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Abstract: 

Integrating nanoparticles (NPs) with heterocyclic compounds has emerged as a 

multidisciplinary innovation that spans materials science, medicinal chemistry, and 

nanotechnology. Nanoparticles, with their distinct physicochemical properties such as high 

surface area-to-volume ratio, surface reactivity, and functionalizability, provide an ideal 

platform for enhancing the performance and delivery of heterocyclic compounds. Heterocycles, 

which contain at least one atom other than carbon in their ring structure, are foundational to 

many pharmaceuticals, agrochemicals, and optoelectronic materials. When conjugated with or 

loaded onto nanoparticles, these compounds often exhibit improved solubility, stability, and 

biological availability. The nature of the interaction, whether through physical adsorption, 

covalent bonding, or coordination chemistry, significantly influences the functionality of the 

resulting hybrid nanomaterials. Applications range from targeted drug delivery and controlled 

release systems to heterogeneous catalysis and environmental sensing. Additionally, green 

synthesis approaches have enabled more sustainable production of these conjugates, using plant 

extracts and biological materials as reducing and stabilizing agents. However, challenges such 

as toxicity, environmental accumulation, and regulatory oversight remain barriers to large-scale 

implementation. This review explores the chemistry behind NP with heterocycle interactions, 
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the synthesis and characterization techniques employed, and the current and emerging 

applications in various scientific and industrial fields. By critically evaluating recent progress, 

this study provides insight into the potential of these hybrid systems and highlights future 

directions for their optimization and safe application. 

Keywords: Catalysis, Drug Delivery, Nanoparticles, Heterocyclic Compounds, Green 

Synthesis. 
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 :الخلاصة

متعددة التخصصات، التي ال الابتكارات    يعتبر أحد( مع المركبات الحلقية غير المتجانسة  NPsالجسيمات النانوية )  ان أهمية

النانو.   وتكنولوجيا  الطبية،  والكيمياء  المواد،  علوم  النانويةحيث  تشمل  الجسيمات  والكيميائية   توُفر  الفيزيائية  بخصائصها 

أداء  لتحسين  مثاليةً  الوظائف، منصةً  تحديد  وقابلية  السطح  وتفاعلية  الحجم  إلى  السطح  مساحة  نسبة  ارتفاع  مثل  المتميزة 

 المركبات الحلقية غير المتجانسة وتوصيلها. تعُدّ المركبات الحلقية غير المتجانسة، التي تحتوي على ذرة واحدة على الأقل 

غير الكربون في بنيتها الحلقية، أساسًا للعديد من المستحضرات الصيدلانية، والمواد الكيميائية الزراعية، والمواد البصرية  

بالجسيما اقترانها  عند  الذوبان،  الإلكترونية.  قابلية  في  تحسنًا  المركبات  هذه  تظُهر  ما  غالبًا  عليها،  تحميلها  أو  النانوية  ت 

. تؤثر طبيعة التفاعل، سواءً من خلال الامتزاز الفيزيائي، أو الرابطة التساهمية، أو كيمياء  والوفرة البايولوجيةوالاستقرار،  

، بشكل كبير على وظائف المواد النانوية الهجينة الناتجة. تتراوح التطبيقات من توصيل الأدوية المُستهدف وأنظمة  اسقيةالتن

الإطلاق المُتحكم بها، إلى التحفيز غير المتجانس والاستشعار البيئي. بالإضافة إلى ذلك، أتاحت مناهج التخليق الأخضر إنتاجًا 

اختزال وتثبيت. ومع ذلك، لا تزال تحديات  تخدام مستخلصات نباتية ومواد بيولوجية كعوامل  أكثر استدامة لهذه المركبات، باس

يستكشف   واسع.  نطاق  على  التنفيذ  تعُيق  التنظيمية،  والرقابة  البيئي،  والتراكم  السمية،  الاستعراضي  مثل  التركيب المقال 

النيوكليوفوسفات لجزيئات  المستخدمة،   الكيميائي  والتوصيف  التخليق  وتقنيات  المتجانسة،  غير  الحلقات  تفاعلات  مع 

الدراسة  ان هذه    .والتطبيقات الحالية والناشئة في مختلف المجالات العلمية والصناعية. من خلال التقييم النقدي للتقدم الأخير

 رؤية ثاقبة حول إمكانات هذه الأنظمة الهجينة، وتسُلط الضوء على التوجهات المستقبلية لتحسينها وتطبيقها الآمن. تقُدم 
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 التحفيز، توصيل الدواء، الجسيمات النانوية، المركبات الحلقية غير المتجانسة، التركيب الأخضر. المفتاحية:الكلمات 

1. Introduction : 

Nanotechnology, broadly defined as the science and engineering of materials at the 

nanometer scale (approximately 1–100 nm), represents one of the most revolutionary scientific 

advancements of the 21st century. These properties arise due to quantum effects, high surface-

to-volume ratios, and enhanced surface reactivity. Consequently, nanotechnology is a discipline 

of fundamental scientific interest and a technological enabler across various industries. If one 

considers its rapid development, it becomes clear that it is poised to influence nearly every 

aspect of human life, from medicine and agriculture to electronics and environmental 

sustainability (1). 

