoiding excessive moisture that could alter experimental conditions. 

This spraying method ensured direct contact between the fungal pathogens and their preferred 

infection sites, thereby simulating natural infection conditions under controlled experimental settings. 

I.10.4. Treatment and comparative evaluation 

 

One week after fungal inoculation, two distinct treatments were applied to two of the four 

experimental plots to evaluate the effectiveness of different antifungal agents. 

The first infected plot was treated with a commercial chemical fungicide (Metraz), prepared 

according to the manufacturer’s instructions and applied uniformly to the infected tomato plants. 

The second infected plot received a biological treatment based on a copper nano-solution, 

prepared under precise experimental conditions. The nano-solution was obtained by accurately 

dissolving 0.1 g of nanoparticle powder in one liter of distilled water, followed by vigorous stirring to 

ensure a homogeneous and stable dispersion of the nanoparticles. During preparation, the pH of the 

solution was measured and adjusted to 8.1, which was considered optimal for application on tomato 

plants. 

Both treated plots were maintained under identical environmental conditions (temperature, 

humidity, and watering), and the plants were regularly monitored to compare their physiological and 

pathological responses. 

This experimental setup, which also included a negative control plot (non-infected) and a 

positive control plot (infected but untreated), was designed to assess and compare the efficacy of a 

synthetic fungicide and a copper-based nanotechnological treatment in controlling fungal diseases 

caused by Fusarium, Phytophthora, and Rhizoctonia. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II. Results and discussion 
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II. Results and discussion 

II.1. Biogenic Formation of nanostructures mediated by Streptomyces strain 

 

II.1.1. Revivification de la souche T003 

 

 

GYM medium  

Figure 24. Colony morphology of Streptomyces sp T003 on GYM (Glucose–Yeast extract–Malt 

extract) and CSA (Casein Starch Agar) medium after 10 days of incubation. 

The strain Streptomyces sp T003, cultivated on GYM (Glucose–Yeast extract–Malt extract) 

medium, exhibited abundant growth characteristic of the genus Streptomyces. The substrate mycelium 

appeared dense, well-adhered, and deeply embedded in the agar, showing a brown to dark red 

coloration that indicates the production of phenolic or melanin-like diffusible pigments. The aerial 

mycelium was fine, powdery to chalky in texture, and ranged from whitish to pale grayish-pink 

depending on the stage of maturation. The colony surface was dry and friable, reflecting good 

sporulation. Microscopic observation revealed thin, branched hyphae forming a compact network, 

with long, flexible spore chains arranged in spirals, which are typical morphological traits of 

Streptomyces species. This overall morphological and physiological behavior demonstrates the 

strain’s intense metabolic activity, favored by the rich nutrient composition of GYM medium, which 

provides optimal conditions for the revival and morphological differentiation of actinobacteria.  

On CSA (Casein Starch Agar) medium, the strain Streptomyces T003 exhibited a vigorous and 

well-developed growth, forming dense colonies with a striking pigmentation. The substrate mycelium 

appeared compact, firmly attached to the agar, and showed an intense orange to deep red coloration, 

indicating the production of diffusible pigments associated with secondary metabolism. The aerial 

mycelium was moderately developed, dry and powdery in appearance, with a whitish to pale orange 

tone that contrasted with the strongly pigmented substrate layer. The pigmentation diffused slightly 

into the surrounding agar, producing a reddish halo that suggests the secretion of soluble metabolites 

or antibiotic compounds. Microscopically, the strain displayed thin, branched hyphae with well- 

formed spore chains arranged in irregular spirals, typical of Streptomyces morphology. The growth 

pattern on CSA medium demonstrates the strain’s ability to utilize complex carbon and nitrogen 

sources such as starch and casein, confirming its strong proteolytic and amylolytic potential. Overall, 

the CSA medium supports good differentiation and pigment production, making it suitable for 

studying the metabolic activity and secondary metabolite synthesis of Streptomyces T003. 

II.1.2. Fungal strain isolation 

 

II.1.2.1. Isolation and identification of Fusarium oxysporum 
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The fungal strain isolated from the microbial collection of Dr. Gacem Mohamed Amine 

developed rapid, cottony growth on Potato Dextrose Agar (PDA) medium after 7 days of incubation 

at 30 °C. The colonies initially appeared white and fluffy, later turning pink to violet as pigmentation 

accumulated within the mycelium and diffused slightly into the surrounding agar. The colony margin 

was regular, and the reverse of the plate displayed a pale pink coloration. 

Microscopic observations revealed the typical morphological structures of Fusarium 

oxysporum (Figure 25). The fungus produced both macroconidia and microconidia. The 

macroconidia were hyaline, multicellular, slightly curved (canoe-shaped), and possessed 3–5 septa, 

measuring approximately 20–40 µm in length. The microconidia were single-celled, oval to 

ellipsoidal, and borne on short, simple conidiophores. In addition, chlamydospores were observed, 

appearing as thick-walled, round cells formed singly or in pairs within the hyphae, indicating the 

fungus’s ability to survive under adverse conditions. 

Based on both cultural and microscopic characteristics, the isolate was identified as Fusarium 

oxysporum, a well-known phytopathogenic species associated with vascular wilt diseases in a wide 

range of host plants. 

II.1.2.2. Isolation and Identification of Phytophthora infestans 

 

The fungal isolate obtained from infected potato leaves exhibiting late blight symptoms 

developed rapidly growing, cottony colonies on Potato Dextrose Agar (PDA) medium after 7 days of 

incubation at 30 °C. The colonies appeared creamy white to pale gray, with a fluffy aerial mycelium 

typical of oomycetous fungi. No pigmentation was observed to diffuse into the medium. 

Microscopic examination using the microculture technique revealed the characteristic features 

of Phytophthora infestans (Figure 25). The hyphae were coenocytic, hyaline, and branched, lacking 

cross-walls (non-septate). The isolate produced numerous sporangia that were ovoid to ellipsoid in 

shape, with papillate apices, and occasionally detached by short sporangiophores. Some sporangia 

exhibited internal proliferation, which is a diagnostic trait of Phytophthora infestans. The absence of 

septa and the presence of papillate sporangia confirmed that the isolate belongs to the oomycete group 

rather than true fungi. 

Based on the cultural and microscopic characteristics, the isolate was identified as 

Phytophthora infestans, the causal agent of potato late blight disease. 

 

II.1.2.3. Isolation and identification of Rhizoctonia solani 

 

The isolate obtained from infected tomato tissues developed flat, brownish colonies with a 

velvety to felt-like texture on Potato Dextrose Agar (PDA) medium after 7 days of incubation at 30 

°C. The colony margins were irregular, and the surface exhibited a characteristic compact mycelial 

mat. No aerial mycelium or conidial structures were observed, as Rhizoctonia solani is a sterile 

mycelial fungus. With time, the colonies produced dark brown to black sclerotia, irregular in shape 

and size, which are important survival structures formed by the aggregation of hyphae. 

Microscopic examination (Figure 25) revealed septate hyphae that were brownish and 

branched at right angles (approximately 90°). A slight constriction was observed at the point of 

branching, and a septum was always present near the branch origin, both being diagnostic features of 
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Rhizoctonia solani. The hyphae appeared relatively wide (4–8 µm in diameter), smooth-walled, and 

multinucleate, consistent with typical descriptions of the species. 

Based on these cultural and microscopic characteristics, the isolate was identified as 

Rhizoctonia solani, a soil-borne phytopathogenic fungus known to cause damping-off, root rot, and 

stem canker diseases in various crops. 

 

(A) Fusarium oxysporum (B) Phytophthora infestans (C) Rhizoctonia solani 

Figure 25. Microscopic observation of the three phytopathogenic fungal isolates: 

(A) Fusarium oxysporum showing crescent-shaped macroconidia; (B) Rhizoctonia solani displaying septate hyphae with 

right-angled branching; (C) Phytophthora infestans exhibiting coenocytic hyphae and papillate sporangia. 

Observed under lactophenol cotton blue staining at ×40 magnification. 

II.1.3. Biosynthesized copper nanoparticles (CuNPs) 

II.1.3.1. Visual observation and initial confirmation of biosynthesized copper nanoparticles 

(CuNPs) 

The biosynthesized copper nanoparticles (CuNPs) obtained from the Actinomycetes culture 

appeared as a fine dark brown to black powder after drying (Figure). The distinct color of the 

recovered material provides the first qualitative evidence of successful nanoparticle synthesis. 

Typically, aqueous solutions containing copper ions (Cu²⁺) exhibit a bright blue coloration due to 

hydrated copper ions. Upon exposure to the reducing metabolites secreted by Actinomycetes, this blue 

hue gradually transitioned to a brownish or black coloration, which is indicative of the bioreduction 

of Cu²⁺ to Cu⁰ (metallic copper) and/or the formation of cuprous oxide (Cu₂O) nanoparticles. 

This observable transformation, coupled with the formation of a solid precipitate, strongly 

suggests that the biogenic synthesis process was effective, as the reduction of metal ions to zero-valent 

copper is accompanied by distinct color changes due to surface plasmon resonance (SPR) phenomena. 

Such visible alterations are widely recognized as a hallmark of nanoparticle formation in biologically 

mediated synthesis systems. 

 

Figure 26. Biosynthesized Copper Nanoparticles (CuNPs) Recovered in Petri Dish After Purification 

and Drying 
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II.1.4. Role of actinomycetes-derived biomolecules in CuNP formation 

The formation of CuNPs in this experiment can be attributed to the metabolic activity and 

secondary metabolites produced by Actinomycetes. During the biosynthesis, these metabolites— 

comprising enzymes, proteins, amino acids, phenolic compounds, and polysaccharides—act as both 

reducing and stabilizing (capping) agents. The reducing molecules donate electrons to Cu²⁺ ions, 

facilitating their conversion into elemental copper nanoparticles (Cu⁰), while the capping molecules 

adsorb onto the nanoparticle surface, preventing agglomeration and enhancing colloidal stability. 

The heating step at 60–70 °C likely accelerated the rate of reduction by increasing molecular 

collisions between the copper ions and the active biomolecules. Additionally, adjusting the solution 

pH to around pH 8 provided an optimal environment for the reduction reaction, as mildly alkaline 

conditions favor electron transfer and nanoparticle nucleation. The formation of a stable dark 

powder after centrifugation and drying further supports the conclusion that Actinomycetes-mediated 

metabolites efficiently reduced and stabilized the copper nanoparticles. 

II.1.5. Purification and physical characteristics of the product 

 

After several washing steps with distilled water and ethanol, the collected pellet showed a 

uniform, fine, and cohesive texture, indicating successful removal of unreacted ions and residual 

organic materials. The absence of a greenish or bluish hue in the final product confirmed the 

elimination of unreacted Cu²⁺ species. The powder’s metallic luster and stability at room temperature 

also suggest that the nanoparticles were well-capped by organic molecules, which likely prevented 

oxidation and aggregation. 

