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Abstract: Nanotechnology, particularly the development of metal and metal oxide nanoparticles,
has significantly advanced medical science through improved drug delivery, diagnostic imaging,
and therapeutic applications. However, conventional physical and chemical synthesis methods are
often costly, energy-intensive, and environmentally hazardous. This review examines green
synthesis approaches that utilize plant extracts, microorganisms, and other biological materials as
reducing and stabilizing agents for nanoparticle production. Green methods offer enhanced
biocompatibility, reduced toxicity, lower production costs, and improved environmental safety
compared to traditional techniques. The paper highlights recent progress in green-synthesized
nanoparticles—especially zinc oxide and other metal oxides—for antibacterial, anticancer, and
biomedical applications. It also discusses key challenges, including process standardization, large-
scale production, regulatory concerns, and long-term toxicity assessment. Overall, green
nanotechnology represents a sustainable and promising pathway for advancing modern medicine
while aligning with principles of green chemistry and global sustainability goals.
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1. Introduction

Nanotechnology is based on the manipulation of matter at the atomic and molecular
level, and it has created a new field of innovation in various scientific areas [1]. This subject
is fast changing with the extraordinarily small dimension of the particles, 1-100 times of
the size of a particle at least in at least one dimension. These particles are unique in terms
of physical and chemical characteristics, unlike the components of blood [2][3].

These distinctive characteristics of nanoparticles make it one of the best available in
a broad variety of applications. They are key elements in coming up with better drug
delivery systems, enhancing diagnostics tools and providing new treatments in the
medical field [2]. These nanomaterials have distinct properties including large surface-to-
volume ratios and quantum effects, which brings their application in cancer therapy,
infection control, as well as the advanced bioimaging methods [2][4].

More specifically, small metal and metal oxide particles have received significant
interest because of their versatile characteristics in optics, magnetism, catalysis, and
electricity [2],[5]. These properties differ significantly in terms of size, composition, crystal
structure and shape. As the demand of these materials rises in the pharmaceutical sector,
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cosmetics, and electronics, there are need to identify sustainable and affordable ways of
manufacturing these materials [6].

Green synthesis has become one solution to the challenge of need to substitute the
traditional chemical and physical approaches in response to the demand. In this method,
emphasis is put on the utilization of natural material including plant extracts and
microorganisms to convert the metals into nanoparticles [7][8]. The point of it is that it
contributes to the diminution of the environmental and health damage that might occur
with the traditional preparation processes [9][8].

The sustainable method will minimize the consumption of harmful chemicals and
energy, in line with the principles of green chemistry and to promote the advancement of
biocompatible nanoparticles [10][6]. We explore green manufacturing techniques applied
to metal and metal oxide nanoparticles in this review and critically examine how they
operate, advantages as well as their limitations especially in different medical applications.

We also look at the advancements achieved in the use of these green nanoparticles,
diagnostic imaging and drug delivery systems and how they are bound to transform the
modern day medicine [11]. Moreover, the use of plants to prepare nanoparticles which
exploits the chemical multiplicity of medicinal plants is a green way of making
biocompatible nanoparticles with a low potential of toxicity [12].

Not only is this method less damaging to the environment and cheaper, but in many
cases, it produces safer and more useful nanoparticles to use in therapy, which is why it is
a superior choice to use in medical use [6][12]. This method has received quite an interest
as it is eco-friendly, economical and able to manufacture nanoparticles with increased
therapeutic value [12][13][6].

This shift of a biological approach is a solution to the limitations of the conventional
ways, which normally incorporate harmful chemicals and generate wastes that are
polluting and dangerous to the environment and health of human beings. Thus, the use of
such green method is gaining more and more appreciation as a better alternative like plant
extracts and microbial biomolecules to avoid the environmental and health risks of
conventional synthesis methods [16] [17].

This is an approach of binding the biomolecules to the surface of metallic
nanoparticles in their manufacture and makes the process more sustainable and cheaper
to produce on large-scale manufacture [16][6]. Moreover, it minimizes the number of
special equipment and harsh chemicals required, which is why it differs in relation to the
usual techniques, where high temperatures or pressures are needed [18].

The reconsideration of using organism like plants, microorganism and even animal
materials like chitin and silk has totally changed the method of manufacturing metallic
nanoparticles. These natural materials provide more biocompatible alternatives to the
conventional chemical processes [16].

Literature Review

The interest in researching the specifics of nanoparticles produced in accordance
with the environmentally friendly approaches has grown considerably over the last ten
years. The applications of these particles have been many including treatment of bacterial
infections, drug and genetic material delivery, cancer, imaging cell, and biological
detection [6].

