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Biogenic	nanoparticle	synthesis	has	emerged	as	a	sustainable	and	eco-friendly	alternative	to	conventional	chemical	
and	physical	methods,	driven	by	the	increasing	demand	for	green	nanotechnology.	Recent	advances	have	focused	on	
improving	synthesis	strategies	using	plant	extracts,	microorganisms,	and	biomolecules	to	achieve	better	control	over	
nanoparticle	size,	morphology,	and	functionality.	Alongside	synthesis,	advanced	characterization	techniques	have	
enabled	detailed	analysis	of	nanoparticle	 structure	and	properties,	 enhancing	 their	applicability	 in	biomedical,	
environmental,	 and	 industrial	 �ields.	 However,	 challenges	 related	 to	 scalability,	 reproducibility,	 and	 regulatory	
constraints	continue	to	limit	large-scale	implementation.	This	review	provides	a	comprehensive	overview	of	recent	
advances	in	biogenic	nanoparticle	synthesis,	modern	characterization	techniques,	and	key	challenges	associated	
with	industrial	scale-up,	while	highlighting	future	research	directions.

Abstract

Keywords:	Biomolecules,	nanoparticle,	remediation,	polyphenols,	proteins,	and	enzymes.

|	10	to	12

Review	Article
ISSN	3117-6143

1.	Introduction
Nanotechnology has rapidly evolved into a 
multidisciplinary �ield with signi�icant applications in 
medicine, environmental science, and industrial 
processes. Nanoparticles, typically ranging from 1 to 
1 0 0  n a n o m e t e r s  i n  s i z e ,  e x h i b i t  u n i q u e 
physicochemical properties such as high surface area, 
e n h a n c e d  r e a c t iv i t y,  a n d  t u n a b l e  o p t i c a l 
characteristics [1]. These properties make them 
highly valuable in applications including drug 
delivery, catalysis, sensing, and environmental 
remediation. Traditional nanoparticle synthesis 
methods ,  inc luding  physical  and chemical 
approaches, often involve toxic reagents, high energy 
consumption, and environmental risks. These 
limitations have led to the emergence of biogenic 
synthesis methods, which utilize biological systems 
such as plants, bacteria, fungi, and algae [2]. These 
systems produce biomolecules like polyphenols, 
proteins, and enzymes that act as natural reducing 
and stabilizing agents. Recent research has 
emphasized the need for controlled and sustainable 
nanoparticle production with precise regulation of 
size, shape, and functionality. Biogenic synthesis 
offers signi�icant advantages, including eco-
friendliness, cost-effectiveness, and enhanced 
biocompatibility [3]. 
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However, challenges such as slow synthesis rates and 
variability in biological sources still exist. 

2.	 Recent	 Advances	 in	 Biogenic	 Nanoparticle	
Synthesis	Strategies
Recent advances in biogenic nanoparticle synthesis 
have focused on improving ef�iciency, control, and 
reproducibility. One major development is the use of 
plant-based extracts rich in bioactive compounds 
such as �lavonoids, alkaloids, and phenolics [4]. These 
compounds facilitate rapid reduction of metal ions 
and stabilize nanoparticles, resulting in improved 
size control and functional properties. Microbial 
synthesis using bacteria, fungi, and algae has also 
gained attention due to its ability to produce 
nanoparticles with diverse functionalit ies . 
Microorganisms provide a controlled intracellular or 
extracellular environment for nanoparticle 
formation, enabling better regulation of nucleation 
and growth processes [5]. Another signi�icant 
advancement is the development of hybrid and 
biomolecule-assisted synthesis approaches. These 
methods combine different biological sources or 
integrate biomolecules such as proteins and enzymes 
to enhance synthesis ef�iciency and nanoparticle 
stability. Additionally, emerging techniques such as 
micro�luidics and bioreactor-based synthesis are 
being explored to improve process control and 
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scalability. Recent studies have also highlighted the 
importance of optimizing synthesis parameters such 
as pH, temperature, precursor concentration, and 
reaction time [6]. These factors signi�icantly in�luence 
nanoparticle size, morphology, and stability. Despite 
t h e s e  a dva n c e s ,  a c h i ev i n g  c o n s i s te n t  a n d 
reproducible nanoparticle synthesis remains a major 
challenge due to variability in biological materials. 

