
Gold nanoparticles (AuNPs) have attracted considerable interest due to their unique physicochemical 
properties and potential applications in diverse �elds such as optoelectronics and biomedicine. The 
conventional Turkevich method, while simple, has limitations in terms of nanoparticle size and shape 
control, scalability, and energy e�ciency. Alternative synthesis methods include plant-mediated, 
microorganism-mediated, microwave-assisted, photochemical, and electrochemical approaches. 
Each of these methods has its own advantages, including eco-friendliness, scalability, speed, and 
precision. However, each method also presents its own challenges and requires process optimization 
to fully replace existing methods. This article reviews these synthesis methods for AuNPs with a focus 
on recent sustainable approaches. The potential for sustainable synthesis of AuNPs to serve various 
industries and applications lies in the collaborative e�orts of researchers across di�erent disciplines.

ABSTRACT Gold nanoparticles; 
Synthesis; Sustainable; 
Green synthesis; Turkevich 

KEYWORDS

Received 20 July 2023; 
Revised 26 August 2023; 
Accepted 4 September 
2023

ARTICLE HISTORY

Introduction

Innovative and sustainable approaches to gold nanoparticle synthesis: beyond 
the Turkevich method

REVIEW                                                                                                                     

Sushree S. Priyadarshini
Academy of Scientific and Industrial Research, CSIR-Institute of Minerals and Materials Technology, Bhubaneswar, Odisha 

© 2023 The Author(s). Published by Reseapro Journals. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

*Correspondence:  Sushree S. Priyadarshini, Academy of Scienti�c and Industrial Research, CSIR - Institute of Minerals and Materials Technology, Bhubaneswar, 751013, Odisha, 
e-mail: sspriyadarshini9@gmail.com

Gold nanoparticles (AuNPs) possess unique optical and 
hemical properties such as tunable reactivity, colorimetric 
chemistry, and high surface area [1]. �eir surface plasmonic 
characteristics are governed by factors such as size, shape, and 
composition [2]. Precisely modulating these parameters is 
critical for speci�c applications, particularly in the �eld of 
optoelectronics, where they e�ectively harness the visible and 
near-infrared regions of the electromagnetic spectrum. �e 
properties of AuNPs are in�uenced by factors such as 
nanoparticle stabilization, surface functionality, interparticle 
spacing, size, and structure [3]. A range of synthesis techniques, 
including chemical reduction, sonochemical reduction, 
photochemical processes, mechanical approaches, and 
environmentally friendly extraction methods, can be utilized to 
manipulate the attributes of gold nanoparticles. �ese methods 
o�er distinct advantages and challenges in terms of precision, 
scalability, and eco-friendliness. Researchers are continually 
working to optimize these processes to achieve the desired 
properties of gold nanoparticles [4]. �e selection of the 
appropriate synthesis method is pivotal in attaining speci�c 
physicochemical and optoelectronic properties. �e Turkevich 
method is one of the pioneering methods for AuNP synthesis 
and has been in practice since its discovery [5]. However, this 
method has several limitations, and there is a need for more 
e�cient and eco-friendly substitutive methods. �is article 
explores recent approaches that are being selectively used to 
synthesize AuNPs.

Turkevich Method and its Limitations 
�e Turkevich method, developed by John Turkevich in the 
1950s, is one of the earliest and most commonly used 
approaches for synthesizing AuNPs [6]. �is method is 
relatively straightforward and relies on reducing gold ions in 
solution to form AuNPs. In this method, a solution of a gold salt, 

typically chloroauric acid (HAuCl4), is heated until it reaches 
its boiling point. A reducing agent, o�en sodium citrate, is 
added as the solution boils. �is reduces the gold ions (Au3+) 
to form metallic gold (Au0) nanoparticles. �e nanoparticles 
typically have a spherical shape and a size that can be 
controlled by varying the relative concentration of the gold 
salt and the reducing agent. �e Turkevich method has several 
advantages contributing to its long-standing use in AuNP 
synthesis. It is a relatively simple and cost-e�ective technique, 
making it accessible for researchers with limited resources. 
Since its discovery, the method has been modi�ed in a vast 
number of ways to accommodate the desired AuNPs [7].

�e Turkevich method also has several limitations [8]. 
One of its primary drawbacks is the di�culty of precisely 
controlling the size and shape of the resulting nanoparticles. 
�e method can produce nanoparticles with a relatively 
narrow size distribution, but controlling the exact size and 
shape of the nanoparticles can be challenging. �e size of the 
nanoparticles produced is typically around 12 nm, but 
achieving sizes signi�cantly smaller or larger than this can be 
di�cult. While the Turkevich method is straightforward and 
reliable, it may not be easily scalable for large-scale production 
of gold nanoparticles. It requires elevated temperatures, which 
can lead to higher energy consumption compared to other 
methods. Furthermore, the mechanism of the Turkevich 
method involves two consecutive reduction steps (Au3+ → Au+

→ Au0) rather than a reduction followed by the 
disproportionation reaction as conventionally believed. �is 
complexity can make the process more di�cult to control and 
optimize. �ere can be variability from batch to batch, which 
can a�ect the reproducibility of the synthesis.
 Researchers are actively exploring alternative methods 
and engaged in the optimization of existing ones to address 

the limitations of the Turkevich method. For example, 
proposed modi�cations to the Turkevich method involve the 
use of a pre-passivated precursor, which o�ers improved 
control over the initial reaction stage. However, these 
modi�cations result in a slight increase in reaction time. In 
response to these challenges, more sustainable approaches to 
AuNP synthesis are being sought that aim to reduce energy 
consumption, minimize the use of harmful chemicals, and 
enhance the eco-friendliness of AuNP production. �e 
following sections explore innovative and sustainable 
methods and their potential to address the challenges 
associated with traditional synthesis techniques.

Plant-Mediated Synthesis
Plants contain various natural compounds like alkaloids, 
�avonoids, and tannins, which act as both reducing and 
stabilizing agents. �e biosynthesis of AuNPs from plant 
sources is a straightforward one-pot process. It involves 
washing and preparing di�erent plant parts (leaves, fruits, 
bark, etc.), boiling them in water to extract bioactive 
compounds, purifying the extract, and mixing it with a gold 
salt solution. �e gold salt is then reduced into AuNPs, which 
can take just minutes to a few hours. �e reaction progress is 
monitored by a color change, and the synthesized AuNPs are 
puri�ed for further use. �is eco-friendly process can be easily 
scaled up. �e use of di�erent plant parts leads to variations in 
the size and shape of the nanoparticles. Several studies have 
successfully used plant extracts for AuNPs synthesis. For 
example, extracts of Salix alba [9], coriander [10], Camellia 
Sinensis [11], Curcumae [12], Amaranthus [13], Aloe [14], 
Limonia [15] and many other plants have been reported 
recently for the synthesis of AuNPs. �e synthesis process is 
generally a�ected by factors like temperature and pH, which 
in�uence the size and shape of AuNPs. Bogireddy et al. 
showed that sundried Co�ea arabica seed extract produced 
tunable AuNPs based on pH [16]. Similarly, Salvia o�cinalis 
extracts led to small and large AuNPs in di�erent pH 
conditions due to the di�erential activity of its polyphenols at 
di�erent pH [17].

�e synthesized AuNPs have shown promise in various 
applications. Many phytogenic AuNPs show antibacterial 
properties [18]. AuNPs from di�erent plant extracts also 
exhibit biocompatibility and stability [19,20]. �e use of plant 
extracts for AuNPs synthesis is a green and versatile method 
with potential applications in biomedicine and beyond. �e 
choice of plant source and control of synthesis conditions can 
yield AuNPs with tailored properties for speci�c applications.

Microorganism-Mediated Synthesis 
Microorganism-mediated synthesis involves using 
microorganisms such as bacteria, fungi, and yeast to produce 
AuNPs. Like plant extract, microbes and microbial extract 
serve as reducing and stabilizing agents, o�ering a sustainable 
and biocompatible approach. Certain strains of bacteria, like 
Escherichia coli, can intracellularly or extracellularly reduce 
Au3+ ions to AuNPs [21]. Similarly, fungal and yeast species, 
including Candida [22] and Fusarium oxysporum, have also 
shown potential for AuNP synthesis [23]. �eir secreted 
enzymes and metabolites can reduce gold ions and produce 
stable AuNPs. Microbes can synthesize gold AuNPs 
intracellularly and extracellularly [24]. In intracellular 
synthesis, microbes actively remove gold ions from their 
surroundings and enzymatically reduce them to form AuNPs 

within their cellular compartments. �is process o�en results 
in the production of uniformly sized and highly stable 
nanoparticles. On the other hand, extracellular synthesis 
occurs when microbes secrete enzymes or metabolites that 
mediate the reduction of gold ions in their immediate 
environment, forming AuNPs outside their cells. �is 
extracellular method is advantageous for large-scale 
production and can be more easily controlled.

Microorganism-mediated synthesis is advantageous for 
its scalability and ability to synthesize AuNPs under mild 
conditions. �ese green synthesis methods represent a 
promising shi� towards more sustainable AuNP production. 
�ey minimize the need for harsh chemicals, reduce energy 
consumption, and o�er opportunities for tailoring the 
properties of AuNPs for speci�c applications. It is essential to 
explore these green methods further and address challenges 
related to scalability, standardization, and application-speci�c 
requirements to realize their potential in diverse �elds.

Microwave-Assisted Synthesis
Microwave-assisted synthesis is a rapidly growing and 
innovative approach to AuNP synthesis [25]. Microwave 
radiation initiates and accelerates the chemical reactions 
involved in AuNP synthesis. �e microwave energy generates 
localized heating within the reaction mixture, leading to rapid 
nucleation and growth of nanoparticles. Arshi et al. showed a 
simple method for microwave-synthesizing AuNPs using 
citric acid and CTAB. �ey demonstrated the e�ect of 
irradiation time on the types of nanoparticles produced [26]. 
In another study, Rawat et al. synthesized tyrosine-protected 
AuNPs in a one-step process using microwave irradiation 
[27]. Bayazit et al. explored a novel approach for the 
continuous and reproducible synthesis of AuNPs in aqueous 
solutions by combining single-mode microwave irradiation 
with micro�ow chemistry, allowing for precise nanoparticle 
size control [28].

One of the primary advantages of microwave-assisted 
synthesis is its speed [29]. Reactions that might take hours or 
even days using conventional methods can be completed in 
minutes or seconds with microwave irradiation. �is is 
particularly advantageous in industrial and research settings 
where time e�ciency is crucial. Microwave irradiation allows 
precise control over the size and morphology of the AuNPs. 
By adjusting parameters like the microwave power, reaction 
time, and concentration of reactants, researchers can tailor the 
characteristics of the synthesized nanoparticles to meet 
speci�c application requirements. �is level of control is 
essential in �elds like catalysis and nanomedicine. �e 
microwave-assisted method shows high energy e�ciency. It 
minimizes heat loss to the surroundings, reducing energy 
consumption compared to traditional heating methods. �is 
aligns well with sustainability goals and contributes to a 
reduced environmental footprint. �e method is adaptable to 
various scales, from small laboratory batches to large-scale 
industrial production, making it versatile. It can be easily 
integrated into existing manufacturing processes, paving the 
way for the commercial production of AuNPs with minimal 
adaptation.

Photochemical Synthesis
TIn this approach, gold precursors in solution are exposed to 
visible or ultraviolet (UV) light, reducing gold ions and 
subsequent AuNP formation [30]. Unlike traditional chemical 

methods, photochemical synthesis avoids toxic compounds, 
expensive equipment, and specialized personnel, allowing it to 
be carried out at room temperature and atmospheric pressure. 
To achieve controlled AuNP synthesis, stabilizers and capping 
agents are crucial. Various polymers, such as poly (vinyl 
pyrrolidone) (PVP), polymethacrylate (PMA), and natural 
rubber latex, have been studied for their impact on AuNP 
characteristics [31].

UV light, with its distinct wavelength ranges (UV-A, UV-B, 
and UV-C), is an energy source in the photochemical synthesis 
process [32]. Several factors, including pH, precursor 
concentration, and exposure time, in�uence AuNP size and 
shape during UV photochemical synthesis [33]. �e pH of the 
reaction medium plays a critical role, with basic conditions 
favoring the formation of nanospheres and acidic conditions 
leading to anisotropic AuNP shapes like nanorods. Precursor 
concentration, such as tetrachloroauric acid (HAuCl4), a�ects 
AuNP morphology, with higher concentrations promoting 
spherical nanoparticles. Stabilizing and reducing agents, like 
citric acid and polyethyleneimine (PEI), in�uence NP size.

Increasing their concentration results in smaller, more 
uniform NPs. Surfactants, which also act as stabilizers, are 
essential in AuNP synthesis. Cationic surfactants favor the 
formation of larger nanoparticles, and anionic surfactants 
produce smaller ones.

