
©	Authors:	Published	in	Zoological	Reports:	An	International	Journal	under	the	CC	BY-NC-ND	4.0	license	
(http://creativecommons.org/licenses/by-nc-nd/4.0/).	No	commercial	use	or	modi�ications	permitted.

Role	of	Biomolecules	in	the	Controlled	
Biosynthesis	of	Nanoparticles	and	Their	
Applications	in	Targeted	Therapeutics

Volume 5, Issue 1, 20260 0 https://academicsociety.org/zoologicalreports/|	01	to	04

Corresponding author: Jelang	Jelku	D.	Sangma  |  E-mail: jelang.jelku3@gmail.com

Citation:	 Jelang Jelku D. Sangma (2026). Role of Biomolecules in the Controlled Biosynthesis of Nanoparticles and Their Applications in Targeted 
Therapeutics. DOI:	https://doi.org/10.51470/ZR.2026.5.1.01 Zoological	Reports:	An	International	Journal.	

Received 10 January 2026 | Revised 05 February 2026 | Accepted March 04 2026 | Available Online April 01 2026

The	rapid	advancement	of	nanotechnology	has	opened	new	avenues	 in	biomedical	 research,	particularly	 in	 the	
development	of	targeted	therapeutic	systems.	Among	various	synthesis	approaches,	the	controlled	biosynthesis	of	
nanoparticles	using	biomolecules	has	gained	signi�icant	attention	due	to	its	eco-friendly	nature,	biocompatibility,	
and	precise	control	over	particle	characteristics.	Biomolecules	such	as	proteins,	enzymes,	polysaccharides,	lipids,	and	
nucleic	acids	play	a	crucial	role	in	reducing,	stabilizing,	and	functionalizing	nanoparticles	during	biosynthesis.	These	
biologically	synthesized	nanoparticles	exhibit	enhanced	properties,	including	improved	stability,	reduced	toxicity,	
and	 high	 speci�icity	 for	 targeted	 drug	 delivery.	 This	 review	 provides	 a	 comprehensive	 overview	 of	 the	 role	 of	
biomolecules	in	nanoparticle	biosynthesis,	highlighting	their	mechanisms	of	action	and	in�luence	on	nanoparticle	
properties.	 It	 further	 explores	 the	 applications	 of	 these	 nanoparticles	 in	 targeted	 therapeutics,	 including	 drug	
delivery,	cancer	treatment,	and	gene	therapy.	Additionally,	the	review	discusses	current	challenges,	limitations,	and	
future	research	directions	for	advancing	this	promising	�ield.
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1.	Introduction	
Nanotechnology has emerged as a revolutionary �ield 
in modern science, offering innovative solutions 
across diverse disciplines such as medicine, materials 
science, electronics, and environmental engineering. 
In the biomedical domain, nanoparticles have gained 
s i g n i � i c a n t  a t t e n t i o n  d u e  t o  t h e i r  u n i q u e 
physicochemical properties, including high surface 
area-to-volume ratio, tunable size, enhanced 
reactivity, and the ability to interact with biological 
systems at the molecular and cellular levels [1]. These 
characteristics make nanoparticles highly suitable for 
applications in diagnostics, imaging, drug delivery, 
and targeted therapeutics. Targeted therapeutics 
represents a major advancement in modern 
medicine, aiming to deliver therapeutic agents 
speci�ically to diseased tissues while minimizing 
adverse effects on healthy cells [2]. Conventional drug 
d e l i v e r y  s y s t e m s  o f t e n  s u ff e r  f r o m  p o o r 
bioavailability, lack of speci�icity, and systemic 
toxicity. Nanoparticle-based delivery systems 
address these limitations by enabling controlled drug 
release, improved pharmacokinetics, and precise 
targeting through surface functionalization. As a 
result ,  nanoparticles have become integral 
components of advanced therapeutic strategies, 
particularly in the treatment of complex diseases 
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such as cancer, neurological disorders, and infectious 
diseases.
The methods of nanoparticle synthesis, including 
chemical and physical approaches, present several 
challenges. These methods often require hazardous 
chemicals, high energy input, and sophisticated 
equipment, which can lead to environmental 
concerns and potential toxicity in biomedical 
applications. Moreover, achieving precise control 
over nanoparticle  size,  shape,  and surface 
characteristics using conventional methods can be 
dif�icult, limiting their effectiveness in clinical 
applications, green synthesis approaches have been 
developed, with a strong focus on biological systems 
and naturally derived compounds. Among these, the 
use of biomolecules for nanoparticle synthesis has 
gained considerable importance. Biomolecules such 
as proteins, enzymes, polysaccharides, lipids, and 
nucleic acids possess functional groups that enable 
them to interact with metal ions and facilitate 
n a n o p a r t i c l e  f o r m a t i o n  u n d e r  m i l d  a n d 
environmentally friendly conditions [3]. These 
biomolecules not only act as reducing agents but also 
serve as stabilizing and capping agents, ensuring the 
formation of uniform and stable nanoparticles. The 
controlled biosynthesis of nanoparticles using 
biomolecules provides several advantages, including 
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improved biocompatibility, reduced toxicity, and 
enhanced functional properties. This approach 
a l l ows  p re c i s e  re g u l a t i o n  o f  n a n o p a r t i c l e 
characteristics, which is critical for biomedical 
applications. Furthermore, biomolecule-mediated 
nanoparticles can be easily functionalized for 
targeted delivery, making them highly effective in 
therapeutic applications [4]. This review focuses on 
understanding the role of biomolecules in the 
controlled biosynthesis of nanoparticles and explores 
their potential applications in targeted therapeutics.

