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Plant-derived metal nanoparticles (PDMNPs) have gained considerable interest because of their tremendous and

remarkable potential as therapeutic agents as well as development of less expensive, safer, and easier biomedical

equipment. PDMNPs are synthesized from metal salts or oxides by using plant extracts because plants have

diversified bioactive compounds that can act as reducing and stabilizing agents at the time of nanoparticle

synthesis. Besides, PDMNPs take advantages over the nanoparticles synthesized by other methods because of

their low cost, environmental friendliness, and sustainability. 

plant-derived metal nanoparticles  reactive oxygen species (ROS)  antioxidant  antimicrobial

anticancer

1. Introduction

The burgeoning branch of science based on nanoparticles (NPs), known as nanoscience and nanotechnology, has

attracted a lot of study attention over the past few decades. NPs have been developed widely with unique and

dazzling properties ranging in size from 1.0 to 100 nm because they provide the way for advancing multidisciplinary

research ranging from medicine to engineering, physics, and chemistry . For several years, NPs have been

employed in the manufacture of nanodevices, nanotherapeutics, nanoelectronics, and engineered biological

structures, with applications in pharmaceuticals, foods, agriculture, energy, environment, cosmetics, electronics,

and catalysis . Because of their tiny size, diverse structure, and numerous biological and physicochemical

features, NPs have increasingly caught the attention of the research community over the past two decades . In

most of the cases, metal salts/oxides-mediated NPs outperform other nanoparticles due to their huge surface area

to volume ratio, excellent biocompatibility, adjustable production, and high stability, making them appropriate for a

wide range of applications . Depending on the synthesis methods, NPs may be obtained in various forms,

including nanotubes, nanorods, nanoparticles, and nano-sheets, which differ in morphology, size, and form along

with optical properties, but they excel in a variety of applications in diverse sectors . The top-down strategy and

bottom-up approach are two methods used to create nanoparticles. The techniques that use chemical reactions to

generate nanoparticles are commonly known as bottom-up approaches. These processes can also be used to

grow thin films in some cases. For generating thin films when bulk material is used for depositions, top-down

techniques are preferable. Radio frequency sputtering, pulsed laser deposition, molecular beam epitaxy, and e-

beam evaporation are the techniques that are often utilized. NPs are sometimes grown using techniques like

mechanical milling and high-energy ball milling .
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Furthermore, due to significant energy consumption, environmental contamination, and detrimental impacts on

humans, physical and chemical procedures are not regarded as an optimal and significant strategy for

manufacturing NPs . To address these inadequacies, green methods are preferable since they are

environmentally friendly, save energy, and have no hazardous side effects. There are numerous green and

sustainable methods for producing NPs, including microorganisms (bacteria, fungi, and yeast), biomolecules, and

plants . Plant-derived metal nanoparticles (PDMNPs) are among those that have gained recognition as

nanomedicine in recent years and have advantages over synthetic NPs. Plants’ bioactive compounds serve as

reducing, capping, and stabilizing agents by converting the metal sources into NPs . Although PDMNPs are

biologically efficient as therapeutics at the target sites of protein receptors, they may exhibit several types of toxicity

influenced by their size, shape, surface area, crystallinity, agglomeration as well as dissolution . However, they

are quite effective for a variety of therapeutic applications . Thus, PDMNPs’ ability to turn bioactive compounds

that are poorly soluble and poorly absorbed into promising deliverable substances has enormous potential in the

pharmaceutical and biomedical sectors. PDMNPs could lead to the development of cost-effective and safer

therapeutic as well as drug-delivery agents against various diseases.

