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Abstract

:

A rapid rise in industrialization has led to the release of pharmaceutical pollutants into water bodies, rendering water inappropriate for consumption by humans and animals, challenging our efforts to achieve the clean water sustainable development goal. These pharmaceutical pollutants include antibiotics, anticancer drugs, antidepressants, etc., which are highly stable and persistent in water, in addition to being harmful to life. At times, the secondary pollutant that is formed after degradation is more potent than the parent drug. Conventional water purification methods cannot completely remove these pollutants. Hence, efficient and robust methods are required to degrade pharmaceutical waste. Photocatalytic degradation of drugs is deemed an efficient and effective method for environmental remediation, along with recovery of photocatalysts, which are important for recycling and sustainable use. Herein, we present the synthesis of nanoparticles (NPs) and their application for photocatalytic degradation of pharmaceutical waste as a preferred water treatment method. Additionally, green synthesis of photocatalytic nanomaterials offers the benefit of avoiding secondary pollution. The green synthesis of NPs is employed by using plant extracts that offer a number of metabolites as reducing agents or capping agents, as well as the use of microbes as green nanofactories to tackle the issue of water cleanliness with respect to pharmaceutical waste. Despite regulations concerning drug disposal, some underdeveloped countries do not enforce and practice these guidelines in letter and spirit. Hence, the current work presenting a promising water cleanliness method is expected to contribute to the assurance of strict policy compliance and enforcement, resulting in the resolution of the health concerns with respect to hazardous pharmaceutical waste disposal in water bodies.
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1. Introduction


A rapid rise in population, together with an escalated growth in the industrial sector, has led to serious environmental threats. In this situation, maintaining the standard health level of mankind has become a challenge. The release of pharmaceutical waste into the aquatic ecosystem poses a serious risk to human and aquatic life. Although pharmaceuticals are required for improved public health, their implications for the environment are severely damaging and call for immediate action. Moreover, the metabolites of some drugs degraded by biotic or abiotic processes in water reservoirs are more harmful than their parent drugs, compelling the scientific community to adopt preventive measures to reverse their toxic effects on the environment. Unfortunately, owing to their expansive use and continuous discharge, these pharmaceuticals have become ubiquitous in the aquatic environment. This is because conventional wastewater treatment plants lack the ability to effectively remove pharmaceuticals originating from different sources, such as domestic sources, hospital effluents, and agricultural and pharmaceutical sectors [1]. Industrial units mostly release their effluents directly into the sewage network without treatment and proper handling, [2]. As a result, this nuisance challenges water ecosystems globally [3].



Pharmaceutical compounds have different chemical stability and solubility in water, which are important parameters to monitor their contamination level. Despite their presence in minute concentrations, they are prone to bioaccumulate and enter the food chain. Some of them are persistent and accumulate in water bodies over time, for example, antiepileptic carbamazepine, whereas others may be pseudo-persistent and degraded over time, although their continuous input in water disturbs its ecology [4]. The stability of drugs can be greatly influenced by various environmental factors, such as heat intensity, temperature, humidity, etc. [5]. A matter of grave concern is that the annual consumption and discharge of drugs have exponentially increased due to a booming population, as well as the recent pandemic, which has significantly increased the drug load and their degraded products into water bodies, contributing to water pollution. The monitoring of these drugs is complicated by the fact that their influence on living organisms is diverse, in addition to the ecotoxicology of the drugs, and studies on the synergetic impact of multiple drugs are scarce. These organic and inorganic moieties contaminate water and make it unfit for drinking and other purposes, possibly leading to chronic health effects [6]. Aquatic life is disturbed by the presence of toxic substances, causing structural changes in the internal organs (such as kidneys and intestines) of fish, affecting their reproduction and growth patterns [7]. To rectify the rise in water pollution, different conventional methods such as adsorption, filtration, screening, sedimentation, coagulation, and flocculation are employed; however, these methods are not considered suitable for the removal of pharmaceutical effluents due to the production of secondary pollutants in water [8,9]. Moreover, simple biological treatments such as active sludge treatment and biodegradation by microbes are not significantly effective to degrade these pharmaceutical drugs as new degradation products are formed [10]. Some advancements have been adopted for conventional water treatment procedures to improve their efficiency, such as ultrafiltration, nanofiltration, and the use of adsorbents (e.g., charcoal) to remove the contaminants [11,12].



The use of advanced oxidation processes for drug degradation is another emerging technique that can be applied to eliminate pharmaceutical pollutants from water. These oxidation processes include photocatalysis, ozonation, UV/hydrogen peroxide oxidation, and photo-Fenton oxidation. Some other emerging techniques for drug degradation are non-thermal plasma and sonolysis. The former technique uses oxidizing agents such as H2O2, OH radicals, and ozone generated by non-thermal plasma [13,14,15,16]. In sonolysis, the oxidizing agents are produced by ultrasonic radiations. Photocatalytic degradation of drugs is, to date, the most popular method, with its own significance owing to the reuse of the photocatalyst, making it cost-effective and environmentally friendly [17]. Among these, nano-based photocatalysts are simple to synthesize and can result in effective breakdown of the pollutants. The most common and effective nanophotocatalysts that are employed in this regard include ZnO, TiO2, and CeO2 nanoparticles (NPs) [18]. Photocatalytic degradation with photocatalysts involves absorption of light, leading to excitation of electrons from the valence band (VB) to the conduction band (CB). This produces holes in VB that perform oxidation reactions at the surface of photocatalysts that produce hydroxyl radicals. At the same time, the charge separation between the two bands promotes electrons in the conduction band to execute reduction reactions at the surface. The efficiency of a photocatalyst requires reasonable surface-active sites, a suitable band edge position, a narrow bandgap energy, a low rate of charge recombination, boosted charge separation, and charge transfer. Furthermore, at the nanoscale level, a high surface-to-volume ratio with high concentration of atoms at the surface due to the small size of NPs affects their optical and electrical properties. Hence, when a particle approaches a very small size, the atoms at the surface become weakly bound to the bulk atoms and chemically active, which allows them to partake in chemical reactions, acting as catalyst due to the manifestation of high surface energy. These changes are attributed to the electronic structure of the material, leading to a quantum size effect. This also has an effect on their optical properties [19]. Bandgap is an important property that reflects the photoactivity, as well conductance, of the nanomaterial. TiO2 NPs are the most explored photocatalysts, with a bandgap energy of 3.4 eV, while ZnO NPs with a smaller bandgap of 3.2 eV suffer from photocorrosion and a fast rate of recombination of photoexcitons. CeO2 NPs have a bandgap energy of 3.1 eV. Hence, bandgap needs to be narrowed for visible light absorption. This is solved by compositing NPs with noble metals and doping. Hence, TiO2/ZnO offers synergistic properties, as do CuO/ZnO nanocomposites, resulting in enhanced photoactivity [20]. Additionally, the rapid separation and recovery of catalysts are considered important, in accordance with the principles of green chemistry, contributing to the circular economy and requiring efficient retrieval of catalysts from the product for recycling. Green synthesis invokes green chemistry by using bio sources such as plant extracts, fungi, vitamins, etc., to synthesize products with environmentally benign properties without the production of any hazardous substances. Physical and chemical methods for the synthesis of nanomaterials are energy-intensive, as they use UV radiation and temperature for thermal decomposition and pressure. They also require a high concentration of reducing and capping agents to stabilize the NPs and organic solvents, along with the requirement for expensive and complex equipment and tedious solution preparation. The chemicals used in this process are detrimental to the environment and human health. Hence, there is a need to replace these methods with environmentally friendly methods whereby extracts from a bio source can be used as both a reductant and a capping agent, requiring the economical use of chemicals to reduce metal salts to NPs. This not only reduces the use of chemicals but also helps to sustain the environment. It has also been noticed that the NPs formed during green synthesis can be much smaller than those produced by wet chemical methods, such as Fe3O4 NPs [21]. Copious references with respect to green synthesis and its prospects in the future can be found in [19].