The foundational concept of nanotechnology lies in its ability to manipulate matter at the 

atomic or molecular level. Because of this precision, researchers and engineers can design 

materials with specific attributes tailored to distinct applications. For instance, nanoparticles, 

an essential nanotechnology component, can be synthesized with controllable size, shape, 

surface charge, and composition. If these parameters are finely tuned, nanoparticles can serve 

as drug carriers, catalysts, or environmental sensors, depending on the application's 

requirements (2).  

Diagnostics, targeted medicine delivery, and regenerative therapies have advanced thanks 

to nanotechnology. Nanomedicine uses nanoparticles to deliver therapeutic chemicals to sick 

tissues, decreasing systemic toxicity and boosting treatment effectiveness. For example, 

liposomal nanoparticles and polymer-based nanocarriers are already used to treat cancers and 

inflammatory diseases in clinical settings and for biological activity, such as antibacterial (3, 

4). Moreover, if nanoparticles are engineered with imaging agents, they can serve dual purposes 

as diagnostic tools and treatment monitors, a concept known as theragnostic. The capacity to 

combine therapeutic and diagnostic functionalities in a single nanosystem illustrates the 

profound impact of nanotechnology on healthcare. It is considered vital to agricultural and food 

systems as well as medical. Nano-fertilizers and insecticides reduce environmental pollution 

and increase nutrition delivery. Agrochemical waste might be reduced, and crop yields could 

be increased by replacing them with nanocarriers that release their payloads in a controlled 

manner. Developing nanosensors to monitor soil conditions, pathogens, and nutrient levels in 

real time may enable more accurate and sustainable farming. These improvements are crucial 

given the rising global food demand and climate change (5). 
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Nanotechnology develops high-strength, lightweight materials, energy storage devices, 

and innovative production methods in industry and energy. Carbon nanotubes and graphene-

based nanomaterials improve the mechanical and electrical qualities of aeronautical, 

automotive, and civil engineering composites. Energy storage batteries and supercapacitors 

benefit from nanostructured electrodes. Scaling and integrating these materials might provide 

more durable, cost-effective, and environmentally friendly technology (6). It is also gaining 

popularity in environmental applications. Photocatalytic methods use nanomaterials like TiO₂ 

and ZnO to decompose pollutants and clean air and water. Water treatment uses magnetic 

nanoparticles to adsorb and remove heavy metals and dyes owing to their retrievability. If used 

appropriately, It may also reduce environmental damage and promote sustainability (7). 

It enables creativity across fields and applications. Its ability to atomically design 

materials gives it unmatched control over functionality and performance. Nanotechnology's 

potential drives worldwide research and investment despite toxicity, environmental effects, and 

regulatory issues. If these challenges are overcome via multidisciplinary collaboration, 

nanotechnology will be a cornerstone of future scientific and technological growth (8, 9). 

Recent nanoparticle synthesis research stresses precision and sustainability. Traditional 

chemical and physical nanoparticle production uses toxic chemicals and energy-intensive 

techniques. Alternative green synthesis employing plant extracts, microbes, or fungi is popular 

(10). These biological agents reduce and stabilize nanoparticles, enabling eco-friendly 

nanoparticle shape and size management. Such nanoparticles are biomedical and 

environmental-friendly owing to their low toxicity. Nanoparticles have transformed health, 

agriculture, and industry. Many antimicrobial coatings, medication transporters, and biosensors 

employ metallic nanoparticles like Ag, Cu, and Fe. High surface energy and flexible surface 

chemistry make them suitable for heterocyclic chemical functionalization, improving 

selectivity and reactivity. Catalysis, solar energy conversion, and environmental remediation 

use semiconductor and metal oxide nanoparticles. Whether top-down or bottom-up, modern 

nanomaterials help sustainable development, material efficiency, and precision-targeted 

medicine (11-14). 

Hybrid systems in drug delivery, catalysis, biosensing, and optoelectronics are becoming 

more relevant. This work reviews synthetic methods, including conventional and green 

chemistry, to explain how nanoparticles might improve heterocycle stability, targeting 

efficiency, and reactivity. Nanoparticle-based conjugation with heterocyclic ligands can create 
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multifunctional systems with specific physicochemical features. This review will also discuss 

current advances. It also covers important issues, including toxicity, environmental 

sustainability, and repeatability, to help create next-generation nanomaterial for targeted and 

intelligent applications. This review aims to study the nanoparticle-of heterocyclic compound 

with functional groups, and evaluating the applications in different fields.  

 

2. Literature Review 

Vaishali D., Eco-friendly green synthesis methods for TiO2-NPs that catalyze the 

formation of various heterocyclic compounds, including benzimidazole, indole, and pyrimidine 

derivatives, highlighting their potential for sustainable development in organic transformations 

(15). 

Yaghoub P.; An eco-friendly, recyclable catalyst, molybdenum oxide nanoparticles 

(MoO3 NPs), is used to synthesize physiologically active heterocycles under ecologically 

benign circumstances with high to outstanding yields (16). 