Drying the material either at ambient temperature or in a low-temperature oven preserved its 

biogenic integrity, maintaining the natural capping layer of biomolecules that provides stability and 

potential biological compatibility for future applications such as antimicrobial, catalytic, or 

antioxidant studies. 

II.1.5.1. Interpretation of UV–Visible absorbance 

 

The UV–Visible spectra of the biogenic nanostructure dispersions exhibit (i) a broad band in 

the visible region, (ii) an absorption edge/long tail toward the red–NIR, and (iii) a higher-energy band 

in the UV. Together, these features are consistent with a hybrid system containing metallic Cu (Cu⁰), 

cuprous/cupric oxides (Cu₂O/CuO), and an organic capping layer originating from Streptomyces 

metabolites. The precise positions and intensities of these bands depend on the dispersion medium 

(solvent, pH), concentration, and the extent of particle aggregation. 

 Visible band (≈ 540–590 nm): localized surface plasmon resonance (SPR) of Cu⁰. A broad 

maximum near ~560–580 nm indicates the presence of metallic copper domains. Red-shifts 

and band broadening relative to ―ideal‖ small Cu nanocrystals typically arise from: 

 increased particle size or agglomeration, 

 higher refractive index of the solvent/capping shell, 

 surface oxidation (Cu⁰/Cu₂O/CuO core–shell), which damps the plasmon and widens 

FWHM. 

 Green–orange region (≈ 500–650 nm): interband/edge features of Cu₂O and overlap with 

Cu⁰ SPR. Cu₂O (direct gap ~2.0–2.2 eV) produces an absorption edge in the 560–620 nm 
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range. If a shoulder is observed on the long-wavelength side of the SPR peak (~590–620 

nm), it likely reflects Cu₂O domains or a graded Cu⁰→Cu₂O shell. 

II.1.5.2 .X-ray Diffraction (XRD) analysis 

 

The crystalline structure of the Ca@CuO@Cu nanostructures synthesized via the 

Streptomyces-assisted green route was characterized by X-ray diffraction (XRD). The diffraction 

pattern (Figure 27 ) displays a series of intense and well-resolved peaks, confirming the crystalline 

nature of the obtained nanomaterial. 

 

 

Figure 27. XRD pattern of Ca@CuO@Cu nanostructures synthesized via green route using 

Streptomyces extracts, showing characteristic peaks of monoclinic CuO (JCPDS 45-0937), metallic 

Cu (JCPDS 04-0836), and minor reflections of CaO/CaCO₃ phases, confirming the formation of a 

well-crystallized Ca@CuO@Cu hybrid nanostructure. 

The prominent diffraction peaks are observed at 2θ values of approximately 32.5°, 35.5°, 

38.7°, 48.7°, 53.5°, 58.3°, 61.5°, 66.2°, and 68.1°, corresponding to the crystallographic planes (110), 

(–111), (111), (–202), (020), (202), (–113), (022), and (220) of monoclinic CuO (JCPDS card No. 45- 

0937). These reflections confirm the formation of crystalline CuO as the dominant phase in the 

material. 

Additional weak diffraction peaks around 43.3°, 50.4°, and 74.1° correspond to the (111), 

(200), and (220) planes of metallic copper (Cu⁰) according to JCPDS card No. 04-0836, indicating the 

coexistence of a small amount of metallic copper in the sample. 

Moreover, minor peaks detected at 29.4°, 36.0°, and 47.5° are attributed to CaCO₃ and CaO, 

which confirm the successful incorporation of calcium into the CuO matrix, forming the 

Ca@CuO@Cu hybrid nanostructure. 

The presence of both CuO and Cu⁰ phases reveals a partial reduction of Cu²⁺ ions during the 

biosynthetic process, likely due to the reducing biomolecules secreted by Streptomyces (such as 

proteins, phenolic compounds, and enzymes). 

These biogenic agents facilitate the simultaneous formation of CuO nanoparticles and metallic 

Cu clusters, while calcium ions enhance structural stability and alter the lattice parameters through 

doping or surface decoration. 

The sharp and intense diffraction peaks indicate high crystallinity, while the slight broadening 

of peaks suggests nano-sized domains and lattice strain introduced by calcium incorporation. These 

 

findings confirm the successful green synthesis of the Ca@CuO@Cu nanostructures, where 
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Streptomyces-derived biomolecules act as natural reducing and stabilizing agents. 

II.1.5.3. Analyse par spectroscopie infrarouge à transformée de Fourier (FTIR) 

 

Fourier Transform Infrared (FTIR) spectroscopy was employed to identify the main functional 

groups present on the surface of the Ca@CuO@Cu nanostructures synthesized by a green route using 

Streptomyces extracts. 

 

 

Figure 28. FTIR spectrum of Ca@CuO@Cu nanostructures synthesized via green route using 

Streptomyces extracts, showing characteristic absorption bands associated with O–H, C–H, C=O, C– 

O, and Cu–O vibrations, confirming the formation of Ca-doped CuO and the presence of biomolecular 

capping agents. 

The recorded FTIR spectrum (Figure 28) exhibits several absorption bands, which correspond to 

different vibrational modes associated with metal–oxygen bonds and biomolecular residues 

originating from the microbial extract. 

A broad and intense band observed around 3450 cm⁻¹ is attributed to the O–H stretching 

vibrations of hydroxyl groups and adsorbed water molecules on the nanoparticle surface. This 
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indicates hydrophilic behavior and the involvement of polar biomolecules in nanoparticle 

stabilization. 

The peaks located at 2920–2850 cm⁻¹ correspond to C–H stretching vibrations (asymmetric 

and symmetric), which are characteristic of aliphatic chains and proteins present in the Streptomyces 

extract. These biomolecules act as both reducing and capping agents during nanoparticle formation. 

The absorption band appearing around 1630 cm⁻¹ is ascribed to the H–O–H bending vibration 

of bound water and/or the amide I (C=O) stretching vibration of proteins adsorbed on the nanoparticle 

surface, confirming the presence of organic molecules attached to the CuO surface. 

A weaker band observed near 1380 cm⁻¹ corresponds to C–N or C–O stretching vibrations, 

which may arise from amino acids, polysaccharides, or other organic residues that interact with the 

metal surface through functional groups. 

In the low-frequency region, a strong absorption band between 520 and 620 cm⁻¹ is attributed 

to Cu–O stretching vibrations, which are characteristic of monoclinic CuO. This confirms the 

successful formation of crystalline copper oxide. 

A slight shift or broadening of this band suggests the incorporation of Ca²⁺ ions into the CuO 

lattice, indicating the successful synthesis of the Ca@CuO@Cu composite nanostructure. The absence 

of intense organic impurity bands implies that the green synthesis route using Streptomyces extract is 

clean and efficient. 

Overall, the FTIR results clearly demonstrate that biomolecules secreted by Streptomyces such 

as proteins, polysaccharides, and amino acids—play a dual role in the biosynthesis process: 

 Acting as reducing agents, converting Cu²⁺ and Ca²⁺ ions into their respective oxide 

nanostructures, and 

 Acting as stabilizing (capping) agents, ensuring colloidal stability and preventing nanoparticle 

agglomeration. 

Hence, the FTIR analysis confirms not only the successful formation of CuO doped with 

calcium but also the key role of the Streptomyces-based green synthesis route in producing bio- 

functionalized hybrid nanostructures with potential catalytic and antimicrobial properties. 

II.1.5.4. Scanning Electron Microscopy (SEM) Analysis 

 

The surface morphology and structural features of the Ca@CuO@Cu nanostructures 

synthesized via the green route using Streptomyces extracts were investigated by Scanning Electron 

Microscopy (SEM). 

The representative micrograph (Figure 29) reveals that the synthesized materials are 

composed of irregularly shaped nanostructures with a relatively uniform distribution. The particles 

appear as agglomerated grains with an average size of approximately 260–270 nm, as indicated by the 

measurement marker on the image. 
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Figure 29. SEM micrograph of Ca@CuO@Cu nanostructures synthesized via green route using 

Streptomyces extracts, showing irregularly shaped nanoparticles with an average size of 

approximately 267 nm. 

The formation of aggregated clusters can be attributed to the strong electrostatic interactions 

between the nanoparticles and the presence of bio-organic molecules derived from Streptomyces, 

which act as natural capping and stabilizing agents. These biomolecules may induce partial 

agglomeration due to surface hydrogen bonding and van der Waals interactions. 

The observed morphology is typical of CuO-based nanostructures, where calcium 

incorporation slightly modifies the particle shape and increases the surface roughness, leading to 

improved surface activity and potential catalytic or antimicrobial behavior. 

Furthermore, the relatively homogeneous particle size distribution indicates that the green 

synthesis method using microbial extracts ensures good control over nucleation and growth, resulting 

in stable and reproducible nanostructures. The average particle size obtained from SEM (~267 nm) is 

consistent with the nanoscale range expected for CuO-based hybrid materials. 

Discussion: 

 

The visual transformation observed during the biosynthesis of copper nanoparticles (CuNPs) 

from Streptomyces cultures serves as the primary indicator of successful nanoparticle formation. 

Initially, aqueous copper ion (Cu²⁺) solutions exhibit a distinct blue color due to the presence of 

hydrated copper complexes. Upon exposure to the reducing metabolites secreted by Streptomyces, the 

color gradually shifts from blue to dark brown or black, indicating the reduction of Cu²⁺ to metallic 

copper (Cu⁰) and/or the formation of copper oxide (Cu₂O or CuO) nanoparticles (Yadav et al., 2019; 

Salem et al., 2018). The emergence of a solid dark precipitate further supports the occurrence of 

bioreduction. 

Such color change is well-documented in biologically mediated nanoparticle synthesis and is 

primarily attributed to the surface plasmon resonance (SPR) effect characteristic of nanoscale copper 

(Ali et al., 2023; Talebian et al., 2023). The distinctive optical shift thus represents an easily 

observable hallmark of successful CuNP synthesis using microbial metabolites. 

The biosynthetic mechanism underlying the formation of CuNPs is governed by the metabolic 

activity of Streptomyces species, which produce a wide array of bioactive molecules including 

enzymes, proteins, amino acids, phenolics, and polysaccharides (Bawaskar et al., 2015; Phumying 

et al., 2023). These biomolecules perform dual functions: acting as reducing agents that donate 
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electrons to Cu²⁺ ions, and as stabilizing or capping agents that adsorb onto the nanoparticle surface 

to prevent agglomeration (Shobha et al., 2020). 

Experimental parameters such as mild heating (60–70 °C) and alkaline pH (~8) enhance the 

reduction kinetics and promote uniform nucleation (Vazquez-Muñoz et al., 2020). Under these 

optimized conditions, Streptomyces-mediated metabolites efficiently reduce copper ions and stabilize 

the resulting nanoparticles. The resulting Ca@CuO@Cu hybrid system benefits further from the 

introduction of calcium, which modifies surface charge, enhances crystallinity, and improves catalytic 

potential (Kumar et al., 2022; Tiwari et al., 2023). 