This review article endeavors to discuss the various types of pharmaceutical pollutants and the types, role, and synthesis methods of nano-based photocatalysts for the degradation of pharmaceutical drugs and their removal efficiency without contributing to secondary pollution by employing green synthesis. We emphasize the mechanistic details of the degradation process of the active photocatalyst achieved by environmentally friendly methods. This work is important from not only from an environmental point of view but also concerns public health and addresses both life in water and life on land.




2. Types of Pharmaceutical Pollutants


Pharmaceutical pollutants can be classified based on their chemical nature, source (biological or synthetic), the target or site of action, mode of action, and physical/chemical effects on the human body. The forthcoming sections describe some important categories of pharmaceutical compounds based mainly on their chemical effects in the human body.



2.1. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)


Non-steroidal anti-inflammatory drugs are an important class of pharmaceutical drugs that are used to treat pain and inflammation [22]. Apart from their anti-inflammatory effect, NSAIDs also possess antipyretic and analgesic characteristics [23]. About 5–10% of all medications prescribed each year consist of NSAIDs [24]. Some common examples of NSAIDs are ibuprofen, naproxen, piroxicam, meloxicam, flurbiprofen, etc., as illustrated in Scheme 1.



NSAIDs have high bioavailability and are tightly bound to plasma proteins. These compounds are absorbed in the gastrointestinal tract, while the metabolic process is mostly carried out in the liver. The compounds are then excreted in the form of urine. Their life cycles may vary depending on the nature of the drug [26,27]. NSAIDs are classified into further categories depending on the type of derivatives, such as acetic acid, salicylic acid, enolic acid, anthranilic, acid and propionic acid [28]. NSAIDs can be added into water bodies by excretion either directly or via the sewage system. Interaction, metabolism, and degradation of these drugs may occur inside the water environment, where these products may be converted into other products [29]. Scheme 2 depicts the possible degraded products formed by catalytic degradation of ibuprofen by zinc oxide and titania that are activated by photoexcitation of an electron to the conduction band, producing radicals for degradation of pollutants under specific pH conditions, as shown in [30], demonstrating hydroxyibuprofen as the main product by introducing a hydroxyl group followed by decarboxylation and mineralization of the drug in the presence of a catalyst. It is argued that with longer irradiation times, hydroxylation is the primary reaction and may result in a number of other byproducts (not shown here) [31].



Drug manufacturing units are also a major source of introduction of these drugs in water bodies. Pharmaceutical effluents from industry are directly discharged into water bodies, resulting in contamination [32]. Various forms of NSAIDs, such as ibuprofen, naproxen, and diclofenac, have been found to degrade by using UV/persulphate for complete oxidation. The rate of degradation is fast compared to hydrogen peroxide. Their mechanism of degradation was determined to be of first-order kinetics. Removal of water (dehydration) and removal of carbon dioxide (decarboxylation) are the major steps during the degradation of NSAIDs. Removal of chlorine (dechlorination) is also observed during the degradation of NSAIDs. Finally, cleavage in the rings occurs, which leads to the formation of various metabolites [33]. Scheme 3 represents the degradation pathway followed by naproxen [10]. Here, Kolbe’s decarboxylation is identified as the principal process for its degradation via photolysis, followed by further oxidation to form 1-(6-methoxynaphtalene-2-yl)ethylhydroperoxide as a major product. 2-ethyl-6-methoxynaphtalene is formed as a fragment after decarboxylation, which, after hydroxylation and oxidation, forms 1-(6-methoxynaphtalene-2-yl)ethanone, which can dehydrate to substituted ethanol. These products are confirmed by the UHPLC-DAD-MS technique. The ultimate step in photocatalysis is malic acid, which completely mineralizes to CO2, H2O, and non-oxidizable products.



Titania and zinc oxide NPs are most widely studied photocatalysts for the degradation of NSAIDs. Some transition metals are also added as a dopant to increase their catalytic activity. Reduced graphene oxide and other porous materials are also effective in enhancing the photocatalytic activity of these metal oxide nanoparticles [34]. In recent studies, it was illustrated that naproxen is completely degraded by employing g-C3N4 (graphite carbon nitride) as a photocatalyst. The drug was completely degraded within 50–70 min. Some toxic metabolites and intermediates with carcinogenic effects were also detected [35].




2.2. Anticancer Drugs


One of the leading causes of deaths is cancer, which is invariably fatal. Cancer and tumors are characterized by uncontrollable growth of cells. Various treatments are applied to treat cancer, such as chemotherapy and radiotherapy [36]. In chemotherapy, specific tumor cells are killed, and their growth is ceased using potent, low-molecular-weight drugs. Several side effects have been associated with chemotherapy treatment, such as hair loss, nausea, ulcers of the digestive tract, and bone marrow clampdown. These side effects occur due to the action of anticancer drugs on cancerous, as well as healthy cells [37]. Chemotherapy was first used in the 1940s, with nitrogen mustard employed as an alkylating agent that, through the nitrogen lone pair, resulted in an intermediate that prevented replication of DNA of tumor and healthy cells alike. Later, many anticancer drugs such as doxorubicin, mitomycin C, and mitoxantrone were developed for the treatment of malignant and tumor cells, offering higher efficacy and targeted delivery to the tumor. These anticancer drugs are cytotoxic, i.e., they can damage normal cells; studies have shown that not only these drugs but also their degraded products (initially transformed intermediates) are toxic to human and aquatic life [38].