Akanksha C.; An eco-friendly synthesis of diverse heterocycles using zirconia 

nanoparticles as catalysts in one-pot multicomponent reactions, emphasizing sustainable 

methodologies and the advantages of reduced reaction steps and enhanced efficiency in organic 

synthesis (17). 

Digafie Z.; A green synthesis of pharmacologically important heterocycles using 

multicomponent reactions and magnetic nanocatalysts (MNCs), emphasizing eco-friendly 

methodologies, high atomic economy, and the use of biodegradable biopolymers in the 

preparation and recovery of these nanocatalysts (18). 

Ritu M.; Figure 1 shows how green-supported nanomaterials were used to synthesize 1,4-

DHP and its derivatives, polyhydroquinoline, benzopyranopyridines, and dihydropyridine (19). 
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Figure 1: Green-supported nanomaterials in the synthesis. 

 

Mahmoud N.; The green production of CuONPs utilizing Tamarix gallica leaf extract and 

their catalytic activity for N-arylation of nitrogen-containing heterocycles with aryl halides 

without ligands, as show in Figure 2 (20). 

 

 

Figure 2: Role of CuO in the oxidation process. 

 

Akber R.; 1H-1,2,3,4-tetrazoles synthesis by using CuO-NPs were immobilized on the 

surface of natural bentonite using Thymus vulgaris extract as a reducing and stabilizing agent 

(21). 

Ayashkanta N.; The Fe2O3-cellulose-Mn nanocomposite was synthesized and used as an 

efficient catalyst to produce tetrazole derivatives rapidly with high yields and purity. Some 

compounds showed superior antifungal activity compared to standard drugs like Cefixime and 

Fluconazole, as shown in Figure 3 (22). 

 

Figure 3: Role of Fe2O3 cellulose Mn nanocomposite to produce tetrazole derivatives. 

https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq


Wahad K. Kareem 1 , Nasreen R. Jber2 , and Ahmed Al-Ani3. / Al-Kitab Journal for Pure Sciences (2026); 10(1):125-148.

 

 

Web Site: https://isnra.net/index.php/kjps   E. mail: kjps@uoalkitab.edu.iq

 
131 

 

 

Andreii S.; Novel tetrazole-chitosan derivatives were synthesized via metal-catalyzed 

cycloaddition in water. Their nanoparticles showed strong antibacterial activity, while the 

polymers exhibited superior catalytic performance in aldol reactions, making them effective 

catalysts and antimicrobial agents (23). 

Dileep K.; A green method using nano-CuFe₂O₃ in water synthesized quinazolinone–

tetrazole conjugates with confirmed C–S bond formation. Several compounds showed strong 

anticancer activity, especially 7o, outperforming etoposide against MD-AMB-231 cells by 

inducing G1 phase arrest (24). 

Zahra G.; A green, efficient method for synthesizing indeno-pyrido-pyrimidines using a 

novel, reusable nanocatalyst in water offers mild conditions, high yields, and easy work-up. 

Various spectroscopic and analytical techniques confirmed product and catalyst structures (25). 

Valiey E.; A novel mesoporous organosilica (APS-TDU-PMO) was developed and used 

to support Cu(II) nanoparticles, forming a recyclable catalyst (Cu@APS-TDU-PMO) for 

efficient, solvent-free tetrazole synthesis. The catalyst showed high activity, stability, and 

reusability over six cycles (26). 

Hassan E.; A novel magnetic nanocatalyst (Cu(II)@Fe₃O₄@SiO₂-glucosamine) was 

synthesized and used in a green one-pot synthesis of 5-substituted tetrazoles, offering high 

yields, mild conditions, reusability, and eco-friendly, cost-effective advantages (27). 

 

3. Classification of Nanoparticles: 

In recent decades, Nanotechnology is revolutionizing health, electronics, environmental 

research, and energy. The research and use of nanoparticle materials with diameters of 1 to 100 

nanometers drives this technological revolution. Nanoparticles vary from bulk materials in 

physical, chemical, and biological characteristics due to their high surface area-to-volume ratio 

and quantum effects. Consequently, the systematic classification of nanoparticles is essential 

for understanding their behaviors, tailoring their functionalities, and ensuring their safe 

integration into practical applications (28). 

Given the vast array of nanoparticle types, various classification schemes have been 

developed, each based on distinct criteria. Nanoparticles may be categorized according to their 
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origin, including natural, incidental, and engineered nanoparticles. While natural nanoparticles 

are formed through geological or biological processes, incidental ones arise unintentionally as 

byproducts of industrial or combustion processes. Engineered nanoparticles, by contrast, are 

intentionally synthesized for specific uses. If one considers the increasing complexity of 

industrial applications, it becomes evident that a robust and comprehensive classification based 

on origin is critical to distinguish between intentional and unintended exposures, particularly in 

environmental and toxicological studies (29). 

