
i 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

EUCHEMBIOJ Reviews 

Volume 01 ● Issue 01 ● January 2025 

Editor-in-chief 

Tunc Catal, Uskudar University, Türkiye 

E-mail: tunc.catal@uskudar.edu.tr (https://orcid.org/0000-0003-2990-8680) 

Editorial board 

Aykut Kul  
Istanbul University, Türkiye 
https://orcid.org/0000-0002-1195-0939 
E-mail: aykut.kul@istanbul.edu.tr 
 
Funda Ozkok  
Istanbul University-Cerrahpasa, Türkiye 
https://orcid.org/0000-0001-7263-1977 
E-mail: ozkok@iuc.edu.tr 
 
Gulnihal Muratoglu  
Cyprus International University, N. Cyprus 
https://orcid.org/0000-0001-7270-4355 
E-mail: gtokgoz@ciu.edu.tr 
 
Korkut Ulucan  
Marmara University, Türkiye 
https://orcid.org/0000-0002-1304-9386 
E-mail: korkut.ulucan@marmara.edu.tr 
 
Mesut Karahan  
Uskudar University, Türkiye 
https://orcid.org/0000-0002-8971-678X 
E-mail: mesut.karahan@uskudar.edu.tr 
 
Nihal Onul  
Istanbul University-Cerrahpasa, Türkiye 
https://orcid.org/0000-0002-0101-1735 
E-mail: nihalonul@iuc.edu.tr 
 
 
 
 
 

Nurgul Kitir Sen  
Gebze Technical University, Türkiye 
https://orcid.org/0000-0001-7463-4186 
E-mail: nksen@gtu.edu.tr 
 
Ozlem Bingol Ozakpinar  
Marmara University, Türkiye 
https://orcid.org/0000-0003-0287-5639 
E-mail: ozlem.bingol@marmara.edu.tr 
 
Pinar Sen   
Uskudar University, Türkiye 
https://orcid.org/0000-0002-3181-9890 
E-mail: pinar.sen@uskudar.edu.tr 
 
Tugba Ozer  
Yildiz Technical University, Türkiye 
https://orcid.org/0000-0002-5928-9940 
E-mail: tozer@yildiz.edu.tr 
 
Vildan Enisoglu Atalay  
Istanbul Technical University, Türkiye 
https://orcid.org/0000-0002-9830-9158 
E-mail: enisogluatalayv@itu.edu.tr 
 

Publicity managers 
 
Nebiye Yasar  
Uskudar University, Türkiye 
https://orcid.org/0000-0001-6883-2186 
E-mail: nebiye.yasar@uskudar.edu.tr 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Publisher: Nuray Catal (EUCHEMBIOJ) 

Publishing manager: Prof. Dr. Tunc Catal 
Editorial office: Uskudar University, Universite Sok. No:14 34662 Altunizade Uskudar, Istanbul-Türkiye 

Email: editor@euchembiojreviews.com; Phone: +90 216 400 2222 (ext. 2417) 
WEB: https://euchembioj.com/index.php/pub 

ISSN: 3062-0414 

https://euchembioj.com/index.php/pub


iii 
 

EUCHEMBIOJ Reviews 

Volume 01 ● Issue 01 ● January 2025 

 

CONTENTS 

 

ARTICLES 
 

Article ID 

Microbial fuel cell technology: Novelties for a clean future 
Tunc Catal, Hong Liu 

 
e25001 

Unraveling Epilepsy: Investigating stem cell approaches for innovative treatment and 
future cure 
Hilal Balcilar, Sajeda Osman, Sevim Isik  

 
 
e25002 

Biosensor applications in the monitoring of elderly patients 
Busra Kul 

 
e25003 

Microbial fuel cells: A potent and sustainable solution for heavy metal removal 
Dilan Akagunduz, Ozlem Aydin, Ebru Tuncay, Hakan Bermek  

 
e25004 

Application of salt-assisted liquid-liquid extraction in bioanalytical methods 
Selen Al, Olcay Sagirli 

 
e25005 

Hippocampal contributions to biologic, behavioral and cognitive deficits in autism: An 
update review 
Oznur Ozge Ozcan Ozcan, Burcu Cevreli, Mesut Karahan, Muhsin Konuk 

 
 
e25006 

 



Euchembioj Rev., 1(1), Article e25001 (2025)

1
w w w . e u c h e m b i o j r e v i e w s . c o m

R E V I E W

Microbial fuel cell technology: Novelties for a 
clean future

Tunc Catal 1,2*   | Hong Liu 3*  

Citation: Catal, T., & Liu, H. (2025). Micro-
bial fuel cell technology: Novelties for a 
clean future. Euchembioj Rev. 1(1), Article 
e25001.  
https://doi.org/10.62063/rev-1

License: This article is licensed under a 
Creative Commons Attribution-NonCom-
mercial 4.0 International License (CC BY-
NC 4.0).

Peer review: Externally peer reviewed.

Ethics statement: It is declared that 
scientific and ethical principles were fol-
lowed during the preparation of this study 
and all studies utilized were indicated in 
the bibliography (Ethical reporting:  
editor@euchembiojreviews.com).

Plagiarism Check: Done (iThenticate). 
Article has been screened for originality.

Abstract

The degree of civilization exhibited by a society is largely determined by 
its reliance on energy, and as traditional energy sources such as fossil 
fuels become scarcer, new technologies will be required to secure sustain-
able energy. Microbial fuel cell technology is one of the most creative ways 
to meet humanity's energy demands because it can generate electrical 
energy from carbon sources. The framework of the limitations limiting the 
dissemination of this technology has been used to explore in depth new 
designs and configurations that have been produced recently. Future de-
velopments and current applications of this technology in bioremediation 
investigations are explored. The use of microbial fuel cell technology as a 
microbial biosensor for the identification of environmental contaminants is 
particularly significant. However, for a clean and sustainable ecosystem, it 
is imperative to disclose the challenges associated with the future adoption 
of this technology.

Keywords: Electricity, microbial fuel cell, microbial electrochemistry, re-
newable energy

1	 Department of Molecular Biology and Genetics, Uskudar University, Altunizade-34662, Istanbul, Türkiye
	 ROR ID: 02dzjmc73
2 	 Istanbul Protein Research Application and Inovation Center (PROMER), Uskudar University 34662 Uskudar, Istanbul, Türkiye
	 ROR ID: 02dzjmc73
3 	 Department of Biological and Ecological Engineering, Oregon State University, 116 Gilmore Hall, Corvallis, OR 97331, U.S.A
	 ROR ID: 00ysfqy60
*	 Corresponding authors: E-mail: tunc.catal@uskudar.edu.tr; Ph.: +90-216-400-2222; E-mail: hong.liu@oregonstate.edu;  

Ph.: +1-541-737-6309.

Received:	 13.06.2024
Accepted: 	 09.07.2024
Online first:	 15.10.2024
Published:	 25.01.2025



https://orcid.org/0000-0003-2990-8680
https://orcid.org/0000-0001-6083-4101
https://doi.org/10.62063/rev-1
mailto:editor%40euchembiojreviews.com?subject=
https://ror.org/02dzjmc73
https://ror.org/02dzjmc73
https://ror.org/00ysfqy60
mailto:tunc.catal%40uskudar.edu.tr?subject=
mailto:hong.liu%40oregonstate.edu?subject=


Euchembioj Rev., 1(1), Article e25001 (2025)

2
w w w . e u c h e m b i o j r e v i e w s . c o m

Introduction
Microbial fuel cells (MFCs) have attracted great attention in recent years as an important alternative 
technology for energy production from renewable sources (Bazina et al., 2023; Catal et al., 2024). 
These devices, utilize the power of current bioelectrochemical technologies via microorganisms 
to convert organic carbon resources found in waste materials into electricity (Ishaq et al., 2023). 
Thanks to this technology, which can be integrated into wastewater treatment facilities, clean energy 
can be produced and has potential for the future (Bhaduri and Behera 2024). Microbial fuel cells 
are actually similar to traditional batteries, but unlike batteries, they are open systems and contain 
biological objects. Although it has various configurations, there are basically two important parts: 
anode and cathode (Mohyudin et al., 2022). Biological reactions occur mostly in the anode part. 
Electrochemically active microorganisms break down organic substances as a result of their metabolic 
activities, and electrons and protons are formed in this process called oxidation (Thapa et al., 2022). 
Microbial fuel cells can produce electricity by capturing these released electrons (Vidhyeswari et al., 
2022). The anode part of the microbial fuel cell attracts electrons from these microorganisms. These 
electrons pass through an external conductive outer wire, producing an electric current. Then, these 
electrons reaching the cathode react with oxygen (or another final electron acceptor) and form a 
water molecule (Zhuang et al., 2010). With these features, microbial fuel cells have the potential to 
solve two important problems: energy production and wastewater treatment (Gul et al., 2021). As 
exoelectrogenic microorganisms consume organic compounds, water can become cleaner while 
simultaneously producing electricity (Suresh et al., 2022). Additionally, microbial fuel cells are a 
sustainable and renewable energy source (Sorgato et al., 2023). Microbial fuel cells do not require 
fossil fuels to function and can use various organic substances found in nature as fuel (Apollon 2023). 
Although it is simple in terms of working principle, this technology is still in the development stage. 
One of the main challenges is the current levels of power production produced by this technology. 
Microbial fuel cells generally produce low power, which limits their areas of application. Therefore, 
research is being carried out on the development of new designs to increase power production (Priya 
et al., 2022). Additionally, there is a need to develop new electrode and membrane materials for the 
optimization of microbial fuel cells, as well as to identify the most efficient microbial communities 
to increase electron transfer and performance (Prathiba et al., 2022). Despite these challenges, 
the potential applications of this technology are diverse (Zhang et al., 2022a). Perhaps the most 
important of these application areas is wastewater treatment. Microbial fuel cells integrated into the 
wastewater treatment plant can both make the wastewater cleaner and contribute to the operating 
cost of the plant with the electrical energy it produces (Saran et al., 2023). Additionally, in areas 
where transportation is difficult, environmental sensors and small electronic devices can be powered 
by microbial fuel cells integrated into the facility (Khan et al., 2020). With extensive research to be 
carried out, this technology can become an important actor in the field of clean energy in the future. 
The reduction of fossil fuels already requires renewable energy technologies (Icaza-Alvarez et al., 
2023), and as a more sustainable ecosystem element, microbial fuel cells can serve humanity by 
harnessing the power of microorganisms.

Although fossil fuels dominate the energy field today (Yildiz 2018), fuel cells are one of the alternative 
technologies (Chandran et al., 2022). However, microbial fuel cells have some advantages over 
traditional fuel cells such as operation at low temperatures (Roy et al., 2023). With these features, 
microbial fuel cells have the potential to revolutionize energy production techniques in the future. 
While traditional fuel cells require the use of various fuels such as hydrogen (Abdelkareem et al., 
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2021), microbial fuel cells can use a wide range of organic compounds as fuel, such as wastewater, 
organic wastes and lignocellulosic materials (Catal et al., 2008a; Catal et al., 2008b; Catal et al., 
2011b; Bermek et al., 2014). In this way, they contribute to reducing our need for fossil fuels. They 
are also important in converting waste into a value-added product. In addition, microbial fuel cells are 
an environmentally friendly alternative due to their renewable and sustainable nature, as MFCs can 
significantly reduce methane and N2O emissions (Wang et al., 2019). While traditional fuel cells focus 
only on electricity production, microbial fuel cells provide versatile use by performing both electricity 
production and wastewater treatment simultaneously. While traditional fuel cells require large-scale 
infrastructures for energy production (Kampker et al., 2020), microbial fuel cells also enable scale-up 
with their portable designs (Catal et al., 2018). Recently, researchers have been working to increase 
power output by combining multiple microbial fuel cells (Fan et al 2024). With these portable and 
scalable features, there are large-scale designs integrated into the wastewater treatment plant as 
well as small-scale designs for sensor use (Catal et al., 2019a). Although conventional fuel cells have 
special operational requirements, microbial fuel cells can operate in a wide variety of environmental 
conditions, including low temperatures and a wide range of substrates (Catal et al., 2011b; Catal 
et al., 2011c). Thanks to these adaptable features, microbial fuel cells provide the opportunity to 
operate various devices in regions where the use of traditional technologies is difficult. Ultimately, 
microbial fuel cells, as an alternative to traditional fuel cells, are promising in the field of clean energy 
production with features such as versatility, sustainability, scalability and adaptability. However, in 
order to advance this technology, there is a need to research and understand its working mechanisms, 
microbial metabolism principles and different configurations. 

Essentials of MFCs
Microorganisms function in microbial fuel cells are electroactive (Catal et al., 2024). While these 
microorganisms produce energy for their own needs by breaking down carbon sources through 
oxidation reactions, they also release the electrons and protons produced. These released electrons 
are used to produce electricity (Aiyer 2020). The anode attracts electrons like a magnet. These 
electrons, transferred to the cathode through an external circuit, flow to the cathode and react with an 
electron acceptor such as oxygen to produce water (Arkatkar et al., 2021). A membrane is generally 
used in two-chamber microbial fuel cell configurations. These membranes separate the anode and 
cathode parts and allow only protons to pass (Kook et al., 2019). However, there is no need to use 
membranes in single-chamber configurations. Electric current occurs during the transfer of electrons 
through an external conductive wire.

To increase and optimize power production in microbial fuel cells, it is crucial to understand the 
energy metabolism, metabolic pathways, and substrate consumption of microbial cells (Thapa et al., 
2022). Exoelectrogenic microorganisms are one of the most important components functioning in 
this technology. These microorganisms can transfer the electrons released during their metabolism 
to conductive surfaces (Chen et al., 2018). This is just one of the electron transfer mechanisms. 
These exoelectrogenic microorganisms can use different metabolic pathways while consuming the 
carbon source in organic substances as a substrate. Fermentation is a common metabolism for many 
exoelectrogenic microorganisms. In the absence of oxygen, they break down carbon sources and 
organic molecules and transfer the released electrons to the anode (Georg et al., 2020). Methane 
(CH4) and electricity are the end products of ethanol fermentation, for example. First, ethanol is 
fermented to produce acetate and H2, and then, on the anode, H2 and acetate can be immediately 
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oxidized to generate current (Georg et al., 2020). Additionally, some exoelectrogenic microorganisms 
support the function of the microbial fuel cell by using substances such as nitrate or sulfate as 
electron acceptors (Fu et al., 2013). Their ability to consume a wide range of substrates is a significant 
advantage for exoelectrogenic microorganisms. Generally, easily consumable substrates such as 
sugars are consumed first, followed by complex carbon sources (Catal et al., 2011b). This preference 
may vary depending on type, energy efficiency and metabolism of microorganisms. Investigating 
the metabolic pathways and substrate consumption preferences of these microorganisms is 
essential to increase the performance of microbial fuel cells. Understanding microbial communities, 
especially those that exhibit high electron transfer rates and efficient substrate consumption 
profiles, is necessary to develop strategies to increase energy efficiency (Kumru et al., 2012). In 
this way, optimizing the content of organic substances to be used as fuel seems to be beneficial 
for encouraging microorganisms that can produce electricity more efficiently. However, a thorough 
understanding of electron transfer mechanisms in microbial fuel cells is required to achieve efficient 
electricity production.