The purified nanostructure obtained after successive washings with distilled water and ethanol 

displayed a uniform and cohesive texture with a dark metallic luster. The absence of any residual 

bluish-green coloration confirms the removal of unreacted Cu²⁺ species (Mahapatra et al., 2021). 

The organic capping layer derived from microbial biomolecules provides an effective shield against 

oxidation, enhancing both the stability and biocompatibility of the nanoparticles (Hassan et al., 2021). 

Drying at ambient or low temperature preserved the biomolecular coating, which is critical for 

maintaining surface functionality in downstream applications such as antimicrobial, antioxidant, or 

catalytic studies (Talebian et al., 2023; Yadav et al., 2019). The structural stability and surface 

smoothness observed indicate that the green synthesis method achieved a clean and efficient 

conversion of ionic copper into stable nanoscale materials. 

The FTIR spectra of the biosynthesized Ca@CuO@Cu nanostructures exhibited prominent 

absorption bands characteristic of metal–oxygen and organic functional group vibrations. The broad 

peak near 3450 cm⁻¹ corresponded to O–H stretching, indicative of surface hydroxyl groups and 

adsorbed water molecules, reflecting the hydrophilic nature of the capped nanoparticles (Ali et al., 

2023). Peaks in the 2920–2850 cm⁻¹ range were attributed to C–H stretching vibrations of aliphatic 

groups, likely originating from Streptomyces-derived proteins and polysaccharides (Kumar et al., 

2022). 

A pronounced band near 1630 cm⁻¹ corresponded to amide I (C=O) and H–O–H bending, 

confirming the presence of protein residues adsorbed on the nanoparticle surface (Phumying et al., 

2023). Additional signals around 1380–1400 cm⁻¹ and 1050–1100 cm⁻¹ indicated C–N, C–O, and C– 

O–C vibrations typical of amino acids and carbohydrates. Most importantly, strong bands between 

520 and 620 cm⁻¹ confirmed Cu–O stretching, characteristic of monoclinic CuO (JCPDS 45-0937), 

while a shift in these bands suggested lattice modification through Ca²⁺ incorporation (Tiwari et al., 

2023). 

The FTIR analysis therefore demonstrates the dual role of Streptomyces-derived biomolecules 

as reducing and stabilizing agents, as well as the successful formation of Ca-doped CuO nanoparticles. 

SEM micrographs of the Ca@CuO@Cu nanostructures revealed agglomerated yet uniformly 

distributed nanoparticles with an average grain size of approximately 260–270 nm (Mahapatra et 

al., 2021). The surface morphology showed irregular shapes and moderate roughness, likely resulting 

from the presence of adsorbed biomolecules (Ali et al., 2023; Hassan et al., 2021). Such 

agglomeration is common in biogenic nanoparticles due to hydrogen bonding and van der Waals 

interactions among capped particles (Vazquez-Muñoz et al., 2020). 
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Calcium incorporation influenced the morphological features by introducing lattice strain and 

altering surface roughness, which can enhance the surface activity and catalytic potential (Kumar et 

al., 2022). The consistent particle distribution further confirms that the microbial green synthesis route 

provides reliable control over nucleation and growth dynamics (Talebian et al., 2023). 

XRD analysis confirmed the crystalline and multiphasic nature of the biosynthesized material. 

The characteristic diffraction peaks at 2θ values of 32.5°, 35.5°, 38.7°, 48.7°, 53.5°, 58.3°, 61.5°, 

66.2°, and 68.1° corresponded to the (110), (–111), (111), (–202), (020), (202), (–113), (022), and 

(220) planes of monoclinic CuO (JCPDS 45-0937) (Tiwari et al., 2023; Shobha et al., 2020). Weak 

reflections at 43.3°, 50.4°, and 74.1° were attributed to metallic Cu (JCPDS 04-0836), confirming 

partial reduction of Cu²⁺ to Cu⁰. Minor peaks corresponding to CaO and CaCO₃ phases validated the 

successful doping of calcium within the copper oxide matrix (Kumar et al., 2022). 

The coexistence of CuO and Cu⁰ phases indicates a biogenic reduction process facilitated by 

Streptomyces-derived metabolites. The sharpness of the peaks demonstrates high crystallinity, while 

slight peak broadening suggests nanoscale grain domains and lattice strain caused by calcium 

incorporation. This confirms the formation of a well-crystallized Ca@CuO@Cu hybrid nanostructure. 

Conclusion: 

 

The biosynthesis of Ca@CuO@Cu nanostructures using Streptomyces extracts represents a 

sustainable and eco-friendly approach to nanoparticle production. Visual observation, FTIR 

spectroscopy, SEM imaging, and XRD characterization collectively confirm the successful formation 

of hybrid copper-based nanostructures. The Streptomyces-derived biomolecules act as both reducing 

and stabilizing agents, ensuring high crystallinity, morphological uniformity, and long-term stability. 

The coexistence of CuO and Cu⁰ phases, along with Ca²⁺ incorporation, enhances the 

physicochemical properties of the nanoparticles, making them promising candidates for antimicrobial, 

catalytic, and environmental remediation applications. This work supports the broader view that 

microbial-mediated synthesis can yield biocompatible and functionally rich nanomaterials suitable for 

advanced biotechnological uses. 
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II. Results and discussion. 

II.2. Biological and agronomic activities of biogenic copper nanoparticles: antifungal, 

antioxidant, insecticidal, and growth-promoting effects 

II.2.1. Antifungal effect of CuNPs in PDA medium 

The evaluation of the antifungal activity of copper nanoparticles (CuNPs) showed a clear 

relationship between the applied concentration and the diameter of the inhibition zone in the three 

tested fungi (Fusarium oxysporum, Rhizoctonia solani, and Phytophthora infestans). In general, the 

progressive increase in CuNP concentration induced an increase in inhibition diameter, reflecting a 

dose-dependent response. However, the magnitude of this effect varied significantly from one 

pathogen to another, suggesting intrinsic differences in sensitivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Effect of CuNPs concentration on phytopathogenic fungi. 

In Fusarium oxysporum, inhibition diameters range from approximately 2.5 cm at low 

concentration (0.1 mg/ml) to nearly 3.6 cm at the maximum concentration (2 mg/ml). The progression 

is gradual and consistent, with relatively small standard deviations, indicating satisfactory 

experimental reproducibility. These results reflect an intermediate sensitivity of the fungus to CuNPs: 

the antifungal activity is notable but remains moderate compared to that observed for Phytophthora 

infestans. 

In contrast, Rhizoctonia solani is characterized by a low variation in inhibition diameters, 

fluctuating around 3 cm regardless of the applied concentration. The absence of a clear response to 

increasing doses reflects a relative resistance of this fungus to copper nanoparticles. This profile 

suggests that the effectiveness of CuNPs against this pathogen is limited, and that achieving 

significant control would likely require either higher concentrations or a combined approach with 

other antifungal agents. 

In contrast, Phytophthora infestans appears to be the most sensitive fungus to CuNPs. The 

inhibition diameter increases from approximately 2.8 cm at 0.1 mg/ml to nearly 5 cm at 2 mg/ml, 

indicating a pronounced and strongly dose-dependent antifungal effect. The small error bars confirm 

the robustness of these observations. This striking response highlights the high vulnerability of P. 

infestans to copper nanoparticles, making it a prime target for a biocontrol strategy based on this type 

of nanomaterial. 
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In overall comparison, the observed sensitivity gradient can be summarized as follows: 

Phytophthora infestans > Fusarium oxysporum > Rhizoctonia solani. This hierarchy highlights the 

need to tailor the use of CuNPs according to the targeted pathogen. From an agronomic perspective, 

the pronounced effectiveness against P. infestans could represent a sustainable alternative to 

conventional fungicides.DPPH radical scavenging assay 

The antioxidant activity of copper nanoparticles (CuNPs) was evaluated using the DPPH free 

radical scavenging assay (Figure), a widely employed method to measure the ability of substances to 

neutralize stable radical species. The results revealed a characteristic trend, where the antioxidant 

efficiency gradually decreased with increasing CuNPs concentration 
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Figure 32. Antioxidant activity of copper nanoparticles (CuNPs) assessed by DPPH assay. 

At the lowest concentration (0.1 mg/ml), CuNPs exhibited an antioxidant activity close to 

100%. This high level of free radical neutralization reflects a strong reducing power and highlights 

the efficiency of CuNPs as electron or hydrogen donors capable of stabilizing the DPPH radical. This 

remarkable performance at low concentration can be attributed to the large specific surface area of the 

nanoparticles, which promotes optimal interaction with free radicals. In addition, colloidal dispersion 

is generally more stable at lower concentrations, limiting aggregation phenomena and ensuring 

maximum availability of active sites. 

A decreasing trend was observed with increasing concentration: approximately 90–95% at 

0.25 mg/ml, 80–85% between 0.5 and 1 mg/ml, and then 70% and 60% at 1.5 and 2 mg/ml, 

respectively. This decline in antioxidant efficiency, counterintuitive in light of the dose increase, can 

be explained by nanoparticle agglomeration: at higher concentrations, CuNPs tend to aggregate, 

thereby reducing their available surface area for interaction with the DPPH radical. Moreover, a 

transition towards pro-oxidant activity may occur: at high concentrations, CuNPs can catalyze the 

generation of reactive oxygen species (ROS) through redox reactions involving released Cu²⁺ ions. 

These ROS may interfere with the assay and reduce the apparent antioxidant efficiency. 

The relatively narrow error bars indicate good experimental precision and confirm that the 

observed variations are due to the intrinsic properties of CuNPs rather than random variability. This 

reproducibility strengthens the credibility of the proposed interpretation. 

The antioxidant mechanism of CuNPs is primarily based on: 

 

 the release of Cu²⁺ ions capable of participating in redox reactions with free radicals, 

 the direct electron transfer between the metallic surface of nanoparticles and DPPH radicals, 

 the stabilization of free radicals by adsorption onto the CuNP surface. 

However, this same mechanism may be a double-edged sword: excessively high 

concentrations increase uncontrolled redox reactions and favor ROS production, which explains the 

reduced efficiency observed at higher concentrations. These findings show that CuNPs possess 

remarkable antioxidant potential at low doses, opening perspectives in the biomedical field 

(antioxidant formulations, cellular protection against oxidative stress) and in the agri-food industry 

(natural preservative agents). Nevertheless, the decline in activity at higher concentrations highlights 

the importance of identifying an optimal range of application. 
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In agronomy, this duality is particularly relevant: at low doses, CuNPs could mitigate oxidative 

damage induced by plant pathogens, while at higher doses, their pro-oxidant effect could be exploited 

to exert lethal pressure on undesirable microorganisms. 