Nanoparticles may be carbon-based, metal-based, organic, inorganic, ceramic, or 

composite based on their chemical makeup. Each category is associated with particular 

attributes and functional capabilities. On the other hand, metal-based nanoparticles, such as 

gold or silver nanoparticles, are highly valued for their optical and antimicrobial properties. 

Because each type has distinct physicochemical characteristics, understanding this 

classification mode facilitates nanoparticle design for targeted applications. If materials 

scientists intend to harness specific properties, selecting nanoparticles based on composition 

becomes a foundational consideration (30). 

 

Another widely accepted classification method pertains to morphology or structural 

configuration, encompassing spheres, rods, tubes, and dendritic structures. Nanoparticles' 

morphology is critical in determining their interaction with biological systems, catalytic 

performance, and surface functionalization potential. As a result, the morphological 

classification is especially relevant in biomedical and catalysis-related research. Moreover, 

suppose the size and shape of a nanoparticle influence its cellular uptake or biodistribution. In 

that case, controlling morphology during synthesis becomes desirable and necessary for 

biomedical efficacy and safety (31). 

In addition, classification based on dimensionality namely, zero-dimensional (0D), one-

dimensional (1D), two-dimensional (2D), and three-dimensional (3D) nanoparticles offers 

further insights into their functional mechanisms. For instance, 0D nanoparticles such as 

quantum dots have unique optical properties that are size-dependent, whereas 2D materials like 

nanosheets possess high surface areas suitable for drug loading or sensing platforms. If research 

is to progress toward more sophisticated nanodevices, this dimensional framework provides a 

valuable perspective for designing multifunctional systems (32). 

Finally, classification systems may also consider crystallinity, surface charge, solubility, 

and reactivity, depending on the use context. In pharmaceutical applications. Thus, such 
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secondary classifications often intersect with primary schemes to provide a multidimensional 

view of nanoparticle behavior (33). 

In light of these diverse frameworks, it becomes clear that a universal classification 

system is challenging to establish, yet it remains indispensable for standardizing research and 

regulatory practices. If interdisciplinary communication is to be improved and innovation is 

fostered, then clear, consistent classification criteria must be agreed upon. Therefore, this 

review aims to critically analyze the existing classification schemes of nanoparticles, evaluate 

their relevance in different scientific domains, and propose integrative approaches that may 

better support future research and applications (33). 

 

Chemistry and Significance of Heterocyclic Compounds 

Heterocyclic compounds are a vast and structurally diverse class of organic molecules 

characterized by ring systems containing at least one heteroatom, commonly nitrogen, oxygen, 

or sulfur, alongside carbon atoms. Based on ring size and saturation, they are broadly classified 

into aliphatic and aromatic heterocycles, and further subdivided into five- and six-membered 

rings (Such as pyrrole, furan, thiophene, pyridine, and quinoline). Their structural versatility 

enables a wide range of physicochemical properties, including tunable polarity, hydrogen 

bonding potential, and electron-donating/withdrawing behavior. These features make 

heterocycles essential scaffolds in pharmaceutical chemistry, where they serve as core units in 

more than 75% of FDA-approved small-molecule drugs, including antibiotics, antivirals, 

anticancer agents, and CNS drugs. Their biological activity is often enhanced by the presence 

of heteroatoms, which facilitate receptor binding and metabolic stability. In nanotechnology, 

heterocyclic compounds are increasingly employed to functionalize nanoparticle surfaces, 

providing improved solubility, targeted delivery, and enhanced catalytic or sensing capabilities. 

For instance, nitrogen-containing heterocycles can coordinate with metal nanoparticles, 

forming stable metal–ligand complexes used in biomedical imaging or drug delivery. Their 

conjugation with nanomaterials enables the design of intelligent systems responsive to pH, 

temperature, or light. Thus, heterocycles represent a critical interface between molecular 

chemistry and nanoscale engineering, offering multifunctionality in both therapeutic and 

industrial applications (34) . 

The Relationship Between Nanoparticles and Heterocyclic Compounds 
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Integrating nanoparticles (NPs) with heterocyclic compounds is a frontier in materials 

science, medicinal chemistry, and nanotechnology. Pharmaceuticals, agrochemicals, dyes, and 

electrical and photonic materials use heterocyclic compounds, which include rings with at least 

one element other than carbon (usually nitrogen, oxygen, or sulfur). Such chemicals may be 

conjugated or loaded onto nanoparticles to improve functionality, stability, and application 

breadth. The study of nanoparticle-heterocyclic system interactions, physical loading, or 

chemical reactions has grown fast as an interdisciplinary area (35). 