Electron transfer processes in MFCs
One of the most important steps in electricity production in microbial fuel cells is electron transfer to 
the anode. In general, these transfer mechanisms can be grouped under two main headings: direct 
and indirect electron transfer (Aiyer 2020). In the direct electron transfer mechanism, electroactive 
microorganisms make physical contact with the anode using structures such as pili or outer membrane 
cytoplasm (Li et al., 2021a). Electrons are transferred directly from the microorganism to the anode 
surface (Li et al., 2021a). Since there is no intermediary in this mechanism, electrons are transferred 
more efficiently. However, some microorganisms do not have the ability to transfer electrons directly 
and they transfer electrons through indirect electron transfer (Zhang et al., 2022b). In this mechanism, 
intermediary molecules generally take these electrons from electroactive microorganisms and act as 
intermediaries in their transfer to the anode surface. Substances such as various quinones, and 
methylene blue, methyl orange, methyl red can be used as electron mediators (Babanova et al., 
2011; Freguia et al., 2009). Although there is a wide range of microorganisms involved in indirect 
electron transfer, it may be less efficient as electrons and energy may be lost during the shuttle 
process. The efficiency of electron transfer in microbial fuel cells depends on various factors (Zhao 
et al., 2009). Electrode materials with larger surface areas increase efficiency because they allow 
contact with electroactive microorganisms on a larger surface area. Research is being carried out 
to increase the anode surface with various nanotechnological approaches. By understanding the 
electron transfer mechanisms that occur with electroactive microorganisms, it may be possible to 
develop microbial fuel cells with the most appropriate design and configuration to increase power 
efficiency. New strains reported to be electroactive in microbial fuel cells continue to be identified. 
Electroactive microorganisms have also environmental protective effects through their interesting 
abilities (Dong et al., 2024; Sukkasem, 2024). Geobacter bacteria, known to form conductive 
batteries or adducts to electronically couple to extracellular electron acceptors such as uranium and 
iron oxide minerals, can be used in microbial fuel cells (Reguera, 2018). Application of magnetic field 
has been reported to increase the overall energy efficiency of Geobacter sulfurreducens and greatly 
enhance its ability to generate electricity (Zhou et al., 2023). Additionally, some studies have shown 
that Geovibrio species can also be found along with Geobacter species (Ait-Itto et al., 2024). Electron 
uptake from the cathode by Lactiplantibacillus plantarum, a predominantly fermentative bacterium 
found in fermented foods and in the intestines of mammals, has been reported (Tejedor-Sanz et al., 
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2023). Electricity production was reported with the Shewanella chilikensis MG22 strain discovered 
using 16S rRNA analysis in microbial fuel cells (Efraim et al., 2023 ). Shewanella algae-L3 was 
isolated from conditioned sludge of brewing wastewater and its role in electricity production was 
reported (Wu et al., 2024). When we consider how vast the microbial biomass is in our world, it is not 
surprising that new microorganisms are being discovered. Both the electricity production efficiency 
and biological remediation properties of microorganisms with this feature can be improved with 
genetic engineering approaches. However, there may also be microorganisms that are reported to 
be electroactive and are found in electroactive biofilms containing mixed microorganisms but do not 
have a direct or indirect function in electron transfer.

Different MFCs designs and configurations
Although the basic principle is similar in microbial fuel cells, there are designs with different types 
and configurations (Mohyudin et al., 2022). Depending on their electron transfer mechanism, 
microbial fuel cells can be divided into two main groups: mediated microbial fuel cells (i) and non-
mediated microbial fuel cells (ii) (Moon et al., 2006; Babanova et al., 2011). In mediated microbial 
fuel cells, electrons are transferred through shuttle molecules that function as intermediaries, and 
these electrons are transferred to the analyte surface. Some of these intermediary molecules can be 
produced by electroactive microorganisms. Microorganisms capable of direct electron transfer are 
used in mediator-free microbial fuel cells (Moon et al., 2006; Catal et al., 2008a). Apart from these 
two groups, there are microbial electrolysis cells, which are a new type of microbial fuel cell (Kilinc 
et al., 2023). While microbial fuel cells can be used to produce electricity, microbial electrolysis 
cells enable the production of hydrogen gas (Cebecioglu et al., 2021). Thanks to this technology, 
hydrogen gas, which is a carbon-neutral source, is produced while requiring the use of energy as it 
needs application potential. In recent years, soil microbial fuel cells, in which soil is used in the anode 
part, have been investigated especially because they also have bioremediation potential (Kilinc and 
Catal 2023). Microbial fuel cell designs using algae or cyanobacteria capable of photosynthesis 
use light for electron production and are called phototrophic microbial fuel cells (Strik et al., 2010). 
Nanoporous membrane microbial fuel cells use nanoporous membranes that separate the anode 
and cathode parts (Biffinger et al., 2008). Similarly, durable and stable ceramic membranes that 
allow long-term operation can be used (Merino-Jimenez et al., 2019). The positioning of electrons 
and, if any, compartments in a microbial fuel cell also affects the configuration. According to their 
configuration, microbial fuel cells can be grouped as single chamber (i), double chamber (ii), or 
stacked type (iii) or air cathode (iv) (Santoro et al., 2015; Cebecioglu et al., 2022; Fan et al., 2024). 
Single-chamber microbial fuel cells have a very simple design (Akagunduz et al., 2022). Depending 
on its volume, it has advantages such as being portable, cost effective and easy to install. However, 
diffusion of oxygen into the system negatively affects microbial activity and electron transfer. Two-
chamber microbial fuel cells are separated into two chambers using a membrane or salt bridge 
(Mirza et al., 2022). These components allow the transfer of protons but restrict the passage of 
other compounds. However, these membranes are mostly quite expensive materials. To increase 
power efficiency, multiple microbial fuel cells can be connected to each other in series or parallel in 
a stacked type (Fujimura et al., 2022). This allows for higher energy output. Air cathode microbial 
fuel cells eliminate the problem of air pumps or pure oxygen supply. In this type of microbial fuel 
cells, oxygen in the air is used to catalyze the spontaneous reaction and contributes to the operating 
cost by reducing complexity. The choice of configuration depends on the desired requirements 
and environmental conditions for the application, and significant advances have been made in this 
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technology in recent years.

Figure 1.  A dual  chamber MFC (A) and a s ingle chamber MFC con-
f igurat ions.  EAB: electroact ive biof i lm (Created with BioRender.com).

Latest Advances in MFC Technology
One of the most important parameters affecting energy efficiency in microbial fuel cells is the anode 
material used. A suitable anode material must have various properties. A good anode electrode 
should easily receive electrons from microorganisms and transfer them effectively to the external 
circuit (Kang et al., 2015). In addition, it must provide a suitable environment for the growth of 
electroactive microorganisms and must be biocompatible (Tahir et al., 2021). In this way, it should allow 
microorganisms to form biofilm. Materials that provide a large surface area are especially preferred 
because they provide more effective electron transfer (Walter et al., 2020). It is important in terms of 
cost that the material to be used as the anode material be durable and stable for a long time and also 
be cheap (Zhu et al., 2022). So far, different materials have been researched and used with various 
advantages and disadvantages. One of the most used anode materials is carbon-based materials, 
which have a large surface area and high conductivity (Akul et al., 2021). Graphite felt, carbon fibers, 
activated carbon, carbon cloth are examples of commonly used anode materials (Wang and Feng 
2017; Delord et al., 2017; Gajda et al., 2020; Sen et al., 2020). Some carbon materials can negatively 
affect energy production performance because they allow undesirable microorganisms to grow on the 
anode surface. However, metallic materials can also be used as anode due to their high conductivity 
and durability (Wang et al., 2016). However, they have disadvantages in terms of bioavailability. 
Recently, various composite materials that provide advantages in terms of biocompatibility and 
catalytic activity have also been investigated as anode materials (Roh and Woo 2015). Studies 
are being carried out on these composite materials, the composite of carbon materials, which have 
certain properties of different materials, with metal oxides. Conductive polymers such as polypyrrole 
and polyaniline have been proposed as anode materials because they have advantages in terms 
of bioavailability (Jia et al., 2020). Selection of a suitable anode material depends on the area of 
application, cost and desired properties. Extensive research is being carried out on anode materials 
with optimized properties, which can pave the way for cost-effective bioelectrochemical systems.

http://BioRender.com
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Cathode development
Although the anode has an important place in the performance of microbial fuel cells, the cathode is 
equally important. In order to produce electricity, electrons coming from the anode must react at the 
cathode with the help of cathode, usually in the presence of oxygen (Chen et al., 2023). The cathode 
material used significantly affects electricity generation performance. The most important element 
that a good cathode material should have is high oxygen reduction reaction activity. This reaction 
must be catalyzed efficiently (Zheng et al., 2022). When oxygen reduction reaction activity is slow, it 
causes performance loss. Additionally, its high electrical conductivity is important for efficient electron 
transport. It must be resistant to long-term operations and be able to maintain its function stably for 
a long time. Being cheap and competitive in terms of cost is also one of the reasons for choosing 
cathode materials (Behera et al., 2010). Air cathodes, one of the most commonly used cathode types, 
use the oxygen present in the air and do not require additional oxygen supply. These designs are 
generally simpler and can be said to be cost effective. In addition, since it requires oxygen in the air 
to operate, it may have a slower kinetic activity, resulting in lower power output. To increase catalytic 
activity, carbon materials treated with catalysts such as cobalt, iron and platinum are used (Mahmoud 
et al., 2011; Ozdemir et al., 2019; Yu et al., 2021). In recent years, biofuels that use microorganisms’ 
own enzymes or biomimetic catalysts have come to the fore. Biocathodes can provide advantages 
in terms of high catalytic activity and compatibility (Qiu et al., 2021). Although metal-based cathodes 
are expensive, they are very advantageous in terms of high efficiency (Mahmoodzadeh et al., 2023). 
Composite cathodes also stand out as alternative materials in that they contain the desired properties 
of different materials (Antolini 2015). In selecting the most suitable cathode material, factors such as 
the area of application, desired efficiency and performance parameters, and cost are important. As 
microbial fuel cell technology develops, it will require the development of new and innovative cathode 
materials with high catalytic activity, cost-effectiveness and durability.

MFC configurations with improved efficiency
There are some limiting factors in the widespread use of microbial fuel cells. In order to overcome 
these limiting factors, innovative approaches have been demonstrated in recent years to increase 
power efficiency. Stacking approach has recently been used to increase the power efficiency of 
microbial fuel cells (Fan et al., 2024). This approach is based on the principle of stacking multiple 
microbial fuel cells in series or parallel (Estrada-Arriaga et al., 2018). When microbial fuel cells 
are connected in series, voltage production is increased. However, when connected in parallel, 
the current output increases. Various microbial fuel cells can be stacked in series or parallel 
depending on the purpose of the application. Modular microbial fuel cells allow the preparation of 
scale-up systems by assembling smaller units (Liang et al., 2018). This type of microbial fuel cells 
can be used especially for bioremediation purposes. Microfluidic microbial fuel cells have some 
advantages as they allow faster electron transfer (Ouyang et al., 2023). Particularly for biosensor 
applications, such microfluidic microbial fuel cells offer opportunities for integration. Bipolar plate-
electrode assembly (BEA) design, which significantly increase the performance of microbial fuel 
cells, is also an innovation (An et al., 2014). New strategies are being developed within the scope 
of the development of electrode materials that encourage the growth of microorganisms and the 
formation of biofilms. By adding polyquaternium-7, the surface hydrophilicity was enhanced and the 
composite electrode’s biocompatibility for bacterial attachment, colonization, and substrate diffusion 
was improved in a previous paper (Li et al., 2021b). Additionally, microbial fuel cells can be integrated 
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into other systems. Table 1 shows recent advances in MFC performances. This technology can be 
integrated with other technologies for desalination (Aber et al., 2023). In addition, the salt water 
formed in this process can also serve as a food source for microorganisms. Bioremediation offers a 
wide range of research and application opportunities as an application area (Li et al., 2015). Thanks 
to their integration with microbial electrolysis cells, the microbial fuel cell produces electricity, while 
the microbial electrolysis cell can use this power to produce hydrogen gas.

Application areas of MFCs
MFCs in wastewater treatment and bioremediation

Microbial fuel cells have a wide range of applications in bioremediation and wastewater treatment. In 
this way, sustainable energy production can be obtained from renewable sources. Traditional water 
treatment technologies require high energy input. Microbial fuel cells offer an alternative paradigm 
as they use waste as an energy source. One of the most important parameters determining the 
effectiveness of microbial fuel cells in wastewater treatment is chemical oxygen demand (Yao et al., 
2023). With this technology, a significant reduction in chemical oxygen demand, which is an important 
parameter of pollution, can be achieved. In addition, various heavy metals and pharmaceutical 
wastes found in wastewater can be bioremedied (Abourached et al., 2014; Catal et al.,, 2015; 
Akagunduz et al., 2022; Pugazhendi et al., 2022). In this regard, microbial fuel cell technology has an 
important potential for bioremediation. These environmental pollutants mixed into wastewater from 
various industries negatively affect not only humans but also other living elements of nature in our 
ecosystem (Ozdemir et al., 2019). In order to guarantee environmental health, these pollutants need 
to be removed, especially before releasing wastewater to nature. Exoelectrogenic microorganisms 
in microbial fuel cells can remove and detoxify these pollutants by various methods. Microbial fuel 
cells can function in environments with low oxygen levels. In addition, voltage data processed as 
signals during the electricity production process also has potential applications in the biosensor field 
(Adekunle et al., 2021). In addition, the energy produced can also be used to operate other devices 
used in a wastewater treatment plant. In the real field of application, there are still obstacles to be 
solved in terms of microbial fuel cells. Especially large-scale wastewater treatment and scale-up 
remain a significant obstacle. However, studies are continuing to adapt it to biosensor technologies, 
which are still very popular as a research field.
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Table 1. Recent MFC performances.

MFC type Electron donor 
(substrate) Cathode Power density Reference

Multiple cloth electrode 
assemblies internally 
connected in series

Sodium acetate 
(5.9 g/L or 
100mM )

Air cathode 3.5 W/m2 Fan et al., 2024

Single chamber Sodium acetate 
(1 g/L) Air cathode 303 mW/m2 Sonmez et al., 

2024

Single chamber scaled-
up (2 L)

Sodium acetate 
(850 mg/L) Air cathode 7.87 ± 2.72  

mW/m2
Sorgato et al., 
2023

Bio-anode microfluidic Sodium acetate  
(4.65 g/L)

Potassium 
ferricyanide 1.05 W/m2 Ouyang et al., 

2023

A single-chamber with 
a ceramic membrane 
separator

Synthetic 
potato-process 
wastewater

Synthetic 
potato-process 
wastewater using 
submerged carbon 
cloth

130.2 ± 45.4  
mW/m2 Sato et al., 2023

Single chamber Molasses Air cathode  169.86 mW/m2 Hu et al., 2023

Two chamber Glucose (0.5 
g/L)

Buffer using air 
pump 130.72 mW/m2 Mahmoodzadeh 

et al., 2023

Soil-based Sodium acetate 
(1.2 g/L) Air cathode 227  mW/m2 Kilinc and Catal 

2023

Single chamber Sodium acetate 
(30 mM) Air cathode 6840 mW/m2 Catal et al., 2024

Two chamber LB + M9
Potassium 
ferricyanide (50 
mM)

3366 ± 42 Mw/
m2.

Kirubaharan et 
al., 2023

duckweed composite 
constructed wetland

Domestic 
wastewater 
containing 
sucrose

Free water layer 42.93 mW/m2 Jain et al., 2023

Dual-chamber MFC

Distillery 
wastewater 
and domestic 
wastewater

50 mM sodium 
phosphate solution 
using air pump

162.5 ± 2 mW/
m2

Jaswal et al., 
2023

Biosensors and environmental monitoring

Microbial fuel cells have the potential to be used not only in electricity generation but also as 
biosensors. The voltage data resulting from the transfer of electrons released as a result of the 
metabolic activities of microorganisms to the anode surface and the production of electricity can 
function as a signal for detection of various compounds such as bisphenol A (Zhu et al., 2023). 
Microbial fuel cells can function as biosensors by exploiting the complex interaction between 
microorganisms and target compounds. However, there are some obstacles to overcome before 
microbial fuel cells can function as biosensors. The most important of these are sensitivity and 
selectivity (Zhu et al., 2023). The basic principle of using microbial fuel cells as biosensors is the 
interaction between the target molecule and the exoelectrogenic microbial community. The target 
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molecule can often be a contaminant. This pollutant may be a heavy metal in the wastewater system 
or a waste drug molecule such as antibiotics (Catal et al., 2015). In the presence of the contaminant 
molecule, the metabolism of microorganisms is affected, which can cause measurable differences 
in voltage data that serve as signals. For the optimization of the system, researchers continue their 
research to correlate the chemical power with the concentration of the target molecule. However, 
one of the main problems here is that molecules other than the target molecule or physical or 
chemical factors may interfere with the interaction between the microorganism and the target 
molecule. Therefore, there is a need to investigate new approaches to increase specificity in the 
future. Various organic pollutants, heavy metals, biomolecules and pathogenic microorganisms 
can be detected with microbial fuel cells (Ma et al., 2022). While there are studies on the detection 
of organic pollutants such as pesticides and herbicides, heavy metals such as lead, zinc, mercury 
and various pathogenic microorganisms that are a threat to public health can also be detected 
by microbial fuel cells (Abourached et al., 2014; Chouler and Di Lorenzo 2019; Adekunle et al., 
2023). In order to customize this microbial response, studies have been carried out to design 
microbial communities, and by using microorganisms known to sequester certain pollutants, it 
has become possible to develop more sensitive biosensors against these pollutants. There are 
still challenges to be overcome before they can be used as biosensors. Such application-oriented 
new designs and the development of easy-to-transport and inexpensive systems are approaches 
that can help microbial fuel cells become widespread. Despite all these difficulties, with the 
development of optimized microbial fuel cells in the future, molecules and compounds that pose a 
threat to environmental health can be monitored and even find a place in wide application areas 
such as food safety and biosecurity. Therefore, microbial fuel cells, which are a clean production 
technology, can also reach wide use in the field of biosensors in the future.