Titania is a useful photocatalyst for the degradation of anticancer drugs such as doxorubicin and methotrexate. These drugs were found to be partially degraded into a hydroxylated product after one hour of irradiation [39], resulting in a final product after fragmentation of sugar moiety.




2.3. Antibiotic Drugs


The word antibiotic originated from the word “antibiosis”, which means “against life”. In the past, it was thought that antibiotics were organic in nature and synthesized by microorganisms that can kill another microorganism [40]. However, antibiotics can also be synthesized by synthetic means. Even a very minute concentration is enough to cease the growth of other microbes. Some antibiotics can kill microbes, for example, bactericidal antibiotics can kill bacteria, while some others can only inhibit the growth of bacteria, such as bacteriostatic antibiotics [41]. Penicillin was the first antibiotic discovered by an English microbiologist, Alexander Fleming, in 1928. This antibiotic was extracted from a fungus, penicillium notatum, which is mostly found in soil. Later, this antibiotic was applied to clinical findings in 1940. Penicillin was first used to treat different bacterial infections [42]. Different types of antibiotics include tetracycline, quinolones, aminoglycosides, sulfonamides, glycopeptides, etc. [43]. Hollow-structured Ag-doped TiO2 NPs were employed as a photocatalyst under visible light for degradation of metronidazole, an antibiotic, and showed high photodegradation efficiency as compared to undoped TiO2, with only a 10% reduction in its degradation efficiency after six cycles [44]. Nanocomposites of needle-like SnO2 NPs loaded onto g-C3N4 nanosheets showed good photocatalytic activity against the degradation of tetracycline in aqueous medium as a result of synergism. Moreover, the recyclability of the nanocomposite-based photocatalyst showed only a minor reduction in its photocatalytic activity, proving the stability of the catalyst and its potential to be applied to other pharmaceutical drugs with the same active moieties [45].



Since antibiotics are among the most prescribed medications annually, the addition of these antibiotics lead to serious pollution to water bodies and are therefore a threat to life [46]. Antibiotics are mainly classified into antibacterial and antiviral drugs. The expected degradation pathway followed by an antibiotic is illustrated in Scheme 4, proposing two common initial degradation pathways. Hydroxylation is the main route for degradation of sulfa drugs, forming mono- and n-hydroxylated intermediates, while S-N cracking resulting from the addition of H+ is the secondary degradation route. The formation of RNH2 is evidence of a photocatalytic process, followed by its complete mineralization with the loss of sulfaniline [47].



2.3.1. Antibacterial Drugs


Antibacterial drugs are chemical substances with biological origin used to stop and inhibit the growth of bacteria or destroy the cell structure of bacteria. These drugs show a complex mode of action depending on the site of the target, mainly attacking the cell wall of bacterial species, and disturbing the synthesis of enzymes, leading to the destruction of the bacterial cell. Some antibacterial drugs may attack the cell membrane of bacterial species, leading to the leakage of intracellular material, while others may cause the complete inhibition of protein synthesis. Nucleic acid synthesis may also be disturbed by the application of certain antibacterial drugs. Moreover, the functioning of certain biochemical reactions is also affected by these drugs, which results in an inadequate production of essential cell components. Depending on the specificity of the target, antibacterial drugs are categorized into two main types, i.e., broad-spectrum and narrow-spectrum antibacterial drugs. A broad range of diseases is treated by the action of broad-spectrum bacteria. Narrow-spectrum antibacterial drugs are used for the treatment of a few specific bacterial diseases [48].



Antibacterial drugs are also responsible for water contamination and are prescribed widely for bacterial infections. A number of photocatalysts have been reported for the removal of these drugs from water bodies. Recently, researchers studied sulfamethazine in water. For this purpose, greigite (Iron sulfide mineral) was used, along with peroxymonosulfate (PMS) and peroxydisulfate (PDM). A degradation rate of about 96.7% was observed within one hour. PMS and PDM generated free radicals (active species) that resulted in an increased rate of degradation [49]. Photocatalysis has attracted considerable attention because of its powerful oxidation-reduction reactions. Semiconductor nanomaterials (such as TiO2 and ZnO) and their nanocomposites are the most effective photocatalysts for the degradation of these pharmaceutical products [50]. In 2016, it was observed that both ZnO and TiO2 can be used to degrade amoxicillin, erythromycin, and streptomycin in the presence of sunlight. Both these photocatalysts were efficient in 100% degradation of drugs due to increased mobility of photogenerated charges. However, ZnO required more time to degrade these drugs completely. It was also observed that the rates of degradation of erythromycin and streptomycin were slower compared to that of amoxicillin. Furthermore, ZnO was reported to be safer and less toxic than TiO2 [51]. Research has shown that doping of semiconductor materials and the formation of hybrid nanocomposites leads to the lowering of the bandgap, which accelerates the percentage of degradation by enhancing photon absorption [52]. A reusable, magnetically separable Fe3O4-functionalized rGO supported on TiO2 showed increased photocatalytic efficiency towards tetracycline as a hybrid photocatalyst due to synergism of the photo-Fenton reaction and the conducting properties of rGO [53].




2.3.2. Antiviral Drugs


Antiviral drugs are widely used to treat infections caused by viruses in the body of the host, which take control of the host’s DNA and start producing viral proteins. First, the virus attaches itself to the surface of the host and starts penetrating inside the host by secreting certain hydrolyzing enzymes. Then, it reaches the host genome and takes complete control. Replication of the viral genome leads to the production of many viral components inside the host body. Ultimately, the newly synthesized viral entities are released outside by budding of the cell membrane and by rupturing of the host cell [54,55]. To control viral activity, antiviral drugs are employed. The first antiviral drug was discovered in 1963. This discovery opened the door for the synthesis of other antiviral drugs. These antiviral drugs have been used to treat millions of patients worldwide [56]. These antiviral drugs are target-specific and are selectively used to treat a particular type of viral infection. These drugs cannot destroy the complete structure of the attacking entity; only growth and other viral activities are stopped. Similarly, in 1990, a viral drug was synthesized to treat HIV (human immunodeficiency virus) [57,58]. Some examples of antiviral drugs are acyclovir, trifluridine, ganciclovir, zidovudine, etc.