Nanoparticles' drug delivery, catalysis, and sensing benefits explain why they are often 

coupled with heterocyclic compounds. Due to their high surface area-to-volume ratio and 

distinctive surface energy, nanoparticles are ideal for heterocycle immobilization or 

functionalization as carriers, supports, or reaction media. Thus, heterocyclic molecules may be 

stable, bioavailable, or reactive. A hydrophilic nanoparticle may increase the water solubility 

and control the release profile of a heterocyclic medication with low solubility. The 

nanoparticle's capacity to modify solvent and biological interface interactions is responsible for 

this increase (36). The behavior of the NP-heterocycle hybrid depends on the manner of 

integration—physical adsorption, covalent bonding, or coordination chemistry. Hydrophobic, 

π-π, or electrostatic interactions may benefit physical loading in reversible systems or controlled 

release applications. In contrast, covalent conjugation, employed in sensor and catalyst design, 

produces stronger hybrid materials. Covalent or coordination techniques are better for strong 

and stable binding in high-temperature or solvent-intensive conditions (37). 

Chemically, heterocyclic compounds have several functional groups that interact with 

nanoparticles. Nitrogen-containing heterocycles may form metal–ligand complexes with metal 

nanoparticles, affecting catalytic activity and material durability. The nanoparticle surface 

offers a high density of active sites, while the heterocycle affects reactivity and selectivity, 

making such systems common in heterogeneous catalysis. Specific heterocycle-nanoparticle 

interactions are key to improving catalytic activity (38). Loading heterocyclic medicines onto 

nanoparticles for targeted and sustained drug delivery is popular in biomedicine. Biologically 

active heterocycles often have fast metabolism, membrane permeability, or systemic toxicity. 

However, encapsulating these compounds in biocompatible nanoparticles like liposomes, 

dendrimers, or polymeric nanoparticles may significantly enhance their pharmacokinetic 

characteristics. Surface modification of nanoparticles with heterocyclic ligands allows cell-

specific targeting, particularly when the ligands imitate natural substrates or interact with 

overexpressed diseased tissue receptors (39). 
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In addition to loading, heterocycle-nanoparticle chemical reactions have been widely 

explored for innovative or responsive materials. Functionalized heterocycles may undergo 

nanoparticle-mediated oxidative coupling or click chemistry. These surface alterations attach 

heterocycles and provide novel functional domains that may be used in biosensing, where 

environmental cues are crucial. Reactive integration using heterocyclic chemicals is a flexible 

and customizable method for multifunctional nanomaterials (40). The heterocycle interaction 

also depends on the nanoparticle type: metallic, ceramic, carbon-based, or polymeric. Gold 

nanoparticles are biocompatible and easy to surface functionalize, making them appropriate for 

conjugation with thiol- or amine-containing heterocycles. Magnetic nanoparticles like Fe₃O₄ 

enable external manipulation via magnetic fields, enabling tailored medication administration 

or MRI. Nanoparticle selection is crucial for field responsiveness and biocompatibility (38). 

Nanoparticles' loading or chemical interaction with heterocyclic compounds has opened 

new avenues for functional materials in catalysis, biology, sensing, and electronics. This 

interaction allows constructing more efficient, tailored, and environmentally or biologically 

sensitive systems. Therefore, this study seeks to cover the mechanics, techniques, and practical 

consequences of combining heterocyclic compounds with nanoparticles in diverse scientific 

fields (40). 

Many heterocycle classes have been merged with nanoparticles (NPs) for various uses. 

Nitrogen-containing heterocycles including imidazoles, triazoles, tetrazoles, and pyridines are 

employed for catalysis, drug administration, and biosensing because they coordinate well with 

metal surfaces. Thiazoles and oxazoles coupled with metal oxide NPs are antibacterial and 

anticancer. Targeted cancer treatment often uses polymeric or gold NPs with quinoline and 

indole compounds. Furans and thiophenes are also studied in optoelectronics and sensing. Each 

heterocycle enhances nanoparticle performance in distinct sectors with unique binding and 

electrical features (38-40). 

Several heterocyclic–nanoparticle systems have been developed for targeted applications. 

For example, triazole-modified gold nanoparticles have been used to detect Hg²⁺ ions via 

colorimetric changes, acting as selective biosensors for heavy metals (Ali, I., et al., 2022) (41). 

Tetrazole-functionalized Fe₃O₄ nanoparticles have been applied in anticancer delivery, showing 

enhanced uptake and apoptosis in breast cancer cells (Xue et al., 2021) (42). Imidazole-coated 

silver NPs exhibit potent antimicrobial activity by disrupting bacterial membranes. In 

biosensing, pyridine-functionalized quantum dots can detect glucose and dopamine by 
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fluorescence quenching or enhancement mechanisms. These systems quantify biomolecules, 

metal ions, or pH changes in biological and environmental samples, offering high sensitivity 

and selectivity due to the heterocycle–metal interface (42) . 