II.2.2. Insecticidal activity 

 

The table presents the mortality of insects exposed to various concentrations of copper 

nanoparticles (CuNPs) over a 72-hour period. Each treatment group contained 10 insects, and the 

control group (untreated) showed 0% mortality. 

Table 07. Morttality of insects exposed to various concentrations of copper nanoparticles (CuNPs). 

 

CuNP (mg/mL) Mortality at 72 h 

(out of 10 insects) 

Approx. 

Mortality (%) 

Interpretation 

0.1 2.3 23% Slight effect — low toxicity, possibly 

due to mild physiological stress. 

0.25 4.0 40% Beginning of a significant toxic effect 

— threshold concentration for 

noticeable insecticidal activity. 

0.5 4.0 40% Moderate toxicity, similar to 0.25 

mg/mL; no further increase. 

0.75 6.3 63% Strong toxic effect — clear insecticidal 

activity. 

1.0 10 100% Complete mortality after ~51 hours — 

lethal concentration (LC₁₀₀). 

1.5 – 2.0 10 100% Immediate and total mortality (within 

3–6 hours) — highly toxic. 

The results show that insect mortality increased progressively with both the concentration of 

CuNPs and the exposure time, indicating a dose- and time-dependent toxic effect. 

 

 

Since the control mortality was 0%, the corrected mortality is equal to the observed mortality: 

 

Corrected mortality (%) = [(Treatment mortality − Control mortality) / (100 − Control mortality)] × 

100 = Treatment mortality 

Thus, the reported mortalities directly reflect the true effectiveness of CuNPs without 

adjustment. 

Low concentrations (0.1–0.5 mg/mL): Minor insect mortality, suggesting sublethal effects 

such as oxidative or metabolic disturbance without severe cellular damage. Moderate concentration 

(0.75 mg/mL): Around 60% mortality, showing a significant insecticidal effect, likely caused by 

increased reactive oxygen species (ROS) generation, enzyme inhibition, and cuticle disruption. High 



Experimental part . II. Results and discussion. 

66 Moulai R, Mokhtari H, Gacem M.A Biogenic synthesis of nanocopper particles and their 

applications 

 

 

 

concentrations (≥1 mg/mL): Total mortality within a short period, confirming acute toxicity of CuNPs 

at these levels. 

The insecticidal activity of CuNPs was dose-dependent and rapid, with complete lethality 

observed at concentrations of 1 mg/mL or higher. Their mode of action is likely associated with 

oxidative stress, membrane damage, and interaction with vital enzymatic proteins. The estimated 

lethal concentration 50 (LC₅₀) — the concentration causing 50% mortality after 72 hours — appears 

to be approximately 0.6–0.8 mg/mL. 

II.2.3. Effect of copper nanoparticles on tomato seed germination and pigment content 

 

The graph illustrates the effect of different concentrations of copper nanoparticles (CuO-NPs), 

biosynthesized using Streptomyces extract, on the chlorophyll a, chlorophyll b, and total chlorophyll 

content in seedlings. The results show a significant variation in the biosynthesis of photosynthetic 

pigments depending on the applied concentration of CuO-NPs . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Effect of CuO-NPs on chlorophyll content in seedlings. 

The negative control (untreated seedlings) exhibited the lowest values of chlorophyll a, b, and 

total chlorophyll. This suggests that under normal growth conditions, chlorophyll production is 

limited, whereas the exogenous supply of CuO-NPs exerts a stimulating effect. 

At the lowest concentrations (0.1–0.25 mg/mL), a marked increase in total chlorophyll content 

was recorded, reaching the highest values observed in the experiment (over 70 µg/mL). This 

stimulation could be attributed to the role of copper as an enzymatic cofactor in the photosynthetic 

chain (for instance, in plastocyanin and other copper-dependent proteins). Biogenic nanoparticles, 

capped with biomolecules derived from Streptomyces (enzymes, polyphenols, peptides), enhance 

their bioavailability and promote interactions with plant tissues. 

At intermediate concentrations (0.5–1 mg/mL), total chlorophyll content remained relatively 

high (~60 µg/mL), though slightly reduced compared to lower doses. This indicates that while CuO- 

NPs continue to play a positive role, the increase in dosage begins to limit the stimulatory effect, likely 

due to nanoparticle aggregation phenomena or moderate oxidative stress induced by released Cu²⁺ 

ions. 
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At the highest concentrations (1.5–2 mg/mL), a sharp decline in chlorophyll a and b was 

observed, accompanied by a significant decrease in total chlorophyll (~40 µg/mL). This trend reflects 
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a toxic effect of CuO-NPs at elevated doses, where excessive Cu²⁺ release and the generation of 

reactive oxygen species (ROS) damage photosynthetic pigments and disrupt cellular metabolism. 

Overall, these findings reveal a biphasic effect of biogenic CuO-NPs: 

 

 Stimulatory at low doses: significant enhancement of chlorophyll biosynthesis, promoting 

photosynthesis and seedling growth. 

 Inhibitory at high doses: reduction in pigment content due to oxidative stress and cellular 

damage induced by copper excess. 

The biogenic synthesis via Streptomyces may partly explain the observed efficiency, as the 

secondary metabolites produced by these bacteria (enzymes, polyphenols, peptides) act as capping 

agents, stabilizing the nanoparticles and modulating their interaction with plant cells. Biogenic CuO- 

NPs therefore hold strong agronomic potential as bio-stimulants when applied at low concentrations, 

but become phytotoxic at high concentrations. Identifying the optimal dose is thus essential for their 

safe and effective application. 

II.2.4. Effect of copper nanoparticles (CuNPs) on the growth parameters of tomato seedlings 

after 18 days of cultivation 

The figure illustrates the influence of different concentrations of copper nanoparticles (CuNPs) 

on several morphological and physiological growth parameters of tomato (Solanum lycopersicum L.) 

seedlings after 18 days of growth under controlled conditions. The evaluated parameters include 

average root and stem length, fresh and dry weight, and number of leaves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35 . Effect of different concentrations of copper nanoparticles (CuNPs) on seedling growth 

parameters of tomato (Solanum lycopersicum L.) after 18 days of cultivation. 

The results reveal a clear dose-dependent trend, indicating that CuNPs exert both stimulatory 

and inhibitory effects depending on their concentration. Moderate concentrations, particularly 

between 0.5 and 0.75 mg/mL, significantly enhanced growth compared to the control, whereas higher 

concentrations (≥1 mg/mL) produced an adverse effect on seedling development. 

 Root and stem growth 

The maximum root elongation (11.62 cm) and stem length (4.30 cm) were recorded at 0.75 

mg/mL, suggesting that this concentration optimally stimulates cell elongation and nutrient 

absorption. Lower concentrations (0.25–0.5 mg/mL) also promoted root and stem development 

relative to the control (7.93 cm and 3.77 cm, respectively). In contrast, plants treated with 1–2 mg/mL 
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CuNPs exhibited a significant decline in both parameters, likely due to oxidative stress or metabolic 

inhibition induced by excess copper ions. 

 Biomass accumulation 

The fresh and dry weights followed a similar pattern, with a marked increase up to 0.5–0.75 

mg/mL, indicating improved water balance, enzymatic activity, and carbon assimilation. However, 

excessive nanoparticle concentrations led to reduced biomass, reflecting possible phytotoxic effects 

and disruption of photosynthetic and metabolic processes. 

 Leaf development 

The number of leaves increased significantly at 0.5–0.75 mg/mL, confirming the positive role 

of CuNPs in promoting vegetative growth. This enhancement could be attributed to improved 

chlorophyll biosynthesis and enhanced physiological activity. Nonetheless, at higher concentrations, 

leaf production declined, further evidencing Cu-induced stress. 

 Physiological interpretation 

Copper is a vital micronutrient participating in electron transport, photosynthetic reactions, 

and antioxidant defense. At low and moderate concentrations, CuNPs likely enhance copper 

bioavailability and stimulate enzymatic functions, leading to improved growth performance. 

However, excessive accumulation of CuNPs can generate reactive oxygen species (ROS), resulting in 

oxidative damage, cell membrane disruption, and growth inhibition. 

Overall, the study demonstrates that copper nanoparticles have a biphasic effect on tomato 

seedling development. Low to moderate doses (0.5–0.75 mg/mL) significantly enhance 

morphological and physiological growth parameters, whereas higher concentrations (≥1 mg/mL) 

exhibit toxic effects. These findings highlight the potential of CuNPs as growth-promoting 

nanonutrients when applied at appropriate concentrations, while also emphasizing the need for careful 

dose optimization to avoid phytotoxicity. 

Discussion 

The present study demonstrates that copper nanoparticles (CuNPs) exert a significant 

antifungal effect in PDA medium, with a clear dose-dependent inhibition of growth in Phytophthora 

infestans, Fusarium oxysporum, and Rhizoctonia solani. The observed gradient of sensitivity — P. 

infestans > F. oxysporum > R. solani — highlights species-specific differences in susceptibility to 

CuNPs, suggesting that intrinsic cellular or biochemical factors modulate nanoparticle–pathogen 

interactions. 

The strong inhibitory response of P. infestans aligns with previous studies reporting that 

oomycetes are highly vulnerable to metal-based nanoparticles due to their relatively thin cell walls 

and high membrane permeability (Jo et al., 2014; Abdelghany et al., 2018). This sensitivity indicates 

that CuNPs could be developed as an alternative or complementary control strategy against late blight, 

a major threat to potato and tomato production worldwide (Kamoun et al., 2015). 

In F. oxysporum, the intermediate antifungal effect is consistent with earlier findings where 

CuNPs reduced mycelial growth and spore germination, but complete inhibition required higher doses 

or longer exposure times (Al Abboud, 2018; Lamsal et al., 2011). The gradual increase in inhibition 

diameter observed in this study reflects a moderate but reproducible antifungal effect, suggesting 
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potential application in integrated management strategies, particularly in combination with biological 

control agents or organic amendments (Chowdappa et al., 2014). 

By contrast, R. solani exhibited relative resistance to CuNPs, with inhibition diameters 

remaining almost constant across concentrations. Similar tolerance patterns have been reported for 

this pathogen against various nanoparticle formulations (Salem et al., 2016; Wani and Shah, 2012). 

This could be attributed to its thicker, melanized cell walls and efficient stress-response mechanisms, 

which reduce nanoparticle penetration and toxicity (Ghosh et al., 2013). The limited activity observed 

here suggests that CuNPs alone are insufficient to control R. solani, and combined formulations with 

other antifungal agents may be required. 

Mechanistically, CuNPs are thought to act through multiple pathways, including the release of 

Cu²⁺ ions, generation of reactive oxygen species (ROS), disruption of cell membrane integrity, and 

interference with enzymatic activity and DNA replication (Rizzello and Pompa, 2014; Dizaj et al., 

2015). The differential sensitivity of the fungi tested here may therefore be linked to variations in 

antioxidant defense systems, cell wall architecture, and metabolic plasticity. 