Antiviral drugs can pollute water, even at very low concentrations, affecting the water quality. Their degraded metabolites are more persistent than the original products [59]. TiO2 is a very efficient photocatalyst for the removal of Tamiflu (antiviral drug), resulting in 98% degradation with pseudo-first-order reaction kinetics [60]. In recent years, it has been reported that the addition of H2O2 and peroxymonosulfate (PMS) leads to fast degradation in a helical-baffle reactor. In another study, remdesivir was degraded by up to 99% within 5–10 min [61]. A recent paper reported that a ZnO NP-supported photocatalyst with a TiO2 nanorod MXene heterostructure achieved 99.4% efficiency in degrading ceftriaxone sodium [58]. A proposed photocatalytic degradation mechanism of lamivudine by TiO2 is shown in Scheme 5 [62]. It shows two pathways where a major intermediate is formed by attack of an OH· radical, while a secondary product is formed by a photohole h+ attack. The h+ cracks the N6 site, further oxidizing it, leading to aromatic ring opening. Lamivudine and its intermediates completely mineralize within 6 h by 83%, providing the intermediates ample time to decompose, along with the parent compound.





2.4. Antidepressant Drugs


Antidepressant drugs are included in the category of front-line drugs responsible for the treatment of chronic neuropathic pain. They are psychiatric drugs that are used to treat mental illness [63]. Antidepressants are considered the least famous type of painkillers with analgesic effects. The results of a survey suggest that antidepressants account for only 3% of total prescribed analgesics [64]. However, studies show that usage of these antidepressants to minimize chronic pain may lead to the onset of other sensory and emotional actions. Some other side effects are also linked with the use of these antidepressants, and medicinal agencies have reduced the use of these drugs for particular neuropathic pain due to associated limitations [65]. It has been established by different studies that antidepressants exhibit central and periphery analgesic mechanisms of action (see Figure 1) [66,67].



Antidepressants also lead to the enhancement and transmission of adenosines, resulting in an escalated level of extracellular adenosine concentration [68]. Depression is also a consequence of persistent chronic pain. Studies have shown that 30–55% of patients have these interrelated symptoms [69]. On the other hand, pain is the most common symptom found in patients suffering from depression and anxiety [70].



The addition of these drugs to the aquatic environment leads to the contamination of water. Small amounts of these antidepressants are also deposited inside the internal organs of aquatic creatures such as fish and mollusks [71]. Different methods for degradation of antidepressant drugs are applied. According to one report, 90% degradation of sertraline was observed in activated sludge within 0.25 h [72]. More than 99% degradation of venlafaxine was achieved within 3 h by using UV/H2O2 [73]. According to recent research, metal organic frameworks and their composites are used to achieve complete degradation of antidepressants, with a 100% degradation rate reported after 120 min. The generation of free radicals such as OH∙ and SO4∙− is the main driving force for catalytic degradation of these drugs [74]. For venlafaxine, the main mechanism of degradation involves hydroxylation, dehydration, demethylation, and tertiary amine substitution. During the degradation process, the removal of alkyl groups and some other nucleophilic substitution reactions may occur. Not only these antidepressants but also their metabolites and degraded byproducts retain some toxic effects [75].





3. Toxicity of Nanomaterials


Undoubtedly, nanomaterials possess excellent features, and a wide range of applications are associated with them; however, environmental and health hazards limit their use for drug degradation. It has been established by research that nanomaterials that remain in water bodies due to their small size can penetrate through body parts and can damage internal tissues and organs. As many nanomaterials are synthesized due to their multiple applications, a significant amount is added to the aquatic environment. These toxic nanomaterials are then ingested by aquatic creatures such as fish, leading to changes in their internal tissues and organs. The circulatory and respiratory systems of marine species may be disturbed by the toxicity of these nanomaterials [20]. Absorption of nanoparticles by aquatic creatures also leads to various behavioral and physiological changes. Moreover, their fertility rate is decreased, and the death rate is increased due to long-term ingestion of these materials [76]. However, different strategies can be adopted to reduce the toxic effects of nanomaterials, such as replacement of toxic compounds with less toxic compounds by adding chelating agents to modify their surface chemistry, by constructing shell around the nanomaterials, and controlling their shape [77]. The effective separation of NPs from water bodies using filtration membranes may also reduce their exposure to aquatic life. In addition to the various studies reporting toxicological effects of NPs, a few reports discuss the reduction in the cytotoxic effects of nanoparticles by surface coating. Nobuhiro et al. evaluated the reduction in t toxicological effects by coating CuO NPs with a cyclic peptide (cyclic-SCATPFSPQVCS) [78]. Cytotoxicity studies conducted in the presence of CuO NPs with a particle size between 25 and 50 nm in peripheral blood mononuclear cells demonstrated that low concentrations (1 µg/mL) did not affect the cell viability, while concentrations equal to or greater than 10 µg/mL decreased the cell viability [79]. Peptide-coated NPs inhibited cytotoxicity against many microbes and human embryonic kidney cell line HEK293. The author suggested that peptide-coated NPs may have safe applications for industry. Singh et al. demonstrated that CuO NPs produced by surfactant-assisted synthesis have more toxicological effects than NPs synthesized without a surfactant [80]. The particle size, which depends on the synthesis procedure and experimental conditions, also plays a major role in modulating cytotoxic properties. In general, a literature survey reveals that most of studies report that smaller NPs have greater toxicological effects on human cell lines; however, dermal effects are not significant. Further studies are required to establish the synthesis conditions necessary to prepare NPs with fewer toxicological properties. Therefore, greener approaches for the synthesis of nanomaterials without the need to adding any toxic chemical or solvent as a capping and reducing agent may reduce the risks of toxicity caused by NPs [81].