Functionalization of Nanoparticles Using Heterocyclic Ligands 

Functionalising nanoparticles (NPs) using heterocyclic ligands may improve their surface 

chemistry, stability, and specificity for advanced applications. Due to their electron-rich 

nitrogen, oxygen, or sulphur atoms, heterocycles may form covalent bonds, coordination 

complexes, or non-covalent forces on nanoparticle surfaces. Covalent functionalisation 

improves biocompatibility and solubility by chemically grafting reactive heterocycle ligands 

like imidazole, triazole, or pyrrole onto NPs. Thiolated thiophene or pyridine derivatives may 

stabilise gold nanoparticles in biological environments by forming Au–S or Au–N linkages 

(Chakroborty, S., et al., 2024) (43). In metal oxide or magnetic nanoparticles, heterocyclic 

ligands such tetrazoles and pyridines coordinate to surface metal ions to provide drug 

attachment or catalytic activity (Jawad et al., 2023; Gęca, M., et al., 2023) (44, 45). Surface 

changes such as π–π stacking, hydrogen bonding, or electrostatic interactions provide reversible 

and responsive functionalisation for drug release and biosensing. The heterocycle-modified 

NPs improve cancer treatment, antibiotic administration, and selective analyte detection. The 

conjugations of organic reactivity with nanomaterial precision create hybrid systems with 

customised physicochemical behaviour for biomedical and environmental applications (45). 

We appreciate the reviewer’s observation regarding the lack of detailed strategies on the 

functionalization of nanoparticles using heterocyclic compounds, which indeed aligns with the 

central theme of our manuscript. To address this, we have now expanded the relevant sections 

to incorporate comprehensive insights into chemical methodologies for nanoparticle surface 

modification via heterocyclic ligands. Heterocycles offer diverse functional groups (e.g., 

amines, thiols, carboxyls) that can interact with nanoparticle surfaces through covalent bonding, 

coordination chemistry, or non-covalent interactions. Covalent strategies often involve 

carbodiimide-mediated coupling or click chemistry, such as azide-alkyne cycloaddition, 

allowing stable linkage of heterocycles to metal or polymeric nanoparticles. Coordination 

strategies utilize lone pairs on nitrogen, oxygen, or sulfur atoms within heterocyclic rings (e.g., 

imidazole, pyridine, triazole) to form metal–ligand complexes, particularly with gold, silver, or 

iron oxide surfaces. Additionally, non-covalent approaches include π–π stacking and hydrogen 

bonding, which are useful for reversible drug delivery or responsive systems. Specific 
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examples, such as the use of tetrazole-functionalized Fe₃O₄ NPs for anticancer delivery or 

pyridyl-modified gold NPs in catalysis, have been incorporated and cited. These 

functionalization techniques significantly enhance nanoparticle performance in biomedical, 

environmental, and catalytic applications, and thus are crucial to the synthesis–application 

continuum emphasized in our review (45) . 

Structural–Activity Relationship (SAR) of Heterocyclic–Nanoparticle 

Hybrids 

The structural–activity relationship (SAR) helps explain how heterocyclic–nanoparticle 

hybrids' chemical characteristics affect their biological performance, especially in medication 

delivery and therapy. Solubility, membrane permeability, and metabolic stability are affected 

by structural characteristics such ring size, heteroatom type, substitution pattern, and degree of 

conjugation. Nanoparticles functionalised with nitrogen-rich heterocycles (e.g., tetrazoles, 

imidazoles) bind better to metal ions or cellular receptors, enhancing site-specific delivery. 

Aromatic heterocycles' electron-donating or withdrawing substituents affect bioavailability and 

cytotoxicity via affecting biological targets. Surface charge, cellular uptake, and intracellular 

trafficking are also affected by heterocycle orientation on nanoparticle surfaces. Hydrophilic 

substituents on heterocyclic moiety promote aqueous dispersion and systemic circulation, 

according to studies. SAR investigations show that hybrids with electron-rich moieties on five-

membered rings increase apoptosis owing to improved ROS production and DNA intercalation 

in anticancer applications. SAR insights help chemists create hybrid materials for optimum 

therapeutic effectiveness, decreased off-target effects, and increased biocompatibility across 

biomedical platforms . 

Methods for Preparing Nanoparticles on both Classical and Modern 

Approaches 

Nanoscale material synthesis technologies have grown since the discovery of 

nanoparticles and the founding of nanoscience. Nanoparticles (NPs), particles between 1 and 

100 nanometers, have distinct physicochemical features. Due to their improved surface 

reactivity, size-dependent optical properties, and quantum effects, nanoparticles are significant 

in medicine, electronics, catalysis, and energy storage. However, controlling nanoparticle size, 

shape, crystallinity, and surface functionality is crucial to their use in such applications. The 

invention and improvement of preparation procedures are key to nanomaterials research (46). 
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The first nanoparticle synthesis methods came from traditional chemistry and metallurgy. 

Colloidal gold and silver nanoparticles were made in the Middle Ages, but their creation 

methods remained unknown. Many empirical techniques were used in these early approaches, 

resulting in poor repeatability and particle characteristic control. However, these old methods 

helped scientists comprehend nanoscale material nucleation, growth, and stability (47, 48). 