Electrochemical synthesis
In electrochemical synthesis, an electrode immersed in a 
solution containing gold ions serves as both the source of 
electrons for reducing gold ions and the substrate on which 
AuNPs nucleate and grow. Gold electrodeposition techniques 
on substrates such as indium tin oxide (ITO), silicon, glassy 
carbon, carbon nanotubes (CNTs), and graphene have been 
reported in the literature [34]. Glassy carbon electrodes are an 
excellent platform for studying the Volmer-Weber growth 
mode during gold electrodeposition [35]. In contrast, carbon 
nanotubes provide a unique substrate-enhanced electroless 
deposition method for supporting the nanoparticles [36]. �ese 
approaches allow for precise control over AuNP size and 
distribution and have shown promise in the development of 
electrochemical sensors. �e self-assembly of AuNPs on 
graphene sheets allows electrostatic interactions, enabling the 
loading of AuNPs with high precision [37]. High-density AuNP 
arrays can be synthesized on silicon substrates through 
electrochemical deposition, using high overpotentials to 
promote nucleation [38]. �ese composite materials exhibit 
exceptional electrocatalytic activity and have found 
applications in various sensing technologies.

Electrochemical synthesis enables precise control over 
AuNP size and morphology. �e properties of the synthesized 
nanoparticles can be controlled by adjusting parameters such as 

the electrode potential, current density, and reaction time [39]. 
Furthermore, the electrode surface can be modi�ed with 
various molecules, such as surfactants or ligands, to impart 
speci�c surface functionalities to the synthesized AuNPs [40]. 
�is method also o�ers the advantage of real-time monitoring 
and control over the synthesis process [41].

Challenges and Future Perspectives 
TWhile innovative and sustainable approaches to AuNP 
synthesis o�er promising solutions to many of the limitations 
associated with traditional methods, several challenges still 
need to be addressed. Green synthesis methods hold great 
promise for sustainable AuNP production but are limited by 
scaling up for industrial applications. �is method makes it 
di�cult to consistently attain high-quality AuNPs while 
minimizing resource consumption and environmental impact 
[42]. Microwave-assisted synthesis, while e�cient, struggles 
with ensuring reproducible outcomes across diverse 
microwave systems and settings. In contrast, photochemical 
synthesis is constrained by its reliance on speci�c light 
wavelengths, which limit the range of AuNP properties that 
can be obtained. Meanwhile, electrochemical synthesis o�ers 
�ne-tuned control over AuNP characteristics but faces hurdles 
in achieving reproducibility across varying electrochemical 
setups and conditions. �e di�erent methods discussed in this 
article have been summarized in Table 1 regarding their 
convenience, sustainability, advantages, and disadvantages.

Optimizing scalability for green synthesis techniques, 
incorporating standardized protocols, and utilizing 
bioreactor-based production systems to bridge the gap 
between laboratory-scale experiments and large-scale 
manufacturing is necessary. Identifying suitable plant species 
or microorganisms with enhanced AuNP synthesis capabilities 
and customizing their growth conditions can enhance 
production e�ciency and reliability. Likewise, safety protocols 
and containment measures for microwave-assisted synthesis 
should be a priority, alongside standardizing microwave 
parameters and creating user-friendly microwave reactors for 
nanoparticle synthesis. Collaborative e�orts between chemists 
and engineers can result in safer and more precise 
microwave-assisted AuNP synthesis methods. Exploring 
innovative photosensitizers and capping agents to enable 
photochemical synthesis at diverse wavelengths, including 
infrared and terahertz regions, can unlock new possibilities for 
tailoring AuNP properties. While electrochemical synthesis 
o�ers precise control over AuNP characteristics, 
standardization is vital for widespread adoption. �us, 
developing standardized electrochemical cells and protocols, 
alongside real-time monitoring and feedback systems, can 
enhance control and consistency. Exploring novel electrode 
materials and modi�cations can further expand the range of 
achievable AuNP properties.

Conclusions
�e conventional Turkevich methodology has been 
instrumental in initiating the era of AuNPs. Nevertheless, its 
inherent limitations and energy-intensive nature have led to the 
emergence of alternative strategies. Plant-mediated synthesis 
stands out as an eco-friendly approach that allows for 
biocompatible AuNP production. Meanwhile, 
microorganism-mediated synthesis demonstrates the 
remarkable capacity of microbial organisms to generate AuNPs, 
both extracellularly and intracellularly, promising scalability 
and compatibility with biological systems. Microwave-assisted 
synthesis process ensures rapidity and precision, thereby 
reducing energy consumption and aligning with sustainability 
objectives. In parallel, photochemical synthesis leverages light 
to initiate AuNP formation, albeit with ongoing challenges 
regarding the expansion of usable wavelength ranges. 
Electrochemical synthesis, on the other hand, provides a means 
for meticulous control over AuNP properties but necessitates 
standardized protocols and real-time monitoring for broad 
adoption. �e prospective evolution of AuNP synthesis depends 
on scalability, protocol standardization, and the advancement of 
materials and technologies. �e critical objective is bridging the 
gap between laboratory-scale experimentation and large-scale 
production in these synthesis techniques.
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Gold nanoparticles (AuNPs) possess unique optical and 
hemical properties such as tunable reactivity, colorimetric 
chemistry, and high surface area [1]. �eir surface plasmonic 
characteristics are governed by factors such as size, shape, and 
composition [2]. Precisely modulating these parameters is 
critical for speci�c applications, particularly in the �eld of 
optoelectronics, where they e�ectively harness the visible and 
near-infrared regions of the electromagnetic spectrum. �e 
properties of AuNPs are in�uenced by factors such as 
nanoparticle stabilization, surface functionality, interparticle 
spacing, size, and structure [3]. A range of synthesis techniques, 
including chemical reduction, sonochemical reduction, 
photochemical processes, mechanical approaches, and 
environmentally friendly extraction methods, can be utilized to 
manipulate the attributes of gold nanoparticles. �ese methods 
o�er distinct advantages and challenges in terms of precision, 
scalability, and eco-friendliness. Researchers are continually 
working to optimize these processes to achieve the desired 
properties of gold nanoparticles [4]. �e selection of the 
appropriate synthesis method is pivotal in attaining speci�c 
physicochemical and optoelectronic properties. �e Turkevich 
method is one of the pioneering methods for AuNP synthesis 
and has been in practice since its discovery [5]. However, this 
method has several limitations, and there is a need for more 
e�cient and eco-friendly substitutive methods. �is article 
explores recent approaches that are being selectively used to 
synthesize AuNPs.

Turkevich Method and its Limitations 
�e Turkevich method, developed by John Turkevich in the 
1950s, is one of the earliest and most commonly used 
approaches for synthesizing AuNPs [6]. �is method is 
relatively straightforward and relies on reducing gold ions in 
solution to form AuNPs. In this method, a solution of a gold salt, 

typically chloroauric acid (HAuCl4), is heated until it reaches 
its boiling point. A reducing agent, o�en sodium citrate, is 
added as the solution boils. �is reduces the gold ions (Au3+) 
to form metallic gold (Au0) nanoparticles. �e nanoparticles 
typically have a spherical shape and a size that can be 
controlled by varying the relative concentration of the gold 
salt and the reducing agent. �e Turkevich method has several 
advantages contributing to its long-standing use in AuNP 
synthesis. It is a relatively simple and cost-e�ective technique, 
making it accessible for researchers with limited resources. 
Since its discovery, the method has been modi�ed in a vast 
number of ways to accommodate the desired AuNPs [7].

 �e Turkevich method also has several limitations [8]. 
One of its primary drawbacks is the di�culty of precisely 
controlling the size and shape of the resulting nanoparticles. 
�e method can produce nanoparticles with a relatively 
narrow size distribution, but controlling the exact size and 
shape of the nanoparticles can be challenging. �e size of the 
nanoparticles produced is typically around 12 nm, but 
achieving sizes signi�cantly smaller or larger than this can be 
di�cult. While the Turkevich method is straightforward and 
reliable, it may not be easily scalable for large-scale production 
of gold nanoparticles. It requires elevated temperatures, which 
can lead to higher energy consumption compared to other 
methods. Furthermore, the mechanism of the Turkevich 
method involves two consecutive reduction steps (Au3+ → Au+ 
→ Au0) rather than a reduction followed by the 
disproportionation reaction as conventionally believed. �is 
complexity can make the process more di�cult to control and 
optimize. �ere can be variability from batch to batch, which 
can a�ect the reproducibility of the synthesis.
 Researchers are actively exploring alternative methods 
and engaged in the optimization of existing ones to address 

the limitations of the Turkevich method. For example, 
proposed modi�cations to the Turkevich method involve the 
use of a pre-passivated precursor, which o�ers improved 
control over the initial reaction stage. However, these 
modi�cations result in a slight increase in reaction time. In 
response to these challenges, more sustainable approaches to 
AuNP synthesis are being sought that aim to reduce energy 
consumption, minimize the use of harmful chemicals, and 
enhance the eco-friendliness of AuNP production. �e 
following sections explore innovative and sustainable 
methods and their potential to address the challenges 
associated with traditional synthesis techniques.

Plant-Mediated Synthesis
Plants contain various natural compounds like alkaloids, 
�avonoids, and tannins, which act as both reducing and 
stabilizing agents. �e biosynthesis of AuNPs from plant 
sources is a straightforward one-pot process. It involves 
washing and preparing di�erent plant parts (leaves, fruits, 
bark, etc.), boiling them in water to extract bioactive 
compounds, purifying the extract, and mixing it with a gold 
salt solution. �e gold salt is then reduced into AuNPs, which 
can take just minutes to a few hours. �e reaction progress is 
monitored by a color change, and the synthesized AuNPs are 
puri�ed for further use. �is eco-friendly process can be easily 
scaled up. �e use of di�erent plant parts leads to variations in 
the size and shape of the nanoparticles. Several studies have 
successfully used plant extracts for AuNPs synthesis. For 
example, extracts of Salix alba [9], coriander [10], Camellia 
Sinensis [11], Curcumae [12], Amaranthus [13], Aloe [14], 
Limonia [15] and many other plants have been reported 
recently for the synthesis of AuNPs. �e synthesis process is 
generally a�ected by factors like temperature and pH, which 
in�uence the size and shape of AuNPs. Bogireddy et al. 
showed that sundried Co�ea arabica seed extract produced 
tunable AuNPs based on pH [16]. Similarly, Salvia o�cinalis 
extracts led to small and large AuNPs in di�erent pH 
conditions due to the di�erential activity of its polyphenols at 
di�erent pH [17].

 �e synthesized AuNPs have shown promise in various 
applications. Many phytogenic AuNPs show antibacterial 
properties [18]. AuNPs from di�erent plant extracts also 
exhibit biocompatibility and stability [19,20]. �e use of plant 
extracts for AuNPs synthesis is a green and versatile method 
with potential applications in biomedicine and beyond. �e 
choice of plant source and control of synthesis conditions can 
yield AuNPs with tailored properties for speci�c applications.

Microorganism-Mediated Synthesis 
Microorganism-mediated synthesis involves using 
microorganisms such as bacteria, fungi, and yeast to produce 
AuNPs. Like plant extract, microbes and microbial extract 
serve as reducing and stabilizing agents, o�ering a sustainable 
and biocompatible approach. Certain strains of bacteria, like 
Escherichia coli, can intracellularly or extracellularly reduce 
Au3+ ions to AuNPs [21]. Similarly, fungal and yeast species, 
including Candida [22] and Fusarium oxysporum, have also 
shown potential for AuNP synthesis [23]. �eir secreted 
enzymes and metabolites can reduce gold ions and produce 
stable AuNPs. Microbes can synthesize gold AuNPs 
intracellularly and extracellularly [24]. In intracellular 
synthesis, microbes actively remove gold ions from their 
surroundings and enzymatically reduce them to form AuNPs 

within their cellular compartments. �is process o�en results 
in the production of uniformly sized and highly stable 
nanoparticles. On the other hand, extracellular synthesis 
occurs when microbes secrete enzymes or metabolites that 
mediate the reduction of gold ions in their immediate 
environment, forming AuNPs outside their cells. �is 
extracellular method is advantageous for large-scale 
production and can be more easily controlled.

 Microorganism-mediated synthesis is advantageous for 
its scalability and ability to synthesize AuNPs under mild 
conditions. �ese green synthesis methods represent a 
promising shi� towards more sustainable AuNP production. 
�ey minimize the need for harsh chemicals, reduce energy 
consumption, and o�er opportunities for tailoring the 
properties of AuNPs for speci�c applications. It is essential to 
explore these green methods further and address challenges 
related to scalability, standardization, and application-speci�c 
requirements to realize their potential in diverse �elds.

Microwave-Assisted Synthesis
Microwave-assisted synthesis is a rapidly growing and 
innovative approach to AuNP synthesis [25]. Microwave 
radiation initiates and accelerates the chemical reactions 
involved in AuNP synthesis. �e microwave energy generates 
localized heating within the reaction mixture, leading to rapid 
nucleation and growth of nanoparticles. Arshi et al. showed a 
simple method for microwave-synthesizing AuNPs using 
citric acid and CTAB. �ey demonstrated the e�ect of 
irradiation time on the types of nanoparticles produced [26]. 
In another study, Rawat et al. synthesized tyrosine-protected 
AuNPs in a one-step process using microwave irradiation 
[27]. Bayazit et al. explored a novel approach for the 
continuous and reproducible synthesis of AuNPs in aqueous 
solutions by combining single-mode microwave irradiation 
with micro�ow chemistry, allowing for precise nanoparticle 
size control [28].