Even though conventional techniques of producing these particles have been
successful, they are costly both economically and environmentally. Thus, there has been a
need to finding more viable solutions, including green manufacturing practices [6]. The
green approach that uses plants, their extracts and microorganisms minimize
environmental degradation, decreases the cost of production, and reduces health hazards
[6][19].
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Due to this reason, it has been adapted to mass production. This approach uses the
natural biochemical reactions present in living organisms including the compounds
extracted in plants which are useful in reducing metal ions and stabilizing the
nanoparticles [6]. This is not only compliant with the principles of green chemistry, but it
also improves on the biocompatibility and therapy of nanoparticles [6].

Green synthesis approaches can be described as those that can synthesize
nanoparticles that are more stable and can be synthesized in higher rates as compared to
those that are synthesized using microorganisms [20]. It is a safe, eco-friendly, and more
economically viable solution to the current situation since the toxic chemicals are not
utilized in this environmentally friendly method [3]. Moreover, nanoparticles which are
environmentally friendly may be naturally biocompatible because they are frequently
coated with materials which have a natural source [3][10].

This renders them very suitable in the application in general medical and industrial
applications. Recent developments also affirm that these particles including green zinc
oxide nanoparticles have powerful antibacterial and anticancer properties [6]. These
bioparticles have been widely used in medicine and have created new prospects of
therapeutic applications [16]. This underscores the success of green chemistry in producing
nanomaterials which are environmentally friendly besides having other enormous
implications in the medical sector [21][6].

Zinc oxide nanoparticles synthesized through green processes are less toxic and
more bio-degradable than other nanomaterials like gold nanoparticles which are not easily
bio-degradable and can accumulate in body tissues [6]. Moreover, synthesis is commonly
done without following much of the steps that are typical with chemical methods. It does
not need toxic chemicals, generates a minimal amount of waste, and is not dependent on
the severe weather conditions or energy intensive features [22].

Biosynthesis is one such new method that can be applied in this area, especially in
the case of zinc oxide nanoparticles. In this case, microorganisms and plants exfoliants and
stabilizers are taken as natural extracts that are environmentally friendly [23]. Green
chemistry is an important measure that is taken in this direction [24] [25]. It enables
production of materials that can be modified according to the requisite medical
applications to a large scope.

This technique is more preferred to the traditional physical and chemical methods as
it does not consider any complicated procedure and it also does not use any harmful
substances [26]. The transition to green practices in the production of nanoparticles is a
very important move. This is a cheaper and less damaging approach when compared to
the conventional approaches [6]. The new principle of biological resources can aid in
solving several issues that are related to the older approaches including application of toxic
chemicals and the creation of waste that can severely harm the environment and human
health.

It is due to this that the green method is becoming even more popular as a better
method, as it makes use of natural sources like plant extracts and biomolecules of microbes.
This assists in preventing the environmental and health issues related to the conventional
manufacturing technique. In this approach, the biomolecules are covalently attached to the
metal nanoparticles surface during manufacturing and hence, it is a less costly and less
detrimental to large scale manufacturing [27].

This technique greatly decreases the usage of specialized equipment or harsh
chemicals, which differentiates it to conventional techniques which use elevated
temperatures and high pressures [28]. Actually, the green formulation involves the use of
natural and renewable materials like plant extracts, fungi, yeasts, the bacteria and algae
which serve as reducing and coating agents. This renders the process of nanoparticle
production byproducts-free and environmentally friendly [29].
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Table 1. Comparison Between Traditional and Green Synthesis Methods

Parameter Traditional Synthesis Green Synthesis
Cost High Low
Environmental Safety Low High
Biocompatibility Limited High

Table 2. Examples of Green Nanoparticles and Their Applications

Nanoparticle Type Plant Source Main Applications
Zinc Oxide Pandanus leaves Antibacterial
Nickel Oxide Cinnamon Antimicrobial

2. Materials and Methods

This review intends to summarize and list the recent advances in the green synthesis
of metal nanoparticles and metal oxide nanoparticles. It pays particular attention to
description of their characteristics and dwells on their various medical uses. The review
also covers the prevailing challenges towards implementing these green materials in
medical sphere including regulatory hurdles, mass production capacity and long-term
biocompatibility [30].

This is a detailed analysis framework that tries to fill in the gap between the
sustainable manufacturing of nanoparticles and their use in the medical sector. This is
aimed at developing innovative solutions that can help in solving the world health issues.
Moreover, the nanoparticles produced through environmentally friendly procedures are
more biocompatible and less toxic usually because they have natural coating materials.