2. 	 Role	 of 	 Biomolecules	 in	 Nanoparticle	
Biosynthesis	
Biomolecules play a central and multifaceted role in 
the biosynthesis of nanoparticles by mediating the 
reduction, nucleation, growth, and stabilization 
processes. These molecules contain a variety of 
functional groups, such as hydroxyl, amino, carboxyl, 
and thiol groups, which enable them to bind metal 
ions and facilitate their transformation into 
nanoparticles. The presence and arrangement of 
these functional groups determine the ef�iciency of 
the reduction process as well as the stability and 
morphology of the resulting nanoparticles. Proteins 
are among the most widely utilized biomolecules in 
nanoparticle biosynthesis due to their structural 
complexity and functional versatility. They can act as 
both reducing agents and capping agents, controlling 
nanoparticle formation and preventing aggregation. 
Speci�ic amino acid residues within proteins, such as 
cysteine and tyrosine, play a crucial role in binding 
metal ions and stabilizing the nanoparticles [5]. 
Additionally, proteins can serve as templates that 
guide the formation of nanoparticles with speci�ic 
structures, thereby enabling precise control over 
particle morphology. Enzymes, which are specialized 
proteins with catalytic properties, further enhance 
the ef�iciency of nanoparticle biosynthesis. They 
facilitate rapid and controlled reduction of metal ions 
under mild conditions, making the process highly 
ef�icient and reproducible. Enzyme-mediated 
synthesis is particularly advantageous because it 
allows for selective and site-speci�ic nanoparticle 
formation, which is essential for biomedical 
applications.
Polysaccharides such as chitosan, cellulose, and 
starch also play a signi�icant role in nanoparticle 
biosynthesis.  These biopolymers provide a 
supportive matrix that stabilizes nanoparticles and 
prevents aggregation. Their biocompatibility and 
biodegradability make them ideal candidates for 
b i o m e d i c a l  a p p l i c a t i o n s .  F u r t h e r m o r e , 
polysaccharides can enhance the functional 
properties of nanoparticles by improving their 
solubility, stability, and interaction with biological 
systems. Nucleic acids, including DNA and RNA, have 
emerged as promising biomolecules for nanoparticle 
synthesis due to their ability to form well-de�ined and 
programmable structures. They can bind metal ions 
through their phosphate backbone and nitrogenous 
bases, enabling the formation of highly organized 
nanostructures. This property is particularly useful 
fo r  d e s i g n i n g  n a n o p a r t i c l e s  w i t h  s p e c i � i c 
functionalities for targeted therapeutic applications. 

Lipids, on the other hand, contribute to the formation 
of lipid-based nanoparticles, which are widely used in 
drug delivery systems. These nanoparticles can 
encapsulate both hydrophilic and hydrophobic drugs, 
providing a versatile platform for targeted delivery. 
Lipid molecules also enhance the biocompatibility 
and stability of nanoparticles, making them suitable 
for in vivo applications [6].  The controlled 
biosynthesis of nanoparticles using biomolecules is 
in�luenced by various factors, including pH, 
temperature, concentration of biomolecules, and 
reaction time. By carefully optimizing these 
parameters, it is possible to achieve nanoparticles 
with desired size, shape, and surface properties. This 
level of control is essential for tailoring nanoparticles 
to speci�ic biomedical applications, particularly in 
targeted therapeutics where precision and ef�iciency 
are critical, biomolecules not only enable the 
sustainable synthesis of nanoparticles but also 
provide a high degree of control over their 
physicochemical properties. Their multifunctional 
role in nanoparticle biosynthesis makes them 
indispensable for the development of advanced 
nanomaterials for therapeutic applications.