3.	 Characterization	 Techniques	 of	 Biogenic	
Nanoparticles
Accurate characterization of nanoparticles is 
essential for understanding their physicochemical 
properties and ensuring their suitability for speci�ic 
applications. Recent advances in characterization 
techniques have enabled detailed analysis of 
nanoparticle size, shape, composition, and surface 
properties. Spectroscopic techniques such as 
ultraviolet–visible spectroscopy are commonly used 
to monitor nanoparticle formation and stability [7].
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 Fourier transform infrared spectroscopy helps 
identify functional groups involved in nanoparticle 
synthesis and stabilization. X-ray diffraction analysis 
provides information about crystalline structure and 
phase composition. 
Microscopic techniques play a crucial role in 
visualizing nanoparticle morphology. Scanning 
electron microscopy and transmission electron 
microscopy allow high-resolution imaging of 
nanoparticle and structure. Dynamic light scattering 
is widely used to determine particle size distribution 
and stability in colloidal systems. Advanced 
techniques such as atomic force microscopy, energy-
dispersive X-ray spectroscopy, and surface charge 
analysis are also being employed to obtain detailed 
insights into nanoparticle properties [8]. The 
integration of multiple characterization techniques is 
essential to achieve comprehensive understanding 
and validation of nanoparticle synthesis processes.

Table	1:	Summary	of	Recent	Advances	and	Challenges	in	Biogenic	Nanoparticle	Synthesis

4.	Applications	of	Biogenic	Nanoparticles
Biogenic nanoparticles have found extensive applications across various �ields due to their unique properties and 
eco-friendly synthesis methods. In the biomedical sector, they are widely used for drug delivery, antimicrobial 
therapy, cancer treatment, and diagnostic imaging. Their biocompatibility and functionalization capabilities make 
them ideal for targeted therapeutic applications. In environmental remediation, biogenic nanoparticles are used 
for the removal of heavy metals, degradation of organic pollutants, and water puri�ication [9]. Their high surface 
reactivity enhances adsorption and catalytic processes, making them effective in pollution control. Industrial 
applications include their use in catalysis, food packaging, textiles, and electronics. Additionally, biogenic 
nanoparticles are being explored for use in sensors and energy storage systems. The versatility of these 
nanoparticles continues to drive research and innovation across multiple sectors.

Table	2:	Characterization	Techniques	Used	for	Biogenic	Nanoparticles	and	Their	Functions

5.	Industrial	Scale	Up	Challenges
The large-scale production of biogenic nanoparticles 
remains a major challenge. One of the primary issues 
is the variability in biological sources, which leads to 
inconsistencies in nanoparticle size, shape, and yield. 
This lack of reproducibility limits industrial 
applications and commercialization. Another major 
challenge is the relatively slow synthesis rate 
compared to chemical methods. Biological processes 
often require longer reaction times and controlled 
conditions, which can reduce production ef�iciency. 
Additionally, the yield of nanoparticles in biogenic 
synthesis is generally lower, making large-scale 
production less economically viable [10-11]. 

Process optimization is also a critical concern. 
Pa ra m e te rs  s u c h  a s  p H,  te m p e ra t u re ,  a n d 
biomolecule concentration must be carefully 
controlled to ensure consistent results. Furthermore, 
downstream processing steps such as separation, 
puri�ication, and storage of nanoparticles present 
additional challenges. Toxicity and environmental 
safety are also important considerations. Although 
biogenic nanoparticles are generally considered 
safer, their long-term effects and interactions with 
biological systems are not fully understood [12]. 
Regulatory frameworks for nanoparticle production 
and application are sti l l  evolving,  creating 
uncertainty for industrial adoption.
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6.	Future	Perspectives
Future research in biogenic nanoparticle synthesis is 
expected to focus on improving scalability, 
reproducibility, and ef�iciency. The use of advanced 
technologies such as arti�icial intelligence and 
machine learning can help optimize synthesis 
conditions and predict nanoparticle properties. The 
development of bioreactor-based systems and 
continuous production processes is likely to enhance 
large-scale manufacturing capabilities [13]. Genetic 
engineering of microorganisms may also enable the 
production of nanoparticles with precise properties. 
Interdisciplinary collaboration among researchers, 
industry stakeholders, and policymakers will be 
essential for overcoming existing challenges and 
promoting the commercialization of biogenic 
nanoparticles. Additionally, the development of 
standardized protocols and regulatory guidelines will 
play a crucial role in ensuring safe and sustainable 
use.

7.	Conclusion
Biogenic nanoparticle synthesis represents a 
promising and sustainable approach to nanomaterial 
production, offering signi�icant advantages over 
conventional methods. Recent advances in synthesis 
strategies and characterization techniques have 
enhanced our ability to produce nanoparticles with 
controlled properties and diverse applications. 
However,  chal lenges related to scalabi l i ty, 
reproducibility, and regulatory approval continue to 
hinder large-scale implementation. Addressing these 
challenges through technological innovation, process 
optimization, and interdisciplinary collaboration will 
be essential for unlocking the full potential of 
biogenic nanoparticles in industrial and biomedical 
applications.
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