4. Green Synthesis Methods of Nano-Based Photocatalysts


The term “nanotechnology” was first introduced by Richard P. Feynman in 1959. He introduced this concept during his famous lecture, “The plenty of room at the bottom” [82]. He professed that matter at a very small scale (i.e., the atomic and molecular levels) can be employed to construct structures with controlled and precise morphology. Using nanotechnology, matter is reconstructed and restructured at the nano scale (less than 100 nm in diameter) to change its properties. Nanomaterials possess excellent characteristics in the nanometer range as compared to their bulk counterparts [83], such as high optical activity, enhanced catalytic and thermal performance, and excellent mechanical properties due to a high surface-to-volume ratio [84]. The chemical and physical properties of nanomaterials are greatly influenced by decreasing the grain size. Melting and boiling points are also changed as a result of a reduction in size to the nanometer scale [85]. Nanomaterials also exhibit various applications in the medicinal industry. Antimicrobial activities have also been investigated for NPs [86]. Researchers have now switched from chemical to green routes of synthesis, considering the application of these materials in food, cosmetics, electronics, space, and chemical industries [87].



Nanomaterial-based photocatalysts for drug degradation can be synthesized by chemical and physical techniques. Physical methods include plasma synthesis, microwave irradiation, pulse laser methods, sonochemical methods, gamma irradiation, etc., whereas well-known chemical methods include sol–gel, precipitation and coprecipitation and, and electrochemical deposition methods [88]. Green synthesis methods use fewer chemicals and are more environmentally friendly. Chemical synthesis may produce toxic chemical species on the surface of NPs [89,90]. Moreover, it sometimes requires toxic and harmful reducing agents, which release noxious byproducts such as hydrazine. These methods can also be categorized as top-down or bottom-up approaches. In the top-down approach, a large chunk of material is selected and crushed into smaller materials up to the nanometer range, usually by physical methods. This approach is disadvantageous in that it is time-consuming and costly. In addition, the top-down approach does not lead to the production of materials on a large scale [91]. A bottom-up approach refers to the synthesis of nanomaterial by self-assembly of smaller building blocks. This is atom-by-atom and molecule-by-molecule self-assembly of smaller subunits results in the formation of a new material with a diameter ranging from 1 nm to 100 nm. New nuclei are formed, and growth occurs until the desired material is achieved [92]. Such chemical and biological methods are categorized as bottom-up approaches for synthesis of NPs, followed by green synthesis (see Figure 2).



Morphological Dependence of Green Synthesized Nanostructures


The green synthesis method is an environmentally friendly process that invokes green chemistry to ensure reduced used of chemicals, the elimination of the production of toxic waste, and reduced consumption of energy. By using plants and microbes as nanofactories, NPs can be synthesized with different morphologies and properties. Morphology is important for explaining the optical and electrical properties of NPs. Thus, various morphologies of NPs have been reported by employing plant extracts. The presence of capping agents controls the morphologies as well, as the growth and nucleation patterns, of synthesized nanostructures. Morphologies of synthesized NPs can be characterized by employing various techniques, such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction analysis. Furthermore, the presence of the organic functionalities present in synthesized nanomaterials can be analyzed by FT-IR spectroscopy. The morphologies and size of synthesized NPs depend on a number of factors that include pH, temperature, biomass and substrate concentration, exposure time, etc. [93]. Nanoflowers of silver were previously prepared using Kalanchoe Daigremontiana extract, exhibiting enhancement in the photocatalytic performance as compared to spherical nanostructures. The surface area is large in the case of silver nanoflowers, which leads to fast electron transfer, resulting in the degradation of various organic contaminates by employing green synthesized nanoflowers [94]. Capping agents play a crucial role by anchoring to facets of growing nanocrystals to control their morphology. In addition, AgNPs are synthesized by adopting both green and chemical methods; their phytotoxicity and efficiency were compared using various analytical tools. It was concluded that the nanostructures prepared by adopting a green route are environmentally benign and toxin-free. They also possess better catalytic and antibacterial properties [95]. However, it is not as straightforward to control the size and morphology when synthesized by bio sources, as it involves a number of biochemicals such a flavonoids, polyphenols, fatty acids, etc., which are difficult to control in a reaction. Similarly, in another report, Andean cabbage was used as a stabilizing agent to produce AgNPs with an average size of 15–80 nm, while NPs of 20.5 nm were synthesized from Mortiño berry to reduce silver to AgNPs. To this end, NPs were coated with polyphenolics and anthocyanins, leading to stability of the NPs [96,97]. Similarly, AgNPs were synthesized by different sources, such as Allium cepa (onion), resulting in a spherical shape with an average size of 50–100 nm [98], Capparis petiolaris fruit with spherical NPs with diameters of 10–30 nm [99] and Terminalia cuneate bark with NPs with an average diameter of 25–40 nm [100]. It is noted that changing the capping agent by using different plants/extracts results in different dimensions.



ZnO NPs are known to induce reactive oxygen species, which aid in the degradation of pollutants. Waste fruit peels of Punica granatum and Musa acuminate were used to synthesize biogenic ZnO and Ag NPs, which were characterized by different techniques. SEM micrographs confirmed a nanosphere morphology of chemically synthesized Ag NPs, with a nanoflake morphology for ZnO NPs. At the same time, nanospheres were confirmed for both biosynthesized Ag and ZnO NPs. It was also contended that biologically synthesized NPs showed higher antimicrobial activity than chemically synthesized NPs. The average size of chemically synthesized Ag NPs was 9.2 ± 2.28 nm, while biologically synthesized NPs ranged from 7 to 11 nm. Similarly, chemically synthesized ZnO NPs demonstrated a mean average size of 6.4 ± 3.29 nm, whereas biologically synthesized NPs from M. acuminate and P. granatum had average sizes in the range of 10–14 nm [101].



Au NPs were obtained using Persea americana (avocado) oil, as confirmed by UV-Vis spectrophotometer, showing a spherical morphology between electromagnetic radiations of 300–1100 nm under direct sunlight, with an average particle size of 20–100 nm. A weak band at 1000 nm suggests the formation of triangular AuNPs, which were stable for two months, indicating the coexistence of differently shaped NPs [102]. Furthermore, plant extracts such as Cinnamomum zeylanicum leaf, edible mushroom, berries, sugar beets, etc., have materialized as ecofriendly and non-hazardous alternatives to wet chemical methods [103]. Garcinia indica Choissy produce biogenic AuNPs of 20–30 nm in diameter with a spherical shape and around 89% photocatalytic efficiency for organic pollutants [104]. Mussaenda glabrata leaf results in reduction of Au3+ to Au0 and Ag1+ to Ag0 in the presence of phytochemicals. AuNPs showed a mean diameter of 10.59 nm with spherical and triangular NPs, while AgNPs showed an average size of 51.32 with a spherical geometry. An FCC crystal structure was confirmed via XRD. In the presence of NaHB4, silver and gold NPs demonstrated reasonable photocatalytic activity [105]. Under the optimum reaction conditions, AuNPs with different shapes were synthesized instead of spherical NPs, which can be used for different applications. Vegetable waste results in AuNPs with an average size of 10–70 nm with excellent antibacterial activity [106].