 One of the primary advantages of microwave-assisted 
synthesis is its speed [29]. Reactions that might take hours or 
even days using conventional methods can be completed in 
minutes or seconds with microwave irradiation. �is is 
particularly advantageous in industrial and research settings 
where time e�ciency is crucial. Microwave irradiation allows 
precise control over the size and morphology of the AuNPs. 
By adjusting parameters like the microwave power, reaction 
time, and concentration of reactants, researchers can tailor the 
characteristics of the synthesized nanoparticles to meet 
speci�c application requirements. �is level of control is 
essential in �elds like catalysis and nanomedicine. �e 
microwave-assisted method shows high energy e�ciency. It 
minimizes heat loss to the surroundings, reducing energy 
consumption compared to traditional heating methods. �is 
aligns well with sustainability goals and contributes to a 
reduced environmental footprint. �e method is adaptable to 
various scales, from small laboratory batches to large-scale 
industrial production, making it versatile. It can be easily 
integrated into existing manufacturing processes, paving the 
way for the commercial production of AuNPs with minimal 
adaptation.

Photochemical Synthesis
TIn this approach, gold precursors in solution are exposed to 
visible or ultraviolet (UV) light, reducing gold ions and 
subsequent AuNP formation [30]. Unlike traditional chemical 

methods, photochemical synthesis avoids toxic compounds, 
expensive equipment, and specialized personnel, allowing it to 
be carried out at room temperature and atmospheric pressure. 
To achieve controlled AuNP synthesis, stabilizers and capping 
agents are crucial. Various polymers, such as poly (vinyl 
pyrrolidone) (PVP), polymethacrylate (PMA), and natural 
rubber latex, have been studied for their impact on AuNP 
characteristics [31].

 UV light, with its distinct wavelength ranges (UV-A, UV-B, 
and UV-C), is an energy source in the photochemical synthesis 
process [32]. Several factors, including pH, precursor 
concentration, and exposure time, in�uence AuNP size and 
shape during UV photochemical synthesis [33]. �e pH of the 
reaction medium plays a critical role, with basic conditions 
favoring the formation of nanospheres and acidic conditions 
leading to anisotropic AuNP shapes like nanorods. Precursor 
concentration, such as tetrachloroauric acid (HAuCl4), a�ects 
AuNP morphology, with higher concentrations promoting 
spherical nanoparticles. Stabilizing and reducing agents, like 
citric acid and polyethyleneimine (PEI), in�uence NP size.

 Increasing their concentration results in smaller, more 
uniform NPs. Surfactants, which also act as stabilizers, are 
essential in AuNP synthesis. Cationic surfactants favor the 
formation of larger nanoparticles, and anionic surfactants 
produce smaller ones.

Electrochemical synthesis
In electrochemical synthesis, an electrode immersed in a 
solution containing gold ions serves as both the source of 
electrons for reducing gold ions and the substrate on which 
AuNPs nucleate and grow. Gold electrodeposition techniques 
on substrates such as indium tin oxide (ITO), silicon, glassy 
carbon, carbon nanotubes (CNTs), and graphene have been 
reported in the literature [34]. Glassy carbon electrodes are an 
excellent platform for studying the Volmer-Weber growth 
mode during gold electrodeposition [35]. In contrast, carbon 
nanotubes provide a unique substrate-enhanced electroless 
deposition method for supporting the nanoparticles [36]. �ese 
approaches allow for precise control over AuNP size and 
distribution and have shown promise in the development of 
electrochemical sensors. �e self-assembly of AuNPs on 
graphene sheets allows electrostatic interactions, enabling the 
loading of AuNPs with high precision [37]. High-density AuNP 
arrays can be synthesized on silicon substrates through 
electrochemical deposition, using high overpotentials to 
promote nucleation [38]. �ese composite materials exhibit 
exceptional electrocatalytic activity and have found 
applications in various sensing technologies.

 Electrochemical synthesis enables precise control over 
AuNP size and morphology. �e properties of the synthesized 
nanoparticles can be controlled by adjusting parameters such as 

the electrode potential, current density, and reaction time [39]. 
Furthermore, the electrode surface can be modi�ed with 
various molecules, such as surfactants or ligands, to impart 
speci�c surface functionalities to the synthesized AuNPs [40]. 
�is method also o�ers the advantage of real-time monitoring 
and control over the synthesis process [41].

Challenges and Future Perspectives 
TWhile innovative and sustainable approaches to AuNP 
synthesis o�er promising solutions to many of the limitations 
associated with traditional methods, several challenges still 
need to be addressed. Green synthesis methods hold great 
promise for sustainable AuNP production but are limited by 
scaling up for industrial applications. �is method makes it 
di�cult to consistently attain high-quality AuNPs while 
minimizing resource consumption and environmental impact 
[42]. Microwave-assisted synthesis, while e�cient, struggles 
with ensuring reproducible outcomes across diverse 
microwave systems and settings. In contrast, photochemical 
synthesis is constrained by its reliance on speci�c light 
wavelengths, which limit the range of AuNP properties that 
can be obtained. Meanwhile, electrochemical synthesis o�ers 
�ne-tuned control over AuNP characteristics but faces hurdles 
in achieving reproducibility across varying electrochemical 
setups and conditions. �e di�erent methods discussed in this 
article have been summarized in Table 1 regarding their 
convenience, sustainability, advantages, and disadvantages.

 Optimizing scalability for green synthesis techniques, 
incorporating standardized protocols, and utilizing 
bioreactor-based production systems to bridge the gap 
between laboratory-scale experiments and large-scale 
manufacturing is necessary. Identifying suitable plant species 
or microorganisms with enhanced AuNP synthesis capabilities 
and customizing their growth conditions can enhance 
production e�ciency and reliability. Likewise, safety protocols 
and containment measures for microwave-assisted synthesis 
should be a priority, alongside standardizing microwave 
parameters and creating user-friendly microwave reactors for 
nanoparticle synthesis. Collaborative e�orts between chemists 
and engineers can result in safer and more precise 
microwave-assisted AuNP synthesis methods. Exploring 
innovative photosensitizers and capping agents to enable 
photochemical synthesis at diverse wavelengths, including 
infrared and terahertz regions, can unlock new possibilities for 
tailoring AuNP properties. While electrochemical synthesis 
o�ers precise control over AuNP characteristics, 
standardization is vital for widespread adoption. �us, 
developing standardized electrochemical cells and protocols, 
alongside real-time monitoring and feedback systems, can 
enhance control and consistency. Exploring novel electrode 
materials and modi�cations can further expand the range of 
achievable AuNP properties.

Conclusions
�e conventional Turkevich methodology has been 
instrumental in initiating the era of AuNPs. Nevertheless, its 
inherent limitations and energy-intensive nature have led to the 
emergence of alternative strategies. Plant-mediated synthesis 
stands out as an eco-friendly approach that allows for 
biocompatible AuNP production. Meanwhile, 
microorganism-mediated synthesis demonstrates the 
remarkable capacity of microbial organisms to generate AuNPs, 
both extracellularly and intracellularly, promising scalability 
and compatibility with biological systems. Microwave-assisted 
synthesis process ensures rapidity and precision, thereby 
reducing energy consumption and aligning with sustainability 
objectives. In parallel, photochemical synthesis leverages light 
to initiate AuNP formation, albeit with ongoing challenges 
regarding the expansion of usable wavelength ranges. 
Electrochemical synthesis, on the other hand, provides a means 
for meticulous control over AuNP properties but necessitates 
standardized protocols and real-time monitoring for broad 
adoption. �e prospective evolution of AuNP synthesis depends 
on scalability, protocol standardization, and the advancement of 
materials and technologies. �e critical objective is bridging the 
gap between laboratory-scale experimentation and large-scale 
production in these synthesis techniques.

Disclosure statement
No potential con�ict of interest was reported by the author.

References
1. Sarfraz N, Khan I. Plasmonic gold nanoparticles (AuNPs): 

properties, synthesis and their advanced energy, environmental and 
biomedical applications. Chem Asian J. 2021;16(7):720-742.

2. Zare EN, Zheng X, Makvandi P, Gheybi H, Sartorius R, Yiu CK, et 
al. Nonspherical Metal‐Based Nanoarchitectures: Synthesis and 

Impact of Size, Shape, and Composition on �eir Biological 
Activity. Small. 2021;17(17):2007073.

3. Kang H, Buchman JT, Rodriguez RS, Ring HL, He J, Bantz KC, et 
al. Stabilization of silver and gold nanoparticles: preservation and 
improvement of plasmonic functionalities. Chem Rev. 
2018;119(1):664-699.

4. Jamkhande PG, Ghule NW, Bamer AH, Kalaskar MG. Metal 
nanoparticles synthesis: An overview on methods of preparation, 
advantages and disadvantages, and applications. J Drug Deliv Sci 
Technol. 2019;53:101174.

5. Qin L, Zeng G, Lai C, Huang D, Xu P, Zhang C, et al. “Gold rush” 
in modern science: fabrication strategies and typical advanced 
applications of gold nanoparticles in sensing. Coord Chem Rev. 
2018;359:1-31.

6. Turkevich J, Stevenson PC, Hillier J. A study of the nucleation and 
growth processes in the synthesis of colloidal gold. Discuss 
Faraday Soc. 1951;11:55-75.

7. Kimling J, Maier M, Okenve B, Kotaidis V, Ballot H, Plech A. 
Turkevich method for gold nanoparticle synthesis revisited. J Phys 
Chem B. 2006;110(32):15700-15707.

8. Fan J, Cheng Y, Sun M. Functionalized Gold Nanoparticles: 
Synthesis, Properties and Biomedical Applications. Chem Rec. 
2020;20(12):1474-1504.

9. Islam NU, Jalil K, Shahid M, Rauf A, Muhammad N, Khan A, et al. 
Green synthesis and biological activities of gold nanoparticles 
functionalized with Salix alba. Arab J Chem. 
2019;12(8):2914-2925.

10. Rao SV. Picosecond nonlinear optical studies of gold nanoparticles 
synthesised using coriander leaves (Coriandrum sativum). J Mod 
Opt. 2011;58(12):1024-1029.

11. Ahmeda A, Zangeneh A, Zangeneh MM. Green synthesis and 
chemical characterization of gold nanoparticle synthesized using 
Camellia sinensis leaf aqueous extract for the treatment of acute 
myeloid leukemia in comparison to daunorubicin in a leukemic 
mouse model. Appl Organomet Chem. 2020;34(3):e5290.

12. Chen J, Li Y, Fang G, Cao Z, Shang Y, Alfarraj S, et al. Green 

synthesis, characterization, cytotoxicity, antioxidant, and 
anti-human ovarian cancer activities of Curcumae kwangsiensis leaf 
aqueous extract green-synthesized gold nanoparticles. Arab J 
Chem. 2021;14(3):103000.

13. Punnoose MS, Joseph S, John BK, Chacko AR, Mathew S, Mathew 
B. Antibacterial, Cytotoxic, and Catalytic Potential of Aqueous 
Amaranthus tricolor–Mediated Green Gold Nanoparticles. 
Plasmonics. 2022;17(4):1387-1402.

14. Malik S, Niazi M, Khan M, Rau� B, Anwar S, Amin F, et al. 
Cytotoxicity study of gold nanoparticle synthesis using Aloe vera, 
honey, and Gymnema sylvestre leaf extract. ACS omega. 
2023;8(7):6325-6336.

15. Kabeerdass N, Kandasamy S, Albasher G, Alamri O, Alsultan N, 
�angaswamy S, et al. Limonia acidissima leaf mediated gold 
nanoparticles synthesis and their antimicrobial and wound healing 
properties. Mater Lett. 2022;314:131893.

16. Bogireddy NK, Pal U, Gomez LM, Agarwal V. Size controlled green 
synthesis of gold nanoparticles using Co�ea arabica seed extract 
and their catalytic performance in 4-nitrophenol reduction. RSC 
Adv. 2018;8(44):24819-24826.

17. Oueslati MH, Ben Tahar L, Harrath AH. Synthesis of ultra-small 
gold nanoparticles by polyphenol extracted from Salvia o�cinalis 
and e�ciency for catalytic reduction of p-nitrophenol and 
methylene blue. Green Chem Lett Rev. 2020;13(1):18-26.

18. Akintelu SA, Olugbeko SC, Folorunso AS. A review on synthesis, 
optimization, characterization and antibacterial application of gold 
nanoparticles synthesized from plants. Int Nano Lett. 
2020;10:237-248.

19. Patil MP, Kim GD. Eco-friendly approach for nanoparticles 
synthesis and mechanism behind antibacterial activity of silver and 
anticancer activity of gold nanoparticles. Appl Microbiol 
Biotechnol. 2017;101:79-92.

20. Mukherjee S, Sushma V, Patra S, Barui AK, Bhadra MP, Sreedhar B, 
et al. Green chemistry approach for the synthesis and stabilization 
of biocompatible gold nanoparticles and their potential applications 
in cancer therapy. Nanotechnology. 2012;23(45):455103.

21. Chowdhury NK, Choudhury R, Gogoi B, Chang CM, Pandey RP. 
Microbial Synthesis of Gold Nanoparticles and their Application. 
Curr Drug Targets. 2022;23(7):752-760.

22. Carmo PH, Garcia MT, Figueiredo-Godoi LM, Lage AC, Silva NS, 
Junqueira JC. Metal Nanoparticles to Combat Candida albicans 
Infections: An Update. Microorganisms. 2023;11(1):138.