3.	Mechanisms	of	Controlled	Biosynthesis	
The controlled biosynthesis of nanoparticles is a 
complex and highly regulated process that involves a 
sequence of biochemical reactions in�luenced by the 
nature of biomolecules and the surrounding 
synthesis conditions. The process typically begins 
with the reduction of metal ions into their zero-valent 
state, which is facilitated by biomolecules acting as 
electron donors. Functional groups such as hydroxyl, 
amino, and thiol groups present in biomolecules 
interact with metal ions, initiating their conversion 
into nanoscale particles. This reduction step is 
critical, as it determines the initial formation and 
chemical composition of the nanoparticles. Following 
reduction, nucleation occurs, where reduced atoms 
cluster together to form small, stable nuclei [7]. These 
nuclei serve as seeds for further growth, during which 
additional atoms accumulate to increase particle size. 
The rate of nucleation and growth plays a crucial role 
in determining the �inal size and distribution of 
nanoparticles. Biomolecules in�luence these 
processes by controlling the availability of metal ions 
and stabilizing intermediate structures, thereby 
ensuring uniform particle formation.
Stabilization is another essential aspect of controlled 
biosynthesis. Biomolecules act as capping agents by 
forming a protective layer around nanoparticles, 
preventing aggregation and ensuring long-term 
stability. This capping process not only maintains 
uniform particle size but also enhances compatibility 
with biological systems. Furthermore, biomolecules 
can direct the morphology of nanoparticles by 
selectively binding to speci�ic crystal facets, leading to 
the formation of distinct shapes such as spherical, 
rod-like, cubic, or triangular structures. The ability to 
control nanoparticle morphology is particularly 
important, as shape signi�icantly in�luences biological 
interactions and therapeutic  performance. 
Environmental parameters such as pH, temperature, 
reaction time, and biomolecule concentration play a 
pivotal role in regulating the biosynthesis process. 
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For instance, pH can affect the ionization state of functional groups, thereby in�luencing their binding ef�iciency 
with metal ions. Temperature impacts reaction kinetics and nanoparticle growth rates, while biomolecule 
concentration determines the availability of reducing and stabilizing agents. By carefully optimizing these 
parameters, researchers can achieve precise control over nanoparticle size, shape, and surface characteristics, 
enabling the design of nanoparticles tailored for speci�ic biomedical applications.

4.	Applications	in	Targeted	Therapeutics	
Biosynthesized nanoparticles have emerged as highly 
effective tools in targeted therapeutics due to their 
ability to deliver drugs selectively to diseased tissues 
while minimizing adverse effects on healthy cells. 
Their small size, large surface area, and ease of 
functionalization enable them to interact ef�iciently 
with biological systems and penetrate cellular 
barriers. One of the most signi�icant applications of 
these nanoparticles is in cancer therapy, where they 
are used to deliver anticancer drugs directly to tumor 
sites. By exploiting mechanisms such as enhanced 
permeability and retention effect and ligand-based 
targeting, nanoparticles can accumulate in tumor 
tissues, thereby increasing drug concentration at the 
target  site  and reducing systemic toxicity, 
biosynthesized nanoparticles play a crucial role in 
gene therapy. They act as carriers for nucleic acids 
such as DNA and RNA, facilitating their safe and 
ef�icient delivery into target cells. Biomolecule-
functionalized nanoparticles can be designed to 
recognize speci�ic receptors on cell surfaces, enabling 
precise targeting and improving gene transfer 
ef�iciency [8]. This approach holds great promise for 
the treatment of genetic disorders and other complex 
diseases. Another important application is in 
diagnost ic  imaging and disease  detect ion. 
Nanoparticles can be engineered with imaging agents 
or �luorescent markers, allowing them to serve as 
contrast agents in techniques such as magnetic 
resonance imaging and �luorescence imaging. This 
enhances the sensitivity and accuracy of disease 
detection, enabling early diagnosis and timely 
intervention. Controlled drug release is another key 
advantage  of  nanopart ic le-based systems. 
Biosynthesized nanoparticles can be designed to 
release therapeutic agents in a sustained and 
controlled manner, either through passive diffusion 
or in response to speci�ic stimuli such as pH, 
temperature, or enzymatic activity. This controlled 
release improves therapeutic outcomes, reduces 
dosing frequency, and enhances patient compliance. 
T h e  c o m b i n a t i o n  o f  t a r g e t i n g  c a p a b i l i t y, 
biocompatibility, and multifunctionality makes 
biosynthesized nanoparticles highly promising for 
advanced therapeutic applications.
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Table	1:	Role	of	Biomolecules	in	Nanoparticle	Biosynthesis