From an agronomic perspective, the pronounced effect against P. infestans suggests that 

CuNPs could serve as a sustainable alternative to conventional fungicides, particularly given the 

growing problem of resistance to chemical fungicides (Haverkort et al., 2016). However, their 

limited effect on R. solani underscores the importance of pathogen-specific optimization and the need 

for further work on nanoparticle formulations, application methods, and synergy with other control 

measures. Moreover, ecological and toxicological assessments are essential to ensure safe and 

environmentally responsible deployment (Kah and Hofmann, 2014). 

Overall, our results support the growing body of evidence that CuNPs hold promise as broad- 

spectrum antifungal agents, while also highlighting the critical need to tailor their application to the 

target pathogen. 

For the antioxidant, the results obtained in this study highlight the strong antioxidant activity 

of copper nanoparticles (CuNPs) synthesized using actinomycete extract, as measured by the DPPH 

assay. The activity was maximal at low concentration (≈100% at 0.1 mg/ml) and gradually decreased 

as the dose increased, indicating a biphasic behavior: antioxidant at low concentrations and potentially 

pro-oxidant at higher concentrations. 

Actinomycetes are known to produce a wide diversity of bioactive secondary metabolites 

(antibiotics, phenolics, enzymes), capable of reducing metal ions and stabilizing nanoparticles. In the 

case of CuNPs, these biomolecules play a dual role: 

 as reducing agents, by facilitating the formation of CuNPs, 

 as capping agents, by protecting the particles from aggregation and directly contributing to the 

antioxidant potential (Shobha et al., 2014; Singh et al., 2018). 

Thus, the high activity observed at low concentration may be attributed not only to the CuNPs 

themselves, but also to the actinomycete-derived molecules bound to their surface. 

These results are consistent with previous reports on CuNPs synthesized by marine and 

terrestrial actinomycetes, which demonstrated strong antioxidant and antimicrobial activity 

(Gurunathan et al., 2014; Anjugam et al., 2018). These studies emphasized that the presence of 

peptides, polysaccharides, or polyphenols associated with actinomycete cell walls enhances the 
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stability and antioxidant reactivity of CuNPs. Similarly, CuNPs produced by Streptomyces sp. 

displayed comparable antioxidant activity but showed a positive dose-dependent response, with 

activity increasing as concentration increased (Amin et al., 2020). The discrepancy with our results 

may be explained by variations in the composition of the extract (metabolites produced by the 

actinomycete strain) or by differences in nanoparticle size/charge influencing aggregation. 

CuNPs derived from plant extracts (e.g., Ocimum sanctum, Cissus vitiginea) generally exhibit 

increasing antioxidant activity with higher doses (Dhandapani et al., 2020; Kothai and 

Umamaheswari, 2018). This contrasts with the decreasing trend observed in our results and suggests 

that actinomycete-derived CuNPs display a distinct profile, likely linked to specific aggregation 

dynamics or dose-dependent interactions with DPPH radicals. 

Two main phenomena may explain the decrease in activity at higher concentrations: 

 Aggregation of CuNPs: in concentrated systems, particle–particle interactions reduce the 

specific surface area available for radical neutralization. 

 Transition to pro-oxidant activity: CuNPs may catalyze ROS generation through 

Fenton/Haber–Weiss type reactions, a well-documented phenomenon for metallic 

nanoparticles (Rizzello and Pompa, 2014). 

The biosynthesis of CuNPs from actinomycetes represents an ecological and efficient 

approach to produce nanomaterials with antioxidant properties. Their strong activity at low 

concentrations makes them promising candidates for applications in: 

 pharmacy (antioxidant agents, in combination with antibiotics), 

 the food industry (preservation of products sensitive to oxidation), 

 agronomy (protection against oxidative stress induced by pathogens). 

However, the decreasing effect observed at higher concentrations underlines the need for 

further investigations into colloidal stability, Cu²⁺ ion release kinetics, and potential toxicity before 

considering large-scale applications.‖ 

Our findings demonstrate a clear dose- and time-dependent insecticidal effect of copper 

nanoparticles (CuNPs): mortality remained low at 0.1–0.5 mg mL⁻¹, increased sharply at 0.75 mg 

mL⁻¹, and reached 100% from ≥1.0 mg mL⁻¹ within 3–51 hours. This pattern is consistent with reports 

showing similar concentration-dependent toxicity of CuNPs against various insect pests and vectors 

(Kumar et al., 2024; Khorram et al., 2022). 

The mode of action of CuNPs is mainly attributed to redox cycling between Cu⁰/Cu⁺/Cu²⁺ 

states, which leads to the generation of reactive oxygen species (ROS) such as hydroxyl radicals, 

superoxide anions, and hydrogen peroxide. These ROS disrupt cellular components through lipid 

peroxidation, protein oxidation, and DNA damage, ultimately causing cell death ( Ramos-Zúñiga et 

al., 2023; Khan et al., 2023). This mechanism explains both the rapid mortality at ≥1 mg mL⁻¹ and 

the progressive toxicity at intermediate concentrations. 

Similar results have been reported in studies using green-synthesized CuNPs against stored- 

product pests, which revealed LC₅₀ values in the mid-hundreds of ppm and complete lethality at higher 

concentrations (Al-Samarrai et al., 2022). Molecular-level studies have confirmed significant 

changes in antioxidant enzyme activities (SOD, CAT, GPX) and acetylcholinesterase inhibition, 

supporting ROS-mediated neurotoxicity as a key mechanism (Khan et al., 2023). 
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Cu-based nanoparticles are also gaining attention as sustainable nanoinsecticides that can be 

synthesized via eco-friendly biological routes (Chaibi et al., 2021; Jaganathan et al., 2021). Green 

synthesis often enhances particle stability and bioavailability due to the presence of capping 

biomolecules, which may explain the consistent and rapid insecticidal response observed in our 

experiment. 

At the same time, several studies have highlighted the need to assess selectivity and non-target 

safety, as excessive concentrations may affect beneficial insects or soil microorganisms (Benelli et 

al., 2021). Under optimized conditions, however, CuNPs can provide high mortality in target species 

while maintaining low ecological impact (shukla et al., 2024). 

Beyond pest control, CuNPs also show promise in plant protection, acting as antifungal and 

antibacterial agents while simultaneously serving as a micronutrient source for crops such as tomato. 

Their dual role aligns with current goals in nano-enabled agriculture—enhancing productivity while 

reducing chemical pesticide use (shandila et al., 2025). 

For effective field application, formulation aspects such as particle coating, carrier materials, 

and release mechanisms are critical to ensure prolonged activity, minimize drift, and reduce toxicity 

risks (Khorram et al., 2022; shandila et al., 2025). Moreover, regulatory frameworks encourage 

standardized efficacy testing using Abbott’s formula for mortality correction, probit analysis, and 

semi-field validation to establish reliable LC₅₀ and LT₅₀ parameters (Benelli et al., 2021). 

Our study confirms that CuNPs possess strong insecticidal potential at relatively low 

concentrations, acting primarily through oxidative stress and cellular disruption. Controlled 

application of CuNPs, particularly those produced through green synthesis, offers a promising and 

environmentally sustainable alternative for integrated pest management (IPM) programs. 

The results of copper nanoparticles on tomato seed germination and pigment content indicate 

a biphasic behavior of biogenic CuNPs (or CuO-NPs) with respect to chlorophyll pigment content. At 

low concentrations, there is a clear increase in chlorophyll a, b, and total chlorophyll, whereas at 

higher concentrations, a decrease is observed. This hormetic profile is consistent with several previous 

studies. 

For example, Pandey et al. (2022) compared the effects of CuNPs and ionic copper on paddy- 

field cyanobacteria and observed that at low doses, pigments (chlorophyll a, phycobiliproteins) and 

photosynthetic efficiency were stimulated, while at high doses, these parameters declined due to 

oxidative stress. This opposite dose-dependent response reinforces the idea that nanoparticles act both 

as a nutrient/cofactor at low concentration and as a toxic agent beyond a threshold. 

Another study on wheat grown under cadmium contamination showed that the application of 

CuO-NPs can alleviate stress and maintain or even increase chlorophyll at moderate doses, but that 

higher concentrations exacerbate oxidative stress (Alhaithloul et al., 2023). 

Furthermore, a review on green synthesis of copper nanoparticles emphasized that particle 

size, colloidal stability, and biomolecular capping are key factors determining the tipping point 

between benefit and toxicity (Pourmadadi et al., 2024). 

At low doses, CuNPs can supply copper as an essential trace element, participate in electron 

transfer reactions during photosynthesis (via copper-dependent proteins), and stimulate endogenous 
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antioxidants. At high doses, partial dissolution into Cu²⁺ ions, coupled with the generation of reactive 

oxygen species (ROS) through redox reactions (Fenton/Haber–Weiss type), overwhelms the plant’s 

defense capacity and causes oxidative stress, leading to pigment alteration or degradation. 

In biogenic CuNPs, the organic bio-layer (bio-corona) can mitigate the toxic effect of 

nanoparticles by reducing rapid ion dissolution and providing a protective barrier. It may also directly 

contribute to antioxidant activity (through surface-bound biomolecules), which could enhance the 

beneficial effect observed at low doses. 

In a study on pepper (Capsicum annuum), foliar application of CuO-NPs induced an increase 

in chlorophyll compared to the control, demonstrating a positive effect at moderate doses (Perfileva 

et al., 2025). Moreover, several reviews on agricultural nanomaterials highlight that green synthesis 

(via plants or microorganisms) tends to produce nanoparticles with reduced toxicity (compared to 

chemically synthesized NPs), owing to biocompatible capping and size stabilization (Gebreslassie 

and Gebremeskel, 2024). 

However, a pro-oxidant effect at high concentrations is well documented in the context of 

metallic nanoparticles, particularly via ROS generation (Ivanova et al., 2024). 

The results therefore suggest that there exists an optimal concentration window for biogenic 

CuNPs, beyond which the beneficial effect shifts into toxic stress. From an agronomic perspective, 

this implies: 

 the development of diluted formulations to cultivate the stimulating effect without crossing 

the toxic threshold, 

 the importance of characterizing colloidal stability, ionic dissolution (Cu²⁺), release dynamics, 

and oxidative stress markers (SOD, CAT, MDA) in treated plants, 

 long-term evaluation (multiple growth stages, field conditions) to ensure that the positive 

effects are maintained without cumulative deleterious impacts. 