α-Fe2O3 NPs with a bandgap of 2.2 eV are promising catalysts [107]. Thus, Peltophorum pterocarpum leaf extract was used to form rod-shaped γ- and α-Fe2O3 NPs with an average size of 16.99 nm [108]. Camellia sinensis tea leaf extract comprising polyphenols resulted in nZVI/Fe0 NPs with a size of 5–15 nm and a spherical shape [109]. It has also been noticed that the NPs formed via green synthesis can are much smaller (2–80 nm) than those produced by wet chemical methods (87–400 nm), such as Fe3O4 NPs [21].



Similarly, biodegradable waste extracts are used to synthesize CuFe2O4, with applications as catalysts and bactericides for water remediation [110]. Methanolic extract of peel agrowaste from fruits such as plum, kiwi, and peach was used to synthesize nanocrystalline TiO2 NPs. O–H, C=O, C–O, and C–H groups found in peel were responsible for the synthesis of TiO2 NPs, the antibactericidal and catalytic properties of which were dose- and time-dependent [111]. Similarly, bacterial cellulose waste (BC) from Achromobactin sp. M15 was employed to synthesize TiO2 NPs with a size range of 5–10 nm, showing innovative properties as compared to NPs prepared by a chemically employed sol–gel method [112]. Copious references for the green synthesis of NPs future prospects can be found in [19].





5. Biogenic Sources of Synthesis of NPs


The concepts and principles of green chemistry were first presented by two scientists named Anastas and Warner [113]. For green synthesis of NPs, the selection of solvent and reducing/stabilizing agent is of great significance and often governs the morphologies and size of NPs. Different types of green synthesis methods can be used depending upon the nature of the source of reducing or stabilizing agents, such as plants, algae, vitamins, etc., (as illustrated in Figure 3), from which extracts can be collected. The forthcoming sections discuss the various routes utilized for green synthesis of photocatalysts employed in drug degradation.



5.1. Green Synthesis Using Plant Extracts


Synthesis of NPs using plant extracts is the easiest route, as these are cost-effective and easily available [115]. Medicinal plants contain a large number of metabolites and reducing agents, which help in the reduction of many metal ions to NPs. Some plants also contain a significant quantity of metals that are incorporated into NPs during synthesis. Plants do not require much time for the reduction of metal ions compared to fungi and bacteria. NPs of different sizes and morphologies can be achieved in a short duration [116]. Different parts of plants can be used for green syntheses, such as leaves, flowers, fruits, peels, and stems, owing to the presence of phytochemicals [117]. Plant leaves and flowers should be subjected to drying at room temperature after washing with tap water or distilled water. After complete drying, they are finely crushed into a smooth powder. Extract can be prepared by mixing a weighted amount of powder in distilled water, whereas complete mixing is achieved by heating and stirring. Afterwards, the cooled solution is filtered, and the filtrate is employed for the synthesis of NPs [118]. Some plants produce a large amount of hydrogen ions during the glycolysis process, which play a critical role in the reduction and stabilization of NPs [119]. Furthermore, the nature and type of NPs is the key parameter determining their photocatalytic activity. NPs can be obtained in the form of nanospheres, nanotubes, nanorods, nanofilms, etc.



Studies show that the NPs synthesized from plant extract (such as Convolvulus arvensis) can be efficiently used for the degradation of environmental pollutants such as azo dyes and drugs. These dyes are used as additives in pharmaceuticals for aesthetics and for practical reasons to help patients in distinguishing between different colors of medicine. Thus, silver NPs with well-defined morphology and catalytic activity show the best environmental response [120]. Leaf extract of Vernonia amygdalina was used to synthesize Nb-doped ZnO NPs by using a green approach to photocatalytically degrade tetracycline (TC), which is an important broad-spectrum antibiotic used to treat infectious diseases. The photocatalytic activity under visible light was shown to be 93.2% in 2 h and only reduced to 6% after five recovery cycles [121]. Sensitized ZnO NPs synthesized by chemical precipitation method were found to photocatalytically degrade TC to >80% under visible light for 5 h [122]. Employing a nanocomposite Au0.1Ag0.9/TiO2 in a citric acid membrane resulted in an efficiency of 90% under visible light [123]. Similarly, extract of hydrophyte species such as Persicaria salicifolia is used for the green synthesis of Ag-doped ZnO supported on a carbon-rich support such as biochar for photocatalytic degradation of TC. The photocatalyst showed reasonable recyclability after six successive cycles of use, with biochar facilitating the regeneration of the NPs [124]. Carbon quantum dots (CQDs) synthesized from waste of Citrus limetta modified with Au/Ag boosted the surface plasmon resonance effect when decorated on TiO2 nanofibers. The nanocomposite was able to photocatalytically degrade erythromycin. The photocatalyst exhibited recyclability with reduced photocatalytic activities after several cycles [125]. Plant-assisted synthesis of ZnO used as a photocatalyst has led to the removal of an antibiotic (ciprofloxacin). ZnO NPs were synthesized using extract obtained from Citrus aurantifolia (Lemon peels). A removal efficiency of 90% was obtained after 160 min. A variety of phytochemicals such as proteins, amines, alkaloids, cellulose, hemicellulose, and other aromatic components are present inside the lemon peel extract, resulting in stabilization of ZnO NPs. These green NPs produce no secondary pollutants. Complete degradation resulted in the formation of water and carbon dioxide [126]. The degradation of ciprofloxacin has also been reported by employing ZnO NPs synthesized using the chemical precipitation method under UV light, showing only around 50% degradation after 60 min and proving to be less efficient than green synthesized NPs [127]. Upon exposure to sunlight, excitation of electrons occurs from valence to the conduction band of ZnO NPs, leading to the generation of electrons and holes, which further react with water to generate free radicals. These free radicals are responsible for the breakage of drug structures. However, bandgap modulation in ZnO NPs (3.3 eV) can be accomplished by the addition of certain transition metals (silver, etc.) as a dopant. Narrowing of the bandgap results in shifting of the absorption peaks towards longer wavelengths and low-energy regions. These impurities (dopants) result in the enhancement of photocatalytic activity of ZnO, making it slightly active in response to visible radiation. Similarly, the reduction in the bandgap of titania is also ensured by adding dopants such as nitrogen. These impurities result in the enhancement of optical properties of TiO2 [128]. Thus, chemically synthesized γ-Fe2O3@ZnO showed improved photocatalytic efficiency for ciprofloxacin, from 11.5% for pure γ-Fe2O3 to 92.5% for functionalized NPs that require additional use of chemicals.