Table	2:	Mechanisms	of	Controlled	Biosynthesis

5.	Challenges	and	Limitations	
The potential of biomolecule-mediated nanoparticle 
synthesis, several challenges and limitations must be 
addressed to ensure their effective application in 
therapeutics. One of the primary concerns is the 
variability in biomolecule composition, which can 
lead to inconsistencies in nanoparticle synthesis. 
Since biomolecules derived from natural sources may 
vary in composition depending on environmental and 
biological factors, achieving reproducibility and 
uniformity in nanoparticle characteristics can be 
challenging. Standardization of synthesis protocols 
and careful control of experimental conditions are 
essential to overcome this issue [9-10]. Another 
signi�icant challenge is the scalability of the 
biosynthesis process. While laboratory-scale 
synthesis has been successfully demonstrated, 
translating these methods to industrial-scale 
production requires optimization of process 
parameters to ensure cost-effectiveness, ef�iciency, 
and consistency. Maintaining the stability and 
functionality of nanoparticles during large-scale 
production and storage is also a critical concern. The 
stability of nanoparticles in biological environments 
presents another limitation. Nanoparticles may 
undergo aggregation, degradation, or interaction 
with biological components, which can affect their 
performance and therapeutic ef�icacy. Additionally, 
although biosynthesized nanoparticles are generally 
considered less toxic than chemically synthesized 
counterparts, their potential toxicity and long-term 
effects must be thoroughly evaluated. Comprehensive 
toxicological studies are necessary to assess their 
safety for clinical applications. Regulatory challenges 
f u r t h e r  c o m p l i c a t e  t h e  d e ve l o p m e n t  a n d 
c o m m e rc i a l i z a t i o n  o f  n a n o p a r t i c l e - b a s e d 
therapeutics. The approval process for such 
technologies involves rigorous testing and 
compliance with safety standards, which can be time-
consuming and costly. Clear regulatory guidelines 
and standardized evaluation methods are needed to 
facilitate the translation of this technology from 
research to clinical practice.
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6.	Future	Perspectives	and	Research	Directions	
The future of biomolecule-mediated nanoparticle 
biosynthesis lies in the development of more 
a d v a n c e d ,  e f � i c i e n t ,  a n d  m u l t i f u n c t i o n a l 
nanomaterials for targeted therapeutics. Ongoing 
research is focused on improving the precision and 
control of nanoparticle synthesis by exploring new 
biomolecules and optimizing reaction conditions 
[ 1 1 ] .  A dva n c e s  i n  m o l e c u l a r  b i o l o g y  a n d 
nanotechnology are expected to enable the design of 
nanoparticles with enhanced targeting capabilities, 
improved stability, and greater therapeutic ef�iciency. 
The integration of computational tools, including 
arti�icial intelligence and machine learning, is 
emerging as a powerful approach for optimizing 
n a n o p a r t i c l e  d e s i g n  a n d  sy n t h e s i s .  T h e s e 
technologies can analyze large datasets to predict 
optimal synthesis conditions and nanoparticle 
properties, thereby accelerating the development of 
customized nanomaterials for speci�ic applications.
The development of hybrid nanoparticles that 
combine multiple biomolecules is another promising 
research direction. Such nanoparticles can exhibit 
synergistic properties, combining the advantages of 
different biomolecules to enhance targeting 
speci�icity, drug loading capacity, and therapeutic 
effectiveness. Additionally, research is focused on 
developing stimuli-responsive nanoparticles that can 
release drugs in response to speci�ic biological 
signals, further improving treatment precision. 
Efforts to develop cost-effective and scalable 
production methods are also critical for the 
commercialization of biosynthesized nanoparticles. 
Interdisciplinary collaboration among scientists, 
engineers, and healthcare professionals will play a 
key role in addressing existing challenges and 
advancing this �ield. With continued innovation, 
biomolecule-mediated nanoparticle synthesis is 
expected to revolutionize targeted therapeutics and 
contribute signi�icantly to modern healthcare.

7.	Conclusion	
Biomolecules play a fundamental role in the 
controlled biosynthesis of nanoparticles, offering a 
sustainable, ef�icient, and versatile approach for 
producing biocompatible nanomaterials. Their 
ability to mediate reduction, stabilization, and 
functionalization processes enables precise control 
over nanoparticle properties, which is essential for 
b i o m e d i c a l  a p p l i c a t i o n s .  B i o s y n t h e s i z e d 
nanoparticles have demonstrated signi�icant 
potential in targeted therapeutics, particularly in 
drug delivery, gene therapy, and diagnostic imaging, 
where precision and safety are critical. Although 
several challenges remain, including issues related to 
reproducibility, scalability, stability, and regulatory 
approval, ongoing research and technological 
advancements are steadily addressing these 
limitations. The integration of advanced tools such as 
arti�icial intelligence, along with the development of 
multifunctional and hybrid nanoparticles, is expected 
to further enhance the capabilities of this technology, 
biomolecule-mediated nanoparticle biosynthesis 
represents a promising and rapidly evolving �ield 
with the potential to transform modern medicine. 
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