This is why they are most applicable in medical fields and are better than the
nanoparticles obtained by traditional approaches [3][31]. The change to green chemistry is
justified by the fact that there is a dire need of more sustainable and environmentally
friendly ways of synthetic processes as compared to traditional ones, which are usually
based on harsh conditions, high costs and lead to environmental pollution [32].

Thus, it is now necessary to adopt sustainable, green, and nature-friendly
approaches to manufacturing nanoparticles [33]. The interest in green manufacturing
methods is increasing due to the lack of issues that have been related to the traditional
methods including the use of harmful chemicals, excessive energy usage, and excessive
production cost [28]. As an illustration, physical processes of producing nanoparticles
cannot be used in large scale production since they have low yield, consume a lot of energy,
and are also costly [6].

On the other hand, the green process is a new alternative that can be used to
overcome these issues through the utilization of natural materials to minimize the particle
size. This will enable the creation of safe nanoparticles to the body, less expensive, and
more eco-friendly [6]. Moreover, this technology allows developing highly efficient
nanocarriers that can be used without damaging living organisms or the environment
which is absolutely different to the traditional methods of manufacturing [34].

Moreover, green nanoparticles have a high biocompatibility, which increases their
properties and provides the economical alternative, which corresponds to the Sustainable
Development Goals [28]. Nevertheless, there are some serious problems in this sphere,
including the variety of biological sources, and the lack of knowledge about the
biochemical processes. This complicates the process standardization and mass production
of industries. Thus, it must be noted that these issues should be dealt with to broaden the
use of this technology [6].

These concerns are imperative to the expanded implementation of green practices in
the medical practice, particularly since they hold a lot of potential in attaining the UN
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Sustainable Development Goals [15]. Hence, more attention should be paid to research to
comprehend the way biomolecules contribute to the reduction and stability of materials
on a narrow level. This will make us come up with efficient and readily replicable green
approaches in the future [35][36]. The review attempts to recognize how these techniques
address the drawbacks of conventional synthesis techniques, through biochemical
reactions which are gentle and safe [17].

3. Results

In spite of these developments, it is extremely difficult to regulate the size, shape and
stability of nanoparticles accurately [37]. The challenges that remain to be overcome in
order to transition the application of environmentally friendly nanoparticles out of the
laboratory into a wider medical context include these [12][38]. The next generation of
studies should be done on the internal processes of the entire green synthesis processes,
finding new biological and chemical influences that can be used to enhance the methods
[39][6]-

Another important issue is the development of the application of these methods at
the industrial level in order to be able to more tightly control the form of the molecules
and make sure that the process can be easily scaled up. As an illustration, the presence of
different chemical composition of biological sources, like plants or microorganisms, has a
dramatic impact on the properties of the obtained nanoparticles, and thus, the
standardization of results is extremely difficult [6].

Moreover, the exact mechanism of various plant molecules in the decrease and
stabilization of the molecules during nanoparticle formation is not well understood. This
complicates optimization of the manufacturing processes and also the maintenance of
standard product quality [40]. Raw material variation and the complexity of interactions
of raw materials during a manufacturing process is also widely contributor of batch
variability which makes regulation approvals and adoption of medical application to be
difficult [3].

In order to overcome these difficulties, there is a need to conduct a lot of research to
standardize the manufacturing procedures and to comprehend the complicated
interactions between biomolecules and nanoparticles more accurately [40][3]. The methods
of analysis, including the high-resolution electron microscopy and the X-ray diffraction
analysis, have also developed significantly, providing new possibilities to learn more
about the way of how these interactions should take place. This development is advancing
us further to control the production of nanoparticles, as it will reveal the specific
information concerning the interaction of metal ions with biological molecules [6][11].

Moreover, it is very difficult to shift the environmentally friendly production of
nanoparticles in the laboratory to the industrial one. There is more research that is required
to streamline reaction conditions, and come up with cost effective and rapid production
processes [6][41].

Such zinc oxide nanoparticles might be improved by adding particular biomolecules,
linkers, or polymers that would allow them to be more specifically targeted to achieve
certain objectives on medical applications, which would lead to the development of better
drug delivery systems and more sophisticated imaging technologies [6]. A more
ecologically friendly production route to nanoparticles, especially those based on plant
extracts, enzymes, and microorganisms, is more sustainable and economical and provides
a better bio-nanoparticle with improved biocompatibility and therapeutic capability [24].
Such a method is in line with the concept of green chemistry, ensuring that the adverse
effects to the environment are minimized and at the same time the therapeutic
effectiveness of the nanoparticles is enhanced [6].
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4. Discussion

Moreover, it may be useful to look deeper into biological sources, including the rare
plants, organisms in extreme environment, or marine life. Such sources might contain new
biomolecules, which can be utilized to design nanoparticles with new shapes and high-
functionalities [6]. The study of these fields may result in the identification of nanoparticles
with improved physical and chemical characteristics, and enhanced biological response,
and creates wide opportunities regarding their application in most medical applications
[42].