5.2. Green Synthesis Using Vitamins


Different vitamins contain a variety of reducing and capping agents. Nanorods and nanospheres can be synthesized by using vitamin B2 as a reducing and capping agent. Gold and platinum NPs of specific shape were prepared using riboflavin (vitamin B2) by reacting the salt precursors of gold and platinum with different solvents. Vitamin B2 is an efficient reducing and capping agent as compared to other chemical compounds, such as sodium borohydride (NaBH4), and appears to be perfect for preparation of NPs [129]. The morphologies and sizes of NPs can be controlled by varying the type of solvents used; density plays an important role in the formation of self-assembled structures and different shapes. The reaction of metal salt with vitamin B2 results in reduction of the metal salt and simultaneous oxidation and capping of the vitamin. Similarly, uniformly sized NPs can be synthesized using ascorbic acid (vitamin C) as a capping and reducing agent. The interaction of radiation with the collective oscillations of electrons in the conduction band result in extinction properties for Au and Ag NPs. This could be circumvented by efforts to tune size and shape by using a different synthesis method. Hence, Au and Ag NPs have been obtained utilizing vitamin C, resulting in a fast and efficient one-pot synthesis method. The size of synthesized NPs is tuned by pH changes, varying the metal or vitamin C solution. This method also allows for changes in the surface chemistry by using different surfactants and can be employed for a vast array of applications [130]. Green synthesis of silver NPs has been reported using vitamin-C-enriched Phyllanthus emblica extract. Here, vitamin C is used as a reducing agent, and the synthesis of AgNPs is affected by the reaction time, temperature, and concentration of metal salt and reducing agent in the solution matrix. Under optimum conditions, AgNPs of 41.2 nm are obtained. Ag NPs have enhanced photocatalytic efficiency for the removal of toxic moieties from water bodies [131,132]. Furthermore, although this area of research is in its incipient stage, core shell noble metal NPs (Fe-Cu) with Pt, Au, and Pd shells have been obtained using vitamin C, resulting in different morphologies that can be further explored for different applications, such as catalysts, nanodevices, etc. vitamin C was reported to reduce Fe and Cu NPs resulting in a core shell structure by the addition of Pt, Au, or Pd [133].




5.3. Green Synthesis Using Algae


A broad range of biological activities is associated with algae, such as antibacterial and antimicrobial applications [134]. These are marine species and are extensively used for the synthesis of metal NPs. Chlorella vulgaris (unicellular algae) can be used to synthesize metallic NPs such as gold NPs with particle sizes of 9–20 nm. Different shapes, sizes, and morphologies of metallic NPs can be achieved using various algal species and reaction conditions [135]. Gold NPs are synthesized using extract from aquatic algae, i.e., Galaxaura elongate, with excellent antibacterial properties [136]. Chlorella ellipsoidea extract is used for the synthesis of silver NPs with enhanced photocatalytic activities for the removal of water contaminants [137].



Gold (I) sulfide NPs can be synthesized using cyanobacteria in aqueous solution [138]. Furthermore, NPs of different sizes, such as gold and silver NPs, ranging from 8 to 12 nm can be obtained using marine algae [139]. Algae lack proper structure such as stems, roots, and shoot systems, but they possess a variety of pigments that play an important role in the synthesis of NPs [140]. Particle size is a key parameter in determining the properties of NPs, which, in turn, is affected by several factors, including pH, temperature, solvent, and chemical concentration [141]. The mechanism of synthesis of nanoparticles using algae is not fully understood, as different algal species react differently with metal precursors. Many species produce inorganic compounds either intra- or extracellularly and have different mechanisms of action to produce NPs [142]. The intracellular mechanism of the synthesis of NPs involves transportation of metal ions to the microbial cell, where positively charged metal ions are attracted towards the negatively charged cell wall. The metal ions are, in turn, reduced by the enzymes released from the microbial cell wall. The extracellular mechanism involves the secretion of enzymes, which reduce the metal ions for the synthesis of NPs [143].




5.4. Green Synthesis Using Fungi


Extracellular and intracellular synthesis of NPs using fungi such as Fusarium oxysporum, Colletotrichum sp., Trichothecium sp., A. fumigatus, Coriolus versicolor, Aspergillus niger, Cladosporium cladosporioides, and others are used widely worldwide, owing to several advantages lacking in other microbes, e.g., tolerance to high flow pressure in bioreactors and easy growth [144,145]. A variety of particle sizes can be obtained by using different fungal strains. Aspergillus flavus has been employed to produce monodisperse Ag NPs with particle sizes of 8.92 ± 1.61 nm. The stability of NPs was also found to be high due to the secretion of fungus, making NPs stable for 3 months [145]. Cultural conditions also impact the synthesis of NPs. Non-agitated culture leads to the production of extracellular metallic NPs, while agitated culture leads to the synthesis of intracellular NPs. It has been observed that the secretion of enzymes and proteins is considerably enhanced in the case of stationary culture as compared to agitated culture conditions [146].



It has been reported that gold NPs possessing biomedical and anticancerous properties can be synthesized by using fungus extract i.e., Fusarium solani [147]. A variety of metallic NPs, such as zinc, copper, silver, gold, iron etc., have been synthesized using fungus extract for the photocatalytic degradation of water pollutants [148]. Fungal extract contains multiple phytochemicals that are useful in the synthesis of nanoparticles such as spherically shaped iron NPs prepared from extract obtained from endophytic fungi Penicillium oxalicum. This extract exhibits expanded surface area for the reduction of metals. These fungus-mediated iron NPs were employed for photocatalysis of colored water contaminants, demonstrating a removal efficiency rate of 99.17%. Furthermore, morphologically controlled synthesis of silver NPs is also achieved by using fungal extract, which can be used for the catalytic degradation of water pollutants due to enhanced catalytic properties [149]. Fungus-assisted production of a nitrogen-doped Co3O4 nanocatalyst was also ensured by using Fusarium oxysporum, which exhibited excellent catalytic efficiency of 87% for toxic moieties [150].




