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Microbial-mediated	synthesis	of	nanoparticles	has	emerged	as	a	highly	promising	and	sustainable	approach	within	
modern	 nanotechnology,	 offering	 an	 eco-friendly	 alternative	 to	 conventional	 physical	 and	 chemical	 methods.	
Traditional	 synthesis	 techniques	 often	 involve	 hazardous	 chemicals,	 high	 energy	 consumption,	 and	 complex	
procedures,	which	pose	signi�icant	environmental	and	health	risks.	Microorganisms	such	as	bacteria,	fungi,	and	algae	
act	as	ef�icient	biological	nano	factories	capable	of	synthesizing	nanoparticles	through	natural	metabolic	processes.	
These	microorganisms	utilize	a	diverse	array	of	biomolecules,	 including	enzymes,	proteins,	polysaccharides,	and	
secondary	metabolites,	to	reduce	metal	ions	into	stable	nanoparticles	while	simultaneously	providing	capping	and	
stabilization.	This	review	explores	the	mechanisms	underlying	microbial	nanoparticle	synthesis,	highlighting	both	
intracellular	and	extracellular	pathways	and	the	critical	factors	in�luencing	nanoparticle	formation,	such	as	pH,	
temperature,	and	precursor	concentration.	The	unique	capabilities	of	bacteria,	fungi,	and	algae	are	discussed	in	
detail,	 emphasizing	 their	 distinct	 advantages	 in	 terms	 of	 scalability,	 ef�iciency,	 and	 biocompatibility,	 the	
multifunctional	 applications	 of	 microbially	 synthesized	 nanoparticles	 are	 examined,	 including	 their	 roles	 in	
antimicrobial	 activity,	 anticancer	 therapy,	 targeted	 drug	 delivery,	 environmental	 remediation,	 and	 industrial	
catalysis,	signi�icant	advancements,	challenges	such	as	controlling	particle	size,	shape	uniformity,	and	large-scale	
production	remain	critical	barriers	to	commercialization.	The	perspectives	focus	on	integrating	microbial	synthesis	
with	 emerging	 �ields	 such	 as	 synthetic	 biology	 and	 nanobiotechnology	 to	 enhance	 production	 ef�iciency	 and	
functional	performance.	Microbial-mediated	nanoparticle	synthesis	represents	a	transformative	and	sustainable	
strategy	 with	 vast	 potential	 to	 advance	 green	 nanotechnology	 and	 address	 global	 challenges	 in	 healthcare,	
environmental	protection,	and	industrial	development.
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1.	Introduction
Nanotechnology has emerged as one of the most 
transformative and interdisciplinary �ields of modern 
science, enabling the manipulation and control of 
materials at the nanoscale (1–100 nm). At this scale, 
materials exhibit unique physicochemical properties, 
including enhanced surface area-to-volume ratio, 
quantum effects, improved catalytic ef�iciency, and 
distinct optical, electrical, and magnetic behaviours. 
These remarkable properties have led to the 
widespread application of nanoparticles in diverse 
sectors such as medicine, electronics, energy, 
agriculture, and environmental science. Metal and 
metal oxide nanoparticles, in particular, have gained 
signi�icant attention due to their superior reactivity, 
stability, and multifunctional capabilities. The rapid 
advancements in nanoparticle synthesis and 
application, conventional physical and chemical 

methods remain associated with several limitations 
[1]. Physical approaches, such as laser ablation and 
e va p o ra t i o n – c o n d e n s a t i o n ,  o f t e n  re q u i re 
sophisticated instrumentation, high  input, and 
controlled environments, making them costly and 
less accessible. Similarly, chemical synthesis methods 
frequently involve the use of toxic reducing agents, 
organic solvents, and stabilizers that can generate 
hazardous by-products and pose risks to both human 
health and the environment [2]. These drawbacks 
have raised growing concerns regarding the 
sustainability, safety, and environmental impact of 
traditional nanoparticle production techniques, there 
has been a paradigm shift toward the development of 
green and sustainable synthesis methods. Among 
these, biological or “green” synthesis using living 
organisms has gained considerable attention as an 
eco-friendly and cost-effective alternative. 