Challenges 

Although microbial fuel cells can be used practically on a laboratory scale, there are some 
challenges when it comes to scale-up. The efficiency achieved with microbial fuel cells, which 
are mostly used at laboratory scale, decreases as the scale is increased (Selvasembian et al., 
2022). In large-scale microbial fuel cells, the interaction between microorganisms and electrodes 
is negatively affected. This negatively affects microbial activity and productivity. Another problem is 
that as the scale increases, the internal resistance in microbial fuel cells also increases (Motos et 
al., 2017). Increasing internal resistance also causes ohmic losses to increase and power output 
to decrease. Pilot-scale microbial fuel cells studied before the development of microbial fuel cells 
suitable for wastewater treatment plants have shown promising results. Microbial fuel cells at 
laboratory and pilot scale also provide prototypes for larger-scale designs and provide preliminary 
data to understand the functioning of the system. Apart from laboratory applications, scale-up 
seems feasible, especially for use in remote areas. These scale-up studies require both cost and 
financial funding to sustain the research. Optimizing designs, investigating cost-effective materials, 
and creating proficient microbial fuel cell operation and support conventions are pivotal steps. In 
any case, the potential benefits of microbial fuel cells (wastewater treatment, bioremediation, and 
clean vitality generation) make overcoming these challenges beneficial. As investigate advances, 
microbial fuel cells can be anticipated to develop as a reasonable and economical innovation for a 
cleaner, more energy-independent future. 

The type and concentration of organic matter found in wastewater significantly affects the power output of 
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microbial fuel cells (Catal et al., 2008b). The abundance of substrates that can be degraded quickly and 
easily is also a disadvantage. It is also directly related to the metabolic activities of the microorganisms 
used in this technology. The efficiency of electron transfer is also related to the electrode materials used 
in the system. Increasing internal resistance due to increase in size also poses a problem in microbial 
fuel cells. It is especially important to implement new approaches that can positively affect the interaction 
between the electron surface and microorganisms with the developments in nanotechnology. Additionally, 
when it comes to wastewater, there are also factors that cause pollution and can accumulate or cause 
corrosion in microbial fuel cells. The fact that the cathode section requires additional ventilation to increase 
efficiency in most cases increases the cost and makes operations difficult.

Conclusion
In the future, it is very likely that wastewater treatment plants that can generate electricity on 
their own will be developed and microbial fuel cells that can work to detect targeted molecules 
remotely will be implemented. With this innovative and clean technology, converting organic waste 
materials into added value can be achieved with the help of exoelectrogenic microorganisms. 
Microbial fuel cells work like biological batteries, but unlike batteries, they are open systems. Since 
microorganisms are already living beings, they require the use of an open system and can break 
down the organic materials provided and convert them into electricity. This technology is versatile 
in many aspects. While it allows wastewater treatment, it can simultaneously produce clean energy. 
Since they work naturally with the help of microorganisms, they have many advantages in terms 
of renewable and sustainability. However, considering the research conducted and the field of 
application, it is safe to state that this technology is yet at the age of infantry. Efficiency values in 
power output are still a limiting factor for large-scale applications. There is also a need to develop 
appropriate optimized microbial fuel cell designs and discover suitable microbial communities. 
Achieving an increase in energy efficiency through research carried out despite all these difficulties 
can revolutionize power resources. With the widespread use of this innovative technology, the 
way can be paved for a cleaner and more environmentally friendly way that meets and supports 
humanity’s energy needs.
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Abstract

Epilepsy is a persistent neurological disorder characterized by repeated, 
spontaneous seizures that arise without a specific cause. These seizures 
result from abnormal electrical activity in the brain, leading to a range of 
symptoms, from brief periods of unconsciousness or minor sensory dis-
turbances to severe convulsions. The management of epilepsy remains a 
significant challenge, as current treatment modalities, primarily involving 
antiepileptic drugs and surgical interventions to remove seizure foci, often 
provide adequate control for a substantial portion of patients. For this rea-
son, stem cell therapies have become a hopeful approach because of their 
ability to potentially restore and renew impaired neural networks, which 
is particularly relevant for neurological disorders like epilepsy. This review 
investigates the present state of stem cell therapies in epilepsy, analyzing 
distinct types of stem cells, their mode of action, preclinical and clinical 
trials, as well as future research prospects.
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Introduction
Epilepsy, a prevalent brain condition affecting over 50 million people globally, is primarily prevalent 
in infants and older age groups (Miguel Sanz et al., 2023). The World Health Organization (WHO) 
considers epilepsy as a disorder if there are recurring seizures at least twice in 24 hours as a result of 
electrical imbalances between inhibitory and excitatory mechanisms of the brain (Klein et al., 2024), 
which necessitates a comprehensive strategy for successful treatment. Individuals afflicted with this 
neurological disorder experience significant adverse impacts that greatly diminish their quality of life 
in their social life, education, and employment. The seizures typically exert significant influence over 
people’s lives, leaving them with little sense of living. However, there is still no efficient treatment 
targeting the root cause of seizures. Pharmaceutical treatments, surgeries, and certain diets are all 
common treatments for controlling seizures, and they are generally aimed to minimize the superficial 
side effects of the seizures or try to suppress them. Nevertheless, stem cell therapy emerges as a 
significant candidate that can target the core causes of seizures. The self-renewing and differentiat-
ing capacities of stem cells enable them to contribute to tissue repair and regeneration, potentially 
restoring and integrating dysfunctional neuronal circuits to a healthy state (Lybrand et al., 2020). This 
review discusses the present state of stem cell therapies in epilepsy as an innovative and promising 
approach for future treatment and cure (Wang et al., 2021).

Epilepsy is a complex and heterogeneous neurological disease with multiple underlying mecha-
nisms. The molecular mechanism of this alteration is mainly based on the reduction of Gamma-
Aminobutyric Acid (GABA) neurotransmission and the increase of glutamatergic neurotransmission 
(Figure 1). These alterations are typically due to modifications in the structure and synthesis of 
ion channels, the release and reabsorption of neurotransmitters, and issues with transporter and 
post-synaptic receptor activation. These changes are typically due to modifications in the structure 
and synthesis of ion channels, the release and reabsorption of neurotransmitters, and issues with 
transporter and post-synaptic receptor activation. Consequently, these alterations can disrupt the 
balance between excitatory and inhibitory neurons, destabilizing neuronal homeostasis and resulting 
in neuronal hyperexcitability (McNamara et al., 1999). Finally, these mechanisms generally cause 
one main problem, which is damaging the brain and subsequently causing changes in neuronal cir-
cuits (Patel et al., 2019). According to the underlying mechanisms, the etiology of epilepsy is divided 
into six groups: structural, genetic, infectious, metabolic, immune, and unknown epilepsies.

As a result of these underlying mechanisms, there are multiple epileptic seizure types that an individ-
ual with epilepsy may experience. The International League Against Epilepsy (ILAE) categorization 
divides epileptic seizures into three major categories: focal, generalized, and unknown (Sirven et al., 
2015). Generalized seizures and focal seizures are the two types of seizures. A focal seizure occurs 
on one side of the brain, but can spread to both sides, causing mild or severe symptoms depend-
ing on how electrical discharges spread. Epilepsy cases categorized as focal seizures account for 
approximately 60% of all epilepsy cases. Additionally, generalized seizures occur simultaneously in 
both hemispheres of the brain. The primary cause of this type of seizure is an imbalance between the 
brain’s excitatory and inhibitory pathways. On the other hand, around 23-35% of epilepsy cases are 
classified as generalized. Finally, the unknown seizures are those that do not fit into both classifica-
tions focal and generalized (Dubé et al., 2007). These seizures typically occur at random, although 
occasionally they can be triggered by stress, sleep deprivation, waking up, alcohol consumption, 
certain medications, flashing lights, or a woman’s monthly period.
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   Figure 1.  Mechanism of Epi lepsy (Created by BioRender) .

Beyond seizure control, current treatments do not address the underlying neurobiological chang-
es in the brain, such as neuronal loss and synaptic dysfunction, which contribute to the disease’s 
progression. Stem cell therapy offers the potential to not only reduce seizures, but also to repair 
damaged neural circuits, promote neurogenesis, and restore normal brain function. This therapy 
aims to replace lost or damaged neurons, modulate abnormal neural networks, and even provide 
neuroprotective effects; making it a versatile option for addressing the multifaceted challenges of ep-
ilepsy (Chang & Chang, 2022). Furthermore, stem cells have the potential to release various trophic 
factors that support brain healing and reduce inflammation, offering a holistic approach to treatment 
that goes beyond symptom management (Das et al., 2019).

Current treatment methods
The World Health Organization states that epilepsy accounts for 0.3% of all deaths worldwide 
(Murray et al., 2012). According to current technological and scientific advancements, multiple treat-
ment options aim to make patients seizure-free for those who try to live with severe life conditions 
like epilepsy. The most commonly used treatments in clinics include anti-seizure medications (ASMs) 
to control seizures, surgical procedures to remove the seizure focus, implantable devices like vagus 
nerve stimulators, and dietary therapies such as the ketogenic diet.

Pharmaceutical treatment

The first line of treatment method to treat epilepsy are  pharmaceutical compounds called antisei-
zure medications (ASMs) or antiepileptic drugs to prevent or lessen the frequency and intensity of 
seizures by addressing different pathways and mechanisms in the brain that control neuronal excit-
ability and transmission (Vezzani et al., 2019). A thorough understanding of the effects and mode of 
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action of ASMs is important, especially to be able to apply them to individual patients according to 
their seizure type. However, ASMs can have severe side effects, including an increased risk of birth 
defects, allergic skin rashes, liver or bone marrow failure, and complications involving the liver or 
pancreas. Additionally, a significant decrease in white blood cell or platelet counts, though not com-
mon, can occur, particularly in polytherapy, and should not be ignored (Louis et al., 2009).

In addition to all these severe side effects, 30-50% of epilepsy patients are drug-resistant; non-re-
sponsive to the properly selected and administered antiepileptic drug regimens, either alone or com-
bined with other treatments, according to the International League Against Epilepsy (Kwan et al., 
2010). A major challenge in developing new treatments for drug-resistant epilepsy is the poor under-
standing of the biological basis of pharmaco-resistance (Voskuyl & Clinckers, 2009). This setback 
with pharmacological treatments highlights the need to explore alternative or supplementary treat-
ment approaches.

Surgical treatment

Surgical treatment is the alternative option to ASMs, especially for the drug-resistant epilepsy patients. 
Surgical treatment is carried out via the removal of the specific area that originates the seizures (Kwan 
et al., 2011). The success and suitability of this treatment method varies according to the type of ep-
ilepsy, the affected brain area, and the patient’s overall health. Brain mapping is the most essential 
part of surgical treatment, because it is crucial to know the functions of the affected area; such as 
language, motor, sensory, or vision, to understand how the patient’s life will be affected after the sur-
gery. Nevertheless, surgical treatment carries risks; including paralysis, memory issues, partial loss of 
peripheral vision, double vision, mood disturbances, diminished motor skills, and speech impediments 
(Guerreiro et al., 2016; Nair et al., 2016). Moreover, although surgery can be successful for certain 
types of epilepsy, most patients with drug-resistant epilepsy do not qualify for this option.

Other treatments

Alternative treatment modalities, especially for drug-resistant epilepsy, comprise vagus nerve stimu-
lation and dietary interventions, such as ketogenic diet and modified Atkins diet. Surgically implanting 
a device to stimulate the vagus nerve aims to decrease or prevent seizures , while dietary therapies 
try to induce a state of ketosis, which is believed to have an anticonvulsant effect by altering meta-
bolic processes (Johnson, 2019, Riva et al., 2021). 

There are five main device types used for vagal stimulation, each with different mechanisms 
and characteristics for stimulating the vagus nerve; Deep Brain Stimulation (DBS), Responsive 
Neurostimulation (RNS), Vagus Nerve Stimulation (VNS) Therapy, External Trigeminal Nerve 
Stimulation, and Seizure Alert devices (Shaefi & Harkness, 2003). Unfortunately, if a patient has 
concurrent health conditions such as severe asthma, breathing difficulties, sleep apnea, or certain 
heart problems, vagal stimulation may lead to serious complications (Liu et al., 2017). In addition, it 
comes with risks that can reduce the quality of life, such as voice changes, shortness of breath, and 
pain in the throat or neck (Kwan et al., 2010).

Dietary therapies, often employed as adjuncts to seizure medications for seizure control, include the 
classic ketogenic diet, the low glycemic index treatment (LGIT), the medium-chain triglyceride (MCT) 
ketogenic diet, and the modified Atkins diet (MAD) (Lee et al., 2018). These diets require precise 
weighing and measurements.  Maintaining moderate calorie, liquid, and protein intake illustrates 
the difficult and strict nature of these diets, particularly for children. Despite the benefits, these diets 
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have been associated with an increased risk of serious acidosis and gastrointestinal issues, which 
can negatively impact a patient’s daily life. Prolonged adherence to such dietary regimens can lead 
to severe consequences; including elevated blood cholesterol levels, kidney stones, constipation, 
inhibited growth, and bone fractures (Vezzani et al., 2019). Ultimately, these treatments do not cure 
the disease but provide only palliative care, highlighting the need for more effective and innovative 
solutions for epilepsy (Neal et al., 2008).

Against all recent progress, epilepsy still poses a significant challenge in terms of treatment and 
management (Alayli et al., 2023). Currently, epilepsy affects around 1-2% of the global population. 
Despite the presence of over thirty anti-epileptic medications in the market, 30% of patients continue 
to experience refractory epilepsy, indicating that medications alone are inadequate for seizure con-
trol (French et al., 2004). Moreover, alternative treatment modalities such as surgery and neurostim-
ulator device implants are not universally applicable to every patient, as they offer relief to a limited 
subset of individuals. Even for those deemed suitable candidates, these options necessitate thor-
ough patient evaluation and selection processes. Regarding dietary interventions, modified Atkins 
(MAD) and ketogenic (KD) diets are primarily utilized currently. However, neither of these options 
offers a comprehensive solution on its own, and they may not be suitable for every patient. Besides, 
these diets are not ideal for long-term use because of their strict regimen and side effects (Neal et 
al., 2008). Therefore, there is an urgent need for efficient treatment options and a prompt solution, 
as epilepsy is a severe disorder.