Oxidative stress, a global health concern, is a redox imbalance in between the generation and accumulation of

reactive oxygen species (ROS) during the metabolic processes . Oxidative stress is primarily caused by oxygen

free radicals such as hydrogen peroxide, superoxide, and hydroxyl groups, which are produced as byproducts of

molecular oxygen through oxidative reactions, catalyzed by endothelial nitric oxide synthase (eNOS), xanthine

oxidase (XO), and NADPH oxidases enzymes . Based on types and sources, oxidative stress signaling causes

metabolic dysfunctions and inflammatory responses. Consequently, increased inflammatory signaling is linked to

altered redox balance, which leads to metabolic dysfunctions such as cardiovascular stroke, atherosclerosis, and

diabetes . On the other side, ROS overproduction causes oxidative damage to biomembranes, lipids, fats,

proteins, and nucleic acids, which leads to aging, inflammation, pain, and the onset of various diseases such as

diabetes, cancer, cardiovascular, neurodegenerative, and metabolic disorders . Naturally, the human body has a

number of independent cellular mechanisms that work together to counteract the negative effects of oxidative

stress. Antioxidants, whether produced endogenously or taken as supplements, are helpful in reducing oxidative

stress . Thus, managing ROS may be an important therapeutic pursuit to prevent various diseases. PDMNPs

have a well-established role in the prevention of oxidative stress-related diseases . PDMNPs exposure may

significantly increase ROS generation because PDMNPs release metal ions, which promote ROS overexpression

by impairing mitochondrial function via targeting electron transport chain (ETC) reactions . Additionally, at higher

doses, PDMNPs may cause pathophysiological toxicity, including genotoxicity, inflammation, carcinogenesis, and

cell necrosis . PDMNPs, on the other side, release metal ions at very low doses, which interfere with the redox

reaction and produce the Fenton reaction, e.g., H O  + M  → M  + HO  + OH. This entire cascade suppresses

the mitochondrial membrane potential and the electron shuttle chain, as well as blocking the enzymes that

denature the proteins of the cell membrane . Because of this process, PDMNPs exhibit antioxidant,

antibacterial, and anticancer properties.

Thus, keeping all these points in mind, the researchers envisioned the PDMNPs in a concise manner through this

research which is focused on their synthesis, characterization techniques, and pharmacological properties in a
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lucid approach (Figure 1).

Figure 1. Schematic diagram showing the strategies for the synthesis, optimization of reactions, characterization,

and therapeutic applications of PDMNPs.

2. Overview of Nanoparticles

2.1. History and Development of Nanoparticles

NPs made of carbon or other materials such as silver (Ag), gold (Au), or iron (Fe) metals have nanoscopic

dimensions ranging from 1 to 100 nanometers in size . They cannot be seen with the naked eye or even a

standard microscope . Because of their small size, NPs exhibit high surface energy, and huge surface area, and

thus, they have unique and distinct physical and chemical properties from their bulk counterparts . NPs can be

made artificially as by-products or by modifying/engineering raw materials that have specific functions. The

chemical synthesis of metal-based NPs, including Ag, Au, Fe, copper (Cu), zinc (Zn), palladium (Pd), platinum (Pt),

and cobalt (Co) comes to mind when we discuss the different types of nanoparticles . Materials like metal salts,

metal oxide, silicates, polymers, organics, carbon, and others are also tuned into nano-size on a large scale using

physical, mechanical, and chemical approaches . Depending on the material from which they are made,

nanomaterials can adopt a variety of morphologies such as spheres, cylinders, sheets, or tubes . Nanomaterials

can take many different forms, such as zero-dimensional (colloids, quantum dots, nanoclusters, etc.), one-

dimensional (nanowires, nanotubes, nanobelts, and nanorod, etc.), two-dimensional (quantum wells, super lattices,

[20]

[21]

[22]

[23]

[24]

[25]



Plant-Derived Metal Nanoparticles | Encyclopedia.pub

https://encyclopedia.pub/entry/42456 4/19

and bio membranes, etc.), and three-dimensional (nanocomposites, filamentary composites, cellular materials,

porous materials, hybrids, and nanocrystal array) . The synthesis of metal nanoparticles in suspension was

made by Faraday in 1857, and Mie characterized the quantitative color change of nanoparticles in suspension in