The results of this study demonstrated that copper nanoparticles (CuNPs) have a dose- 

dependent dual effect on tomato (Solanum lycopersicum L.) growth parameters. Low to moderate 

concentrations (0.25–0.75 mg/mL) enhanced root and stem elongation, leaf number, and biomass 

accumulation, whereas higher concentrations ( ≥ 1.0 mg/mL) significantly inhibited seedling 

development. This biphasic or hormetic response aligns with the findings of other studies indicating 

that metal-based nanoparticles, including CuNPs, can act as plant growth stimulants at low doses and 

phytotoxins at higher levels (Rastogi et al., 2022; Ghosh et al., 2023). 

At optimal concentrations (0.5–0.75 mg/mL), CuNPs likely improved copper bioavailability, 

acting as a micronutrient source that stimulates physiological and biochemical processes such as 

photosynthesis, respiration, and enzyme activity (Rai et al., 2021). Copper is essential for plant 

metabolism as a cofactor of numerous redox enzymes, including cytochrome c oxidase, plastocyanin, 

and superoxide dismutase (SOD), which are involved in electron transport and oxidative stress 

regulation (Pérez-Labrada et al., 2022). The enhanced root and shoot lengths recorded at moderate 

CuNP concentrations suggest improved nutrient uptake and cell elongation, consistent with previous 

studies in tomato and cucumber (Abdel-Aziz et al., 2021; Singh et al., 2023). 
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Conversely, at higher concentrations (≥1 mg/mL), CuNPs exhibited phytotoxic effects, as 

indicated by reduced growth, biomass, and leaf production. This inhibition can be attributed to the 

generation of excessive reactive oxygen species (ROS), leading to oxidative stress, lipid peroxidation, 

and damage to cellular membranes and organelles (Duhan et al., 2023). Similar toxic responses have 

been reported in maize, wheat, and tomato treated with high doses of CuNPs or CuO NPs, where 

excess Cu accumulation disrupted the antioxidant defense system and impaired chlorophyll synthesis 

(Anwaar et al., 2022; Mohanraj et al., 2024). 

The increase in leaf number and pigment content at moderate CuNP doses can also be 

explained by the stimulation of chlorophyll biosynthesis and enhancement of photosynthetic activity, 

as copper plays a regulatory role in chloroplast structure and enzyme activation (Khatun et al., 2022). 

However, higher nanoparticle concentrations might hinder chlorophyll formation and reduce 

photosynthetic efficiency by interfering with magnesium substitution in the chlorophyll molecule and 

damaging chloroplast membranes (Parra-Saldívar et al., 2025). 

The dry and fresh weight increases observed at moderate CuNP levels may result from 

improved water uptake and metabolic efficiency, as also observed by Hernández-Hernández et al. 

(2019) in tomato seedlings exposed to biosynthesized CuNPs. Additionally, CuNPs can enhance 

antioxidant enzyme activities such as catalase (CAT), peroxidase (POD), and SOD at non-toxic doses, 

helping plants maintain redox balance and reduce oxidative damage (Khorram et al., 2022). This 

antioxidant regulation underpins the beneficial effect of CuNPs on early vegetative growth observed 

in this experiment. 

Overall, these findings corroborate the growing body of evidence supporting the potential of 

CuNPs as biostimulants and nanofertilizers in agriculture when applied at optimal doses (shukla et 

al., 2024). Nevertheless, excessive application may lead to toxicity, growth inhibition, and oxidative 

damage, underscoring the need for careful dose optimization and risk assessment before large-scale 

agricultural use (Benelli et al., 2021; Ramalingam et al., 2024). 

Conclusion: 

Our nanostructure displayed strong antifungal efficacy, particularly against Phytophthora 

infestans, suggesting their potential as an eco-friendly alternative to synthetic fungicides. The 

antioxidant assays confirmed their high radical-scavenging capacity at low doses, mainly due to 

actinomycete-derived biomolecules acting as reducing and capping agents. The insecticidal bioassays 

demonstrated rapid and complete mortality at concentrations above 1 mg/mL, confirming the strong 

oxidative stress-mediated toxicity of nanostructure. Finally, the plant growth experiments revealed 

that moderate concentrations (0.5–0.75 mg/mL) stimulate chlorophyll synthesis and enhance root, 

stem, and biomass development, whereas excessive doses cause oxidative stress and growth 

inhibition. 

Overall, these results highlight the dual nature of nanostructure: beneficial at optimal levels 

but potentially phytotoxic when overapplied. Therefore, determining the safe and effective 

concentration range is essential for their practical use in agriculture. Biogenic nanostructure, 

synthesized via actinomycetes or other green methods, represent a promising component of next- 

generation nanobiopesticides and nanofertilizers, contributing to environmentally sustainable crop 

protection and productivity enhancement. 
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II. Results and discussion 

II.3. Preparation and development of tomato plants prior to phytopathogen inoculation and 

copper nanoparticle treatment 

The preparation phase of tomato (Solanum lycopersicum L.) plants was carried out under 

controlled greenhouse conditions to ensure uniform growth prior to inoculation with the 

phytopathogen and application of copper nanoparticles (CuNPs). This phase followed a precise 

chronology, from seed sowing to the appearance of the first flowers, marking the physiological 

maturity of the plants. 

On March 17, 2025, tomato seeds were sown in pots containing non-sterilized soil to initiate 

the experimental trial. Temperature, humidity, and light conditions were carefully regulated to 

promote rapid and uniform germination. Between March 17 and April 28, 2025, the seedlings 

underwent a 42-day nursery phase, during which progressive development of roots and shoots was 

observed, resulting in vigorous plantlets suitable for transplantation. 

On April 28, 2025, the tomato seedlings were transplanted into soil within the greenhouse. The 

experimental area was divided into distinct sections using plastic film barriers to prevent cross- 

contamination between treatments and to maintain uniform growth conditions. Following 

transplantation, continuous vegetative growth was observed. By May 15, 2025, the plants exhibited 

clear morphological improvement, characterized by stem elongation, expanded leaf area, and 

enhanced overall vigor. 

On May 25, 2025, the plants showed progressive vegetative growth, with a marked increase 

in stem height and leaf number. Ten days later, on June 10, 2025, the plants reached the flowering 

stage, evidenced by the appearance of the first floral buds, indicating the transition from the vegetative 

to the reproductive phase. This stage confirmed that the plants had achieved adequate physiological 

maturity for phytopathogen inoculation and experimental treatment with copper nanoparticles.  

Overall, this preparatory phase produced healthy, homogeneous, and vigorous tomato plants, 

ensuring the reliability and reproducibility of the data during the evaluation of the biocidal and 

protective effects of copper nanoparticles in the subsequent infection and treatment stages. 
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Figure 36. Chronological development of tomato plants (Solanum lycopersicum L.) from seed sowing 

to flowering before phytopathogen inoculation and copper nanoparticle treatment (March–June 2025). 

II.3.1. Evaluation of the effect of copper nanoparticle (CuNP) treatment on tomato plants 

infected with Fusarium oxysporum, Rhizoctonia solani, and Phytophthora infestans 

After the appearance of the first flowers, tomato plants were divided into separate plots, each 

inoculated with one of the following fungal phytopathogens: Fusarium oxysporum, Rhizoctonia 

solani, and Phytophthora infestans. Ten days after inoculation, the infected plants were treated by 

foliar spraying with a copper nanoparticle (CuNP) suspension at a concentration of 1 g/L. The 

physiological and morphological responses of the plants were then monitored over a period of 25 

days. 

 Visual and morphological observations 

Within the first 10–15 days after CuNP treatment, plants showed visible signs of recovery 

compared to the untreated infected controls. 

In the CuNP-treated plants, wilting symptoms decreased, leaves maintained greener 

coloration, and new shoots and flowers appeared. 

Conversely, untreated plants continued to display severe chlorosis, leaf necrosis, and vascular 

wilting, particularly in the Fusarium-infected group. 
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The Rhizoctonia-infected plants responded slightly slower but showed gradual regeneration 

and root recovery, while Phytophthora-infected plants displayed a clear reduction in leaf blight and 

stem lesions. 

These observations suggest that CuNPs possess strong antifungal and plant-protective effects, 

likely due to their ability to inhibit spore germination and mycelial growth through the generation of 

reactive oxygen species (ROS) and the disruption of fungal cell membranes. 

 

 Physiological and growth parameters 

Over the 25-day monitoring period, CuNP-treated plants demonstrated improved growth 

indicators, including increased stem length, leaf number, and overall biomass, compared to infected 

controls. This positive effect may result from the dual action of copper nanoparticles: 

 Antimicrobial activity, reducing the fungal load on plant surfaces and within tissues; 

 Micronutrient function, enhancing enzymatic activity, chlorophyll synthesis, and overall plant 

metabolism. 

 Disease suppression and plant recovery 

CuNP-treated plants exhibited a marked reduction in disease incidence and severity compared 

to untreated controls. 
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In Fusarium-infected plots, CuNPs limited vascular browning and root rot progression. In 

Rhizoctonia infections, CuNPs reduced damping-off symptoms and promoted callus-like healing at 

infection sites. Against Phytophthora infestans, CuNPs notably decreased leaf spot expansion and 

delayed the onset of necrosis. 

The observed protection likely results from the direct fungicidal properties of CuNPs and their 

indirect stimulation of plant defense responses, such as increased activity of catalase (CAT), 

peroxidase (POD), and polyphenol oxidase (PPO), leading to strengthened cell walls and oxidative 

defense. 

Overall, the foliar application of CuNPs (0.1 g/L) ten days after infection significantly reduced 

fungal disease symptoms and improved tomato plant recovery. The results indicate that copper 

nanoparticles can serve as an effective alternative to chemical fungicides, offering both antifungal 

activity and growth-promoting effects when applied at an optimal concentration. Therefore, CuNPs 

present a promising eco-friendly nanobiocontrol strategy for managing soil-borne and foliar fungal 

diseases in tomato cultivation. 

II.3.2. Effects of fungal infection on untreated tomato plants 

 

 

Figure 38.Visual symptoms of fungal infections (Fusarium oxysporum, Rhizoctonia solani, and 

Phytophthora infestans) on untreated tomato plants. 

a: Symptoms of late blight (Phytophthora infestans) in infected and untreated tomato plants. b: Symptoms of 

Fusarium wilt (Fusarium oxysporum) in infected and untreated tomato plants. c: Symptoms of collar rot caused by 

Rhizoctonia solani in infected and untreated tomato plants. 

II.3.2.1. Tomate infected with Phytophthora infestans 

The figure illustrates the visual symptoms of tomato plants infected with Phytophthora 

infestans in the untreated plot. The plants show typical signs of late blight, including irregular brown 

necrotic lesions on the leaves, wilting of young shoots, and progressive tissue desiccation. In severe 

cases, leaf curling and stem blackening are observed, indicating extensive tissue invasion and vascular 

deterioration. 