https://academicsociety.org/bio/article-archive/volume-6-issue-1-2026/
https://academicsociety.org/bio/article-archive/volume-6-issue-1-2026/
https://academicsociety.org/bio/article-archive/volume-6-issue-1-2026/
https://academicsociety.org/bio/article-archive/volume-6-issue-1-2026/
https://academicsociety.org/bio/
https://academicsociety.org/bio/
https://portal.issn.org/resource/ISSN/3117-5791
https://portal.issn.org/resource/ISSN/3117-5791
https://www.crossref.org/services/crossmark/
https://search.crossref.org/
https://academicsociety.org/bio/
https://orcid.org/0000-0003-3950-5623


Jelang	Jelku	D.	Sangma.,	/	Biotechnology	Frontiers:	An	International	Journal	(2026)

Microorganisms such as bacteria, fungi, and algae 
possess inherent metabolic and biochemical 
capabilities that enable them to interact with metal 
ions and transform them into nanoparticles [3]. These 
organisms act as natural nano factories, utilizing 
enzymes, proteins, polysaccharides, and other 
biomolecules to facilitate the reduction, nucleation, 
and stabilization of nanoparticles in a single step. This 
integrated process eliminates the need for hazardous 
chemicals and external stabilizing agents, thereby 
aligning with the principles of green chemistry and 
sustainable development.
Microbial-mediated synthesis offers several distinct 
advantages over other green synthesis approaches, 
such as plant-based methods. Microorganisms can be 
easily cultured under controlled laboratory 
c o n d i t i o n s ,  a l l o w i n g  f o r  s c a l a b i l i t y  a n d 
reproducibility in nanoparticle production. 
Additionally, their rapid growth rates and ability to 
adapt to extreme environmental conditions enhance 
their potential for industrial applications. Different 
microbial groups contribute uniquely to nanoparticle 
synthesis. Bacteria are known for their fast growth 
and genetic manipulability, enabling precise control 
over synthesis pathways. Fungi, on the other hand, 
produce large amounts of extracellular enzymes and 
biomolecules, making them particularly ef�icient for 
large-scale nanoparticle production and downstream 
processing. Algae, including both microalgae and 
macroalgae, are rich in bioactive compounds such as 
pigments, polysaccharides, and antioxidants, which 
play a crucial role in reducing and stabilizing 
nanoparticles while maintaining environmental 
compatibility. The mechanisms of microbial 
nanoparticle synthesis are complex and involve both 
intracellular and extracellular pathways. In 
intracellular synthesis, metal ions are transported 
into microbial cells, where enzymatic reduction 
occurs, leading to nanoparticle formation within the 
cellular matrix. Conversely, extracellular synthesis 
involves the secretion of enzymes and metabolites 
into the surrounding medium, where they reduce 
metal ions outside the cell [4]. These processes are 
in�luenced by several factors, including pH, 
temperature, incubation time, and metal ion 
concentration, which collectively determine the, 
morphology and stability of the nanoparticles. The 
growing interest in microbial synthesis is further 
driven by the increasing demand for sustainable 
solutions to global  challenges.  Microbial ly 
synthesized nanoparticles have demonstrated 
immense potential in biomedical applications, such 
as antimicrobial therapy, cancer treatment, drug
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 delivery, and diagnostic imaging, owing to their 
biocompatibility and functional versatility. In 
environmental applications, they are widely used for 
wastewater treatment, pollutant degradation, and 
heavy metal removal due to their high and catalytic 
activity. Furthermore, their applications extend to 
agriculture, energy storage, and industrial catalysis, 
highlighting their broad technological relevance. 
Several challenges remain to be addressed before 
microbial nanoparticle synthesis can be fully 
commercialized. These include dif�iculties in 
achieving uniform particle size and shape, 
maintaining consistency in large-scale production, 
and understanding the underlying molecular 
mechanisms in detail [5]. Additionally, concerns 
regarding the long-term environmental impact and 
toxicity of nanoparticles necessitate comprehensive 
risk assessment and regulatory frameworks. The 
present article aims to provide a comprehensive 
overview of microbial-mediated nanoparticle 
synthesis, focusing on the roles of bacteria, fungi, and 
algae as sustainable bioreactors. It explores the 
underlying mechanisms, important in�luencing 
factors, advantages, limitations, and diverse 
applications of this green approach. Integrating 
recent advances and future perspectives, this work 
highlights the potential of microbial systems to drive 
the next generation of sustainable nanotechnology.