The need for high-performance nanomaterials has spurred the development of more 

advanced and controlled synthesis processes. Top-down and bottom-up nanoparticle 

preparation methods exist. Top-down methods use ball milling, laser ablation, or lithography 

to split bulk materials into nanoparticles. These technologies can create vast amounts of 

nanoparticles but have drawbacks such as wide particle size dispersion, high energy 

consumption, and milling medium contamination. If particle shape and purity must be 

controlled precisely, top-down approaches may be less suitable. Bottom-up methods use 

chemical reactions or self-assembly to make nanoparticles from atomic or molecular 

precursors. Examples include sol-gel synthesis, CVD, microemulsion, and 

hydrothermal/solvothermal processes. Bottom-up approaches are recommended for high 

uniformity and tunability applications because they better regulate size, shape, and surface 

chemistry. Bottom-up synthesis meets biocompatibility and particle size requirements for 

cellular absorption and biodistribution in biomedical applications (47). 

Due to nanotechnology breakthroughs, green synthesis techniques have emerged, which 

lessen environmental and health risks. These eco-friendly approaches reduce and stabilize using 

plant extracts, microorganisms, or enzymes. Green synthesis approaches appeal to nanoparticle 

manufacturing that prioritizes sustainability and ecological effects. Because biological 

approaches are benign, they may retain delicate biomolecules' functional integrity, making them 

ideal for biomedical and pharmaceutical applications (48). 

In addition to green chemistry, contemporary hybrid methodologies combine top-down 

and bottom-up approaches to improve efficiency and scalability. Plasma-assisted synthesis or 

laser pyrolysis can produce functional nanoparticles for commercial use with great accuracy 

and speed. The emergence of microfluidic synthesis platforms has enabled regulated and 

continuous nanoparticle production. These "lab-on-a-chip" devices accurately manage reaction 

parameters, reducing batch-to-batch variability. Microfluidic technology may improve 

nanoparticle production repeatability and scalability (46). 
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Despite these advances, the choice of nanoparticle production process depends on the 

application. Thus, material type, intended use, economic feasibility, and environmental 

concerns must be considered while choosing a process (47). 

Nanoparticle preparation techniques have changed substantially since their discovery. 

Modern nanoscience was founded on conventional methods, but developing better, greener, and 

more exact synthesis methods has allowed nanoparticles to be widely used in science and 

industry. Nanoparticle synthesis will become even more integrated into our everyday 

technology if future developments focus on sustainability, scalability, and multifunctionality. 

Therefore, this study critically examines the many processes used to produce nanoparticles, 

analyzes their pros and cons, and examines future trends that may define the next generation of 

nanomaterial production (48). 

 

4. Applications of Nanoparticles in Medical, Agricultural, and Industrial 

Fields 

Nanoparticles are useful in numerous sectors due to nanotechnology's fast growth. The 

high surface-area-to-volume ratio, quantum effects, and increased surface reactivity of 

nanoparticles (NPs) make them useful in many sectors. Nanomaterials have improved 

efficiency, sustainability, and health in agriculture and industry performance. Nanoparticle 

integration might change 21st-century technology if these discoveries proceed responsibly and 

controllably (49). 

Nanoparticles have revolutionized medical diagnostics, treatments, and medication 

delivery. One of their biggest contributions is targeted medication delivery, when 

pharmaceuticals are encapsulated or conjugated to nanoparticles to increase bioavailability and 

target particular tissues or cells. Lipid-based nanoparticles are employed in clinically approved 

medicines including mRNA vaccination platforms. Ligand-functionalized nanoparticles may 

transport therapeutic compounds to sick cells like malignant tissues, reducing systemic toxicity 

and improving treatment effectiveness. Metal nanoparticles like gold and silver NPs have also 

been researched for antibacterial and anti-inflammatory effects (50). These properties make 

them appropriate for wound dressings, medical device coatings, and photothermal and 

photodynamic therapy. Superparamagnetic iron oxide nanoparticles (SPIONs) also improve 

contrast and real-time viewing of interior structures in magnetic resonance imaging (MRI) . 
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Nanoparticles useful for the separation and purification of biological cells and substances. MRI 

can be improved by utilizing nanoparticle biosensors to diagnose various diseases. In 

phagokinetic investigations. Cellular imaging (51). 

Nanoparticles in agriculture have also improved crop protection, soil quality, and 

resource management. Various types of nanoparticles have been used in agriculture. Nano-

barcodes and nano-processors can help detect the quality of agricultural products. Li et al. (52) 

developed microscopic probes or bars to flag various diseases in the field. This method is cost-

effective, quick, and efficient for disease detection. Nano science is crucial for studying plant 

hormonal regulation. Nano sensors on farms detect plant viruses and soil nutrient levels. Nano-

encapsulated, mildly secreted nutrients are being used to reduce fertilizer usage and 

contamination in surrounding areas. Under the existing situation of pollution Nano pesticides 

and fertilizers are more effective and ecologically benign. Due to their tiny size and controlled 

release, these nano formulations may be used at lower dosages while maintaining or boosting 

effectiveness. Thus, chemical discharge into water sources is reduced, and ecological harm is 

reduced. Nano-based insecticides administered in exact quantities for particular pests may 

avoid resistance and sustain agricultural output. In addition, nano sensors are being developed 

to monitor soil health, nutrient levels, and pathogens in real time. These technologies can 

revolutionize precision farming by allowing data-driven decision-making, improving 

production and sustainability, as shown in Figure 4 (53). Nanoparticles (NPs) can purify 

irrigation water, lowering the danger of crop. Coagriculture can boost crop yields, minimize 

agricultural environmental impact, and improve food product safety and quality (54). 