1908 . Metal-based nanomaterials are superior to other nanomaterials due to their high area-to-volume ratio,

high surface energy, and distinctive electronic structure, which are formed via simple electronic transitions between

various energy levels . Ag is one of the metals that is frequently used to create nanomaterials using a variety of

techniques because it is simple to convert from Ag  ion to zero valent Ag . As a result, silver has many excellent

uses in the fields of medicine, catalysis, biotechnology, the environment, and the textile industry. According to a

literature review, Au is also used in the synthesis of nanomaterials to a significant level, followed by other metals,

viz., Cu, Zn, Fe, Pd, Pt, and Co but to a lesser extent . Nanomaterials based on metal oxide are used to create

nano-polymers because they have an M-O-M bridge connecting the metal to the oxygen atom . Alloy-based

nanomaterials are also created with specialized qualities, like the preservation of atomic ordering, lusters, and

more cluster shining, to improve the metal properties in electronic appliances. Additionally, magnetic nanoparticles

have a magnetic component (such as Fe, Co, or Ni) and a chemical component to modify their magnetic

characteristics, which are widely used in industries for catalysis .

2.2. Methodology

The electronic search engines like SciFinder, Google Search, Google Scholar, National Center for Biotechnology

Information (NCBI), PubMed, EMBASE (biomedical and pharmacological bibliographic database of published

literature), and clinicaltrials.org were used to collect the scientific data based on PDMNPs and their therapeutic

applications. In order to get the published papers, the researchers also looked for publications including

ScienceDirect, the American chemical society (ACS), Royal society of chemistry (RSC), Springer Nature, Elsevier,

Taylor & Francis, and Bentham Sciences. The key terms, like Nanoparticles, plant-derived nanoparticles, plant-

based nanoparticles, metal nanoparticles, therapeutic applications of nanoparticles, antioxidant properties of

nanoparticles, antimicrobial properties of nanoparticles, and anticancer properties of nanoparticles, were used to

search the literature for this research.

3. Synthesis of PDMNPs

3.1. General Synthesis

The properties and therapeutic applications of NPs or PDMNPs depend on their synthesis method. They are often

synthesized using the top-down approach and the bottom-up approach . As shown in Figure 2, to make

nanoparticles, both approaches include physical, chemical, and biological processes . The bulk material under

study is broken down into fine particles using suitable techniques such as mechanical grinding, thermal

evaporation, sputtering, and ball-milling in the top-down approach, whereas in the bottom-up approach,

nanomaterials are synthesized by assembling atoms or molecules into new or novel material in the nano-size using

chemical and biological methods . Condensation and evaporation are two important physical processes that

generate metal NPs in a furnace tube at atmospheric pressure. These processes mostly follow the top-down
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method, utilizing electrical or mechanical energy to grind materials into minute NPs. Even though physical

techniques do not involve hazardous materials, they nonetheless cost more to produce nanoparticles since they

need expensive and energy-intensive equipment . Chemical methods include the reduction, precipitation,

hydrothermal, sol-gel, emulsion, and micro-emulsion processes. The most widely used technology among them is

sol-gel because of its flexible implementation and high yield. Chemical processes are faster at producing bulk

materials, but they also require expensive, hazardous substances that are detrimental to the environment and our

health . The synthesis of NPs using salts or oxides of metals such as Ag, Au, Pt, and Pd has attracted a lot of

attention in recent decades due to the need to create materials that are safe for the environment, society, and

economy, as well as for use in everyday items like electrical appliances, vehicles, aircraft, biomedical devices, and

medications . Because they are uniform in size, shape, composition, surface charge, and optical properties,

metal-based NPs have many advantageous medical and industrial applications. However, the high cost and purity

of metals during synthesis is a major concern in the biomedical and pharmaceutical sectors . Greener

approaches to synthesizing biogenic NPs are constantly in demand by researchers to reduce toxic effects and

maintain a green environment because of their biocompatible, clean, cost-effective, and eco-friendly properties 

.

Figure 2. A flow chart showing the synthesis of PDMNPs by applying top-down and bottom-up approaches.