Stem cell-based therapy
In the treatment of epilepsy, stem cells have shown promise in treating a variety of neurological 
conditions. Stem cells are unspecialized cells that are capable of differentiating into different cell 
types. In stem cell therapy for epilepsy, the aim is to replace or repair damaged brain cells that play 
a role in the onset and progression of seizures. Prolonged or uncontrolled epileptic seizures can 
have wide-ranging adverse effects, including neuronal injury or death, mitochondrial dysfunction, in-
creased reactive oxygen species, and astrocyte activation across the body. Because stem cells may 
regenerate, stem cell-based therapies present an appealing option for controlling long-term seizures, 
especially in drug-resistant epilepsy cases. This suggests that stem cell treatment holds potential 
as a new therapeutic strategy for treating this disease. Given their inherent capability to self-renew 
and differentiate into distinct cells, stem cells play a vital role in tissue regeneration. Additionally, this 
property offers the possibility of restoring and integrating disrupted neural circuits into a functioning 
condition. Stem cell therapy may play crucial roles in managing epilepsy, including inducing seizure 
remission, inhibiting epileptogenesis, averting the onset of chronic epilepsy, as well as enhancing 
cognition (Chang & Chang, 2022).

Different types of stem cells are primarily preferred by clinicians for use in treating epilepsy. Embryonic 
stem cells (ESCs) are undifferentiated cells obtained from embryos, and they can differentiate into 
numerous types of cells, notably neural cells, due to their pluripotency. Research has demonstrated 
their capacity to generate neurons and glial cells in order to repair the brain (Thompson et al., 2023). 
Nevertheless, ethical considerations and the possibility of tumor formation are substantial obstacles. 
Induced pluripotent stem cells (iPSCs), obtained from reprogrammed somatic cells, offer a solution 
to the ethical challenges faced with ESCs. Researchers are focusing on improving the differentiation 
efficiency of iPSCs to prevent tumorigenic properties, ensuring they mature fully before transplanta-
tion (Sayed et al., 2016). Furthermore, mesenchymal stem cells (MSCs), multipotent cells, give rise 
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to several types of cells, including neurons. They contain anti-inflammatory and immunomodulatory 
effects, which can attenuate the epileptic brain environment (Huang et al., 2016). Neural stem cells 
(NSCs) are a promising treatment option for damaged neural networks, because they possess the 
ability to differentiate into both neurons and glial cells. Preclinical research NSCs have the ability 
to incorporate into the brain tissue of the host and decrease seizures (Xu et al., 2019). The limited 
availability of adult and fetal brain-derived NSCs and ethical concerns are among the issues that con-
tribute to the scarcity of NSC treatments for epilepsy, despite their potential therapeutic advantages. 
Obtaining a sufficient quantity of adult brain-derived NSCs for therapeutic reasons is impossible from 
a living donor and difficult from the postmortem adult or fetal brain, since they are mostly found in 
certain locations like the subventricular zone and the hippocampus. Moreover, the act of collecting 
neural stem cells produced from fetal brains gives rise to ethical apprehensions about the destruction 
of human fetuses and the possibility of exploitation (Thodeson et al., 2018). 

MSCs demonstrate the most therapeutic potential among these different stem cell types because of 
their beneficial characteristics, such as neuroprotection, immunomodulation, support for neurogen-
esis, and the ability to suppress oxidative stress damage and inflammation. MSCs exert many ben-
efits, because they secrete diverse biologically active components like anti-inflammatory cytokines 
and neurotrophic factors (Milczarek et al., 2018; Vizoso et al., 2017). Research has demonstrated 
that these stem cells can traverse the blood-brain barrier (BBB) and target areas affected by the 
disease. Furthermore, MSCs have been shown to localize in the hippocampus of animal models with 
epilepsy; despite being given intravenously, they play a pivotal role in the treatment of the disease 
(Abdanipour et al., 2011). Studies have shown that administering MSCs can reduce seizure incidenc-
es (Hlebokazov et al., 2017, 2021; Milczarek et al., 2018; Szczepanik et al., 2020), enhance cogni-
tion (Fukumura et al., 2018; Milczarek et al., 2018; Wang et al., 2021) and motor control (Mohammed 
et al., 2014), raise the number of neurons (Abdanipour et al., 2011), and decrease oxidative stress 
(Salem et al., 2018). GABAergic interneurons have been shown to survive longer when MSCs were 
introduced (Fukumura et al., 2018; Mohammed et al., 2014).

Preclinical and clinical studies have demonstrated the advantages of stem cell therapy (Table 1 and 
Table 2). In addition, MSCs have been found to enhance cognitive function and learning abilities, 
reduce or halt seizures, decrease neuroinflammation, and increase the number of neurons in pa-
tients diagnosed with epilepsy. For instance, clinical trials in phases I and II have demonstrated the 
safety of administering antiepileptic medications in conjunction with one or two doses of MSCs, either 
intravenously or intrathecally. Although stem cell therapy has not yet been integrated into standard 
clinical practice, its efficacy and safety have been validated by numerous clinical studies. The results 
have consistently shown that MSCs can offer substantial benefits without significant adverse effects, 
paving the way for future applications in clinical settings. The integration of stem cell treatment into 
standard epilepsy treatments could significantly enhance the quality of life for patients, offering hope 
for a more effective and comprehensive management of this disease.
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Table 1: Preclinical studies of stem cell treatment for epilepsy.

Animal Model Stem Cell Source Results

Chemical 
induction: 

Glutamate
MSCs

Administration of MSCs led to reduced NMDA receptor 
activity and decreased calcium ion influx, protecting 

neurons from glutamate toxicity (Papazian et al., 2018).

Chemical 
induction: Lithium-

pilocarpine
MSCs

Systemic infusion of stem cells in rats showed migration 
to the hippocampus, protecting neurons and reducing 

epileptogenesis and neurological impairments (Fukumura 
et al., 2018).

Transgenic 

Neuroepithelial 
stem cells (NESs) 

derived from 
human embryonic 

stem cells

Genetically modified NESs lacking ADK gene increased 
adenosine production (Poppe et al., 2018).

Chemical 
Induction: 
Pilocarpine, 

pentylenetetrazole, 
and picrotoxin

NSCs NSC infusion in rats exhibited antioxidant effects (de Gois 
da Silva et al., 2018). 

Chemical 
induction:

Kainate

Human induced 
pluripotent stem 

cell (hiPSC)-
derived MEG-like 

precursor cells

Transplanted cells differentiated into inhibitory 
interneurons, reduced spontaneous recurrent seizures, 

and improved cognition and mood (Upadhya et al., 2019).

Chemical 
induction: 
Pilocarpine

NSCs and NSC-
derived GABAergic 

neurons

Reduction of seizure frequency in the hippocampus (Xu 
et al., 2019).

Chemical 
induction: 
Pilocarpine

MSC-derived 
exosomes

Administration to hippocampal astrocytes 
reduced epilepsy-induced astrocyte alterations, 

neuroinflammation, and improved cognitive function (Xian 
et al., 2019).

Chemical 
induction:

Kainate
hMSCs

Intranasal injection of hMSC-derived EVs resulted in 
neuron incorporation in hippocampal regions, providing 

neuroprotection and reducing chronic symptoms of 
epilepsy (Kodali et al., 2019).

Transgenic 
Interneuron graft 

and periventricular 
endothelial cells

Enhanced migration of interneurons and reduced 
behavioral impairments in an experimental model (Datta 

et al., 2020).

Chemical 
induction:

Kainic acid

Adipose-derived 
stem cell

Transplantation of stem cells enhanced learning and 
memory in a rate model (Wang et al., 2021).

Chemical 
induction: 

Scopolamine and 
pilocarpine

Olfactory mucosa 
MSC

Stem cell treatment ameliorated the neural network 
and inhibited inflammation in a mouse model (Liu et al., 

2023).
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 Table 2: Clinical Studies of stem cell treatment for epilepsy.

Clinical Trial 
ID

Study 
Phase 

Stem Cell 
Source

Route of 
administration

Results

NCT02497443 2 MSCs Intravenous 
injection

Autologous MSC 
treatment in drug-resistant 
epilepsy patients reduced 

seizure frequency, with 
some patients becoming 

seizure-free or responsive 
to AEDs (Hlebokazov et 

al., 2017).

NCT00916266 1 Bone marrow 
mononuclear 

cells 
(BMMCs)

Intra-arterial 
injection

Intra-arterial delivery 
in MTLE patients led 
to seizure remission, 
improved cognition, 

and no adverse effects 
(DaCosta et al., 2018).

NCT03676569 1
Adipose-
Derived 

Regenerative 
Cells 

(ADRCs)

Intrathecal 
infusion

Intrathecal delivery in 
autoimmune refractory 

epilepsy patients 
enhanced cognition and 

motor control (Szczepanik 
et al., 2020).

Mechanisms of action of stem cell treatment 

Neuroprotection refers to the preservation and defense of the nervous system from damage or de-
generation. Stem cells can secrete neurotrophic substances, which serve to safeguard neurons from 
harm. For instance, it has been shown that MSCs secrete neurotrophic factors that assists neuronal 
survival and adaptation like brain-derived neurotrophic factor (BDNF) and glial cell line-derived neu-
rotrophic factor (GDNF) (Das et al., 2019). Neurogenesis refers to the process of generating new 
neurons. Research suggests that stem cells can differentiate into fully functional neurons, replacing 
the neurons that are destroyed due to epilepsy. ESCs, iPSCs, and NSCs are notable for their neu-
rogenic potential, as they have the ability to generate new neurons (Bond et al., 2015; Hirose et al., 
2020; Wesselschmidt et al., 2012). Synaptic modulation involves altering the strength or efficacy of 
synaptic connections between neurons. Transplanted stem cells have the ability to improve synaptic 
connection, hence repairing broken networks. NSCs, specifically, have demonstrated the ability to 
regulate synaptic activity, which reduces the seizures (Xu et al., 2019). Immunomodulation refers 
to the process of modifying or regulating the immune response in the body. Inflammation plays a key 
role in the epileptic brain, contributing to the onset and development of seizures. Stem cells, partic-
ularly MSCs, have the ability to alter the inflammatory environment, which may reduce the intensity 
of seizure activity (Jiang et al., 2020). MSCs also secrete neurotrophic substances, which serve to 
safeguard neurons from harm like BDNF and GDNF (Das et al., 2019). Figure 2 shows the advan-
tages of stem cells for the treatment of epilepsy. 
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Figure 2.  Mechanism of stem cel l  therapy in epi lepsy (Created by 
BioRender) .

Conclusion
The application of stem cell therapy in clinical settings encounters various obstacles, such as en-
hancing the acquisition of cells, expanding production capacity, guaranteeing long-term safety, and 
resolving ethical dilemmas. Immunogenicity, cell viability, and incorporation into the host tissue are 
all supplementary challenges that require careful consideration. 

This study is an important resource document for those working in the field, as it presents a compre-
hensive literature review on epilepsy; one of the most common neurological disorders today. In addition, 
since the approach presented is examined within the framework of stem cell technology, it also provides 
an important resource for today’s regenerative medicine approach, because the point that today’s stem 
cell science has reached is quite remarkable. Early clinical trials show that stem cell treatments can be 
safe and potentially beneficial, especially for individuals with epilepsy who do not respond to medications. 
The potential of these treatments to repair and rejuvenate damaged brain tissue represents an optimistic 
transition towards sustainable seizure management and improved quality of life, but there are still obsta-
cles to overcome. Therefore, it is essential to focus on the long-term safety and effectiveness of stem cell 
treatments, considering potential risks such as immune rejection, tumor development, and unwanted dif-
ferentiation. Addressing ethical and regulatory issues, as well as dealing with the high costs and technical 
intricacies of stem cell therapy, also requires attention.
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Future studies should prioritize the refinement of treatment protocols, gaining insight into the lasting 
implications of integrating stem cells and devising economically viable approaches that can be widely 
implemented in clinical settings. As we delve deeper into refining these treatments, utilizing stem cell 
therapy has the chance to revolutionize epilepsy care and provide fresh optimism for individuals grap-
pling with this persistent condition. By persisting in research and investigation, stem cell therapy may 
drastically change how epilepsy is treated, presenting new prospects and hope for millions of people.
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Abstract

Nurse-based patient monitoring is prone to errors due to manual measure-
ments and documentation, leading to potential inaccuracies in care. The 
use of biosensors offers a promising solution by enabling real-time and 
continuous monitoring of patient health. Categorizing patient care reports 
as critical or non-critical using mobile recording systems based on biosen-
sor data can help prevent errors and improve care. The use of biosensors 
can significantly reduce morbidity and mortality, especially after emergen-
cies and accidents. These devices improve the quality of care and increase 
the satisfaction of older people, their families and healthcare profession-
als. Wearable biosensors make it easier for older people to monitor their 
health, which can help reduce hospital admissions. Chronic diseases such 
as cardiovascular disease, cancer, diabetes, dementia and stroke pose 
challenges to healthcare delivery and interpretation of results. Integrat-
ing biosensors into health monitoring and measurement is an innovative 
approach to managing these chronic conditions more effectively. To im-
prove self-management of chronic diseases in older people, it is essential 
to educate healthcare professionals and promote research in this area. 
As a result, the use of biosensors to monitor the daily activities and health 
parameters of elderly patients is expanding, highlighting the importance 
of multidisciplinary research in biotechnology, chemistry, engineering and 
nursing. 
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Introduction
The increasing elderly population in recent years has caused some problems to arise. The growth of 
health expenditures of the elderly struggling with aging and chronic diseases requires the adoption of 
effective measures worldwide. Traditional health monitoring methods often involve periodic assess-
ments and manual documentation, which can be prone to delays and inaccuracies, but biosensors 
overcome these limitations by offering the potential for continuous and real-time monitoring (Kalid et 
al., 2018; Ledikwe et al., 2014). However, they have their own challenges, including issues related 
to battery life, user comfort and data security (Pateraki et al., 2020). Biotechnology has begun to be 
used to monitor these problems and to enable the elderly to live healthily in a comfortable, reliable 
environment. It is very important to develop and use biotechnology systems in daily life so that the 
elderly can continue their daily life activities and detect emergencies or accidents such as stroke, fall, 
syncope and myocardial infarction (Lin et al., 2007; Olmedo-Aguirre et al., 2022). Using biotechnolo-
gy, chronic diseases can be prevented and adequately monitored, and health risks can be identified 
to improve the quality of life of the elderly (Olmedo-Aguirre et al., 2022). 

The elderly population is expected to be 2.1 billion in 2050 (Keating, 2022). The increase in the elder-
ly population increases the incidence of chronic diseases such as cardiovascular diseases, cancer, 
dementia and diabetes. In a study, it was found that 78.7% of the elderly had chronic diseases and 
the rate of those who stated that these diseases seriously limited the patient’s daily life activities was 
32.3%. It has been observed that 24% of the elderly have fallen inside or outside the home in the last 
year. 54.6% of the elderly stated that they would like to benefit from home care services in the future, 
and 41.3% stated that they would prefer a nursing home (TÜİK, 2023). In the world, the incidence of 
death due to cardiovascular diseases is 32%, the incidence of death due to cancer is 16.8% and the 
incidence of death due to diabetes is 2.5%. There are 422 million diabetics and more than 55 million 
dementia patients in the world (Hacker, 2024). It is imperative to monitor the health status of people 
who have these diseases and are at risk of contracting these diseases. Since sufficient time, atten-
tion, discipline and knowledge are required to monitor the patient’s physiological changes, the use 
of biosensor technology in monitoring the changes occurring in the patient is extremely important. In 
the studies, patients’ balance status changes, falls during work, physical activity and vital signs were 
monitored. In these studies, elderly people with cardiovascular disease, respiratory diseases, sleep 
problems, diabetes, osteoporosis, Parkinson’s disease, alcohol addiction and seizures were followed 
(Olmedo-Aguirre et al., 2022). 

Biosensors enable our body to communicate and react better with our environment, diagnose dis-
eases early, and improve health by detecting diseases early. The body’s physiological response 
transmits data to the control unit through wearable biosensors, the control unit analyzes the data, 
and health parameters are transmitted to the mobile device (Smith et al., 2023). Appropriate selec-
tion of biomarkers indicating health and disease states is vital for the diagnosis and treatment of the 
disease by detecting it before it occurs (Salek-Maghsoudi et al., 2018). 