The infection caused by P. infestans leads to rapid necrosis of the aerial parts due to the 

pathogen’s ability to produce sporangia that spread quickly under humid greenhouse conditions. The 

pathogen penetrates through stomata and wounds, colonizing intercellular spaces and disrupting 

photosynthetic tissues. 
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In the absence of treatment, disease progression was rapid and destructive, leading to a marked 

reduction in leaf area, photosynthetic capacity, and overall plant vigor. These symptoms confirm the 

aggressive pathogenic potential of Phytophthora infestans, serving as a control reference for assessing 

the effectiveness of copper nanoparticle (CuNP) treatment in mitigating late blight infection. 

II.3.2.2. Tomate infected with Fusarium oxysporum 

The figure illustrates the physiological state of tomato plants infected with Fusarium 

oxysporum in the untreated control plot. The symptoms observed are characteristic of Fusarium wilt, 

including progressive yellowing and wilting of the lower leaves, followed by partial or complete leaf 

desiccation. In several plants, browning of the vascular tissues and root decay were also evident, 

indicating an advanced stage of vascular infection. 

These symptoms result from the colonization of the xylem vessels by fungal hyphae, which 

causes blockage of water and nutrient transport and the accumulation of fungal toxins within plant 

tissues. The infection induces oxidative stress and cellular degradation, leading to necrosis and 

eventual plant collapse. 

The absence of treatment allowed the pathogen to proliferate freely, resulting in a rapid 

deterioration of plant health, significant reduction in vegetative growth, and severe weakening of the 

tomato plants. These untreated infected plants serve as an essential disease control reference for 

evaluating the curative effect of copper nanoparticles (CuNPs) in subsequent treatments. 

II.3.2.3. Tomate infected with Rhizoctonia solani 

The figure shows tomato plants infected with Rhizoctonia solani in the untreated plot. The 

plants exhibit typical symptoms of collar rot, including necrosis and browning at the stem base, wilting 

of lower leaves, and partial drying of the aerial parts. In some plants, the infection has progressed to 

cause complete stem collapse near the soil surface, indicating severe vascular and cortical tissue 

degradation. 

The disease originates from soilborne hyphae that infect the stem collar region, forming 

sclerotia and producing cell wall–degrading enzymes that destroy plant tissues. The resulting 

interruption of water and nutrient transport leads to leaf chlorosis, curling, and gradual desiccation. 

In the absence of treatment, R. solani spread rapidly in the moist soil, resulting in stunted 

growth, reduced foliage density, and irreversible wilting of several plants. These symptoms confirm 

the pathogenic activity of Rhizoctonia solani and serve as a reference for evaluating the antifungal 

effectiveness of copper nanoparticles (CuNPs) in the corresponding treated plots. 

II.3.3. Effects of chemical pesticide treatment on tomato plants infected with Fusarium 

oxysporum, Rhizoctonia solani, and Phytophthora infestans 

Following the artificial inoculation of tomato plants with three major soilborne and foliar 

fungal pathogens Fusarium oxysporum, Rhizoctonia solani, and Phytophthora infestans a foliar 

application of a broad-spectrum chemical pesticide was carried out to evaluate its efficiency in disease 

suppression and plant recovery. 

Ten days after the onset of infection, the pesticide-treated plants exhibited a visible 

improvement in physiological status compared with the infected, untreated control. Typical fungal 

stress symptoms such as leaf wilting, chlorosis, and marginal necrosis were markedly reduced in the 
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treated plots. The plants maintained greener leaves, better turgidity, and firm stem structure, indicating 

a restoration of vascular functionality and a reduction in oxidative stress caused by fungal 

colonization. 

From a pathological standpoint, the chemical treatment resulted in a substantial decrease in 

disease severity across all three fungal infections. In Fusarium oxysporum–infected plants, vascular 

browning and root rot progression were significantly inhibited. For Rhizoctonia solani, the collar rot 

lesions were restricted to small necrotic areas at the stem base, while in the case of Phytophthora 

infestans, necrotic leaf spots were limited to the lower canopy, showing no major upward spread. 

These results demonstrate that the chemical pesticide successfully restricted fungal development and 

limited the systemic spread of infection. 

The observed efficacy can be attributed to the multifunctional antifungal properties of the 

chemical formulation, which likely acts through membrane disruption, enzyme denaturation, and 

inhibition of spore germination and mycelial growth. Such mechanisms prevent the establishment of 

fungal hyphae within host tissues and contribute to the overall reduction in disease incidence. 

Physiologically, pesticide-treated plants maintained a functional photosynthetic surface, with 

sustained metabolic activity and continued vegetative growth. There was a moderate increase in leaf 

number, stronger stem structure, and improved canopy architecture, reflecting progressive recovery 

after infection. These responses indicate that the treatment not only suppressed pathogen proliferation 

but also helped maintain plant vigor and water balance under biotic stress conditions. 

Nevertheless, slight phytotoxic effects were observed in some plants, particularly leaf 

chlorosis and marginal curling, possibly due to the concentration and chemical composition of the 

pesticide. Such effects are common in conventional fungicidal applications, as certain compounds 

may interfere with plant metabolic processes or generate reactive intermediates that cause localized 

damage to plant tissues. 

Despite these minor side effects, the overall effectiveness of the chemical pesticide in 

controlling Fusarium, Rhizoctonia, and Phytophthora infections was evident. The treatment led to a 

notable decline in disease incidence, maintenance of green biomass, and enhanced plant survival, 

especially under high infection pressure. However, from an ecological and sustainability perspective, 

the reliance on chemical pesticides raises significant concerns regarding soil and water contamination, 

development of pathogen resistance, and potential toxicity to non-target organisms. 

In summary, the chemical pesticide provided rapid and effective disease control, preventing 

severe fungal colonization and supporting partial physiological recovery in infected tomato plants. 

However, its performance, while efficient in the short term, remains inferior to eco-friendly 

alternatives such as copper nanoparticles (CuNPs), which combine antifungal efficiency with 

biostimulant and antioxidant properties, promoting a more sustainable and less phytotoxic mode of 

plant protection. 

Discussion 

The preparatory phase of the tomato (Solanum lycopersicum L.) experiment comprising seed 

sowing on 17 March 2025, development of seedlings during a 42-day nursery period, transplantation 

on 28 April 2025 with spatial isolation of plots, continued vegetative growth through mid-May, and 

transition to flowering by 10 June 2025 was deliberately designed to achieve uniform, physiologically 
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mature plants prior to phytopathogen inoculation and copper nanoparticle (CuNP) treatment. Uniform 

baseline conditions are critical in plant–pathogen–nanomaterial experiments, since non-homogenous 

plant vigor can confound treatment effects (Montero et al., 2023; Heuvelink et al., 2014). The use 

of plastic-film barriers to separate treatments is considered best-practice for preventing aerosol or 

water-borne cross-contamination (Gomez and Steel, 2021). 

Sowing in non-sterilized soil under tightly controlled greenhouse climatic conditions (light, 

temperature, humidity) allowed for realistic growth while still controlling major environmental 

variables. Research shows that adequate seedling vigor, achieved through optimized nursery 

conditions, enhances transplant survival and subsequent disease resistance (Mukherjee et al., 2022). 

In our case, the 42-day nursery phase aligns with literature recommendations for tomato (Heuvelink 

et al., 2014). Achieving consistent root and shoot development prior to transplantation is also critical 

when testing secondary treatments (e.g., CuNPs), to avoid confounding effects due to seedling 

variability. 

The period from transplantation (28 April) through to first flower emergence (10 June) 

encompasses both vegetative growth and the shift to reproductive phase. This transitional window is 

significant because many disease management experiments prefer to apply treatments when plants 

reach physiological maturity but before major fruit set, allowing while still benefit from vegetative 

growth and stress tolerance (Smith et al., 2021). In our setup, the observed increases in stem length, 

leaf number and area by mid-May and late-May are reflective of healthy growth that should support 

robust responses to both the pathogen challenge and the CuNP treatment. 

By inoculating the plants after the flowering onset, you ensured that the plants were 

physiologically mature, eliminating early-seedling stage susceptibility variations. Many studies 

propose that fungal disease progression and plant defense responses differ depending on plant 

developmental stage (Agrawal et al., 2023). By reaching the reproductive transition before 

inoculation, the plants in your experiment likely had developed a full complement of organs, well- 

established root systems, and photosynthetic capacity factors known to support resilience under stress 

(Ishtiaq et al., 2024). 

Copper nanoparticles (CuNPs) are increasingly studied in plant systems both for their 

antifungal activity and micronutrient/biostimulant roles. In tomato, applications of CuNPs have been 

shown to significantly control Fusarium oxysporum while also improving growth metrics (Lopez- 

Lima et al., 2021). In a 2023 greenhouse study, chitosan-loaded CuO nanoparticles (CH@CuO) 

reduced severity of Fusarium wilt by >90% at 1 mg L⁻¹ compared to commercial copper fungicide 

(Mosa and El-Abeid, 2023). Recent reviews emphasise that CuNPs’ high surface-area (1-100 nm) 

enables greater ion release and reactive-oxygen-species (ROS) generation at the fungal interface, 

thereby disrupting fungal membranes and life-cycle processes (El-Abeid et al., 2024; Hua et al., 

2024). The dual function is important: Copper acts as a cofactor for enzymes like plastocyanin and 

superoxide dismutase in plants, so moderate nano-Cu exposure can support photosynthesis and 

antioxidative function, whereas bulk Cu and salts often induce phytotoxicity (Khan et al., 2024; 

Zhang et al., 2022). Also, a recent study found that CuNP treatment modulated the tomato rhizosphere 

microbiome in a beneficial way raising beneficial bacterial taxa whereas a conventional copper‐ 

based bactericide suppressed them (Ning et al., 2025). 
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Our experimental results showing visible recovery in CuNP-treated plants within 10-15 days 

after treatment, and improved growth parameters over 25 days are consistent with current findings 

and reflect both improved plant physiology and effective pathogen suppression. Specifically: 

 Visible recovery: The decrease in wilting symptoms, maintenance of green leaves, and new 

shoot/flower formation in CuNP-treated plants suggest a rapid reduction in pathogen pressure 

and recovery of physiological function. This matches reports of tomato plants showing up to 

70% reduction in Fusarium symptoms after CuNP application (Lopez-Lima et al., 2021; El- 

Abeid et al., 2024). 

 Growth parameter improvements: Enhanced stem length, leaf number and biomass in treated 

plants likely stem from both reduced disease load and heightened nutrient/metabolic status due 

to Cu bioavailability (Ishtiaq et al., 2024; Madusanka et al., 2024). In tomato, Cu- 

nanoclusters of 3 nm improved growth and fruit yield significantly under greenhouse 

conditions (Liu et al., 2022). 

 Disease suppression: In our Fusarium plots, reduced vascular browning and root rot reflect 

effective containment of the pathogen; similar patterns were shown in CH@CuO studies 

(Mosa and El-Abeid, 2023). In Rhizoctonia and Phytophthora infections, your observations 

align with emerging data showing Cu-NPs reduce collar rot and leaf spot expansion, 

respectively (Nayak et al., 2025; Al-Harethi et al., 2024). 