3.2. Plant Mediated Synthesis

Use of fungi, bacteria, plant, and plant-derived products are the best examples and best studied topics currently to

synthesize green NPs over conventionally synthesized NPs . However, the production of NPs by

microorganisms like bacteria and fungi is a costly and time-consuming process, and since microbes are the main

contributor to many diseases, high-grade care is always needed. PDMNPs do not pose these dangers and typically

preserve positive health effects. In the suspension of plant extracts and metal salts/oxides, the synthesis of

PDMNPs is completed in three steps, viz., activation, growth, and termination . The synthesis begins with the

activation of metal salts/oxides by reducing them followed by the growth of smaller nanoparticles into larger NPs,
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and finally, with the production of desired nanoparticles . The usage of plant extract helps to overcome the poor

solubility, decreased stability, and extended duration, which are the main drawbacks of the synthesis of metal NPs

(Figure 3). The aqueous extracts of the leaves of numerous plants have received the most attention among plant

extracts for the production of metal-chelated NPs . Given the rapid rate of synthesis, short reaction times, and

repeatable yields of Ag and Au, these metals are excellent choices for creating plant-based NPs . All plant parts,

including the flowers, leaves, stems, fruits, and roots, are abundant sources of bioactive compounds, which include

terpenoids, polyphenols, flavonoids, and tannins. Numerous studies have demonstrated that various plant extracts

contain polyphenols, flavonoids, tannins, quinol, chlorophyll, and saponin, contributing as reducing, capping, and

stabilizing agents to improve the stability of PDMNPs .

Figure 3. Diagrammatic representation of numerous properties of bulk material, nanomaterials, and plant-based

nanoparticles (PDMNPs).

When PDMNPs are synthesized, the bioactive compounds found in plant extracts provide great stability, reduce the

clumping, as well as inhibiting the agglomeration, which promotes good dispersion and more active sites in the

suspension . These bioactive compounds have a variety of functional groups, including carboxylic acid (-

COOH), aldehyde (-CHO), hydroxyl (-OH), nitrile (-CN), and amines (-NH ), which are engaged in reducing metal

ions into free metals (Figure 4) like Ag  → Ag , Au  → Au , Cu  → Cu , Zn  → Zn , and Pt  → Pt  . Bioactive

compounds also improve the adsorption ability of NPs by increasing the surface area of PDMNPs through

molecular interactions such as electrostatic interaction, dipole–dipole induction, π–π interaction, and hydrogen

bonding . According to research studies, functional groups of bioactive compounds are involved in reducing the

energy gap in metals, which promotes electron release and makes it easier for free radical species to develop.

They may readily pass through the cell membrane of pathogens and other host cells followed by killing the

diseased cells and as a result, they exhibit a variety of biological activities such as antioxidant and anticancer .

In some studies, polyphenols and flavonoids form a capping layer around the NPs via electrostatic interactions,

which increases the PDMNPs’ ability to bind to bacterial cell surfaces . Copper-based PDMNPs have been
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synthesized by using Cu(NO )  salt and plant extracts. In these studies, the bioactive compounds such as

anthraquinone glycosides, tannin, and quercetin contained in plant extracts have been found to play key roles in

enveloping and stabilizing the PDMNPs by reducing Cu  ions into Cu  form . Furthermore, Kumar et al.

reported the formation of highly stable Zn nanoparticles when they used a suspension of Citrus paradisi peel

extract and zinc oxide. Following these studies, researchers found that the hydroxyl and carboxyl functional groups

of flavonoids, carotenoids, and limonoids were involved in reducing the Zn  ions into Zn , a zero valent state .

Moreover, Kesharwani et al. demonstrated that alkaloids, amino acids, and sugar compounds reduce Ag  to Ag

. Therefore, these investigations supported the significance of bioactive compounds in the synthesis of PDMNPs

by demonstrating how they operate as reducing, capping, and stabilizing agents.

Figure 4. A diagrammatic representation of reducing abilities of functional groups (CHO, COOH, OH, NH , CN,

etc.) of bioactive compounds that are present in the various plant extracts. These functionalities reduce the metal

ions into their zero valent states. Some byproducts are also formed in the reactions.

4. Factors Affecting the Synthesis of PDMNPs

There are some challenges during the synthesis of PDMNPs, particularly, non-uniformity in the particle’s shape and

size, that need to be overcome in order to maintain monodispersity in the suspension phase. There are also some

other factors that cause delays in the production rate, reaction time, and overall yield of synthesized nanoparticles.
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These factors include the concentration of plant extract, metal salt concentration, incubation time, pH, temperature,

types of bioactive compounds, and agitation processes to make the plant extract and suspension of nanoparticles

.