In intensive care, patients whose physiological parameters are monitored with a bedside monitor and 
alarm system can be monitored at any place and time using a lightweight, wearable, and wireless 
biosensor because of current developments. The biosensor processes digital data and transmits 
the necessary data to communicate. Transmission distance, frequency, and battery life are the most 
important problems in the application. In nursing homes, the elderly person carries a tiny biosensor. 
If he falls in an area such as a park or a toilet, it becomes easier for the nurse to detect the elderly 
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person’s condition early and find his location through a call containing information to the base station. 
To extend the battery life of the biosensor, it is recommended that it be turned on only for measure-
ment and not monitored continuously. However, it is extremely important to have the sensors turned 
on in places where the elderly are alone, such as parks, neighborhoods, gardens, and toilets, to 
constantly monitor the elderly’s vital signs such as temperature, pulse rate and number, respiratory 
rate, saturation, and heart rhythm, and to take immediate action for help by monitoring their location. 
In addition, the necessary health care can be provided because the parameters that the elderly follow 
themselves, such as blood pressure and blood sugar, can be monitored (Lin et al., 2007). 

Through this system, we can track and record the elderly person’s time to get up, go to the restroom, 
exercise, go to a restaurant, and perform daily living activities. We can follow the social life of the 
elderly and provide psychosocial support by detecting abnormal mental states at an early stage (Lin 
et al., 2007). Elderly people with chronic diseases can adjust their diets and daily routines in time 
according to system data and save money economically by reducing hospitalizations. It can enable 
patients to understand their health status in real time and ensure timely hospitalization (Smith et al., 
2023). 

Tracking physiological variables
With the development of technology, biosensors have been developed that can monitor the physio-
logical variables seen in all chronic diseases. Heart rate and number, pulse rate and number, respi-
ratory rate and number, blood oxygen saturation (SpO2), blood pressure, and blood sugar of elderly 
people suffering from chronic diseases can be monitored through biosensors (Miller et al., 2021; 
Olmedo-Aguirre et al., 2022; Wang et al., 2017). Respiratory rate and rate can be used to detect, di-
agnose, and monitor patients affected by chronic diseases such as anxiety, pneumonia, heart failure, 
lung disease, and drug coma. In addition to smartwatches, intradermal sensors, portable sensors, 
rings, and insoles are used to monitor these variables. While it is easier to design sensors that can 
read parameters such as blood oxygen level and heart rate for monitoring cardiovascular diseases, 
device placement and maintenance becomes difficult because sensors must be implanted at the 
bone level for osteoporosis, which requires constant monitoring of the patient’s bones. The size of 
the sensors used, the methods of placing the sensors on the human body, and their subsequent 
removal cause some difficulties. For these reasons, very few biosensors are still available for many 
chronic degenerative diseases such as osteoporosis, some types of cancer, and gastrointestinal 
diseases (Olmedo-Aguirre et al., 2022; Wang et al., 2017).

Blood glucose monitoring: Noninvasive intravascular blood glucose can be measured with ultra-thin 
skin-like biosensors on a flexible biocompatible paper battery. The battery connects to the skin and 
creates electrochemical channels in the subcutaneous tissue (Chen et al., 2017). Continuous blood 
sugar monitoring can be done using a contact lens with a photonic glucose sensor and smartphone 
camera reading (Elsherif et al., 2018). Electromagnetism sensors are a noninvasive, permanent, por-
table, patch-shaped system that mimics vascular anatomy. It is suitable for personalized monitoring 
according to the patient’s characteristics (Hanna et al., 2020). It is also used in disposable patch-type 
devices that measure glucose levels in sweat and automatically apply the drug via a transdermal 
drug delivery device (Lee et al., 2017). 

Pulse rate and respiration rate: Smart bracelets, watches, belts and armbands can be used to 
monitor health status and give timely warnings, displaying parameters such as pulse rate, electro-
cardiogram (ECG) and respiratory rate. Respiration rate is estimated from an arm-worn cuff ECG 
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using a method based on changes in QRS slopes and the angle of the R wave. Predictions are 
compared with those obtained from the respiratory signal. The cuff contains a pair of dry electrodes 
that record the ECG and is designed for long-term monitoring (Lázaro et al., 2018). With IoT-based 
wearable devices, pulse rate and ECG findings can be transmitted to the computer or mobile phone 
and the data can be monitored continuously (Sani et al., 2019; Xiao et al., 2020). The leg belt is a 
portable ECG sensor system that captures the patient’s vital data through the skin by detecting sig-
nals with patch electrodes. This system can collect 6 ECG signals (Hussein et al., 2017). In a study 
conducted with emergency room patients, it was observed that the respiratory rate measured using 
the Philips wearable biosensor was detected continuously and accurately without intervention. The 
fact that the Philips wearable sensor is a lightweight, wireless, battery-powered device and sticks to 
the skin makes it easier to use. It is attached to the patient’s chest, allowing the patient’s respiratory 
rate, pulse rate, gait and posture to be monitored (Li et al., 2019). Heart rate increases acutely with 
exertion and stress and decreases rapidly during relaxation and sleep. Heart rate is used to evaluate 
sleep quality. In addition, the slow decrease in the heart rate of dementia and Parkinson’s disease 
over months allows the disease to be recognized in its early stages. Respiratory rate increases due 
to decompensation of stress, fever and lung diseases, and pulmonary edema in heart failure (Saner, 
2018).

Blood pressure: Optical-based heart rate sensors can be attached to wristwatches, earbuds, be-
hind-the-ears, and glasses. To measure blood pressure, the wristwatch is brought close to the chest 
and the micro-vibrations of the heartbeat in the chest are detected. As the pulse wave moves from 
the heart to the wrist, measurements are made by an optical sensor and an accelerometer in the 
watch (Carek et al., 2017). With the illuminated pulse sensor connected to an inflatable tube placed 
inside the ear, blood pressure measurements can be made easily during the daily activities of the 
elderly, maximizing the comfort level (Bui et al., 2019). 

In a study conducted in the emergency department, continuous monitoring of vital signs with wear-
able biosensors enabled the detection of potential clinical problems 5.5 hours earlier compared to 
standard monitoring (Garbern et al., 2019). In a study conducted in a general ward, it was found that 
measurements made with wearable sensors gave up to 10 hours warnings earlier (Weenk et al., 
2019).

The monitoring of balance disorders
Moderate or severe injuries occur in 30% of elderly people because of falls. In this case, it may cause 
disability in the elderly, restriction of physical activity, and earlier admission to a nursing home. For 
the elderly to maintain their independence and mobility, it is very important to determine the factors 
affecting postural stability and design special interventions. Balance control is a complex skill based 
on the interaction of sensorimotor processes. Accelerometers are used to evaluate the balance status 
of the elderly. Accelerometers are economical, mobile and lightweight inertial sensors used to perform 
post-urography. In case of imbalance, the rod on the accelerometer deflects and the springs detect 
their acceleration. Accelerometers monitor physical activity, that is, measure the duration of endurance 
in different activities, such as intense exercise or rest (sitting, lying). This device can encourage the 
elderly to do physical activity. The accelerometer can be carried by attaching to the elderly person’s 
body, arm or any desired area with a fixed belt and can measure the elderly person’s daily life activities 
(Leirós-Rodríguez et al., 2019). Studies have shown that placing more than one sensor on the patient 
is more reliable. It has been determined that if a single sensor is to be placed on the elderly, it should be 
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placed on the waist, chest, head or pelvis instead of the ankle. Since the asymmetry in foot movements 
prevents the sensor from detecting the situation after the fall begins, it must be monitored by installing 
at least two sensors (Aziz et al., 2014; Howcroft et al., 2016). Additionally, the patient’s data is transmit-
ted to the mobile device via wearable sensors. If the patient falls, this system sends a message to the 
emergency room, family members or caregivers for timely intervention (Smith et al., 2023). Apart from 
this, the activity of the elderly can be detected, and risks can be evaluated by monitoring environmental 
conditions with environmental biosensors (Sun et al., 2022).

The monitoring of pressure sore 
Pressure sore is a condition that can occur frequently in elderly patients. Approximately 9% of hos-
pitalized patients develop pressure sores. As a result of impaired blood flow in areas exposed to 
constant pressure, tissue necrose and a pressure sore occur. To detect the onset of a pressure sore 
early, the electrochemical enzyme-based biosensor is attached to the patient’s body and allows con-
tinuous and noninvasive monitoring of the lactate level in sweat. It is thought that pressure sores can 
be prevented by monitoring them with alarming biosensors. Studies have found that lactate level is 
directly related to pressure sore development (Tur García, 2014). Additionally, wound management 
is expensive as it requires several days of testing and reduces the patient’s quality of life. Therefore, 
uric acid biosensors in the form of adhesive tape have been developed to prevent complications and 
to detect the progress of the wound in time. Uric acid concentration indicates the healing process in 
the wound area. The high uric acid concentration in chronic wounds decreases with treatment, and 
the healing process can be monitored by constantly measuring uric acid levels in the wound area. 
Apart from this, a biosensor that measures pH can also be used in wound monitoring. As the wound 
heals and the tissue regenerates, the pH of the skin passes from alkaline to acidic, in which case pH 
monitoring can be done for wound care (Arakawa et al., 2022). 

Incontinent patient monitoring
Since it is difficult to collect the urine of elderly people who have urinary incontinence problems, it 
is important to use an economical and useful biosensor. In a study, a multi-parameter biosensor 
was placed on the diaper to detect urine biomarkers, and the nurse was able to monitor when the 
diaper needed to be changed by detecting it with detection systems. By placing a multi-parameter 
electrochemical biosensor in an ordinary cloth, on-site detection of glucose and uric acid in urine 
was achieved. With this sensor, doctors can access urine biomarker data to assess the health status 
of their patients. In this way, it can better monitor the elderly living in nursing homes. It is thought 
that thanks to the biosensor placed in the patient’s diaper, patients will avoid embarrassment, and 
patients with incontinence will live with more dignity (Su et al., 2022).

Infection tracking
Microorganisms are not visible to the naked eye, but they are found everywhere and are the main 
causes of diseases. Microorganisms can be detected through biosensors. Some infectious diseases 
have no cure and are very dangerous. Therefore, preventing diseases by determining these infection 
biomarkers with biosensors can reduce the economic burden and deaths. Biosensors are used to de-
tect many pathogens such as human papillomavirus, hepatitis B virus, mycobacterium tuberculosis, 
meningitis, toxoplasma gondii, and leprosy (Chatterjee et al., 2022). 

Behavior tracking
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Behavioral detection is a more objective approach than neuropsychiatric scales used to detect 
Alzheimer’s disease at an early stage. It is safer and more comfortable than invasive methods. It 
is also more economical than neuroimaging tests. With the development of technology, behavioral 
detection biosensors such as motion sensors and sound sensors have begun to be used to measure 
various behavioral biomarkers of the elderly. Behavioral sensing sensors are used in society for 
entertainment, comfort, natural interaction, assisted living, security, etc. It attracts more attention be-
cause it supports many areas such as. For example, the problem of aging increases the demand for 
home healthcare services for the elderly. The continued use of behavior monitoring biosensors is ur-
gently needed to ensure that elderly people, especially those living alone, live in a safer environment 
and to detect abnormal behavior. Additionally, behavioral detection biosensors can be used to detect 
Parkinson’s disease, stroke, etc. Behavioral disorders of diseases are also determined. Behavioral 
biomarkers may be vital indicators in the early stages of Alzheimer’s disease. In patients, symptoms 
such as changes in motor behavior occur before profound memory deficits. Therefore, since motor 
behavior changes usually occur with old age, behavioral detection biosensors are vital for both the 
early diagnosis of Alzheimer’s disease and the ability of the elderly to perform daily living activities. 
With behavioral detection biosensors, body movement behavior, eye movement behavior, multimod-
al behavior, speech and language behavior applications are detected. Multimodal behavioral sen-
sors enable the examination of multiple behavioral parameters such as physiological indicators, eye 
movement, voice and body movements, along with environmental factors. Body movement behavior 
sensors can detect walking speed, walking stride, balance, foot kicking, upper limb movement, and 
other activities in daily living. Eye movement behavior sensors are used to measure looking, blinking, 
fixation, saccades, and pupillary response. Speech and language behavior sensors serve to identify 
and record acoustic features. Among the biosensors used to detect behavior in the diagnosis of 
Alzheimer’s disease, multimodal behavioral sensors are the method that best distinguishes normal 
and abnormal behaviors (Sun et al., 2022). 

In a hospital or nursing home, nurse-based patient monitoring is prone to errors due to manual mea-
surement and documentation. Therefore, categorizing patient care reports as critical or non-critical 
reports with mobile recording using network systems according to biosensor values ​​can prevent 
problems. Important clinical parameters, such as heart rate, may be subject to measurement error 
and subsequently lead to inaccurate results in nursing care. Patient status alarms created using 
automation systems are triggered in abnormal situations that occur in the patient and can provide 
warnings at different levels depending on the severity of the situation. It also provides 24-hour sup-
port to the elderly, patients, and caregivers (Vithya & Vinayaga Sundaram, 2017). 

With the use of biosensors, morbidity and mortality can be reduced after emergencies and accidents. 
The quality-of-care increases and the satisfaction of the elderly/family and the nurse increases (Lin 
et al., 2007). Chronic diseases such as cardiovascular diseases, cancer, diabetes, dementia and 
stroke make the delivery of health care and the interpretation of results difficult. The use of biosen-
sors in health measurements and patient monitoring are innovative approaches to reduce the burden 
of chronic diseases. Informing healthcare professionals and conducting encouraging research on 
this issue is extremely important for the self-management of chronic diseases in elderly patients. 
However, biotechnology applications are costly, applications in the field of health are limited and 
difficult to access (Hacker, 2024). Advanced technologies are not accepted by the elderly, and they 
experience difficulties because they do not have the necessary skills to use them (Olmedo-Aguirre 
et al., 2022).
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Conclusions
Biosensors offer significant advantages in monitoring the health of elderly patients by providing 
continuous data and enabling early detection of health issues. They are instrumental in real-time 
monitoring and intervention, potentially revolutionizing the management of chronic conditions and 
enhancing overall care. Various types of biosensors are currently under research worldwide, demon-
strating their utility in diagnosing autoimmune diseases, cancer, neurodegenerative diseases, and 
cardiovascular conditions. While these advancements hold promise for improving early diagnosis 
and preventative care, challenges such as limited battery life, user discomfort, and concerns regard-
ing data security and privacy remain. Ongoing research and technological improvements are essen-
tial to overcome these hurdles and fully realize the potential of biosensors. As the field progresses, 
biosensors are expected to play a crucial role in advancing healthcare and providing more effective 
and personalized care for elderly patients.
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Abstract

The global water pollution problem is becoming increasingly crucial. 
One of the major contributors to water pollution is the presence of 
heavy metals. Heavy metals pose significant threat to both humans 
and all ecosystems. Various factors influence the removal of heavy 
metals from wastewater, including pH, temperature, natural organic 
matter (NOM), and ionic strength, which vary based on the chemical 
properties of the pollutants. More effective and modern approaches 
receive attention and extensively researched to substitute traditional 
methods such as adsorption, membrane filtration, and chemical-based 
separation. Among these methods, Microbial fuel cells (MFCs) are par-
ticularly intriguing. This review article focuses on MFCs and their po-
tential applications in various fields, including clean water production. 
MFCs represent an innovative technology that not only generates elec-
tricity, but also demonstrates significant potential for heavy metal re-
moval from wastewater. Cathodic chamber of MFCs effectively reduc-
es heavy metals, while organic substrates act as carbon and electron 
donors in the anodic chamber. Through various mechanisms, including 
direct and indirect metal reduction, biofilm formation (metal sequester-
ing), electron shuttling, and synergistic interactions among microbial 
communities, microorganisms exhibit remarkable efficiency in remov-
ing metals. Studies showed that dual- and single-chamber MFCs could 
efficiently remove a range of heavy metals, including chromium, cobalt, 
copper, vanadium, mercury, gold, selenium, lead, magnesium, man-
ganese, zinc, and sodium, while simultaneously generating electricity, 
achieving high removal efficiencies ranging from 25% to 99.95%. This 
range of efficiency varies depending on the specific contaminant being 
targeted, the concentration of the contaminant, as well as the operating 
conditions such as pH and temperature. Moreover, MFCs demonstrat-
ed a wide range of power outputs, typically ranging from 0.15 W/m² 
to 6.58 W/m², depending on the specific configuration and conditions. 
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These findings underscore the potential of MFCs as a sustainable and efficient approach for both 
wastewater treatment and energy generation.