23. Loshchinina EA, Vetchinkina EP, Kupryashina MA. Diversity of 
biogenic nanoparticles obtained by the fungi-mediated synthesis: A 
review. Biomimetics. 2022;8(1):1.

24. Sahoo A, Satapathy KB, Sahoo SK, Panigrahi GK. Microbased 
biore�nery for gold nanoparticle production: recent advancements, 
applications and future aspects. Prep Biochem Biotechnol. 
2023;53(6):579-590.

25. Gutiérrez-Wing C, Esparza R, Vargas-Hernández C, García MF, 
José-Yacamán M. Microwave-assisted synthesis of gold 
nanoparticles self-assembled into self-supported superstructures. 
Nanoscale. 2012;4(7):2281-2287.

26. Arshi N, Ahmed F, Kumar S, Anwar MS, Lu J, Koo BH, Lee CG. 
Microwave assisted synthesis of gold nanoparticles and their 
antibacterial activity against Escherichia coli (E. coli). Curr Appl 
Phys. 2011;11(1):S360-S363

27. Rawat KA, Bhamore JR, Singhal RK, Kailasa SK. Microwave assisted 
synthesis of tyrosine protected gold nanoparticles for dual 
(colorimetric and �uorimetric) detection of spermine and 
spermidine in biological samples. Biosens Bioelectron. 
2017;88:71-77.

28. Bayazit MK, Yue J, Cao E, Gavriilidis A, Tang J. Controllable 
synthesis of gold nanoparticles in aqueous solution by microwave 
assisted �ow chemistry. ACS Sustain Chem Eng. 
2016;4(12):6435-6442.

29. Mondal S, Hoang G, Manivasagan P, Moorthy MS, Phan TT, Kim 
HH, et al. Rapid microwave-assisted synthesis of gold loaded 
hydroxyapatite collagen nano-bio materials for drug delivery and 
tissue engineering application. Ceram Int. 2019;45(3):2977-2988.

30. Sanabria-Calaa JA, Conde-Rodrígueza GR, Gauthiera GH, Ladeirab 
LO, Laverde-Catañoa DA, Peña-Ballesterosa DY, et al. Gold 
nanoparticles formation mechanism by photochemical synthesis. 
Chem Eng. 2018;64.

31. Jara N, Milán NS, Rahman A, Mouheb L, Bo�to DC, Je�ryes C, et 
al. Photochemical synthesis of gold and silver nanoparticles-A 
review. Molecules. 2021;26(15):4585.

32. Ribeiro KC, Fernandes L, Bechlin MA, Turchiello RF, Gómez SL. 
E�ect of the Excitation Wavelength on the Photochemical Synthesis 
of Citrate-Capped Au Nanoparticles. Brazilian J Phys. 
2023;53(2):41.

33. Rodríguez GC, Gauthier GH, Ladeira LO, Cala JS, Cataño DL. 
E�ect of pH and chloroauric acid concentration on the geometry of 
gold nanoparticles obtained by photochemical synthesis. J Phys: 
Conf Ser. 2017;935(1):012027.

34. Saldan I, Dobrovetska O, Sus L, Makota O, Pereviznyk O, Kuntyi O, 
et al. Electrochemical synthesis and properties of gold 
nanomaterials. J Solid State Electrochem. 2018;22:637-656.

35. Komsiyska L, Staikov G. Electrocrystallization of Au nanoparticles 
on glassy carbon from HClO4 solution containing [AuCl4]−. 
Electrochim Acta. 2008;54(2):168-172.

36. Wu B, Kuang Y, Zhang X, Chen J. Noble metal nanoparticles/carbon 
nanotubes nanohybrids: synthesis and applications. Nano Today. 
2011;6(1):75-90.

37. Farquhar AK, Brooksby PA, Dryfe RA, Downard AJ. Controlled 
electrodeposition of gold nanoparticles onto copper-supported 
few-layer graphene in non-aqueous conditions. Electrochim Acta. 
2017;237:54-60.

38. Fang J, You H, Ding B, Song X. Large-area and high-density gold 
nanoparticle arrays with sub-10 nm gaps. Electrochem commun. 
2007;9(9):2423-2427.

39. Mohanty US. Electrodeposition: a versatile and inexpensive tool for 
the synthesis of nanoparticles, nanorods, nanowires, and 
nanoclusters of metals. J Appl Electrochem. 2011;41:257-270.

40. Sanchis-Gual R, Coronado-Puchau M, Mallah T, Coronado E. 
Hybrid nanostructures based on gold nanoparticles and functional 
coordination polymers: Chemistry, physics and applications in 
biomedicine, catalysis and magnetism. Coord Chem Rev. 
2023;480:215025.

41. Chen A, Chatterjee S. Nanomaterials based electrochemical sensors 
for biomedical applications. Chem Soc Rev. 2013;42(12):5425-5438.

42. Behzad F, Naghib SM, Tabatabaei SN, Zare Y, Rhee KY. An overview 
of the plant-mediated green synthesis of noble metal nanoparticles 
for antibacterial applications. J Ind Eng Chem. 2021;94:92-104.

J. Nanomater. Devices., 2023, 1, 17-21 © Reseapro Journals 2023
https://doi.org/10.61577/jnd.2023.100004

JOURNAL OF NANOMATERIALS AND DEVICES                                                          
2023, VOL. 1, ISSUE 1

18



Gold nanoparticles (AuNPs) possess unique optical and 
hemical properties such as tunable reactivity, colorimetric 
chemistry, and high surface area [1]. �eir surface plasmonic 
characteristics are governed by factors such as size, shape, and 
composition [2]. Precisely modulating these parameters is 
critical for speci�c applications, particularly in the �eld of 
optoelectronics, where they e�ectively harness the visible and 
near-infrared regions of the electromagnetic spectrum. �e 
properties of AuNPs are in�uenced by factors such as 
nanoparticle stabilization, surface functionality, interparticle 
spacing, size, and structure [3]. A range of synthesis techniques, 
including chemical reduction, sonochemical reduction, 
photochemical processes, mechanical approaches, and 
environmentally friendly extraction methods, can be utilized to 
manipulate the attributes of gold nanoparticles. �ese methods 
o�er distinct advantages and challenges in terms of precision, 
scalability, and eco-friendliness. Researchers are continually 
working to optimize these processes to achieve the desired 
properties of gold nanoparticles [4]. �e selection of the 
appropriate synthesis method is pivotal in attaining speci�c 
physicochemical and optoelectronic properties. �e Turkevich 
method is one of the pioneering methods for AuNP synthesis 
and has been in practice since its discovery [5]. However, this 
method has several limitations, and there is a need for more 
e�cient and eco-friendly substitutive methods. �is article 
explores recent approaches that are being selectively used to 
synthesize AuNPs.

Turkevich Method and its Limitations 
�e Turkevich method, developed by John Turkevich in the 
1950s, is one of the earliest and most commonly used 
approaches for synthesizing AuNPs [6]. �is method is 
relatively straightforward and relies on reducing gold ions in 
solution to form AuNPs. In this method, a solution of a gold salt, 

typically chloroauric acid (HAuCl4), is heated until it reaches 
its boiling point. A reducing agent, o�en sodium citrate, is 
added as the solution boils. �is reduces the gold ions (Au3+) 
to form metallic gold (Au0) nanoparticles. �e nanoparticles 
typically have a spherical shape and a size that can be 
controlled by varying the relative concentration of the gold 
salt and the reducing agent. �e Turkevich method has several 
advantages contributing to its long-standing use in AuNP 
synthesis. It is a relatively simple and cost-e�ective technique, 
making it accessible for researchers with limited resources. 
Since its discovery, the method has been modi�ed in a vast 
number of ways to accommodate the desired AuNPs [7].

 �e Turkevich method also has several limitations [8]. 
One of its primary drawbacks is the di�culty of precisely 
controlling the size and shape of the resulting nanoparticles. 
�e method can produce nanoparticles with a relatively 
narrow size distribution, but controlling the exact size and 
shape of the nanoparticles can be challenging. �e size of the 
nanoparticles produced is typically around 12 nm, but 
achieving sizes signi�cantly smaller or larger than this can be 
di�cult. While the Turkevich method is straightforward and 
reliable, it may not be easily scalable for large-scale production 
of gold nanoparticles. It requires elevated temperatures, which 
can lead to higher energy consumption compared to other 
methods. Furthermore, the mechanism of the Turkevich 
method involves two consecutive reduction steps (Au3+ → Au+ 
→ Au0) rather than a reduction followed by the 
disproportionation reaction as conventionally believed. �is 
complexity can make the process more di�cult to control and 
optimize. �ere can be variability from batch to batch, which 
can a�ect the reproducibility of the synthesis.
 Researchers are actively exploring alternative methods 
and engaged in the optimization of existing ones to address 

the limitations of the Turkevich method. For example, 
proposed modi�cations to the Turkevich method involve the 
use of a pre-passivated precursor, which o�ers improved 
control over the initial reaction stage. However, these 
modi�cations result in a slight increase in reaction time. In 
response to these challenges, more sustainable approaches to 
AuNP synthesis are being sought that aim to reduce energy 
consumption, minimize the use of harmful chemicals, and 
enhance the eco-friendliness of AuNP production. �e 
following sections explore innovative and sustainable 
methods and their potential to address the challenges 
associated with traditional synthesis techniques.

Plant-Mediated Synthesis
Plants contain various natural compounds like alkaloids, 
�avonoids, and tannins, which act as both reducing and 
stabilizing agents. �e biosynthesis of AuNPs from plant 
sources is a straightforward one-pot process. It involves 
washing and preparing di�erent plant parts (leaves, fruits, 
bark, etc.), boiling them in water to extract bioactive 
compounds, purifying the extract, and mixing it with a gold 
salt solution. �e gold salt is then reduced into AuNPs, which 
can take just minutes to a few hours. �e reaction progress is 
monitored by a color change, and the synthesized AuNPs are 
puri�ed for further use. �is eco-friendly process can be easily 
scaled up. �e use of di�erent plant parts leads to variations in 
the size and shape of the nanoparticles. Several studies have 
successfully used plant extracts for AuNPs synthesis. For 
example, extracts of Salix alba [9], coriander [10], Camellia 
Sinensis [11], Curcumae [12], Amaranthus [13], Aloe [14], 
Limonia [15] and many other plants have been reported 
recently for the synthesis of AuNPs. �e synthesis process is 
generally a�ected by factors like temperature and pH, which 
in�uence the size and shape of AuNPs. Bogireddy et al. 
showed that sundried Co�ea arabica seed extract produced 
tunable AuNPs based on pH [16]. Similarly, Salvia o�cinalis 
extracts led to small and large AuNPs in di�erent pH 
conditions due to the di�erential activity of its polyphenols at 
di�erent pH [17].

 �e synthesized AuNPs have shown promise in various 
applications. Many phytogenic AuNPs show antibacterial 
properties [18]. AuNPs from di�erent plant extracts also 
exhibit biocompatibility and stability [19,20]. �e use of plant 
extracts for AuNPs synthesis is a green and versatile method 
with potential applications in biomedicine and beyond. �e 
choice of plant source and control of synthesis conditions can 
yield AuNPs with tailored properties for speci�c applications.

Microorganism-Mediated Synthesis 
Microorganism-mediated synthesis involves using 
microorganisms such as bacteria, fungi, and yeast to produce 
AuNPs. Like plant extract, microbes and microbial extract 
serve as reducing and stabilizing agents, o�ering a sustainable 
and biocompatible approach. Certain strains of bacteria, like 
Escherichia coli, can intracellularly or extracellularly reduce 
Au3+ ions to AuNPs [21]. Similarly, fungal and yeast species, 
including Candida [22] and Fusarium oxysporum, have also 
shown potential for AuNP synthesis [23]. �eir secreted 
enzymes and metabolites can reduce gold ions and produce 
stable AuNPs. Microbes can synthesize gold AuNPs 
intracellularly and extracellularly [24]. In intracellular 
synthesis, microbes actively remove gold ions from their 
surroundings and enzymatically reduce them to form AuNPs 

within their cellular compartments. �is process o�en results 
in the production of uniformly sized and highly stable 
nanoparticles. On the other hand, extracellular synthesis 
occurs when microbes secrete enzymes or metabolites that 
mediate the reduction of gold ions in their immediate 
environment, forming AuNPs outside their cells. �is 
extracellular method is advantageous for large-scale 
production and can be more easily controlled.

 Microorganism-mediated synthesis is advantageous for 
its scalability and ability to synthesize AuNPs under mild 
conditions. �ese green synthesis methods represent a 
promising shi� towards more sustainable AuNP production. 
�ey minimize the need for harsh chemicals, reduce energy 
consumption, and o�er opportunities for tailoring the 
properties of AuNPs for speci�c applications. It is essential to 
explore these green methods further and address challenges 
related to scalability, standardization, and application-speci�c 
requirements to realize their potential in diverse �elds.