 

 

Figure 4: Nanomaterials loaded with pesticides (51). 
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Nanoparticles revolutionize industry, especially materials engineering, electronics, and 

environmental cleanup. Carbon nanotubes and graphene nanoparticles are utilized to make 

lightweight, strong materials. High electrical and thermal conductivity makes them excellent 

for next-generation flexible electronics and energy storage devices like supercapacitors and 

lithium-ion batteries. Additionally, ceramic and metal oxide nanoparticles are widely employed 

in catalysis to accelerate chemical processes without being eaten. This is used in the 

petrochemical and pharmaceutical sectors. Nanoparticles such as TiO₂ and ZnO are used in 

self-cleaning surfaces, UV-blocking coatings, and antimicrobial films. If nanoparticle-based 

coatings are widely adopted, industries might profit from longer material lifespans, lower 

maintenance costs, and improved product functioning (55). 

Despite these potential uses, nanoparticle toxicity, environmental persistence, and 

regulatory supervision remain issues. Thorough risk evaluations and consistent synthesis, 

application, and disposal methods are essential. However, nanoparticles have significant 

medicinal, agricultural, and industrial advantages. Nanoparticles might solve numerous health, 

food security, and sustainable development issues if appropriately used. Powerful nanoparticles 

connect scientific innovation with practical application. Their benefits to human health, 

agricultural production, and industrial manufacture are growing. As research on nanoparticle 

interactions and safety advances, their integration into daily technology will likely produce 

more sophisticated and pervasive systems, resulting in more sustainable and efficient systems 

across numerous industries (55). 

Applications of Nanoparticles in Cancer Therapy 

Despite available treatments, cancer still kills millions of people annually. The usage of 

existing antineoplastic medications can lead to adverse side effects, compromising a patient's 

lifetime. Novel nanoparticle-based medications are gaining popularity due to their 

effectiveness, minimal side effects, and ability to target cancer cells. These activities could be 

attributed to the huge surface area of NPs, which enables the mixing of high pharmacological 

dosages (56). According to Khan and Fulekar, nanoparticles (NPs) are highly effective 

anticancer medicines due to their biocompatibility, selectivity, ease of manufacture, and low pH 

dissolution. Nanomaterials activate angiogenesis in human malignant melanomas skin cells via 

the caspase 3 pathway (57). 

5. Applications of Nanoparticles in Vaccines 
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Conventional live-attenuated pathogen vaccines may return to pathogenic virulence, but 

inactivated vaccines generally restrict immune response. Nanoparticle-based vaccines may 

overcome vaccine limitations. Recent chemical and biological engineering advances have 

allowed for exact nanoparticle size, shape, functionality, and surface characteristics, improving 

antigen presentation and immunogenicity (58). 

Applications of Nanoparticles in Electronics 

Due to their lower cost than silicon printing, printed electronics have become popular. 

Electronics printed with different inks should flow quickly. These inks may include CNTs, 

organic, and ceramic nanoparticles (59). Electronic, photonic, and sensor materials may be 

made from one-dimensional semiconductors and metals due to their structural, electrical, and 

optical capabilities. Electronics companies find new semiconductor materials. Microchips like 

diodes and transistors replace vacuum tubes (60). 

Other Applications of Nanoparticles 

Nanoparticles (NPs) are employed in various consumer products such as water filters, 

deodorants, soaps, socks, food preservation, and room sprays, expanding the business sector of 

nanotechnology. NPs and their composites exhibit better catalytic activity for dye reduction and 

removal (61). 

6. Conclusions 

Nanoparticle-of heterocyclic compound integration offers great scientific and 

technological promise. Due to their physicochemical features, these hybrid systems improve 

medicine delivery, catalysis, sensing, and material creation. Nanostructure functionality and 

efficiency depend on the interaction mode—loading, coordination, or covalent bonding. 

Additionally, green synthesis technologies provide a biocompatible and sustainable means to 

make such materials. Toxicology, long-term stability, and consistent regulatory criteria remain 

issues. Multidisciplinary research and innovation must address these limits when using lab 

discoveries. Nanoparticle–heterocycle conjugates might solve medical, agricultural, and 

industrial problems while boosting sustainability and enhancing functional material design if 

explored ethically and strategically. Before widespread use, nanoparticle–heterocycle hybrid 

systems must overcome many difficulties despite their potential multifunctionality. Concerns 

include cytotoxicity, long-term environmental buildup, and poor biocompatibility, especially 

with metal-based nanoparticles. Scalable, repeatable synthesis techniques for green and eco-

friendly processes are few. Future research should improve surface functionalisation, generate 
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stimuli-responsive hybrids, and use computer modelling to anticipate biological behaviour. 

Safety and sustainability need more comprehensive toxicological and life cycle evaluations. 

Addressing these shortcomings will improve these materials' medical, catalytic, and 

environmental remediation applications. 
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