Keywords: Microbial fuel cell (MFC), heavy metal removal, wastewater treatment, sustainable energy 
generation, metal reduction mechanisms.

Introduction
Clean water is indispensable for life. Together with the demand for clean potable water, the pollution 
of clean water resources is also increasing (Xia et al., 2017). Along with the droughts that occur 
with climate change in progress, there is a rise in the toxicity of chemical pollutants (Xia et al., 2017; 
Noyes et al., 2009). Humanity is having to fight major health problems, not only due to scarcity of 
clean drinking water, but also for agricultural irrigation. Water-related health disorders are more com-
mon in developing countries (Lin et al., 2022). For example, about 1.6 million people die each year 
due to water-pollution-related diseases such as diarrhea and sepsis, and 90% of these deaths are in 
children under the age of 5. One of the greatest water pollution causes is heavy metal contamination. 
Heavy metals are substances that are difficult to dissolve in nature. These metals mix into water due 
to various industrial activities and agricultural runoff, and since they are difficult to dissolve in water 
resources, they can remain for a long time. This causes great harm to human health and the ecosys-
tem (Pandit and Kumar, 2015).
Table 1. Characteristics of common heavy metals (EPA, 2024; WHO, 2017).

Heavy Metal Human Health Effects Common Sources Maximum Contaminant 

Level

EPA WHO

Arsenic (As) Circulatory system issues

Skin Damage

Electronics production

Naturally occurring

0.010 mg 

L-1

0.010 mg 

L-1

Cadmium 

(Cd)

Carcinogenic

Kidney damage

Chemical industries

Naturally occurring

0.005 mg 

L-1

0.003 mg 

L-1

Chromium 

(Cr)

Diarrhea, vomiting, 

nausea

Allergic dermatitis

Steel manufacturing

Naturally occurring

0.1 mg L-1 0.05 mg L-1

Copper (Cu) Liver and kidney damage

Gastrointestinal issues

Household plumbing 

systems

Naturally occurring

1.3 mg L-1 2.0 mg L-1

Mercury (Hg) Nervous system damage

Kidney damage

Electronics industries

Fossil fuel combustion

0.002 mg 

L-1

0.006 mg 

L-1
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Silver (Ag) Breathing problems

Stomach pain

Naturally occurring

Naturally occurring

0.10 mg L-1 100 µg L-1

Selenium 

(Se)

Kidney damage

Breath problems

Naturally occurring

Chemical industries

0.05 mg L-1 0.05 mg L-1

In the developing world, industrial and urban activities are increasing in parallel with pollution caused 
by heavy metals. Various factors, such as polluted wastewater discharge from several industries, 
emissions from vehicles, and other urban activities are examples of such contributing factors (Joseph 
et al., 2019). According to the United Nations report, about 80% of all industrial and domestic waste-
water in developing countries are released into the environment without any pretreatment (Xia et al., 
2017). In addition, polluted urban stormwater runoff, rainwater contamination into potential drinking 
water sources, and agricultural runoff also increase pollution (Lye, 2009). Heavy metals and mixed 
organic substances mix with water bodies through direct discharge or domestic wastewater dis-
charge. Textile, dye, leather and pharmaceutical industries produce most of such discharges. Heavy 
metals such as Cr, Cd, Pb, As and Hg are highly toxic and carcinogenic, and may create signifi-
cant damage to vital organs (Balali-Mood et al., 2021). Organic pollutants pose additional toxicity 
and carcinogenicity, particulary upon mixing with heavy metals, and producing chemical complexes. 
Delayed maturation or complete growing inability of plants may be caused by the result of heavy met-
als-organic pollutants interactions ((Briffa et al., 2020). Likewise, the beneficial microbial ecosystems 
may be adversely affected (Ajiboye, 2021).
Treatment methods for drinking water, such as heat treatment, solar disinfection, and chlorination 
are mostly insufficient. Since wastewater removal efficiencies vary depending on energy, time, and 
environmental conditions, these techniques cannot completely remove chemical contaminants in 
drinking water and require additional technological equipment (Senanu et al., 2023). Some of the 
technologies and treatment methods that provide high removal efficiency for heavy metals, which 
are nowadays under investigation in developed countries, are as follows: microbial bioremediation, 
employing various modified adsorbents, activated carbon adsorption, membrane filtration, electroco-
agulation, and carbon nanotechnology. On the other hand, since these technologies are not cost-ef-
fective, local employees should be trained to purify contaminated water in the developing world, and 
the cost should be low and access to the technologies used should be easy (Joseph et al., 2019). 
Therefore, this review article focuses on bioremediation by microbial fuel cells and the use of cheap, 
widely available materials that do not result in additional energy requirements for the removal of 
heavy metals from water supplies.
Impact on water quality and heavy metal removal
The main parameters influencing removal of heavy metals from water are NOM, pH, temperature, 
and ionic strength (Joseph et al., 2019).
Chemical properties of heavy metals
All living organisms require trace amounts of heavy metals such as copper, zinc, iron, and chromium 
for growth and development, but heavy metals taken in large amounts can cause major problems 
of toxicity (Tchobanoglus et al., 2003). Table 2 shows the chemical characteristics of some heavy 
metals in the environment.
Table 2. Some chemical characteristics of common heavy metals (Murray et al., 2004).
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Heavy metal MW(g/mol) Oxidation state(s) Electronegativity (Pauling Scale)

Arsenic 74.9 -3, + 3, + 5 2.18

Cadmium 112.4 +2 1.69

Cobalt 58.9 -1, 0, + 2, +3 1.88

Mercury 200.6 +1, +2 2.00

Zinc 65.4 +2 1.65

The effect of pH
pH plays a critical role in heavy metal accumulation in water bodies. Heavy metals are usually found 
in their cationic state and have high solubility at low or neutral pH values. Studies demonstrated that 
stability and mobility of copper increased when the pH value decreased (Violante et al., 2010). As the 
pH increases, heavy metals interact with hydroxide ions and cause oxidation, then precipitate in wa-
ter. Lead is an example of this phenomenon (Olaniran et al., 2013). In case of chromium, increasing 
pH converts the more stable Cr(3) to more toxic Cr(4) via oxidation. Removal of heavy metal ions by 
adsorption can be done in lower levels at low pH (Pantsar-Kallio et al., 2001). With the increase in pH 
value, the concentration of H+ ions decrease, thus the adsorption area increases, resulting in higher 
levels of heavy metal removal. Exceptions to this phenomenon, such as the removal of chromium 
from anionic species with increasing pH was also observed, where adsorption decreases as pH 
increases (Li et al., 2018). This exception arises from electrostatic repulsion, since negative surface 
charges on the adsorbent prevent the adsorption of anionic species. In conclusion, it can be stated 
that pH significantly affects the removal and behavior of heavy metals. Joseph et al., (2019) also 
showed that heavy metals decrease at low pH values (<4) in general, and this is more pronounced 
in between pH 5 and 7 (Joseph et al., 2019).
The effect of NOM
NOM usually comes from humic and fulvic acids, which are formed by the accumulation and de-
composition of plant and animal substances. NOM has a wide range of organic acids and is highly 
reactive in conjunction with heavy metals, resulting in changes in their mobility and toxicity. Detecting 
the effects of NOM on heavy metals can be difficult due to a wide variety of additional factors, includ-
ing pH, humification, and oxidation state (Kumpulainen et al., 2008). Heavy metals and NOM can 
interact via various mechanisms; the acidic nature of NOM is achieved through such mechanisms 
as surface adsorption, ion exchange and chelation. Metals such as zinc and copper can also form 
various complexes with NOM. Additionally, it has been shown that treating chromium in heavy metals 
that interact with NOM can reduce chromium from its toxic form to a more stable and less harmful 
form. (Yang et al., 2015; Joseph et al., 2019). In conclusion, there appears to be no clear relationship 
between NOM and heavy metal removal.
The effect of temperature
 Another important parameter in removal of heavy metals is temperature. Removal of heavy metals 
and complexation reactions on the surface are carried out by increasing the temperature and con-
tinue to accelerate as the temperature increases. With increasing temperature, the adsorption zone 
expands and heavy metal removal increases (Chen et al., 2010). Study results showed that as tem-
perature was increased from 5°C to 40°C, a large amount of Cr(4) in the peanut shell was removed. 
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Increase in adsorption surface was proportional with the increase in diffusion rate, consequently, 
the adsorption process proceeded faster at higher temperatures (Moussavi and Barikbin, 2010). 
Contrasting results were also reported. In a study with red algae, total chromium removal decreased 
from 90% to 78% as the temperature increased. Likewise, a decrease in the removal of heavy metals 
such as Ni(2) and Pb(2) was observed with increasing temperature. These results appeared to result 
from decreased surface activity (Sari and Tuzen, 2008; Joseph et al., 2019). Thus, when examining 
the effects of temperature on heavy metal removal, each adsorbent and its corresponding metal ion 
should be studied separately.
The effect of ionic strength
Ionic forces in the water source have a great impact on the removal of heavy metals. Chloride ion in 
water dissolves and forms metal-chloride complexes with uncharged or negatively charged heavy 
metals, which are difficult to remove. The heavy metal-chloride complex exhibits low-affinity adsorp-
tion and heavy metal-chloride accumulation occurs (Ferraz and Lourenco, 2000). For example, a 
decrease in the removal of Ni(2) and Cu(2) was detected as the ionic strength increased. This de-
cline was caused by the increase in dissolved zinc and copper concentration with increasing salinity 
(Villaescusa et al., 2004; Wang et al., 2017). As a result, higher ionic strength causes a decrease 
in the adsorption of heavy metals by influencing the electrostatic interactions, Contradictory results 
were also reported in a study, in which As(3) and Ni(2) removal increased by about 25%, as the ionic 
strength of a solution increased from 0.01 to 1.0 M Cl. In a research with crab shell pieces, it was 
observed that when ions such as K+ and Na+ were added for the removal of copper and cobalt, the 
heavy metal removal increased by 2-5% (Yang et al., 2016; Joseph et al., 2019). 
Techniques for eliminating heavy metals
Adsorption-based separation

Because of its low cost, high removal capacity, ease of use, and capability to regenerate the adsorbed 
heavy metal ions, the adsorption method has been described as a straightforward technique (Yang 
et al., 2019). Carbon-based nanoporous, chitosan, mineral and magnetic adsorbents are prominent 
in this separation method.
Due to their exceptional surface areas (500-1500 m2/g), carbon-based nanoporous adsorbents such 
as activated carbons (ACs), carbon nanotubes (CNTs) and graphene (GN) are widely used in heavy 
metal removal applications (Karnib et al., 2014). Oxidation, sulfuration and nitrogenation are the most 
widely applied techniques in carbon adsorption. According to Kumar et al. (2015), these techniques 
are used to improve pore structure, specific surface area, adsorption capacity, thermal stability and 
mechanical strength. Carbon-based adsorbents have become more expensive due to their various 
procedures, therefore researchers are working to create more effective and economical surface 
modification methods. One of the naturally occurring adsorptive polymers used to remove heavy 
metals is chitosan. However, some properties such as poor chemical and mechanical stability and 
biodegradability may affect how widely chitosan-based adsorbents can be used. Microorganisms can 
access oxidizable or hydrolyzable bonds in chitosan, which can lead to its biodegradation (Stafiej, 
2007).
Mineral adsorbents such as clay, zeolite and silica are known to be frequently used and considered 
suitable for the cost-effective removal of heavy metals (Gu et al., 2018). Clay, in particular, is desirable 
because it significantly reduces water pollution and improves water quality. Studies have shown that 
scientists often use ion exchange processes to remove heavy metals and physical or chemical adsorp-
tion with mineral adsorbents due to their low cost (Qasem et al., 2021) Typically, magnetic adsorbents 
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are made of magnetic materials with magnetic properties, such as iron oxide nanoparticles. After the 
adsorption process, they are easily removed from the solution by applying an external magnetic field 
(Mehtaa, 2015). As a result, the adsorption method provides effective heavy metal removal from waste-
water, reducing their concentrations to safe levels (Tamjidi et al., 2019). 
Membrane-based filtration and separation

The high efficiency, applicability, and simplicity of membrane separation techniques make them  vi-
able strategies for the removal of heavy metals. A permeable membrane is used in ultrafiltration; a 
membrane filtration technique to separate heavy metals according to gradients in concentration or 
pressure. In this method, ultrafiltration, nanofiltration, microfiltration, semi-permeable spiral-wound 
membranes, ion-exchange membranes will be examined.
In ultrafiltration, bigger particles, such as heavy metal ions, are retained while solvent molecules and 
tiny particles are selectively allowed to pass through a membrane with a particular pore size. The 
membrane acts as a barrier to movement, preventing particles larger than a given size threshold 
from passing through (Xiang et al., 2022).

Membranes for nanofiltration (NF) are essential to the treatment of wastewater. Because of their 
exceptional separation capabilities, they are frequently used in a variety of wastewater treatment-re-
lated operations (Abdel-Fatah, 2018). Regarding pore size range and separation capabilities, nano-
filtration (NF) is regarded as a technology that falls between reverse osmosis (RO) and ultrafiltration 
(UF) (Bellona, 2015). Compared to RO membranes, NF membranes have larger pores, but UF 
membranes have the largest pores (UF: 5–20 nm, NF: >1 nm, RO: 0–1–1 nm) (Xiang et al., 2022). 
Because NF membranes have a specified molecular weight cutoff (MWCO), solutes can be separat-
ed according to their molecular weight and size. The MWCO of NF membranes is higher than that 
of RO membranes, but lower than that of UF membranes. Water can have ions, dissolved particles, 
and chemical substances selectively removed using NF membranes (Mondal and Wickramasinghe, 
2008). 
Microfiltration is an adaptable and popular separation method that provides effective microbial con-
trol and particle removal in a range of applications. It offers a practical and affordable way to get rid of 
bacteria and particles smaller than microns from fluids, which enhances process effectiveness, pro-
tects the environment, and produces better-quality products. Membranes with pore sizes between 
0.05 and 10 microns are thought to be ideal for microfiltration. Numerous materials, including silica, 
zirconia, ceramics, polyamides, polypropylene, and composite materials, can be used to create MF 
membranes (Hakami Het al., 2020). 
Semi-permeable spiral wound membranes are used to filter heavy metals and other impurities from 
water in the reverse osmosis process. Reverse osmosis membranes can effectively limit the pas-
sage of suspended solids, ions and other unwanted substances due to  their small pore size (typically 
between 0.1 and 1 nm) (Garud et al., 2011). Clean water molecules can flow through these mem-
branes when water is pushed by high pressure, but contaminants are left behind and washed away 
as a trash stream (Lee et al., 2011).
Ion exchange membranes are alternately positioned in a direct current field in electrodialysis (ED). Ionic 
solutes are separated by ED using anion exchange membranes (AEM) and cation exchange membranes 
(CEM) (Xu and Huang, 2008). These two membrane types are alternately aligned in a membrane stack 
to form repeating units. These units consist of compartments with cation exchange membranes on the 
right and anion exchange membranes on the left. The membrane stack is powered by providing a differ-
ence in electrical potential using electrodes at either end (Van der Bruggen, 2015; Gurreri et al., 2020).
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Chemical-based separation

Chemical precipitation is a commonly employed technique for eliminating dissolved metals from solu-
tions, particularly in the treatment of process wastewaters containing hazardous metals. Particles are 
formed when soluble metal compounds undergo a chemical interaction with particular precipitating 
agents that turns them into insoluble forms. Then, using techniques like settling or filtering, these 
particles can be extracted from the mixture (Dahman, 2017). The kind and concentration of metals 
in the solution, the precipitating agent selected, the reaction conditions (particularly pH), and the 
possibility of other substances that could impede the precipitation reaction affect the efficiency of the 
chemical precipitation process (Ramakrishnaiah and Prathima, 2012). Coagulation and flocculation 
procedures are widely used in drinking water treatment due to their high effectiveness in reducing 
turbidity. The main objective of coagulation and flocculation processes is to collect colloids and other 
small particles present in water and form larger particles called flocs (Muruganandam et al., 2017). In 
the first stage, called coagulation, a coagulant is added to the water to reduce repulsive interactions 
between colloids, which eventually causes the particles to become unstable. The destabilized parti-
cles come together to form flocs in the subsequent flocculation stage due to attractive factors, such 
as van der Waals interactions (Ho et al., 2020). 
Gas bubbles are used as transporters in the flotation separation process. During this process, sus-
pended particulate matter adheres to the bubbles and rises to the surface of the aqueous solution, 
regardless of whether it is hydrophobic by nature or may become so through conditioning. It’s import-
ant to keep in mind that this upward motion defies gravity (Gharai and Venugopal, 2016). 