Microwave-Assisted Synthesis
Microwave-assisted synthesis is a rapidly growing and 
innovative approach to AuNP synthesis [25]. Microwave 
radiation initiates and accelerates the chemical reactions 
involved in AuNP synthesis. �e microwave energy generates 
localized heating within the reaction mixture, leading to rapid 
nucleation and growth of nanoparticles. Arshi et al. showed a 
simple method for microwave-synthesizing AuNPs using 
citric acid and CTAB. �ey demonstrated the e�ect of 
irradiation time on the types of nanoparticles produced [26]. 
In another study, Rawat et al. synthesized tyrosine-protected 
AuNPs in a one-step process using microwave irradiation 
[27]. Bayazit et al. explored a novel approach for the 
continuous and reproducible synthesis of AuNPs in aqueous 
solutions by combining single-mode microwave irradiation 
with micro�ow chemistry, allowing for precise nanoparticle 
size control [28].

 One of the primary advantages of microwave-assisted 
synthesis is its speed [29]. Reactions that might take hours or 
even days using conventional methods can be completed in 
minutes or seconds with microwave irradiation. �is is 
particularly advantageous in industrial and research settings 
where time e�ciency is crucial. Microwave irradiation allows 
precise control over the size and morphology of the AuNPs. 
By adjusting parameters like the microwave power, reaction 
time, and concentration of reactants, researchers can tailor the 
characteristics of the synthesized nanoparticles to meet 
speci�c application requirements. �is level of control is 
essential in �elds like catalysis and nanomedicine. �e 
microwave-assisted method shows high energy e�ciency. It 
minimizes heat loss to the surroundings, reducing energy 
consumption compared to traditional heating methods. �is 
aligns well with sustainability goals and contributes to a 
reduced environmental footprint. �e method is adaptable to 
various scales, from small laboratory batches to large-scale 
industrial production, making it versatile. It can be easily 
integrated into existing manufacturing processes, paving the 
way for the commercial production of AuNPs with minimal 
adaptation.

Photochemical Synthesis
TIn this approach, gold precursors in solution are exposed to 
visible or ultraviolet (UV) light, reducing gold ions and 
subsequent AuNP formation [30]. Unlike traditional chemical 

methods, photochemical synthesis avoids toxic compounds, 
expensive equipment, and specialized personnel, allowing it to 
be carried out at room temperature and atmospheric pressure. 
To achieve controlled AuNP synthesis, stabilizers and capping 
agents are crucial. Various polymers, such as poly (vinyl 
pyrrolidone) (PVP), polymethacrylate (PMA), and natural 
rubber latex, have been studied for their impact on AuNP 
characteristics [31].

 UV light, with its distinct wavelength ranges (UV-A, UV-B, 
and UV-C), is an energy source in the photochemical synthesis 
process [32]. Several factors, including pH, precursor 
concentration, and exposure time, in�uence AuNP size and 
shape during UV photochemical synthesis [33]. �e pH of the 
reaction medium plays a critical role, with basic conditions 
favoring the formation of nanospheres and acidic conditions 
leading to anisotropic AuNP shapes like nanorods. Precursor 
concentration, such as tetrachloroauric acid (HAuCl4), a�ects 
AuNP morphology, with higher concentrations promoting 
spherical nanoparticles. Stabilizing and reducing agents, like 
citric acid and polyethyleneimine (PEI), in�uence NP size.

 Increasing their concentration results in smaller, more 
uniform NPs. Surfactants, which also act as stabilizers, are 
essential in AuNP synthesis. Cationic surfactants favor the 
formation of larger nanoparticles, and anionic surfactants 
produce smaller ones.

Electrochemical synthesis
In electrochemical synthesis, an electrode immersed in a 
solution containing gold ions serves as both the source of 
electrons for reducing gold ions and the substrate on which 
AuNPs nucleate and grow. Gold electrodeposition techniques 
on substrates such as indium tin oxide (ITO), silicon, glassy 
carbon, carbon nanotubes (CNTs), and graphene have been 
reported in the literature [34]. Glassy carbon electrodes are an 
excellent platform for studying the Volmer-Weber growth 
mode during gold electrodeposition [35]. In contrast, carbon 
nanotubes provide a unique substrate-enhanced electroless 
deposition method for supporting the nanoparticles [36]. �ese 
approaches allow for precise control over AuNP size and 
distribution and have shown promise in the development of 
electrochemical sensors. �e self-assembly of AuNPs on 
graphene sheets allows electrostatic interactions, enabling the 
loading of AuNPs with high precision [37]. High-density AuNP 
arrays can be synthesized on silicon substrates through 
electrochemical deposition, using high overpotentials to 
promote nucleation [38]. �ese composite materials exhibit 
exceptional electrocatalytic activity and have found 
applications in various sensing technologies.

 Electrochemical synthesis enables precise control over 
AuNP size and morphology. �e properties of the synthesized 
nanoparticles can be controlled by adjusting parameters such as 

the electrode potential, current density, and reaction time [39]. 
Furthermore, the electrode surface can be modi�ed with 
various molecules, such as surfactants or ligands, to impart 
speci�c surface functionalities to the synthesized AuNPs [40]. 
�is method also o�ers the advantage of real-time monitoring 
and control over the synthesis process [41].

Challenges and Future Perspectives 
TWhile innovative and sustainable approaches to AuNP 
synthesis o�er promising solutions to many of the limitations 
associated with traditional methods, several challenges still 
need to be addressed. Green synthesis methods hold great 
promise for sustainable AuNP production but are limited by 
scaling up for industrial applications. �is method makes it 
di�cult to consistently attain high-quality AuNPs while 
minimizing resource consumption and environmental impact 
[42]. Microwave-assisted synthesis, while e�cient, struggles 
with ensuring reproducible outcomes across diverse 
microwave systems and settings. In contrast, photochemical 
synthesis is constrained by its reliance on speci�c light 
wavelengths, which limit the range of AuNP properties that 
can be obtained. Meanwhile, electrochemical synthesis o�ers 
�ne-tuned control over AuNP characteristics but faces hurdles 
in achieving reproducibility across varying electrochemical 
setups and conditions. �e di�erent methods discussed in this 
article have been summarized in Table 1 regarding their 
convenience, sustainability, advantages, and disadvantages.

 Optimizing scalability for green synthesis techniques, 
incorporating standardized protocols, and utilizing 
bioreactor-based production systems to bridge the gap 
between laboratory-scale experiments and large-scale 
manufacturing is necessary. Identifying suitable plant species 
or microorganisms with enhanced AuNP synthesis capabilities 
and customizing their growth conditions can enhance 
production e�ciency and reliability. Likewise, safety protocols 
and containment measures for microwave-assisted synthesis 
should be a priority, alongside standardizing microwave 
parameters and creating user-friendly microwave reactors for 
nanoparticle synthesis. Collaborative e�orts between chemists 
and engineers can result in safer and more precise 
microwave-assisted AuNP synthesis methods. Exploring 
innovative photosensitizers and capping agents to enable 
photochemical synthesis at diverse wavelengths, including 
infrared and terahertz regions, can unlock new possibilities for 
tailoring AuNP properties. While electrochemical synthesis 
o�ers precise control over AuNP characteristics, 
standardization is vital for widespread adoption. �us, 
developing standardized electrochemical cells and protocols, 
alongside real-time monitoring and feedback systems, can 
enhance control and consistency. Exploring novel electrode 
materials and modi�cations can further expand the range of 
achievable AuNP properties.

Method Convenience Sustainability Time 
Consumption 

Advantages Disadvantages 

Turkevich Method High Low Moderate Simple 
procedure, 
Controlled size, 
and shape, Can 
be scaled up 

Requires toxic 
chemicals, 
Limited control 
over size, 
Generates 
hazardous waste 

Table 1. Summary of di�erent methods of AuNP synthesis.

Conclusions
�e conventional Turkevich methodology has been 
instrumental in initiating the era of AuNPs. Nevertheless, its 
inherent limitations and energy-intensive nature have led to the 
emergence of alternative strategies. Plant-mediated synthesis 
stands out as an eco-friendly approach that allows for 
biocompatible AuNP production. Meanwhile, 
microorganism-mediated synthesis demonstrates the 
remarkable capacity of microbial organisms to generate AuNPs, 
both extracellularly and intracellularly, promising scalability 
and compatibility with biological systems. Microwave-assisted 
synthesis process ensures rapidity and precision, thereby 
reducing energy consumption and aligning with sustainability 
objectives. In parallel, photochemical synthesis leverages light 
to initiate AuNP formation, albeit with ongoing challenges 
regarding the expansion of usable wavelength ranges. 
Electrochemical synthesis, on the other hand, provides a means 
for meticulous control over AuNP properties but necessitates 
standardized protocols and real-time monitoring for broad 
adoption. �e prospective evolution of AuNP synthesis depends 
on scalability, protocol standardization, and the advancement of 
materials and technologies. �e critical objective is bridging the 
gap between laboratory-scale experimentation and large-scale 
production in these synthesis techniques.
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Gold nanoparticles (AuNPs) possess unique optical and 
hemical properties such as tunable reactivity, colorimetric 
chemistry, and high surface area [1]. �eir surface plasmonic 
characteristics are governed by factors such as size, shape, and 
composition [2]. Precisely modulating these parameters is 
critical for speci�c applications, particularly in the �eld of 
optoelectronics, where they e�ectively harness the visible and 
near-infrared regions of the electromagnetic spectrum. �e 
properties of AuNPs are in�uenced by factors such as 
nanoparticle stabilization, surface functionality, interparticle 
spacing, size, and structure [3]. A range of synthesis techniques, 
including chemical reduction, sonochemical reduction, 
photochemical processes, mechanical approaches, and 
environmentally friendly extraction methods, can be utilized to 
manipulate the attributes of gold nanoparticles. �ese methods 
o�er distinct advantages and challenges in terms of precision, 
scalability, and eco-friendliness. Researchers are continually 
working to optimize these processes to achieve the desired 
properties of gold nanoparticles [4]. �e selection of the 
appropriate synthesis method is pivotal in attaining speci�c 
physicochemical and optoelectronic properties. �e Turkevich 
method is one of the pioneering methods for AuNP synthesis 
and has been in practice since its discovery [5]. However, this 
method has several limitations, and there is a need for more 
e�cient and eco-friendly substitutive methods. �is article 
explores recent approaches that are being selectively used to 
synthesize AuNPs.

Turkevich Method and its Limitations 
�e Turkevich method, developed by John Turkevich in the 
1950s, is one of the earliest and most commonly used 
approaches for synthesizing AuNPs [6]. �is method is 
relatively straightforward and relies on reducing gold ions in 
solution to form AuNPs. In this method, a solution of a gold salt, 

typically chloroauric acid (HAuCl4), is heated until it reaches 
its boiling point. A reducing agent, o�en sodium citrate, is 
added as the solution boils. �is reduces the gold ions (Au3+) 
to form metallic gold (Au0) nanoparticles. �e nanoparticles 
typically have a spherical shape and a size that can be 
controlled by varying the relative concentration of the gold 
salt and the reducing agent. �e Turkevich method has several 
advantages contributing to its long-standing use in AuNP 
synthesis. It is a relatively simple and cost-e�ective technique, 
making it accessible for researchers with limited resources. 
Since its discovery, the method has been modi�ed in a vast 
number of ways to accommodate the desired AuNPs [7].

 �e Turkevich method also has several limitations [8]. 
One of its primary drawbacks is the di�culty of precisely 
controlling the size and shape of the resulting nanoparticles. 
�e method can produce nanoparticles with a relatively 
narrow size distribution, but controlling the exact size and 
shape of the nanoparticles can be challenging. �e size of the 
nanoparticles produced is typically around 12 nm, but 
achieving sizes signi�cantly smaller or larger than this can be 
di�cult. While the Turkevich method is straightforward and 
reliable, it may not be easily scalable for large-scale production 
of gold nanoparticles. It requires elevated temperatures, which 
can lead to higher energy consumption compared to other 
methods. Furthermore, the mechanism of the Turkevich 
method involves two consecutive reduction steps (Au3+ → Au+ 
→ Au0) rather than a reduction followed by the 
disproportionation reaction as conventionally believed. �is 
complexity can make the process more di�cult to control and 
optimize. �ere can be variability from batch to batch, which 
can a�ect the reproducibility of the synthesis.
 Researchers are actively exploring alternative methods 
and engaged in the optimization of existing ones to address 

the limitations of the Turkevich method. For example, 
proposed modi�cations to the Turkevich method involve the 
use of a pre-passivated precursor, which o�ers improved 
control over the initial reaction stage. However, these 
modi�cations result in a slight increase in reaction time. In 
response to these challenges, more sustainable approaches to 
AuNP synthesis are being sought that aim to reduce energy 
consumption, minimize the use of harmful chemicals, and 
enhance the eco-friendliness of AuNP production. �e 
following sections explore innovative and sustainable 
methods and their potential to address the challenges 
associated with traditional synthesis techniques.