4.1. Effect of Extract Concentration

The concentration of extracts is one of the most important factors that influence the synthesis of PDMNPs as well

as the time required for their formation . In most of the studies, generally, the extract volume ranges from 1 mL

to 250 mL have been applied to observe their effects on the synthesis . The effects of extract concentration can

be easily observed by changes in color while synthesizing PDMNPs. Moreover, color changes have been observed

as the ratio of concentrations of plant extract varies, indicating variations in the size of nanoparticles. When the

concentration of plant extract containing significant number of bioactive compounds is high, a sharp peak (small

particle size) is observed. A broad peak is observed as the concentration of extract decreases, indicating that the

size of the nanoparticle is large . Furthermore, Adeyemia et al. synthesized the bimetallic Ag and Au

nanoparticles by using different concentrations (50, 100, and 250 mL) of Dovyalis caffra (Kei apple) fruit extract.

This study demonstrated that different concentrations of extracts affect the shape and size of nanoparticles with a

low reaction time in 250 mL volume . Other researchers also reported the different extract concentrations

regarding the best synthesis of PDMNPs using Ocimum sanctum (Tulsi) leaves extract (0.1, 0.2, 0.3, 0.4, and 0.5

mL), Aegle marmelose leaves extract (10, 20, and 30 mL), and Aloe barbadensis Mill. (Aloe Vera) leaves extract

(5, 10, and 15 mL) concentrations .

4.2. Effect of Time

The incubation period of suspension containing plant extract and metal salts/oxides is a vital period that influences

the synthesis of PDMNPs in an appropriate time. Smaller-size nanoparticles are produced by using a short

incubation time, but larger nanoparticles with a propensity to assemble are often produced by employing a longer

incubation time . Numerous investigations have shown that the ideal incubation time, during which all essential

reaction steps are properly carried out, is in between 30 min and 2 h. By using Garcinia indica fruit extract,

Sangaonkar et al. successfully carried out the experiment of UV spectroscopy to investigate the incubation time

from 2.0 to 120 h in a reaction mixture and then found that 24 h was the ideal incubation time for the synthesis of

Ag nanoparticles. Similar to this, when fruit extract from Garcinia indica was utilized as a reducing agent, the Au

ions are reduced, followed by transformation into nanoparticles in less than two hours . In the earlier studies,

by using the extracts of Chenopodium leaf and Tansy fruits, Ag and Au nanoparticles started to appear within 10

min of the reaction started and increased up to 2 h by the time the reaction was finished . In contrast, other

research indicated that the incubation period was slightly longer than the recommended 2 h . Additionally,

several reports indicated that the ideal incubation duration for the nucleation reactions used to generate metal

nanoparticles from plant extracts is 60 min, indicating great stability of the metal nanoparticles .

4.3. Effect of pH
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The parameter of pH cannot be ignored at the time of nanoparticle synthesis because it affects the morphology of

nanoparticles in terms of shape and size . The absorbance peaks in UV-Visible absorption spectra throughout

their investigation make it simple to see changes caused by pH variations . The formation of big-sized

nanoparticles at pH 2.0 and large amounts of smaller-sized nanoparticles at pH 3.0 to 4.0 during the synthesis of

gold nanoparticles using Avena sativa plant extract demonstrate the strong pH dependence of nanoparticle size

. Another study found that increasing the pH from 3.0 to 7.0 causes nanoparticle size to decrease, whereas

increasing the pH from 7 to 11 causes nanoparticle size to rise . Similarly, by using some other plant extracts,

studies hypothesized that higher pH (alkaline) values produce small, mostly spherical nanoparticles whereas lower

pH (acidic) values produce big, ellipsoidal nanoparticles . According to an experiment performed by

Chitra and Annadurai, the size of Ag nanoparticles synthesized using Bacillus brevis cell culture was highly

dependent on pH changes, with larger size (60–110 nm) at pH 5 and smaller size (10–40 nm) at pH 9 .