Microbial fuel cell technology
Interest in ecological and sustainable renewable energy sources has increased in recent years. 
Among these sources, bioenergy is the world’s fourth-largest energy source and can be derived 
from various forms of biomass (Kilinc and Catal, 2023, Arslan et al., 2020; Dahiya, 2020). A prom-
ising technology to address environmental pollution and energy needs is the MFCs (Sonmez et al., 
2024). They are especially beneficial, because they produce electricity, while yielding byproducts 
like methane (CH4), hydrogen (H2), and hydrogen peroxide (H2O2) from the chemical energy found in 
wastewater. Because of their ability to perform two tasks at once, MFCs can clean wastewater and 
recover energy, which makes them a viable option for both pollution reduction and energy recovery. 
MFCs have several advantages over conventional wastewater treatment techniques, such as lower 
energy consumption and less sludge production than aerobic treatment. Additionally, they exhibit 
adaptability in difficult circumstances like low substrate concentrations and temperatures (less than 
20°C), which can restrict the use of other treatment technologies. On the other hand, some of the 
drawbacks of MFCs are high cost, low power output, and short operational lifetimes of the technol-
ogy. These difficulties are exacerbated by problems like membrane fouling, catalyst instability, and 
the difficulty of maintaining microbe-based systems. Long-term dependability and efficiency of MFCs 
are impacted by cathode catalyst and membrane deterioration, which frequently limits the device’s 
lifespan. Furthermore, even though MFCs have a lower environmental impact than some other tech-
nologies, they still need to be carefully managed to avoid any unfavorable outcomes, such as the 
formation of byproducts and unstable systems. All things considered, MFCs have a lot of potential 
for producing energy and treating wastewater sustainably, although more research is required to get 
past the obstacles and improve their functionality (Naha et al., 2023; Guo et., 2020).
The MFCs utilize exoelectrogenic microorganisms, including bacteria, algae, and fungi present in 
the anode compartment made of carbon; a sturdy conductor, to create a biofilm structure on the an-
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ode. This process converts chemical energy derived from biomass into electricity or other chemical 
products in an electrochemical manner (Sukkasem, 2024; Fan et al., 2024; Kilinc and Catal, 2023; 
Akagündüz et al., 2022; Cebecioğlu et al. 2022). They are composed of two compartments separat-
ed by a proton exchange membrane: an anode chamber and a cathode chamber (Figure 1).

Figure 1.  The operat ing pr inciple of  the s ingle chamber microbial  fuel 
cel l  has been modif ied f rom Akagündüz et  a l . ,  (2022).

In the anode chamber, electroactive microorganisms adhere to a conductive electrode. The micro-
organisms form a biofilm in the anode chamber, which oxidizes organic compounds, releasing elec-
trons and protons. Protons and electrons released from the anode chamber flow through an external 
circuit to the cathode chamber where they combine with a terminal electron acceptor (usually oxy-
gen) to form water or other reduced products. This process produces an electric current that can be 
harvested for power generation. 
The anodic and cathodic reactions are presented below: 
		  Organic compound → CO2 + H+ (cathode) + e- (external circuit)

		  O2 + H+ (from cathode) + e- (external circuit) → H2O 

These two half-reactions lead to an overall reaction: 
Organic compound + O2 → CO2 + H2O + external power (Catal et al., 2018a; Lee et al., 2015; Pant 
et al., 2010).
The scaling-up process is one of the major obstacles in bringing MFCs to commercial applications, 
even with the technology’s successful demonstration in lab settings. It is not always possible to trans-
fer lab-scale reactor performance directly to field applications. For example, expanding the anodic 
chamber’s size can actually result in a decrease in overall performance, rather than a proportionate 
increase in power output. Moreover, increased internal resistances and cathode kinetics constraints 
mean that larger electrode surface areas do not always translate into higher power harvesting rates. 
Modular MFC units with sophisticated power management systems have been created to address 
these problems, but mass transport constraints and voltage reversal continue to be major roadblocks 
to the widespread adoption of this technology (Jadhav et al., 2021).
Notwithstanding these difficulties, studies on low voltage generation and the treatment of wastewa-
ter contaminated by pharmaceuticals are the two real-world applications where microbial fuel cells 
have proven effective (Akagündüz et al., 2022; Catal et al., 2018b). In addition, MFC technology has 
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successful applications in the recovery of ammonium and nitrogen from urine (Sharma and Mutnuri, 
2019), drug recovery (Akagunduz et al., 2022; Akul et al., 2022), biosensor studies used in water 
quality assessment (Adekunle et al., 2021), removal of toxic dyes from the environment (Cebecioğlu 
et al., 2022) and in removal of various pollutants from environment (Catal et al., 2019; Ozdemir et 
al., 2019). Microbial fuel cell is a promising technology for simultaneous removal of heavy metals 
from wastewater and electricity generation. In MFCs, heavy metals such as chromium, cobalt, cop-
per, silver, mercury, vanadium, gold and selenium are effectively reduced in the cathode chamber, 
while organic substrates serve as carbon and electron donors in the anode chamber. Numerous 
studies have investigated the presence of electrochemically active bacterial species in MFCs, with 
over 20 distinct species being identified. Notable examples include Aeromonas, Ochrobactrum, 
Arcobacter, Pseudomonas, Desulfuromonas, Desulfobulbus, Thermincola, Geothrix, Comamonas, 
Geopsychrobacter, Propionibacterium, Shewanella, Klebsiella, Enterobacter, Acidiphilium, 
Citrobacter, Rhodoferax, Rhodopseudomonas, Geobacter and Clostridium. These microorganisms 
have been widely observed in alum sludge or activated sludge (Catal et al., 2024; Wang et al., 2016). 
Aeromonas species are resistant to acid and are gram-negative bacteria that can be found in a 
variety of settings, including food, water, and soil. They are used in biotechnology, including in 
MFCs, despite being pathogenic. For instance, it has been demonstrated that A. hydrophila breaks 
down chitin to produce metabolites that improve MFCs’ ability to produce energy (Li et al., 2017). 
Ochrobactrum species are well-known for their capacity to produce electricity in MFCs and eliminate 
heavy metals like lead. In a two-chamber MFC, Ochrobactrum greatly enhanced power generation 
and eliminated 84.86% of Pb²+ (et al., 2023). Arcobacter species can reduce Fe and Mn in low oxy-
gen environments and are associated with diseases in humans and animals. In MFCs, Arcobacter 
butzleri demonstrated encouraging outcomes in the oxidation of acetic acid and the production of 
electricity (Fedorovich et al., 2009). A significant factor in MFCs and industrial applications are the 
exoelectrogenic qualities of Pseudomonas species. Using oily wastewater, P. citronellolis showed 
a significant reduction in COD and production of electricity in MFCs (Varnava et al., 2024). Sulfur 
and metals like iron and manganese are reduced by species of Desulfuromonas. They help MFCs 
form an anodic biofilm, which increases power density (Xu et al., 2023). According to Sun et al. 
(2009), Desulfobulbus species are essential for sulfate reduction and sulfide oxidation, which sustain 
continuous current production in MFCs. A thermophilic Gram-positive bacterium called Thermincola 
ferriacetica is well-known for its ability to transfer electrons directly and produce stable electricity at 
high temperatures in MFCs (Marshall and May, 2009). Geothrix fermentans is useful in MFCs for 
energy production, because it can oxidize organic acids and transfer electrons directly to electrodes 
(Bond and Lovley, 2005). It has been discovered that Comamonas species, which are significant in 
bioremediation, are essential for the production of electricity in MFCs contaminated with wastewater 
from fish markets (Padmanabhan et al., 2023). According to Holmes et al. (2004), Geopsychrobacter 
species are psychrotolerant bacteria that can transfer electrons to electrodes and grow in low tem-
peratures, enabling the production of electricity in MFCs. Propionibacterium species are classified 
into two groups: cutaneous and classical. The former is employed in a variety of industries. High 
power density MFCs have demonstrated successful performance from P. freudenreichii ssp. sher-
mannii (Reiche et al., 2015). The extracellular electron transfer capabilities of Shewanella species 
are noteworthy, because they improve MFC performance without the need for mediators. It has been 
demonstrated that S. oneidensis MR-1 can generate electricity from a variety of carbon sources (Dai 
et al., 2020). Significant pathogens, Klebsiella species are also investigated for their potential to pro-
duce energy in MFCs. Shewanella oneidensis and Klebsiella pneumoniae worked together to pro-
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cess glycerol in MFCs to efficiently produce energy (Li et al., 2017). Enterobacter species play a key 
role in the generation of biohydrogen and bioremediation. In MFCs, Enterobacter sp. was employed 
as a sensor to track the production of hydrogen and the health of the microbiota (Lim et al., 2022). 
Certain acidophilic bacteria that can reduce iron are called Acidiphilium species. Borole et al. (2008) 
reported that A. cryptum was effectively employed as an anodic biocatalyst in MFCs, thereby aug-
menting power output in low pH conditions. Because of their capacity to decrease iron, Citrobacter 
species have demonstrated potential in MFC applications. Citrobacter sp. LAR-1 produced electricity 
in MFCs with success (Liu et al., 2016). With the capacity to produce a sizable current density in 
MFCs using sugars as fuel, Rhodoferax ferrireducens is essential in anaerobic conditions (Liu et al., 
2006). In microbial electrochemical cells fed with acetate, Rhodopseudomonas palustris strain RP2 
is well known for its capacity to break down hydrocarbons and produce energy (Venkidusamy and 
Megharaj, 2016). In MFCs, Geobacter species are renowned for having a high potential for electrical 
output. When nanofluid proteins were overexpressed, G. sulfurreducens generated more electric-
ity, demonstrating their importance in bioremediation and energy production (Wang et al., 2023). 
Firmicute bacteria, such as Clostridium species, have thick cell walls that allow them to survive in 
challenging conditions. In MFCs, Clostridium butyricum has been utilized, and after 10 hours of inoc-
ulation, it produced a maximum current of 0.22 mA (Cao et al.,2019). These microbes are important 
for the biological and electrochemical processes that are necessary for the removal of metal from 
MFCs, in addition to help generate electricity.
Metal removal in MFCs involves a variety of biological and electrochemical processes. Direct metal 
reduction is where certain microorganisms have the ability to directly convert metal ions from high 
to low oxidation states through their electron transfer capacity. Bacteria such as Shewanella and 
Geobacter are notable for their use of extracellular electron transfer mechanisms to accomplish this 
reduction. Additionally, metal removal can occur indirectly via metabolic pathways. Microorganisms 
utilize organic substrates, such as wastewater contaminants or electron donors, as a source of car-
bon and energy. As they metabolize the organic matter, metabolic byproducts like organic acids or 
hydrogen sulfide are produced, which can react with metal ions to form less soluble precipitates such 
as metal sulfides or metal hydroxides. These precipitates are more easily separated from the soluble 
fraction, resulting in metal removal from the system. Biofilm formation on electrode surfaces within 
MFCs plays a significant role in metal removal. In MFCs, biofilm growth on the electrode surfaces is 
crucial to the removal of metal. Complex bacterial colonies that stick to surfaces are called biofilms. 
Biofilms let cells communicate with each other and regulate the admission of heavy metals and other 
hazardous materials from the outside. To protect themselves, bacteria in biofilms create metal-bind-
ing proteins such metallothionein (MT) and extracellular polymeric substances (EPS). When heavy 
metals enter the cell, these proteins respond by sequestering the metals within the cell. As a result, 
they offer stable complexes and lessen cellular toxicity. Zinc removal has been found to be signifi-
cantly aided by the MT SmtA protein generated by the cyanobacterium Synechococcus elongates 
(strain PCC7942). According to a different study, MTs produced by the Mycobacterium tuberculosis 
(strain H37Rv) strain are crucial for the elimination of copper. Certain microorganisms produce re-
dox-active compounds known as electron shuttles or mediators. These compounds indirectly trans-
fer electrons from microorganisms to metal ions, enhancing the reduction process. This mediated 
electron transfer mechanism allows for the utilization of microorganisms that may not directly interact 
with the metal ions , but still contribute to metal removal through shuttle-mediated electron transfer. In 
MFCs, a diverse microbial community with varied metabolic capabilities is often present. Synergistic 
interactions among microorganisms occur, where one group of microorganisms provides reducing 
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equivalents or metabolites that are utilized by other microorganisms involved in metal removal pro-
cesses. These cooperative interactions contribute to the overall efficiency of metal removal in MFCs 
(Roy et al., 2023; Noori et al., 2022; Abbas et al., 2017; Rabaey et al., 2007; Rabaey et al., 2004). 

Methods
This review paper primarily focuses on the application of MFCs for the removal of heavy metals. We 
searched a number of databases, including PubMed, Web of Science, and Academia, adhering to 
PRISMA principles. In light of papers published by researchers in the previous 30 years, we searched 
the aforementioned databases using the following keywords: microbial fuel cell, heavy metal remov-
al, wastewater treatment, sustainable energy generation, and metal reduction processes. Using the 
PRISMA checklist, reviewers independently chose reviews, extracted data, and evaluated the in-
cluded reviews’ methodological quality. In order to settle differences and come to a consensus, the 
researchers presented and debated these results.
The literature presents numerous studies on metal removal using microbial fuel cells. Presents stud-
ies reveal the potential of MFCs as innovative technologies that provide dual benefits in both energy 
production and wastewater treatment (Table 3). 
Table 3. Summary of various studies conducted on heavy metal removal using microbial fuel cells.

Study Metal
Microbial 
Species

MFC 
Configuration

Electron Donor
Metal 
Concentration

pH 
Range

Maximum 
Removal 
Efficiency

Maximum 
Power 
Output

Zhang 
et al. 
(2021)

Chromium 
Cr(VI)

Anaerobic 
sludge

Double-
chamber MFC

Sodium acetate
6-15-40-100 
mg.L-1

7 66.5% 35.3 mWm-2

Wang 
et al. 
(2008)

Chromium 
Cr(VI)

Domestic 
wastewater

Double-
chamber MFC

Sodium acetate 100 mg.L-1 2-6 100% 0.150 Wm-2

Huang 
et al. 
(2013)

Cobalt 
(Co(III))

Domestic 
wastewater

MFC 
with
LiCoO2 elec-
trodes

Sodium acetate 50 mg.L-1 1-3
99.1% (con-
version ratio to 
soluble Co(II))

298 mWm-3

Heijne 
et al. 
(2010)

Copper
(Cu)

Mixed microbial 
culture from op-
erating MFCs

Double-
chamber MFC 

Sodium acetate 1000 mg.L-1 3
99.88% (anaer-
obic), 99.95% 
(aerobic)

0.43 Wm-2 
(anaerobic), 
0.80 Wm-2 
(aerobic)

Tao 
et al. 
(2011)

Copper
(Cu(II))

Mixed microbial 
culture from op-
erating MFCs

Membrane-
free bio elec-
trochemical 
system

Sodium acetate 600-2000 mg 2
91.95% and, 
47.54% respec-
tively.

0.585 mW 

Zhang 
et al. 
(2009)

Vanadium
(V(V))

Anaerobic 
granular sludge

Double-
chamber MFC

Glucose 500 mg.L-1 2 25% 0.572 Wm-2

Wang 
et al. 
(2011)

Mercury
(Hg(II))

Domestic 
wastewater

Double-
chamber MFC

Sodium acetate 25-100 mg.L-1 2
98.2% and, 
99.5% respec-
tively.