Nevertheless, in order to guarantee consistent and critical quality in biomedical
applications, variations due to the sources of different biologies must be overcame [6].
Moreover, there is a need to gain a better insight into the chemical processes by which
particles are reduced and stabilized. The issue of deviation of outcomes is complicated by
a deficiency of perfect knowledge of the process that results in the reduction and
stabilization of particles in the course of production [43].

Moreover, the enhancement of the characterization techniques, i.e. application of
high-resolution transmission electron microscopy and Fourier transform infrared
spectroscopy techniques, is of primary importance [6]. These tools allow us to understand
more about the multifaceted processes that take place in the manufacturing process and
secure more control on production. The manner in which bioactive nanoparticles can be
used in the treatment of traditional therapies may also be explored to identify new
opportunities of enhancing the effectiveness of treatments and reducing chances of
resistance to drugs [44].

Nevertheless, the correlation between nanoparticles and living organisms is
complicated and still not comprehensible. Hence, more studies are required to
comprehend their effects in the body, their interaction with the tissues, and their possible
long-term consequences [45]. Moreover, even though green approaches to nanoparticles
manufacturing seem to be promising in the future, the toxicity of such biological particles
towards human beings and the environment should be considered urgently.

This would involve a lot of investigative studying on their effects on the
environment, as their usage is on the rise in the medical sector [40]. The way out of such
concerns is to carry out intensive toxicology tests as well as create strict regulatory systems
to achieve sustainable and safe production of greener nanoparticles to be used in medicine.

Moreover, the extrapolation of such techniques to large-scale manufacturing is also
a major problem and thus it will be hard to achieve the required standard of consistent
quality in medical practice [6]. To a large extent, biological sources are different and having
very little knowledge of the chemical processes that regulate the decrease and stabilization
of metal ions, it gets hard to enhance manufacturing processes and reproducible with ease
[6][46].

State-of-the-art artificial intelligence methods and machine learning algorithms can
optimize the conditions of preparation, determine stability of nanoparticles, and improve
the overall performance of the material [47]. A combination of such methods of
calculations and high-speed experimentation will facilitate the discovery and production
of new nanoparticles produced through ecological-friendly processes and designed to suit
the unique needs of medical practice.

5. Conclusion

Thus, we still have to perfect the approaches to producing green nanoparticles and
pay closer attention to its thorough analysis and widespread testing prior to its application
in therapies [6][48][16]. That is to say that we should find more effective methods to
establish the action of these particles on cells and what their toxicity mechanisms are.

Central Asian Journal of Medical and Natural Science 2026, 7(2), 259-268. https://cajmns.casjournal.org/index.php/CAJMNS



265

Moreover, it should be noted that we should establish proper biological models that
will assist us in examining the behavior of these particles in the body in detail before we
can start to use it safely and efficiently in clinical settings [49]. In order to make the use of
nanoparticles safe and effective in medicine, there must be extensive research on the
impacts of the nanoparticles on genes and whether it can cause gene mutations particularly
when used in large quantities in the body [42].

Moreover, proper instructions and standard procedures should be established in
order to enable the safe and successful integration of these advanced nanomaterials in
medical practice [6][46]. Moreover, there is a need to design cost-efficient and scalable
production processes that will convert the synthesis methods which are eco-friendly,
under laboratory testing environment, to products that can be commercially viable. This
involves a good knowledge of the parameters of the processes and the effect they have on
the characteristics of nanoparticles [8].

Also, the nature of such environmental effects needs to be taken into account during
the implementation on a large scale with a specific focus on the sustainability of the sources
of raw materials and the organization of the resulting waste [50][6]. Finally, in order to
fulfill the maximum therapeutic potential of the nanoparticles produced in
environmentally friendly methods, a complex method should be used that would integrate
the concepts of green chemistry, the formation of modern materials science, and correct
evaluations in the biomedical field [51].

Moreover, green synthesis techniques can be combined with other technologies that
are more environmentally friendly, renewable energy sources, and biodegradable
materials, which can ensure the production of nanoparticles is more sustainable and
environmentally friendly [6]. These advancements are in line with the international
process of attaining sustainable development and promoting green practices at all levels
of nanomedicine manufacturing [52].
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