Plant-Mediated Synthesis
Plants contain various natural compounds like alkaloids, 
�avonoids, and tannins, which act as both reducing and 
stabilizing agents. �e biosynthesis of AuNPs from plant 
sources is a straightforward one-pot process. It involves 
washing and preparing di�erent plant parts (leaves, fruits, 
bark, etc.), boiling them in water to extract bioactive 
compounds, purifying the extract, and mixing it with a gold 
salt solution. �e gold salt is then reduced into AuNPs, which 
can take just minutes to a few hours. �e reaction progress is 
monitored by a color change, and the synthesized AuNPs are 
puri�ed for further use. �is eco-friendly process can be easily 
scaled up. �e use of di�erent plant parts leads to variations in 
the size and shape of the nanoparticles. Several studies have 
successfully used plant extracts for AuNPs synthesis. For 
example, extracts of Salix alba [9], coriander [10], Camellia 
Sinensis [11], Curcumae [12], Amaranthus [13], Aloe [14], 
Limonia [15] and many other plants have been reported 
recently for the synthesis of AuNPs. �e synthesis process is 
generally a�ected by factors like temperature and pH, which 
in�uence the size and shape of AuNPs. Bogireddy et al. 
showed that sundried Co�ea arabica seed extract produced 
tunable AuNPs based on pH [16]. Similarly, Salvia o�cinalis 
extracts led to small and large AuNPs in di�erent pH 
conditions due to the di�erential activity of its polyphenols at 
di�erent pH [17].

 �e synthesized AuNPs have shown promise in various 
applications. Many phytogenic AuNPs show antibacterial 
properties [18]. AuNPs from di�erent plant extracts also 
exhibit biocompatibility and stability [19,20]. �e use of plant 
extracts for AuNPs synthesis is a green and versatile method 
with potential applications in biomedicine and beyond. �e 
choice of plant source and control of synthesis conditions can 
yield AuNPs with tailored properties for speci�c applications.

Microorganism-Mediated Synthesis 
Microorganism-mediated synthesis involves using 
microorganisms such as bacteria, fungi, and yeast to produce 
AuNPs. Like plant extract, microbes and microbial extract 
serve as reducing and stabilizing agents, o�ering a sustainable 
and biocompatible approach. Certain strains of bacteria, like 
Escherichia coli, can intracellularly or extracellularly reduce 
Au3+ ions to AuNPs [21]. Similarly, fungal and yeast species, 
including Candida [22] and Fusarium oxysporum, have also 
shown potential for AuNP synthesis [23]. �eir secreted 
enzymes and metabolites can reduce gold ions and produce 
stable AuNPs. Microbes can synthesize gold AuNPs 
intracellularly and extracellularly [24]. In intracellular 
synthesis, microbes actively remove gold ions from their 
surroundings and enzymatically reduce them to form AuNPs 

within their cellular compartments. �is process o�en results 
in the production of uniformly sized and highly stable 
nanoparticles. On the other hand, extracellular synthesis 
occurs when microbes secrete enzymes or metabolites that 
mediate the reduction of gold ions in their immediate 
environment, forming AuNPs outside their cells. �is 
extracellular method is advantageous for large-scale 
production and can be more easily controlled.

 Microorganism-mediated synthesis is advantageous for 
its scalability and ability to synthesize AuNPs under mild 
conditions. �ese green synthesis methods represent a 
promising shi� towards more sustainable AuNP production. 
�ey minimize the need for harsh chemicals, reduce energy 
consumption, and o�er opportunities for tailoring the 
properties of AuNPs for speci�c applications. It is essential to 
explore these green methods further and address challenges 
related to scalability, standardization, and application-speci�c 
requirements to realize their potential in diverse �elds.

Microwave-Assisted Synthesis
Microwave-assisted synthesis is a rapidly growing and 
innovative approach to AuNP synthesis [25]. Microwave 
radiation initiates and accelerates the chemical reactions 
involved in AuNP synthesis. �e microwave energy generates 
localized heating within the reaction mixture, leading to rapid 
nucleation and growth of nanoparticles. Arshi et al. showed a 
simple method for microwave-synthesizing AuNPs using 
citric acid and CTAB. �ey demonstrated the e�ect of 
irradiation time on the types of nanoparticles produced [26]. 
In another study, Rawat et al. synthesized tyrosine-protected 
AuNPs in a one-step process using microwave irradiation 
[27]. Bayazit et al. explored a novel approach for the 
continuous and reproducible synthesis of AuNPs in aqueous 
solutions by combining single-mode microwave irradiation 
with micro�ow chemistry, allowing for precise nanoparticle 
size control [28].

 One of the primary advantages of microwave-assisted 
synthesis is its speed [29]. Reactions that might take hours or 
even days using conventional methods can be completed in 
minutes or seconds with microwave irradiation. �is is 
particularly advantageous in industrial and research settings 
where time e�ciency is crucial. Microwave irradiation allows 
precise control over the size and morphology of the AuNPs. 
By adjusting parameters like the microwave power, reaction 
time, and concentration of reactants, researchers can tailor the 
characteristics of the synthesized nanoparticles to meet 
speci�c application requirements. �is level of control is 
essential in �elds like catalysis and nanomedicine. �e 
microwave-assisted method shows high energy e�ciency. It 
minimizes heat loss to the surroundings, reducing energy 
consumption compared to traditional heating methods. �is 
aligns well with sustainability goals and contributes to a 
reduced environmental footprint. �e method is adaptable to 
various scales, from small laboratory batches to large-scale 
industrial production, making it versatile. It can be easily 
integrated into existing manufacturing processes, paving the 
way for the commercial production of AuNPs with minimal 
adaptation.

Photochemical Synthesis
TIn this approach, gold precursors in solution are exposed to 
visible or ultraviolet (UV) light, reducing gold ions and 
subsequent AuNP formation [30]. Unlike traditional chemical 

methods, photochemical synthesis avoids toxic compounds, 
expensive equipment, and specialized personnel, allowing it to 
be carried out at room temperature and atmospheric pressure. 
To achieve controlled AuNP synthesis, stabilizers and capping 
agents are crucial. Various polymers, such as poly (vinyl 
pyrrolidone) (PVP), polymethacrylate (PMA), and natural 
rubber latex, have been studied for their impact on AuNP 
characteristics [31].

 UV light, with its distinct wavelength ranges (UV-A, UV-B, 
and UV-C), is an energy source in the photochemical synthesis 
process [32]. Several factors, including pH, precursor 
concentration, and exposure time, in�uence AuNP size and 
shape during UV photochemical synthesis [33]. �e pH of the 
reaction medium plays a critical role, with basic conditions 
favoring the formation of nanospheres and acidic conditions 
leading to anisotropic AuNP shapes like nanorods. Precursor 
concentration, such as tetrachloroauric acid (HAuCl4), a�ects 
AuNP morphology, with higher concentrations promoting 
spherical nanoparticles. Stabilizing and reducing agents, like 
citric acid and polyethyleneimine (PEI), in�uence NP size.

 Increasing their concentration results in smaller, more 
uniform NPs. Surfactants, which also act as stabilizers, are 
essential in AuNP synthesis. Cationic surfactants favor the 
formation of larger nanoparticles, and anionic surfactants 
produce smaller ones.

Electrochemical synthesis
In electrochemical synthesis, an electrode immersed in a 
solution containing gold ions serves as both the source of 
electrons for reducing gold ions and the substrate on which 
AuNPs nucleate and grow. Gold electrodeposition techniques 
on substrates such as indium tin oxide (ITO), silicon, glassy 
carbon, carbon nanotubes (CNTs), and graphene have been 
reported in the literature [34]. Glassy carbon electrodes are an 
excellent platform for studying the Volmer-Weber growth 
mode during gold electrodeposition [35]. In contrast, carbon 
nanotubes provide a unique substrate-enhanced electroless 
deposition method for supporting the nanoparticles [36]. �ese 
approaches allow for precise control over AuNP size and 
distribution and have shown promise in the development of 
electrochemical sensors. �e self-assembly of AuNPs on 
graphene sheets allows electrostatic interactions, enabling the 
loading of AuNPs with high precision [37]. High-density AuNP 
arrays can be synthesized on silicon substrates through 
electrochemical deposition, using high overpotentials to 
promote nucleation [38]. �ese composite materials exhibit 
exceptional electrocatalytic activity and have found 
applications in various sensing technologies.

 Electrochemical synthesis enables precise control over 
AuNP size and morphology. �e properties of the synthesized 
nanoparticles can be controlled by adjusting parameters such as 

the electrode potential, current density, and reaction time [39]. 
Furthermore, the electrode surface can be modi�ed with 
various molecules, such as surfactants or ligands, to impart 
speci�c surface functionalities to the synthesized AuNPs [40]. 
�is method also o�ers the advantage of real-time monitoring 
and control over the synthesis process [41].

Challenges and Future Perspectives 
TWhile innovative and sustainable approaches to AuNP 
synthesis o�er promising solutions to many of the limitations 
associated with traditional methods, several challenges still 
need to be addressed. Green synthesis methods hold great 
promise for sustainable AuNP production but are limited by 
scaling up for industrial applications. �is method makes it 
di�cult to consistently attain high-quality AuNPs while 
minimizing resource consumption and environmental impact 
[42]. Microwave-assisted synthesis, while e�cient, struggles 
with ensuring reproducible outcomes across diverse 
microwave systems and settings. In contrast, photochemical 
synthesis is constrained by its reliance on speci�c light 
wavelengths, which limit the range of AuNP properties that 
can be obtained. Meanwhile, electrochemical synthesis o�ers 
�ne-tuned control over AuNP characteristics but faces hurdles 
in achieving reproducibility across varying electrochemical 
setups and conditions. �e di�erent methods discussed in this 
article have been summarized in Table 1 regarding their 
convenience, sustainability, advantages, and disadvantages.

 Optimizing scalability for green synthesis techniques, 
incorporating standardized protocols, and utilizing 
bioreactor-based production systems to bridge the gap 
between laboratory-scale experiments and large-scale 
manufacturing is necessary. Identifying suitable plant species 
or microorganisms with enhanced AuNP synthesis capabilities 
and customizing their growth conditions can enhance 
production e�ciency and reliability. Likewise, safety protocols 
and containment measures for microwave-assisted synthesis 
should be a priority, alongside standardizing microwave 
parameters and creating user-friendly microwave reactors for 
nanoparticle synthesis. Collaborative e�orts between chemists 
and engineers can result in safer and more precise 
microwave-assisted AuNP synthesis methods. Exploring 
innovative photosensitizers and capping agents to enable 
photochemical synthesis at diverse wavelengths, including 
infrared and terahertz regions, can unlock new possibilities for 
tailoring AuNP properties. While electrochemical synthesis 
o�ers precise control over AuNP characteristics, 
standardization is vital for widespread adoption. �us, 
developing standardized electrochemical cells and protocols, 
alongside real-time monitoring and feedback systems, can 
enhance control and consistency. Exploring novel electrode 
materials and modi�cations can further expand the range of 
achievable AuNP properties.

Plant-Mediated 
Method 

Moderate High  Moderate Uses plant 
extracts, Eco-
friendly, 
Biocompatible 

Limited control 
over size, Slower 
reaction kinetics, 
and variability due 
to plant source 

Microorganism-
Mediated Method 

Moderate High  Moderate Biologically 
synthesized, Eco-
friendly 

Limited control 
over size, Longer 
reaction times, 
Contamination 
risks 

Electrochemical 
Method 

Low Moderate Low to High Precise control 
of size, High 
purity, Scalable 

Requires 
specialized 
equipment, 
Energy-intensive 

Microwave-
Assisted Method 

High Moderate Low to Moderate Rapid heating 
and synthesis, 
Energy-e�cient, 
Controlled size 
and shape 

Equipment may 
be expensive, and 
some reactions 
require solvents 

Photochemical 
Method 

Low to 
Moderate 

High  Moderate to 
High 

Precise control 
of size, Green 
and sustainable, 
High purity 

Limited to speci�c 
materials, 
Requires UV light 
source, May need 
specialized 
equipment 

 
Conclusions
�e conventional Turkevich methodology has been 
instrumental in initiating the era of AuNPs. Nevertheless, its 
inherent limitations and energy-intensive nature have led to the 
emergence of alternative strategies. Plant-mediated synthesis 
stands out as an eco-friendly approach that allows for 
biocompatible AuNP production. Meanwhile, 
microorganism-mediated synthesis demonstrates the 
remarkable capacity of microbial organisms to generate AuNPs, 
both extracellularly and intracellularly, promising scalability 
and compatibility with biological systems. Microwave-assisted 
synthesis process ensures rapidity and precision, thereby 
reducing energy consumption and aligning with sustainability 
objectives. In parallel, photochemical synthesis leverages light 
to initiate AuNP formation, albeit with ongoing challenges 
regarding the expansion of usable wavelength ranges. 
Electrochemical synthesis, on the other hand, provides a means 
for meticulous control over AuNP properties but necessitates 
standardized protocols and real-time monitoring for broad 
adoption. �e prospective evolution of AuNP synthesis depends 
on scalability, protocol standardization, and the advancement of 
materials and technologies. �e critical objective is bridging the 
gap between laboratory-scale experimentation and large-scale 
production in these synthesis techniques.
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No potential con�ict of interest was reported by the author.

References
1. Sarfraz N, Khan I. Plasmonic gold nanoparticles (AuNPs): 

properties, synthesis and their advanced energy, environmental and 
biomedical applications. Chem Asian J. 2021;16(7):720-742.

2. Zare EN, Zheng X, Makvandi P, Gheybi H, Sartorius R, Yiu CK, et 
al. Nonspherical Metal‐Based Nanoarchitectures: Synthesis and 

Impact of Size, Shape, and Composition on �eir Biological 
Activity. Small. 2021;17(17):2007073.