2.	 Mechanisms	 of	 Microbial	 Nanoparticle	
Synthesis
Microbial synthesis of nanoparticles occurs through 
two primary mechanisms: intracellular and 
extracellular synthesis. In intracellular synthesis, 
metal ions penetrate the microbial cell wall and are 
reduced within the cytoplasm by enzymes such as 
reductases. The nanoparticles accumulate inside the 
cell and are later extracted through downstream 
processing. In contrast, extracellular synthesis 
involves the secretion of enzymes and biomolecules 
into the surrounding environment, where they 
interact with metal ions and facilitate their reduction 
into nanoparticles outside the cell. The reduction 
process is driven by various biomolecules, including 
N A D H - d e p e n d e n t  r e d u c t a s e s ,  p r o t e i n s , 
polysaccharides, and pigments. These molecules not 
only convert metal ions (e.g., Ag⁺, Au³⁺) into their 
zero-valent forms but also act as capping agents that 
stabilize the nanoparticles and prevent aggregation 
[6]. Factors such as pH, temperature, metal ion 
concentration, and incubation time signi�icantly 
in�luence the size, shape, and yield of the synthesized 
nanoparticles.

Table	1:	Microbial	Sources	for	Nanoparticle	Synthesis	and	Their	Key	Features
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3.	Bacterial-Mediated	Synthesis	of	Nanoparticles
Bacteria are among the most extensively studied 
microorganisms for nanoparticle synthesis due to 
their rapid growth, ease of genetic manipulation, and 
ability to survive in extreme environments. Various 
bacterial species, including Bacillus, Pseudomonas, 
and Escherichia	coli, have demonstrated the ability to 
synthesize metal nanoparticles such as silver, gold, 
and zinc oxide. Bacterial synthesis often involves 
enzymatic reduction mechanisms, where enzymes 
like nitrate reductase play a crucial role in converting 
metal ions into nanoparticles. Additionally, bacterial 
cell walls contain functional groups such as carboxyl, 
hydroxyl, and amino groups that facilitate metal ion 
binding and nucleation. One of the major advantages 
of bacterial synthesis is its scalability and potential 
for industrial production [7]. However, challenges 
such as controlling particle size distribution and 
preventing contamination must be addressed to fully 
exploit bacterial systems.

4.	Fungal-Mediated	Synthesis	of	Nanoparticles
Fungi offer signi�icant advantages over bacteria in 
nanoparticle synthesis due to their larger biomass, 
higher tolerance to metal toxicity, and greater 
secretion of extracellular enzymes. Species such as 
Fusarium, Aspergillus, and Penicillium have been 
widely used for the biosynthesis of nanoparticles. 
Fungal systems are particularly ef�icient in 
extracellular synthesis, which simpli�ies downstream 
processing and nanoparticle recovery. The secreted 
enzymes and proteins not only reduce metal ions but 
also provide excellent stabilization, resulting in well-
dispersed nanoparticles with controlled and 
morphology. Furthermore, fungi can produce large 
quantities of nanoparticles in relatively short periods, 
making them suitable for large-scale applications [8]. 
Their robustness and adaptability make fungal-
mediated synthesis a key component of sustainable 
nanotechnology.