5.5. Synthesis by Bacteria


Green synthesized NPs are formed when metal ions are trapped by microbes, whether at the surface or inside the microbes, which are then reduced in the presence of enzymes and act as electron acceptor moieties for anaerobic respiration. These microbes that include bacteria, viruses, and algae are known to either accumulate these NPs or secrete them to the environment in the presence of stabilizing and capping agents secreted intracellularly and are also known as green nanofactories. Thus, this method is a proven route for bioremediation or synthesis of materials. Many bacteria have been employed in the green synthesis of Au and Ag NPs, such as Bacillus subtilis, Escherichia coli, Rhodobacter capsulatus, Corynebacterium sp., and Lactobacillus sp. CdS NPs have also been synthesized using Escherichia coli, Klebsiella aerogenes, Rhodopseudomonas palustris, and Gluconoacetobacter xylinus [144]. ZnS NP synthesis was reported using Rhodobacter sphaeroides with a particle size of 8 nm [151]. CdS with particle sizes of 3.2–44.9 nm were formed from Escherichia coli and Klebsiella pneumoniae [152]. Copious references on the synthesis of NPs through green nanofactories can be found in [153]. Biogenic nano-TiO2 is formed by employing Bacillus subtilis, which produces NPs with a spherical morphology and a size of 10–30 nm. TiO2 NPs have proven to be a good photocatalyst that act with the help of H2O2 [154]. CuO NPs with an average particle size of 6–7.8 nm were prepared using Cystoseira trinodis extracts from brown alga and showed improved photocatalytic activity [155]. Bacteria are also employed in the synthesis of well-known ZnO NPs with excellent photocatalytic performance. ZnO nanoflowers can easily be synthesized using B. licheniformis, which is an effective and environmentally friendly approach. Nanoflowers have a large surface area with enhanced photocatalytic activities. These nanoflowers were found to be 40 nm in width and 400 nm in height. Absorption of light by the photocatalyst leads to the generation of free radicals (active species). These active species facilitate the process of degradation of organic contaminants. Hence, these photocatalysts help in bioremediation [156].





6. Conclusions


A lack of awareness regarding unregulated disposal of pharmaceutical waste and its hazardous implications has resulted in unchecked environmental degradation that needs to be urgently addressed. Hence, methods that are sustainable and environmentally friendly and are relevant to the aquatic ecosystems and required. These pharmaceutical drug pollutants have been accumulating in water bodies due to a rapid rise in industrialization, lack of awareness of the general public about proper disposal of pharmaceutical waste, and poor sanitation, especially in underdeveloped countries. Furthermore, at the governmental level in developing countries, strict adherence to regulation and guidelines on proper disposal of these drugs and their transformations is almost non-existent. Pharmaceutical waste contains many compounds, such as antibiotics, anticancer drugs, antidepressants etc., which are highly stable and persistent in water. Some of these compounds are pseudo-persistent, but their continuous input in water bodies imbalances their natural removal. The degradation of drugs often results in more harmful secondary pollution, which is also a cause of nuisance. Conventional water treatment procedures fall short of the desired rapid removal level, as evidenced by the presence of ever-increasing pharmaceutical drug pollutants in drinking water. Extensive research is being carried out to degrade drugs through advanced oxidation processes. Photocatalysis is one of the most explored oxidation processes in this regard and is often performed using metal or semiconductor oxide-based NPs synthesized by physical, chemical, or biological methods. Among these methods, biological methods of synthesis of NPs are garnering popularity, owing to their benefits of being greener, simple, and cost-effective. Green synthesis can be carried out using plant-based extracts, microbes (bacteria, fungi, or algae) and vitamins, as they provide reducing/capping agents required for the reduction of metal ions during the synthesis of NPs. The properties and efficiency of NPs in drug degradation depends on the reaction conditions, as well as the source of the reducing/capping agent. Despite the advantages of the biological synthesis of NPs, the cytotoxicity of nanomaterials must be tested, as minute quantities of NPs that remain in the water after remediation can be consumed by humans and animals and may cause adverse health effects. Additionally, intensive research with a strong triple helix platform involving collaboration between academia, industry, and government is necessary to mitigate the risks associated with its disposal and curtail waste in the production cycle with enhanced cooperation across borders in terms of implementing regulations and setting standards for acceptable limits. Thus, study and regulation of the leakage of pharmaceutical waste into water bodies, their fate and risks to non-target organisms, and its solution by employing zero waste and cost-effective technologies is incumbent. More importantly, consistent efforts are required to educate the public to cut down on excessive use and misuse of pharmaceuticals. Although these steps may reduce the waste to some extent, more stringent polices need to be put in place and adhered to in order to tackle severe environmental consequences endangering the sustainability of our planet.
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Scheme 1. Structure-based classification of NSAIDs. Reprinted from reference Bindu et al., 2020 with permission of Biochemical Pharmacology, 2020. Copyright (2022), Elsevier, Amsterdam, The Netherlands [25]. 
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Scheme 2. Proposed degradation mechanism of Ibuprofen by titania and zinc oxide as photocatalysts. Reprinted from Tanveer M. et al., 2019 with permission from Water Environment Research, 2019. Copyright © 1999–2023 John Wiley & Sons, Inc., New Jersey, United States [30]. 
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Scheme 3. Degradation mechanism of Naproxen. Reprinted from Patel M. et al., 2019 with permission from Chemosphere 2019. Copyright © 2023 American Chemical Society, Washington, United States [10]. 
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Scheme 4. Degradation pathway of sulfa pharmaceuticals (antibiotics). Reprinted from Yang H. et al., 2010 with permission from Catalysis Today, 2010. Copyright © 2010 Elsevier B.V., Amsterdam, The Netherlands [47]. 
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Scheme 5. Proposed photocatalytic degradation mechanism of lamivudine by TiO2. Reprinted from Thi L-AP. et al., 2021 with permission from Nanostructured Photocatalysts, 2021. Copyright © 2021 Elsevier B.V., Amsterdam, The Netherlands [62]. 
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Figure 1. The mechanism of action of antidepressants. Reprinted from Micó et al., 2006 with permission from the Trends in Pharmacological Sciences, 2006. Copyright (2022), Elsevier, Amsterdam, The Netherlands [67]. 
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Figure 2. Synthesis approaches for nanomaterials. 
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Figure 3. Different sources for green synthesis of metal NPs. Reprinted from Kumar et al., 2020 with permission of International Journal of Molecular Sciences, 2020. Copyright 1996–2022 MDPI (Basel, Switzerland) [114]. 
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