3. Kang H, Buchman JT, Rodriguez RS, Ring HL, He J, Bantz KC, et 
al. Stabilization of silver and gold nanoparticles: preservation and 
improvement of plasmonic functionalities. Chem Rev. 
2018;119(1):664-699.

4. Jamkhande PG, Ghule NW, Bamer AH, Kalaskar MG. Metal 
nanoparticles synthesis: An overview on methods of preparation, 
advantages and disadvantages, and applications. J Drug Deliv Sci 
Technol. 2019;53:101174.

5. Qin L, Zeng G, Lai C, Huang D, Xu P, Zhang C, et al. “Gold rush” 
in modern science: fabrication strategies and typical advanced 
applications of gold nanoparticles in sensing. Coord Chem Rev. 
2018;359:1-31.

6. Turkevich J, Stevenson PC, Hillier J. A study of the nucleation and 
growth processes in the synthesis of colloidal gold. Discuss 
Faraday Soc. 1951;11:55-75.

7. Kimling J, Maier M, Okenve B, Kotaidis V, Ballot H, Plech A. 
Turkevich method for gold nanoparticle synthesis revisited. J Phys 
Chem B. 2006;110(32):15700-15707.

8. Fan J, Cheng Y, Sun M. Functionalized Gold Nanoparticles: 
Synthesis, Properties and Biomedical Applications. Chem Rec. 
2020;20(12):1474-1504.

9. Islam NU, Jalil K, Shahid M, Rauf A, Muhammad N, Khan A, et al. 
Green synthesis and biological activities of gold nanoparticles 
functionalized with Salix alba. Arab J Chem. 
2019;12(8):2914-2925.

10. Rao SV. Picosecond nonlinear optical studies of gold nanoparticles 
synthesised using coriander leaves (Coriandrum sativum). J Mod 
Opt. 2011;58(12):1024-1029.

11. Ahmeda A, Zangeneh A, Zangeneh MM. Green synthesis and 
chemical characterization of gold nanoparticle synthesized using 
Camellia sinensis leaf aqueous extract for the treatment of acute 
myeloid leukemia in comparison to daunorubicin in a leukemic 
mouse model. Appl Organomet Chem. 2020;34(3):e5290.

12. Chen J, Li Y, Fang G, Cao Z, Shang Y, Alfarraj S, et al. Green 

synthesis, characterization, cytotoxicity, antioxidant, and 
anti-human ovarian cancer activities of Curcumae kwangsiensis leaf 
aqueous extract green-synthesized gold nanoparticles. Arab J 
Chem. 2021;14(3):103000.

13. Punnoose MS, Joseph S, John BK, Chacko AR, Mathew S, Mathew 
B. Antibacterial, Cytotoxic, and Catalytic Potential of Aqueous 
Amaranthus tricolor–Mediated Green Gold Nanoparticles. 
Plasmonics. 2022;17(4):1387-1402.

14. Malik S, Niazi M, Khan M, Rau� B, Anwar S, Amin F, et al. 
Cytotoxicity study of gold nanoparticle synthesis using Aloe vera, 
honey, and Gymnema sylvestre leaf extract. ACS omega. 
2023;8(7):6325-6336.

15. Kabeerdass N, Kandasamy S, Albasher G, Alamri O, Alsultan N, 
�angaswamy S, et al. Limonia acidissima leaf mediated gold 
nanoparticles synthesis and their antimicrobial and wound healing 
properties. Mater Lett. 2022;314:131893.

16. Bogireddy NK, Pal U, Gomez LM, Agarwal V. Size controlled green 
synthesis of gold nanoparticles using Co�ea arabica seed extract 
and their catalytic performance in 4-nitrophenol reduction. RSC 
Adv. 2018;8(44):24819-24826.

17. Oueslati MH, Ben Tahar L, Harrath AH. Synthesis of ultra-small 
gold nanoparticles by polyphenol extracted from Salvia o�cinalis 
and e�ciency for catalytic reduction of p-nitrophenol and 
methylene blue. Green Chem Lett Rev. 2020;13(1):18-26.

18. Akintelu SA, Olugbeko SC, Folorunso AS. A review on synthesis, 
optimization, characterization and antibacterial application of gold 
nanoparticles synthesized from plants. Int Nano Lett. 
2020;10:237-248.

19. Patil MP, Kim GD. Eco-friendly approach for nanoparticles 
synthesis and mechanism behind antibacterial activity of silver and 
anticancer activity of gold nanoparticles. Appl Microbiol 
Biotechnol. 2017;101:79-92.

20. Mukherjee S, Sushma V, Patra S, Barui AK, Bhadra MP, Sreedhar B, 
et al. Green chemistry approach for the synthesis and stabilization 
of biocompatible gold nanoparticles and their potential applications 
in cancer therapy. Nanotechnology. 2012;23(45):455103.

21. Chowdhury NK, Choudhury R, Gogoi B, Chang CM, Pandey RP. 
Microbial Synthesis of Gold Nanoparticles and their Application. 
Curr Drug Targets. 2022;23(7):752-760.

22. Carmo PH, Garcia MT, Figueiredo-Godoi LM, Lage AC, Silva NS, 
Junqueira JC. Metal Nanoparticles to Combat Candida albicans 
Infections: An Update. Microorganisms. 2023;11(1):138.

23. Loshchinina EA, Vetchinkina EP, Kupryashina MA. Diversity of 
biogenic nanoparticles obtained by the fungi-mediated synthesis: A 
review. Biomimetics. 2022;8(1):1.

24. Sahoo A, Satapathy KB, Sahoo SK, Panigrahi GK. Microbased 
biore�nery for gold nanoparticle production: recent advancements, 
applications and future aspects. Prep Biochem Biotechnol. 
2023;53(6):579-590.

25. Gutiérrez-Wing C, Esparza R, Vargas-Hernández C, García MF, 
José-Yacamán M. Microwave-assisted synthesis of gold 
nanoparticles self-assembled into self-supported superstructures. 
Nanoscale. 2012;4(7):2281-2287.

26. Arshi N, Ahmed F, Kumar S, Anwar MS, Lu J, Koo BH, Lee CG. 
Microwave assisted synthesis of gold nanoparticles and their 
antibacterial activity against Escherichia coli (E. coli). Curr Appl 
Phys. 2011;11(1):S360-S363

27. Rawat KA, Bhamore JR, Singhal RK, Kailasa SK. Microwave assisted 
synthesis of tyrosine protected gold nanoparticles for dual 
(colorimetric and �uorimetric) detection of spermine and 
spermidine in biological samples. Biosens Bioelectron. 
2017;88:71-77.

28. Bayazit MK, Yue J, Cao E, Gavriilidis A, Tang J. Controllable 
synthesis of gold nanoparticles in aqueous solution by microwave 
assisted �ow chemistry. ACS Sustain Chem Eng. 
2016;4(12):6435-6442.

29. Mondal S, Hoang G, Manivasagan P, Moorthy MS, Phan TT, Kim 
HH, et al. Rapid microwave-assisted synthesis of gold loaded 
hydroxyapatite collagen nano-bio materials for drug delivery and 
tissue engineering application. Ceram Int. 2019;45(3):2977-2988.

30. Sanabria-Calaa JA, Conde-Rodrígueza GR, Gauthiera GH, Ladeirab 
LO, Laverde-Catañoa DA, Peña-Ballesterosa DY, et al. Gold 
nanoparticles formation mechanism by photochemical synthesis. 
Chem Eng. 2018;64.

31. Jara N, Milán NS, Rahman A, Mouheb L, Bo�to DC, Je�ryes C, et 
al. Photochemical synthesis of gold and silver nanoparticles-A 
review. Molecules. 2021;26(15):4585.

32. Ribeiro KC, Fernandes L, Bechlin MA, Turchiello RF, Gómez SL. 
E�ect of the Excitation Wavelength on the Photochemical Synthesis 
of Citrate-Capped Au Nanoparticles. Brazilian J Phys. 
2023;53(2):41.

33. Rodríguez GC, Gauthier GH, Ladeira LO, Cala JS, Cataño DL. 
E�ect of pH and chloroauric acid concentration on the geometry of 
gold nanoparticles obtained by photochemical synthesis. J Phys: 
Conf Ser. 2017;935(1):012027.

34. Saldan I, Dobrovetska O, Sus L, Makota O, Pereviznyk O, Kuntyi O, 
et al. Electrochemical synthesis and properties of gold 
nanomaterials. J Solid State Electrochem. 2018;22:637-656.

35. Komsiyska L, Staikov G. Electrocrystallization of Au nanoparticles 
on glassy carbon from HClO4 solution containing [AuCl4]−. 
Electrochim Acta. 2008;54(2):168-172.

36. Wu B, Kuang Y, Zhang X, Chen J. Noble metal nanoparticles/carbon 
nanotubes nanohybrids: synthesis and applications. Nano Today. 
2011;6(1):75-90.

37. Farquhar AK, Brooksby PA, Dryfe RA, Downard AJ. Controlled 
electrodeposition of gold nanoparticles onto copper-supported 
few-layer graphene in non-aqueous conditions. Electrochim Acta. 
2017;237:54-60.

38. Fang J, You H, Ding B, Song X. Large-area and high-density gold 
nanoparticle arrays with sub-10 nm gaps. Electrochem commun. 
2007;9(9):2423-2427.

39. Mohanty US. Electrodeposition: a versatile and inexpensive tool for 
the synthesis of nanoparticles, nanorods, nanowires, and 
nanoclusters of metals. J Appl Electrochem. 2011;41:257-270.

40. Sanchis-Gual R, Coronado-Puchau M, Mallah T, Coronado E. 
Hybrid nanostructures based on gold nanoparticles and functional 
coordination polymers: Chemistry, physics and applications in 
biomedicine, catalysis and magnetism. Coord Chem Rev. 
2023;480:215025.

41. Chen A, Chatterjee S. Nanomaterials based electrochemical sensors 
for biomedical applications. Chem Soc Rev. 2013;42(12):5425-5438.

42. Behzad F, Naghib SM, Tabatabaei SN, Zare Y, Rhee KY. An overview 
of the plant-mediated green synthesis of noble metal nanoparticles 
for antibacterial applications. J Ind Eng Chem. 2021;94:92-104.

J. Nanomater. Devices., 2023, 1, 17-21 © Reseapro Journals 2023
https://doi.org/10.61577/jnd.2023.100004

JOURNAL OF NANOMATERIALS AND DEVICES                                                          
2023, VOL. 1, ISSUE 1

20



Gold nanoparticles (AuNPs) possess unique optical and 
hemical properties such as tunable reactivity, colorimetric 
chemistry, and high surface area [1]. �eir surface plasmonic 
characteristics are governed by factors such as size, shape, and 
composition [2]. Precisely modulating these parameters is 
critical for speci�c applications, particularly in the �eld of 
optoelectronics, where they e�ectively harness the visible and 
near-infrared regions of the electromagnetic spectrum. �e 
properties of AuNPs are in�uenced by factors such as 
nanoparticle stabilization, surface functionality, interparticle 
spacing, size, and structure [3]. A range of synthesis techniques, 
including chemical reduction, sonochemical reduction, 
photochemical processes, mechanical approaches, and 
environmentally friendly extraction methods, can be utilized to 
manipulate the attributes of gold nanoparticles. �ese methods 
o�er distinct advantages and challenges in terms of precision, 
scalability, and eco-friendliness. Researchers are continually 
working to optimize these processes to achieve the desired 
properties of gold nanoparticles [4]. �e selection of the 
appropriate synthesis method is pivotal in attaining speci�c 
physicochemical and optoelectronic properties. �e Turkevich 
method is one of the pioneering methods for AuNP synthesis 
and has been in practice since its discovery [5]. However, this 
method has several limitations, and there is a need for more 
e�cient and eco-friendly substitutive methods. �is article 
explores recent approaches that are being selectively used to 
synthesize AuNPs.

Turkevich Method and its Limitations 
�e Turkevich method, developed by John Turkevich in the 
1950s, is one of the earliest and most commonly used 
approaches for synthesizing AuNPs [6]. �is method is 
relatively straightforward and relies on reducing gold ions in 
solution to form AuNPs. In this method, a solution of a gold salt, 

typically chloroauric acid (HAuCl4), is heated until it reaches 
its boiling point. A reducing agent, o�en sodium citrate, is 
added as the solution boils. �is reduces the gold ions (Au3+) 
to form metallic gold (Au0) nanoparticles. �e nanoparticles 
typically have a spherical shape and a size that can be 
controlled by varying the relative concentration of the gold 
salt and the reducing agent. �e Turkevich method has several 
advantages contributing to its long-standing use in AuNP 
synthesis. It is a relatively simple and cost-e�ective technique, 
making it accessible for researchers with limited resources. 
Since its discovery, the method has been modi�ed in a vast 
number of ways to accommodate the desired AuNPs [7].