5.	Algal-Mediated	Synthesis	of	Nanoparticles
Algae, including both microalgae and macroalgae 
(seaweeds), have emerged as a promising resource 
for nanoparticle synthesis due to their rich 
composition of bioactive compounds such as 
p o ly s a c c h a r i d e s ,  p ro t e i n s ,  p i g m e n t s ,  a n d 
antioxidants. These biomolecules play a crucial role in 
the reduction and stabilization of nanoparticles. Algal 
synthesis is particularly advantageous because it is 
environmentally benign, does not require complex 
growth conditions, and can utilize sunlight as an 
energy source. Marine algae, in particular, have 
show n  rema rka b le  a b i l i t y  in  syn t hesiz in g 
nanoparticles with unique and enhanced biological 
activity [9]. 

The presence of sulfated polysaccharides and 
phenolic compounds contributes to ef�icient metal 
ion reduction and nanoparticle stabilization. 
Additionally, algal systems align well with the 
principles of sustainability, as they can be cultivated 
using wastewater and do not compete with 
agricultural resources.

6.	 Applications	 of	 Microbially	 Synthesized	
Nanoparticles
Microbially synthesized nanoparticles have found 
extensive applications across multiple domains. In 
the biomedical �ield, they exhibit strong antimicrobial 
properties against bacteria, fungi, and viruses by 
disrupting cell membranes and generating reactive 
oxygen species. They are also used in anticancer 
therapy, drug delivery systems, and diagnostic 
imaging due to their biocompatibility and targeted 
գործող mechanisms. In environmental applications, 
these nanoparticles play a crucial role in pollution 
remediation, wastewater treatment, and heavy metal 
removal [10-13]. Their high surface area and catalytic 
properties enable ef�icient degradation of organic 
pollutants and dyes. Additionally, they are used in 
agriculture for plant growth enhancement and 
pathogen control, as well as in industrial processes 
such as catalysis and sensor development.

7.	Advantages	and	Challenges
The primary advantages of microbial-mediated 
nanoparticle synthesis include eco-friendliness, cost-
effectiveness, biocompatibility, and reduced toxicity. 
The process eliminates the need for harmful 
chemicals and high inputs, making it suitable for 
s u s t a i n a b l e  d e v e l o p m e n t .  T h e  a b i l i t y  o f 
microorganisms to act as both reducing and 
stabilizing agents simpli�ies the synthesis process. 
However, several challenges remain, including 
dif�iculties in controlling nanoparticle size and shape, 
variability in microbial activity, and challenges in 
large-scale production. Standardization of protocols 
and optimization of synthesis conditions are essential 
to overcome these limitations [14-16]. Additionally, 
further research is needed to understand the 
molecular mechanisms underlying nanoparticle 
formation and to ensure the safety and stability of the 
synthesized nanoparticles.

8.	Future	Perspectives
The future of microbial-mediated nanoparticle 
synthesis lies in the integration of biotechnology, 
genetic engineering, and nanotechnology. Advances 
in synthetic biology can enable the design of 

engineered microorganisms with enhanced �मता for 
nanoparticle production. 

Table	2.	Applications	of	Microbially	Synthesized	Nanoparticles
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Furthermore, combining microbial synthesis with 
other green approaches, such as plant-based 
methods, can lead to hybrid systems with improved 
ef�iciency. The development of scalable and 
standardized production methods will be critical for 
industrial applications. Additionally, increased focus 
on regulatory frameworks and safety assessments 
will ensure the responsible use of nanotechnology. 
With continued research and innovation, microbial 
synthesis has the potential to revolutionize 
sustainable nanotechnology and contribute 
signi�icantly to global environmental and healthcare 
solutions.