Our findings contribute to the growing field of agronanotechnology, but several broader points 

deserve discussion: 

 Dose optimization/hormesis: Many studies emphasise the ―hormetic‖ response to nano-Cu a 

low dose stimulates growth and defense, while higher doses cause phytotoxicity (Zhang et 

al., 2022; Li and Chen, 2025). Your successful application at 0.1 g L⁻¹ appears within the 

beneficial range, but long-term accumulation and soil interactions warrant monitoring 

(Kumar et al., 2023; Abdalameer et al., 2024). 

 Nanoparticle fate, soil and rhizosphere interactions: Nano-Cu tends to agglomerate in soil 

and interact with soil colloids and microbiota. Studies show CuNPs can alter root microbiome 

structure for better or worse impacting plant health and ecosystem function (Ning et al., 2025; 

Abdalameer et al., 2024). 

 Environmental, food-safety and regulatory aspects: While nano-Cu shows promise, concerns 

remain about nano-Cu being an emerging pollutant (Zhang et al., 2023), as well as potential 

accumulation in edible fruit or soil (Mirbakhsh, 2023). Your thesis should note that while 

your greenhouse results are promising, scale-up to field and regulatory compliance need 

further research. 

 Comparative efficacy vs. conventional fungicides: Some data indicate that nano-Cu 

formulations can match or exceed conventional copper fungicides, but the real advantage lies 

in lower dose, combined biostimulant/defense effect, and reduced chemical load (García- 

Sánchez et al., 2023; Aydi et al., 2023). Cost-benefit and long-term sustainability remain to 

be demonstrated. 

 Integration into integrated disease management (IDM): The use of CuNPs should not replace 

cultural, biological and chemical controls but complement them. For tomato systems with 

multiple pathogens (Fusarium, Rhizoctonia, Phytophthora), our approach of pre-inoculation 
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uniform growth then targeted CuNP application represents a strong IDM paradigm as endorsed 

by recent reviews (Haq et al., 2024). 

Conclusion 

In conclusion, the systematic preparatory phase you designed ensured robust, uniform tomato 

plants at a key developmental stage (first flower). This provided an ideal baseline for evaluating CuNP 

treatment after infection. The rapid recovery and improved growth in CuNP-treated plants strongly 

support the dual-function hypothesis of nano-copper: effective disease control plus growth 

enhancement. Our results are aligned with current literature and offer valuable experimental evidence 

in the context of tomato–fungus–nanoparticle systems. That said, up-scaling, environmental impact, 

dose fine-tuning, and integration into broader management strategies remain key for practical 

adoption. 
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General conclusion 

This study provides comprehensive evidence that microbial-assisted synthesis using 

Streptomyces extracts represents a robust, low-impact, and scalable approach for generating 

multifunctional copper-based nanostructures with promising agro-biological applications. 

The research elucidates the biogenic mechanism underlying nanoparticle formation. 

Streptomyces metabolites enzymes, amino acids, proteins, phenolics, and polysaccharides act 

simultaneously as reducing and stabilizing agents, enabling the conversion of Cu²⁺ to Cu⁰/CuO under 

mild conditions. This dual functionality produces crystalline, uniformly distributed, and naturally 

capped nanoparticles without requiring hazardous chemicals or high-energy synthesis routes. The 

process exemplifies how microbial metabolism can be exploited as a ―nanofactory‖ for controlled and 

sustainable metal nanoparticle production. 

Characterization by XRD, FTIR, and SEM confirmed the formation of a crystalline hybrid 

material comprising CuO, Cu⁰, and CaO phases. Calcium doping induced lattice strain and enhanced 

crystallinity and surface stability. The organic capping layer consisting of microbial biomolecules 

imparted hydrophilicity, prevented oxidation and agglomeration, and conferred potential 

biocompatibility, a critical factor for agricultural and biomedical applications. 

The synthesized nanostructres exhibited four key biological effects: 

 Antifungal activity: strong inhibition of mycelial growth and spore germination, particularly 

in P. infestans, resulting from Cu²⁺ ion release, ROS generation, and membrane disruption. 

 Antioxidant capacity: high radical-scavenging efficiency at low doses, attributed to surface- 

bound actinomycete metabolites. 

 Insecticidal action: rapid, complete mortality at ≥ 1 mg·mL⁻¹ through oxidative stress and 

enzymatic interference. 

 Biostimulant effects: significant increases in root length, shoot growth, leaf number, and 

chlorophyll content at sub-toxic concentrations (0.5–0.75 mg·mL⁻¹). 

These findings underline the dual behavior of nanostructure beneficial at optimal levels but 

phytotoxic when overapplied a hallmark of hormetic responses typical of metal-based nanomaterials. 

Greenhouse experiments on tomato plants confirmed that nanostruture foliar treatment (1 

g·L⁻¹) not only reduced disease severity caused by Fusarium, Rhizoctonia, and Phytophthora but also 

promoted plant recovery, reflected in enhanced stem elongation, leaf area, and flowering. The 

beneficial response results from the synergistic interplay between antimicrobial action and 

micronutrient supplementation, where Cu serves as a cofactor in photosynthetic and antioxidative 

enzymes. Compared to chemical fungicides, nanostructure offered equivalent or superior protection 

with reduced toxicity and without visible phytotoxic residues. 

The biosynthetic process developed here aligns with principles of green nanotechnology and 

circular bio-economy: it uses renewable biological sources, generates minimal waste, and avoids 

harmful solvents. The resulting nanomaterial exhibits multifunctionality acting simultaneously as 

fungicide, insecticide, antioxidant, and biostimulant. However, practical deployment requires precise 

dose optimization, understanding of nanoparticle fate in soil–plant systems, and rigorous 

environmental risk assessment. 
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This research highlights the transformative potential of actinomycete-mediated 

nanotechnology to create biocompatible, efficient, and sustainable materials for next-generation 

agriculture, offering a path toward reduced chemical inputs and enhanced crop resilience. 

Perspectives and Future Outlook 

1. Scientific and technological optimization 

 Nanoparticle control: Future work should focus on refining particle size and morphology 

through real-time monitoring (DLS, ζ-potential, TEM, and XPS) to correlate physicochemical 

parameters with biological activity. 

 Metabolite profiling: Identification of the key reducing and capping biomolecules by LC- 

MS/MS or GC–MS will clarify reaction pathways and enable reproducible synthesis. 

 Redox kinetics: Studies on Cu²⁺ dissolution, ROS dynamics, and surface oxidation in 

biological matrices (soil, water, plant tissues) are essential for understanding nanoparticle 

reactivity and longevity. 

2. Agronomic development 

 Dose–response calibration: Establish precise concentration ranges for each crop and pathogen 

to harness the biostimulant effects without reaching toxicity thresholds. 

 Formulation improvement: Incorporate biopolymers such as chitosan, pectin, or lignin to 

produce stable nano-formulations with controlled release and improved foliar adhesion. 

 Synergistic bio-formulations: Combine nanostructure with plant-growth-promoting 

rhizobacteria (PGPR), mycorrhizal fungi, or organic amendments to achieve integrative pest 

and growth management. 

 Field validation: Conduct multi-season, multi-site greenhouse and open-field trials to evaluate 

efficiency, persistence, and cost–benefit under real agronomic conditions. 

3. Environmental and toxicological assessment 

 Ecotoxicity: Quantify effects on beneficial soil microorganisms, pollinators, and aquatic biota 

using standardized OECD protocols. 

 Food safety: Monitor copper accumulation in edible plant parts and evaluate human dietary 

exposure risks. 

 Safe-by-Design strategies: Develop biodegradable or stimuli-responsive nanostructure 

(triggered by pH, light, or enzymatic conditions) to minimize environmental dissemination. 
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Annexes 

1.  Préparation du Potato Dextrose Agar (PDA) 

Pomme de terre 200 g 

Dextrose 20 g 

Agar 15 g 

Eau distillée 1 L 

Procédure : 

1. Faire bouillir les pommes de terre pelées et coupées en morceaux dans 500 mL d’eau pendant 30 

min. 

2. Filtrer et compléter le volume à 1 L, ajouter le dextrose et l’agar. 

3. Ajuster le pH à 5,6 ± 0,2, puis stériliser à 121 °C pendant 15 min. 

 

 

Préparation du Starch Casein Agar (SCA) 

 

Amidon soluble 10 g 

Caséine 0,3 g 

KNO₃ 2 g 

NaCl 2 g 

K₂HPO₄ 2 g 

MgSO₄·7H₂O 0,05 g 

CaCO₃ 0,02 g 

FeSO₄·7H₂O 0,01 g 

Agar 15 g 

Eau distillée 1 L 

Procédure : 

1. Dissoudre les composants dans l’eau distillée en chauffant légèrement. 

2. Ajuster le pH à 7,0 ± 0,2, puis stériliser à 121 °C pendant 15 min. 

 

 

Préparation du GYM Broth 

Glucose 4 g 

Extrait de levure 4 g 

Extrait de malt 10 g 

Peptone 4 g 

Eau distillée 1 L 

Procédure : 
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1. Dissoudre tous les composants dans l’eau distillée. 

2. Ajuster le pH à 7,2 ± 0,2 et stériliser à 121 °C pendant 15 min. 

 

 

Préparation du GYM Agar 

GYM Broth 1 L 

Agar 15 g 

Procédure : 

1. Ajouter l’agar au GYM Broth et chauffer jusqu’à dissolution complète. 

2. Ajuster le pH à 7,2 ± 0,2 et stériliser à 121 °C pendant 15 min. 

 

 

Préparation de l’eau physiologique (NaCl 0,85 %) 

Chlorure de sodium (NaCl) 8,5 g 

Eau distillée  1 L 

Procédure : 

1. Dissoudre le NaCl dans l’eau distillée. 

2. Répartir dans des flacons ou tubes et stériliser à 121 °C pendant 15 min. 
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Préparation des réactifs 

1. Solution de DPPH (0,1 mM) 

DPPH 0,0039 g 

Méthanol 100 mL 

Procédure : 

Dissoudre le DPPH dans le méthanol, conserver la solution dans l’obscurité à température ambiante. 

 

 

2. Solution de nitrate de cuivre (Cu(NO₃)₂, 0,01 M) 

Cu(NO₃)₂·3H₂O 0,241 g 

Eau distillée 100 mL 

Procédure : 

Dissoudre le sel de cuivre dans l’eau distillée, conserver dans un flacon ambré. 

 

 

3. Solution de NaOH (1 M) 

NaOH 4 g 

Eau distillée 100 mL 

Procédure : 

Dissoudre soigneusement le NaOH dans l’eau distillée, laisser refroidir et conserver à température 

ambiante. 