 �e Turkevich method also has several limitations [8]. 
One of its primary drawbacks is the di�culty of precisely 
controlling the size and shape of the resulting nanoparticles. 
�e method can produce nanoparticles with a relatively 
narrow size distribution, but controlling the exact size and 
shape of the nanoparticles can be challenging. �e size of the 
nanoparticles produced is typically around 12 nm, but 
achieving sizes signi�cantly smaller or larger than this can be 
di�cult. While the Turkevich method is straightforward and 
reliable, it may not be easily scalable for large-scale production 
of gold nanoparticles. It requires elevated temperatures, which 
can lead to higher energy consumption compared to other 
methods. Furthermore, the mechanism of the Turkevich 
method involves two consecutive reduction steps (Au3+ → Au+ 
→ Au0) rather than a reduction followed by the 
disproportionation reaction as conventionally believed. �is 
complexity can make the process more di�cult to control and 
optimize. �ere can be variability from batch to batch, which 
can a�ect the reproducibility of the synthesis.
 Researchers are actively exploring alternative methods 
and engaged in the optimization of existing ones to address 

the limitations of the Turkevich method. For example, 
proposed modi�cations to the Turkevich method involve the 
use of a pre-passivated precursor, which o�ers improved 
control over the initial reaction stage. However, these 
modi�cations result in a slight increase in reaction time. In 
response to these challenges, more sustainable approaches to 
AuNP synthesis are being sought that aim to reduce energy 
consumption, minimize the use of harmful chemicals, and 
enhance the eco-friendliness of AuNP production. �e 
following sections explore innovative and sustainable 
methods and their potential to address the challenges 
associated with traditional synthesis techniques.

Plant-Mediated Synthesis
Plants contain various natural compounds like alkaloids, 
�avonoids, and tannins, which act as both reducing and 
stabilizing agents. �e biosynthesis of AuNPs from plant 
sources is a straightforward one-pot process. It involves 
washing and preparing di�erent plant parts (leaves, fruits, 
bark, etc.), boiling them in water to extract bioactive 
compounds, purifying the extract, and mixing it with a gold 
salt solution. �e gold salt is then reduced into AuNPs, which 
can take just minutes to a few hours. �e reaction progress is 
monitored by a color change, and the synthesized AuNPs are 
puri�ed for further use. �is eco-friendly process can be easily 
scaled up. �e use of di�erent plant parts leads to variations in 
the size and shape of the nanoparticles. Several studies have 
successfully used plant extracts for AuNPs synthesis. For 
example, extracts of Salix alba [9], coriander [10], Camellia 
Sinensis [11], Curcumae [12], Amaranthus [13], Aloe [14], 
Limonia [15] and many other plants have been reported 
recently for the synthesis of AuNPs. �e synthesis process is 
generally a�ected by factors like temperature and pH, which 
in�uence the size and shape of AuNPs. Bogireddy et al. 
showed that sundried Co�ea arabica seed extract produced 
tunable AuNPs based on pH [16]. Similarly, Salvia o�cinalis 
extracts led to small and large AuNPs in di�erent pH 
conditions due to the di�erential activity of its polyphenols at 
di�erent pH [17].

 �e synthesized AuNPs have shown promise in various 
applications. Many phytogenic AuNPs show antibacterial 
properties [18]. AuNPs from di�erent plant extracts also 
exhibit biocompatibility and stability [19,20]. �e use of plant 
extracts for AuNPs synthesis is a green and versatile method 
with potential applications in biomedicine and beyond. �e 
choice of plant source and control of synthesis conditions can 
yield AuNPs with tailored properties for speci�c applications.

Microorganism-Mediated Synthesis 
Microorganism-mediated synthesis involves using 
microorganisms such as bacteria, fungi, and yeast to produce 
AuNPs. Like plant extract, microbes and microbial extract 
serve as reducing and stabilizing agents, o�ering a sustainable 
and biocompatible approach. Certain strains of bacteria, like 
Escherichia coli, can intracellularly or extracellularly reduce 
Au3+ ions to AuNPs [21]. Similarly, fungal and yeast species, 
including Candida [22] and Fusarium oxysporum, have also 
shown potential for AuNP synthesis [23]. �eir secreted 
enzymes and metabolites can reduce gold ions and produce 
stable AuNPs. Microbes can synthesize gold AuNPs 
intracellularly and extracellularly [24]. In intracellular 
synthesis, microbes actively remove gold ions from their 
surroundings and enzymatically reduce them to form AuNPs 

within their cellular compartments. �is process o�en results 
in the production of uniformly sized and highly stable 
nanoparticles. On the other hand, extracellular synthesis 
occurs when microbes secrete enzymes or metabolites that 
mediate the reduction of gold ions in their immediate 
environment, forming AuNPs outside their cells. �is 
extracellular method is advantageous for large-scale 
production and can be more easily controlled.

 Microorganism-mediated synthesis is advantageous for 
its scalability and ability to synthesize AuNPs under mild 
conditions. �ese green synthesis methods represent a 
promising shi� towards more sustainable AuNP production. 
�ey minimize the need for harsh chemicals, reduce energy 
consumption, and o�er opportunities for tailoring the 
properties of AuNPs for speci�c applications. It is essential to 
explore these green methods further and address challenges 
related to scalability, standardization, and application-speci�c 
requirements to realize their potential in diverse �elds.

Microwave-Assisted Synthesis
Microwave-assisted synthesis is a rapidly growing and 
innovative approach to AuNP synthesis [25]. Microwave 
radiation initiates and accelerates the chemical reactions 
involved in AuNP synthesis. �e microwave energy generates 
localized heating within the reaction mixture, leading to rapid 
nucleation and growth of nanoparticles. Arshi et al. showed a 
simple method for microwave-synthesizing AuNPs using 
citric acid and CTAB. �ey demonstrated the e�ect of 
irradiation time on the types of nanoparticles produced [26]. 
In another study, Rawat et al. synthesized tyrosine-protected 
AuNPs in a one-step process using microwave irradiation 
[27]. Bayazit et al. explored a novel approach for the 
continuous and reproducible synthesis of AuNPs in aqueous 
solutions by combining single-mode microwave irradiation 
with micro�ow chemistry, allowing for precise nanoparticle 
size control [28].

 One of the primary advantages of microwave-assisted 
synthesis is its speed [29]. Reactions that might take hours or 
even days using conventional methods can be completed in 
minutes or seconds with microwave irradiation. �is is 
particularly advantageous in industrial and research settings 
where time e�ciency is crucial. Microwave irradiation allows 
precise control over the size and morphology of the AuNPs. 
By adjusting parameters like the microwave power, reaction 
time, and concentration of reactants, researchers can tailor the 
characteristics of the synthesized nanoparticles to meet 
speci�c application requirements. �is level of control is 
essential in �elds like catalysis and nanomedicine. �e 
microwave-assisted method shows high energy e�ciency. It 
minimizes heat loss to the surroundings, reducing energy 
consumption compared to traditional heating methods. �is 
aligns well with sustainability goals and contributes to a 
reduced environmental footprint. �e method is adaptable to 
various scales, from small laboratory batches to large-scale 
industrial production, making it versatile. It can be easily 
integrated into existing manufacturing processes, paving the 
way for the commercial production of AuNPs with minimal 
adaptation.

Photochemical Synthesis
TIn this approach, gold precursors in solution are exposed to 
visible or ultraviolet (UV) light, reducing gold ions and 
subsequent AuNP formation [30]. Unlike traditional chemical 

methods, photochemical synthesis avoids toxic compounds, 
expensive equipment, and specialized personnel, allowing it to 
be carried out at room temperature and atmospheric pressure. 
To achieve controlled AuNP synthesis, stabilizers and capping 
agents are crucial. Various polymers, such as poly (vinyl 
pyrrolidone) (PVP), polymethacrylate (PMA), and natural 
rubber latex, have been studied for their impact on AuNP 
characteristics [31].

 UV light, with its distinct wavelength ranges (UV-A, UV-B, 
and UV-C), is an energy source in the photochemical synthesis 
process [32]. Several factors, including pH, precursor 
concentration, and exposure time, in�uence AuNP size and 
shape during UV photochemical synthesis [33]. �e pH of the 
reaction medium plays a critical role, with basic conditions 
favoring the formation of nanospheres and acidic conditions 
leading to anisotropic AuNP shapes like nanorods. Precursor 
concentration, such as tetrachloroauric acid (HAuCl4), a�ects 
AuNP morphology, with higher concentrations promoting 
spherical nanoparticles. Stabilizing and reducing agents, like 
citric acid and polyethyleneimine (PEI), in�uence NP size.

 Increasing their concentration results in smaller, more 
uniform NPs. Surfactants, which also act as stabilizers, are 
essential in AuNP synthesis. Cationic surfactants favor the 
formation of larger nanoparticles, and anionic surfactants 
produce smaller ones.

Electrochemical synthesis
In electrochemical synthesis, an electrode immersed in a 
solution containing gold ions serves as both the source of 
electrons for reducing gold ions and the substrate on which 
AuNPs nucleate and grow. Gold electrodeposition techniques 
on substrates such as indium tin oxide (ITO), silicon, glassy 
carbon, carbon nanotubes (CNTs), and graphene have been 
reported in the literature [34]. Glassy carbon electrodes are an 
excellent platform for studying the Volmer-Weber growth 
mode during gold electrodeposition [35]. In contrast, carbon 
nanotubes provide a unique substrate-enhanced electroless 
deposition method for supporting the nanoparticles [36]. �ese 
approaches allow for precise control over AuNP size and 
distribution and have shown promise in the development of 
electrochemical sensors. �e self-assembly of AuNPs on 
graphene sheets allows electrostatic interactions, enabling the 
loading of AuNPs with high precision [37]. High-density AuNP 
arrays can be synthesized on silicon substrates through 
electrochemical deposition, using high overpotentials to 
promote nucleation [38]. �ese composite materials exhibit 
exceptional electrocatalytic activity and have found 
applications in various sensing technologies.

 Electrochemical synthesis enables precise control over 
AuNP size and morphology. �e properties of the synthesized 
nanoparticles can be controlled by adjusting parameters such as 

the electrode potential, current density, and reaction time [39]. 
Furthermore, the electrode surface can be modi�ed with 
various molecules, such as surfactants or ligands, to impart 
speci�c surface functionalities to the synthesized AuNPs [40]. 
�is method also o�ers the advantage of real-time monitoring 
and control over the synthesis process [41].

Challenges and Future Perspectives 
TWhile innovative and sustainable approaches to AuNP 
synthesis o�er promising solutions to many of the limitations 
associated with traditional methods, several challenges still 
need to be addressed. Green synthesis methods hold great 
promise for sustainable AuNP production but are limited by 
scaling up for industrial applications. �is method makes it 
di�cult to consistently attain high-quality AuNPs while 
minimizing resource consumption and environmental impact 
[42]. Microwave-assisted synthesis, while e�cient, struggles 
with ensuring reproducible outcomes across diverse 
microwave systems and settings. In contrast, photochemical 
synthesis is constrained by its reliance on speci�c light 
wavelengths, which limit the range of AuNP properties that 
can be obtained. Meanwhile, electrochemical synthesis o�ers 
�ne-tuned control over AuNP characteristics but faces hurdles 
in achieving reproducibility across varying electrochemical 
setups and conditions. �e di�erent methods discussed in this 
article have been summarized in Table 1 regarding their 
convenience, sustainability, advantages, and disadvantages.

 Optimizing scalability for green synthesis techniques, 
incorporating standardized protocols, and utilizing 
bioreactor-based production systems to bridge the gap 
between laboratory-scale experiments and large-scale 
manufacturing is necessary. Identifying suitable plant species 
or microorganisms with enhanced AuNP synthesis capabilities 
and customizing their growth conditions can enhance 
production e�ciency and reliability. Likewise, safety protocols 
and containment measures for microwave-assisted synthesis 
should be a priority, alongside standardizing microwave 
parameters and creating user-friendly microwave reactors for 
nanoparticle synthesis. Collaborative e�orts between chemists 
and engineers can result in safer and more precise 
microwave-assisted AuNP synthesis methods. Exploring 
innovative photosensitizers and capping agents to enable 
photochemical synthesis at diverse wavelengths, including 
infrared and terahertz regions, can unlock new possibilities for 
tailoring AuNP properties. While electrochemical synthesis 
o�ers precise control over AuNP characteristics, 
standardization is vital for widespread adoption. �us, 
developing standardized electrochemical cells and protocols, 
alongside real-time monitoring and feedback systems, can 
enhance control and consistency. Exploring novel electrode 
materials and modi�cations can further expand the range of 
achievable AuNP properties.

Conclusions
�e conventional Turkevich methodology has been 
instrumental in initiating the era of AuNPs. Nevertheless, its 
inherent limitations and energy-intensive nature have led to the 
emergence of alternative strategies. Plant-mediated synthesis 
stands out as an eco-friendly approach that allows for 
biocompatible AuNP production. Meanwhile, 
microorganism-mediated synthesis demonstrates the 
remarkable capacity of microbial organisms to generate AuNPs, 
both extracellularly and intracellularly, promising scalability 
and compatibility with biological systems. Microwave-assisted 
synthesis process ensures rapidity and precision, thereby 
reducing energy consumption and aligning with sustainability 
objectives. In parallel, photochemical synthesis leverages light 
to initiate AuNP formation, albeit with ongoing challenges 
regarding the expansion of usable wavelength ranges. 
Electrochemical synthesis, on the other hand, provides a means 
for meticulous control over AuNP properties but necessitates 
standardized protocols and real-time monitoring for broad 
adoption. �e prospective evolution of AuNP synthesis depends 
on scalability, protocol standardization, and the advancement of 
materials and technologies. �e critical objective is bridging the 
gap between laboratory-scale experimentation and large-scale 
production in these synthesis techniques.
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