9.	Conclusion
Microbial-mediated synthesis of nanoparticles 
represents a sustainable and innovative approach 
that addresses the limitations of conventional 
physical and chemical methods. Utilizing bacteria, 
fungi, and algae as biological nano factories offers an 
eco-friendly, cost-effective, and biocompatible route 
for nanoparticle production. These microorganisms 
employ diverse biomolecules to facilitate the 
reduction and stabilization of metal ions, enabling 
controlled synthesis with minimal environmental 
impact. The resulting nanoparticles demonstrate 
s i g n i � i c a n t  p o t e n t i a l  a c r o s s  b i o m e d i c a l , 
environmental ,  agricultural ,  and industrial 
applications due to their unique functional 
properties. However, challenges such as large-scale 
production, consistency in particle characteristics, 
and comprehensive toxicity assessments remain 
critical considerations. Integrating biotechnology, 
nanoscience, and process optimization is essential to 
overcome these barriers. Microbial synthesis holds 
i m m e n s e  p r o m i s e  f o r  a d v a n c i n g  g r e e n 
nanotechnology and developing sustainable 
solutions to global challenges, paving the way for 
safer and more ef�icient nanoparticle applications in 
the future.
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Nanomicrobiology: emerging trends in microbial 
s y n t h e s i s  o f  n a n o m a t e r i a l s  a n d  t h e i r 
applications. Journal	 of	 Cluster	 Science, 34(2), 
639-664.

10. Adeleke, Bartholomew Saanu, Olumayowa Mary 
Olowe, Modupe Stella Ayilara, Oluwaseun 
Adeyinka Fasusi, Oluwadara Pelumi Omotayo, 
Ayomide Emmanuel Fadiji, Damian C. Onwudiwe, 
and Olubukola Oluranti Babalola. "Biosynthesis 
of nanoparticles using microorganisms: a focus 
on endophytic fungi." Heliyon 10, no. 21 (2024).

11. Dhillon, G. S., Brar, S. K., Kaur, S., & Verma, M. 
(2012). Green approach for nanoparticle 
biosynthesis by fungi: current trends and 
applications. Critical	 reviews	 in	 biotechnology, 
32(1), 49-73.

12. Purohit, J., Chattopadhyay, A., & Singh, N. K. 
( 2 0 1 9 ) .  G r e e n  s y n t h e s i s  o f  m i c r o b i a l 
nanoparticle: approaches to application. In 
Microbial	 nanobionics:	 Volume	2,	 basic	 research	
and	 applications (pp. 35-60). Cham: Springer 
International Publishing.

13. Ghosh, S., Ahmad, R., Banerjee, K., AlAjmi, M. F., & 
Rahman, S. (2021). Mechanistic aspects of 
microbe-mediated nanoparticle synthesis. 
Frontiers	in	Microbiology, 12, 638068.

14. Fadiji, A. E., Mortimer, P. E., Xu, J., Ebenso, E. E., & 
Babalola ,  O.  O.  (2022).  Biosynthesis  of 
nanoparticles using endophytes: a novel 
approach for enhancing plant growth and 
sustainable agriculture. Sustainability, 14(17), 
10839.

15. Akdaşçi, E., Eker, F., Duman, H., Bechelany, M., & 
Karav, S. (2025). Microbial-Based green synthesis 
of silver nanoparticles: A comparative review of 
Bacteria-and Fungi-Mediated approaches. 
International	 Journal	 of	 Molecular	 Sciences, 
26(20), 10163.

16. Alaparthi, B., Nelluri, K. D. D., Kakani, A. K., 
Minakshi, K., Hepzibah, K., Amulya, P., ... & 
Chandrika, L. M. D. (2025, August). Microbial 
Mediated Nanoparticle Synthesis: A Sustainable 
Approach for Industrial Applications. In 
International	 symposium	 on	 Sustainable	 Drug	
Design	and	Nanoparticle	development:	Quantum	
and	 Computational	 Perspectives	 (SDDNDQCP	
2025) (pp. 109-123). Atlantis Press.

https://academicsociety.org/bio/
https://academicsociety.org/bio/
https://academicsociety.org/bio/

	Page 1
	Page 2
	Page 3
	Page 4