Moreover, Suresh et al. reported the synthesis of smaller size nanoparticles derived from low-pH ginger extract,

which was attributed to the presence of the highest total phenolic content as compared to neutral and alkaline pH

extracts . Overall, pH influences the size and shape of PDMNPs because exposure of polar functional groups

such as carbonyl and hydroxyl groups increase the stability as well as binding ability of metal ions during the

nucleation and growth phases, which encourages less aggregation of synthesized nanoparticles .

4.4. Effect of Temperature

Another crucial factor that must be monitored throughout the synthesis of nanoparticles is temperature. A rise in

temperature typically speeds up the reaction, increasing the amount of product produced. For instance, the rate of

nanoparticles formation is higher at high temperatures than it is at normal temperature . The greater yield of

synthesized nanoparticles is made possible by an increase in metal reduction and homogenous nucleation, both of

which are influenced by temperature. It is interesting to note that the temperature range needed for the synthesis of

PDMNPs is lower (37–100 °C) than the temperature range needed for synthesis using physical and chemical

methods, which is around 350 °C . Because of the increment in surface plasmon resonance and sharpness of

peak by increasing temperature, Ag and Au nanoparticles have been synthesized at higher rates at higher

temperatures, transitioning from nanorod to platelet-shaped size, as reported in various research .

Additionally, some research used spectrophotometers to analyze the strong peaks of absorbance, which directly

linked the experiment’s increased temperature to the nanoparticle’s rapid growth . The sharpness of the

absorbance relies on the size of the synthesized nanoparticles.

4.5. Effect of Types of Bioactive Compounds

Plant extracts rich in bioactive compounds (polyphenols, flavonoids, tannins, saponin, etc.), which function as

reducing and stabilizing agents, influence the reduction of metal ions, the size, shape, processing, and stability of

the PDMNPs . These variations are explained by the presence of varying amounts of phytochemicals, which rely

on extract preparation techniques, species variances within the same plant, and geographical and seasonal

variations . There are many publications on PDMNPs that reported the use of bioactive compounds as reducing,

capping, and stabilizing agents, but no clear study is available so far on which types of phytochemicals are
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responsible for these properties. Most often, the reported bioactive compounds are polyphenols, flavonoids,

terpenoids, and alkaloids, which contain oxygen functionalities and could act as reductants of metal ions for the

synthesis of PDMNPs . Some publications showed that ascorbic acid and glucose could reduce some metals

like Au and Ag into their zero valent states, leading to PDMNPs synthesis . Proteins, enzymes, and sugars found

in plant extracts also lead to bio reduction of metals as well as agglomeration of synthesized nanoparticles .

Thus, the various types of bioactive compounds, which are good reducing and capping agents, may enhance the

yield of synthesized PDMNPs by inhibiting the aggregation of the nanoparticles.

4.6. Effect of Agitation

Naturally, bioactive compounds are synthesized in cytoplasm or in specific cells and organelles, followed by

transportation to other organs. Among them, terpenoids and alkaloids are synthesized in chloroplast whereas the

endoplasmic reticulum contains the steroids and sesquiterpenoids. Plant vacuoles contain water-soluble

compounds like polyphenols, flavonoids, saponins, and tannins. Lipid soluble compounds such as monoterpenoids

and fats are transported through resin ducts and lactiferous glands from their origin sites to storage locations .

Most of the compounds are synthesized in the leaves and aerial parts and stored in other parts like roots, fruits,

and stems. Thus, a metabolic profile based on bioactive compounds that varies from species to species of plants

depends upon season, time, and stage of development . It also depends on the location and types of

compounds by which extraction should be done so that we can obtain bioactive compounds in good yield .

Agitation during extraction is a very important aspect that should be done because most of the bioactive

compounds are enclosed within the cells or vacuoles. Usually, proper agitation causes the breakdown of the cell

walls or vacuole rupturing, followed by enhancing the squeezing out of the compounds . Hot aqueous

extraction, among them, is the best way for easy preparation of PDMNPs. In this type of extraction, polar

compounds are widely extracted, the majority of which are polyphenols and flavonoids, along with their glycosides.

Further, when compounds are extracted for an extended time of period, their yield improves . In

addition, pressurized agitation of plant material is very important; applying pressure increases extraction yield .
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