0.433 Wm-2

Choi 
and Hu 
(2013)

Gold 
(Au(III))

Mixture sludge 
with artificial 
wastewater

Double-
chamber MFC

Tetrachloroaurate 100-2000 mg.L-1 1-6.5 99.8% 6.58 Wm-2

Catal 
et al. 
(2009)

Selenium 
(Se(IV))

Domestic 
wastewater

Single-
chamber MFC

Acetate        
or glucose

50-200 mg.L-1 7 99% 2.90 Wm-2
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Yang 
et al. 
(2021)

Copper (Cu)
Anaerobic 
sludge and, 
Chlorella  

Three-chamber 
MFC

Sodium acetate 30 mg.L-1
not 
specified

99%  0.42 Wm-2

Zhang 
et al. 
(2020)

Copper (Cu)
Anaerobic 
sludge

Three-chamber 
MFC

Glucose 500 mg.kg-1 2

94.78%
(with 1 mol.L-1 

HCL)

363.04 
mWh-1(with 
1 mol.L-1 

HCL)

Zhang 
et al. 
(2023)

Lead
(Pb2+)

Ochrobactrum-
related strain 
CD-1

Double-
chamber MFC

Sodium acetate, 
sodium citrate 
and, glucose 
respectively  

2500 mg.L-1 
not 
specified

52.3%,37.5% 
and, 19.2% 
respectively 

371.0 
mWm-2(with 
sodium 
acetate)

Munoz-
Cupa 
and 
Bassi, 
(2023)

Cu(II), 
Mg(II),
Mn(II),
Zn(II) and, 
Na (I) re-
spectively

Shewanella 
oneidensis 
MR-1

Double-
chamber MFC

Sodium lactate

13.5, 7.5, 415, 
10.5 and, 2410 
mg.L-1 respec-
tively

7

93%, 85%, 
93%, 88% and, 
36% respec-
tively (for anode 
chamber)

517.6 mV

A study by Zhang et al. (2021), focused on the removal of chromium (Cr(VI)) in a dual-chamber 
MFC system with electrochemically active bacteria and an abiotic cathode and its effect on power 
generation. The findings revealed that the MFC system with an abiotic cathode exhibited high 
efficiency in removing heavy metals, particularly Cr(VI), achieving a maximum removal rate of 
66.5%. Furthermore, the MFC system simultaneously generated electricity, with the highest power 
density of 35.3 mW m-2 observed at an initial concentration of 100 mg L-1 Cr(VI). Similarly, Wang et 
al. (2008), investigated the removal of Cr(VI) using a dual-chamber MFC with graphite plates for 
both cathode and anode. The electron donor used was sodium acetate at a concentration of 2.64 g 
L-1. The study used four different initial concentrations of K2Cr2O7, and the pH range was 2-6. The 
study found that the system removed Cr(VI) with 100% efficiency at a concentration of 100 mg L-1 

in 150 hours. The maximum power output was 0.150 W m-2 at a concentration of 200 mg L-1 Cr(VI) 
and pH 2. 
In another study, Huang et al. (2013), investigated the removal potential of cobalt (Co(III)) from 
contaminated water using LiCoO2 particles as electrode material and sodium acetate as electron 
donor in dual chamber MFC. The conversion of insoluble Co(III) with a solid/liquid ratio of 50 mg L-1 
to soluble Co(II) was investigated using a resistor of 2000 Ω in the pH range of 1-3. The researchers 
reported that 99.1% of insoluble Co(III) was converted from soluble CO(II) at the end of 48 hours. 
They also reported that the power generation was 298 mW m-3 at a resistor of 2000 Ω.  
Heijne et al. (2010), investigated copper removal and maximum power generation in a dual chamber 
MFC using sodium acetate as electron donor. The researchers used two different systems, anaero-
bic and aerobic cathode. They reported that 99.88% removal of copper with a concentration of 1000 
mg L-1 was achieved in 6 days in the anaerobic cathode. They reported that 99.95% removal of 
copper with a concentration of 1000 mg L-1 was achieved in 7 days in the aerobic cathode. They also 
reported that the maximum power generation was 0.43 W m-2 in the anaerobic cathode and 0.80 W 
m-2 in the aerobic cathode. 
Tao et al. (2011), conducted a study on copper (Cu(II)) removal and power generation in a 16 mL 
volume bioelectrochemical system (BES) without a membrane. They used anaerobic microorgan-
isms and CuSO4 as a catholyte solution in the system. The researchers worked on two concentra-
tions, 600 and 2000 mg, and operated for 480 hours and 672 hours, respectively. As a result, they 
reported that the removal efficiency of 600 mg Cu(II) was 91.95% and 2000 mg Cu(II) was 47.54%. 
They reported that the maximum power generation in the system was 0.585 mW at 2000 mg Cu(II) 
concentration and pH 2.

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorella
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Zhang et al. (2009), investigated vanadium(V(V)) removal and maximum power generation in a dual 
chamber MFC system (500 mL volume, pH 2) with the anode chamber (250 mL) containing 100 mg 
L-1 sulfur and the cathode chamber containing 500 mg L-1 V(V). As a result, the researchers reported 
that the removal of sulfur and organics was 84.7% and the reduction ratio of V(V) was 25.3% within 
72 hours. They also reported that the maximum power generation was 572.4 mW m−2. 
In another study, Wang et al. (2011) investigated the removal of mercury (Hg2+) from artificial waste-
water using a double chamber MFC system (120 mL anode chamber, 120 mL cathode chamber), 
and reported that the removal efficiency of Hg2+ in the concentration range of 25 -100 mg L-1 was 
98.2-99.5% in 10 hours. They also reported that the maximum power output was determined as 
0.433 W m-2 at a concentration of 100 mg L-1 Hg2+.
Choi and Hu (2013), investigated the removal of gold (Au(III)) and maximum power output using 
double chamber MFC. Tetrachloroaurate was used as electron acceptor in the study. They investi-
gated the removal of Au(III) ranging from 100 to 2000 mg L-1 at pH 2. As a result, they determined 
that the removal efficiency of 99.8% could be achieved at 2000 mg L-1 concentration of Au(III) in five 
days. They also reported that the maximum power generation at 2000 mg L-1 Au(III) concentration 
was 6.58 W m-2

The study by Catal et al. (2009), investigated the removal of selenium (Se(IV)) from water using 
a single-chamber MFC with a carbon cloth anode and a coated carbon cloth cathode. Acetate or 
glucose was used as the electron donor, and SeO32- was used as the metal salt at concentrations 
ranging from 50 to 200 mg L-1 Se(IV) at a pH of 7. The results showed that using an acetate-fed 
microbial fuel cell, 99% of 75 mg L-1 Se(IV) could be removed within 48 hours. The maximum power 
output was 2.90 W m-2 at a Se(IV) concentration of 25 mg L-1.

Yang et al. (2021) established a three-chamber MFC supported by algae (Chlorella)  to assess the 
removal efficiency of copper (Cu2+) and electricity production. With a starting concentration of 30 mg 
L-1 Cu2+, the first cathodic chamber removed about 86.2% of the Cu2+, with the remaining amount 
being absorbed by algae. This resulted in a 99.9% removal efficiency for the entire system. The re-
searchers reported that the anode and cathode potentials were affected by the Cu2⁺ concentration, 
with the uptake of Cu2+ by algae being a significant factor. The maximum power density was mea-
sured to be approximately 0.42 W/m².
A three-chamber microbial fuel cell (TC-MFC) was employed in Zhang et al. (2020) study to examine 
the removal of copper and the production of electricity. In the investigation, auxiliary reagents such 
as 1 mol L-1 HCl, citric acid, and acetic acid at varying concentrations (0.05–1.0 mol L-1) were used 
to test TC-MFC, which included anodic, cathodic, and soil chambers. The initial preparation of the 
soil sample included 500 mg kg-1 of copper contamination. The application of 1 mol L-1 HCl produced 
the greatest electricity generation (363.04 mW h) and copper removal efficiency (94.78%) over the 
course of the 74-day experiment. According to the study, the most effective auxiliary reagent for re-
moving copper from the TC-MFC system was 1 mol L-1 HCl, which also produced excellent efficiency.
Zhang et al. (2023) used Ochrobactrum-related strain CD-1 to investigate the effects of various car-
bon sources (sodium acetate, sodium citrate, and glucose) on power density and their efficacy on 
Pb2+ removal in a dual-chamber MFC system. Using sodium acetate allowed for the study’s highest 
power density of 371.0 mW m-² to be achieved in less than 6 hours. When glucose and sodium citrate 
were used, lower potentials and power densities were noted, with the claim that glucose in particular 
significantly slowed down the production of power. Furthermore, Pb2+ removal efficiency with sodium 
acetate was reported to be 52.3%, with sodium citrate to be 37.5%, and with glucose to be 19.2%.

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorella
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Munoz-Cupa and Bassi (2023), used a dual-compartment microbial fuel cell inoculated with 
Shewanella oneidensis MR-1 in the anode compartment to investigate heavy metal removal and 
simultaneous energy production. The study employed synthetic wastewater that included phenol, Cu 
(II), Mg (II), Mn (II), Zn (II), and Na from refinery processes. In the anode compartment, the maximum 
open circuit voltage at a concentration of 5 (13.5, 7.5, 415, 10.5 and, 2410 mg L-1 respectively) was 
517.6 mV, whereas in the cathode compartment, it was observed to be 27.7 mV. At the anode, the 
metal removal efficiencies for Cu (II), Mg (II), Mn (II), Zn (II), and Na were 93%, 85%, 93%, and 36%, 
respectively. 98% of Cu (II), 49% of Mg (II), 57% of Mn (II), 59% of Zn (II), and 36% of Na were re-
moved in the cathode compartment.
Because different techniques and system configurations are employed in different studies on metal 
removal in MFCs, notable discrepancies are observed. Research focusing specifically on the elim-
ination of copper and chromium metals has demonstrated these variations. The evaluations con-
ducted for chromium include noteworthy examples from Zhang et al. (2021) and Wang et al. (2008). 
Zhang et al. (2021) removed chromium with 66.5% efficiency in a dual-chamber MFC system. Wang 
et al. (2008), on the other hand, attained 100% efficiency in a dual-chamber MFC system at a lower 
metal concentration. This could be attributed to various factors, including the system’s pH range and 
the electrode materials employed (Saravanan et al., 2022). 
Heijne et al. (2010), Tao et al. (2011), Yang et al. (2021), Zhang et al. (2020), and Munoz-Cupa and 
Bassi (2023) are a few examples of studies on copper removal in MFCs. Heijne et al. (2010) used 
both aerobic and anaerobic cathodes to remove copper, and they were successful in both systems 
with high efficiencies: anaerobic cathodes produced 99.88% efficiency, while aerobic cathodes pro-
duced 99.95% efficiency. By contrast, Tao et al. (2011) found that when using a membraneless sys-
tem at high copper concentrations (2000 mg L-1), the efficiency was 47.54%. Long-term studies and 
the absence of a membrane in the system could be the cause of this low efficiency (Du et al., 2007; 
Saravanan et al., 2022). Using various MFC configurations and carbon sources, Yang et al. (2021) 
and Zhang et al. (2020) studies also achieved successful results in copper removal. Zhang et al. 
(2020) used 1 mol L-1 HCl to achieve 94.78% removal, while Yang et al. (2021) used a three-cham-
ber MFC to achieve 99% efficiency. Munoz-Cupa and Bassi (2023) worked on copper with different 
metals, achieving 93% efficiency. The variations in MFC configurations, carbon sources, and metal 
concentrations employed could be the cause of these removal efficiencies discrepancies (Du et al., 
2007; Jatoi et al., 2020). Additionally, the variety of microorganism sources used may have an impact 
on the removal efficiency. Other researchers used different microbial mixtures, but Munoz-Cupa and 
Bassi (2023) used the Shewanella oneidensis MR-1 strain for copper removal. Utilizing a mixed mi-
crobial consortium has been shown in earlier research to improve metabolic cooperation and aid in 
the development of a biofilm layer, thereby improving MFC performance (Nevin et al., 2021). 
Research on other metal species yields results that are likewise quite variable. For instance, Huang 
et al. (2013) found that cobalt had a high conversion rate. Working with gold, Choi and Hu (2013) pro-
duced a high-power output (6.58 W/m²) and removal efficiency (99.8%). Selenium removal efficiency 
of 99% was attained by Catal et al. (2009); however, the efficiency of the single-chamber system may 
have differed based on the carbon source and pH levels (Saravanan et al., 2022; Jatoi et al., 2020). 
These variations rely on how different metal removal and energy production systems are designed 
and used. A number of variables affect efficiency and power output, including the types of microor-
ganisms used, pH range, metal concentration, and materials used in MFC systems. Therefore, each 
study’s unique conditions and methodology should be considered when evaluating the results.
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Conclusions
In the developing world, the need for water is increasing along with water pollution. One of the main 
causes of water pollution is heavy metal pollution from various sources. Heavy metals must be elim-
inated from wastewater because of their toxic and cancer-causing properties, which endanger eco-
systems and humans alike. The removal of heavy metals is influenced by numerous variables and 
techniques. These factors are pH, ionic strength, temperature and organic matter. Enhancing these 
parameters can lead to better metal removal performance from MFC. The interaction between heavy 
metal properties and these factors should be considered separately. Evaluating the strengths and 
weaknesses of each technique highlights the need for innovative and economically viable alternatives 
such as MFCs. The MFCs are a cutting-edge technology that extracts heavy metals from wastewater 
in addition to producing electricity. In MFCs, organic substrates act as electron donor in the anodic 
chamber and reduce heavy metals in the cathodic chamber. Metals are metabolized by microorgan-
isms via a variety of pathways, such as electron shuttling aided by redox-active substances, biofilm 
formation on electrode surfaces, direct metal reduction, and synergistic interactions among microbial 
communities. Research revealed that a variety of heavy metals, including chromium, cobalt, copper, 
vanadium, mercury, gold, selenium, lead, magnesium, manganese, zinc, and sodium could be effec-
tively removed by dual- and single-chamber MFCs, while also producing electricity. These MFCs were 
able to achieve high removal efficiencies, which ranged from 25% to 99.95%. This efficiency range 
is dependent on the particular contaminant being targeted, the contaminant’s concentration, and the 
operational parameters (pH, temperature, etc.). Additionally, MFCs showed a broad range of power 
outputs, typically ranged from 0.15 W/m² to 6.58 W/m², depending on the particular configuration and 
conditions. Even under difficult circumstances, MFCs have benefits like lower energy consumption 
and less sludge production. However, obstacles like exorbitant expenses, low power output, problems 
with catalyst degradation and membrane fouling compromise their long-term viability. The scalability 
issue with MFCs is an additional drawback. The performance of laboratory-scale reactors cannot 
always be directly applied to field settings. When scaling, expanding the anode chamber’s size could 
result in leaks in the anode chamber or a drop in overall performance instead of a proportionate in-
crease in power output. To solve these issues, scalability studies require more research. Combining 
MFCs with other techniques for treating wastewater could be an additional option.

Future perspectives
The field of heavy metal removal in MFCs holds promising future prospects. Advancements in MFC 
technology, along with ongoing research efforts, are expected to further enhance the efficiency and 
effectiveness of heavy metal removal from wastewater. Future studies may focus on optimizing MFC 
configurations by exploring novel electrode materials, improving electron transfer kinetics, and en-
hancing the catalytic activity of biocatalysts. Additionally, the development of tailored microbial con-
sortia with enhanced metal-reducing capabilities could improve the removal efficiency for specific 
heavy metals. Further investigation into the impacts of factors such as pH, metal concentrations 
and, temperature on MFC performance will enable a better understanding of their influence and 
facilitate the design of optimized MFC systems. Moreover, exploring sustainable and renewable 
electron donors, such as organic waste streams or renewable energy sources, could enhance the 
environmental and economic viability of MFC-based heavy metal removal. Overall, with continued 
research and technological advancements, microbial fuel cells have a promising future for efficient 
and sustainable heavy metal removal, contributing to the development of environmentally friendly 
wastewater treatment strategies.
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R E V I E W

Application of salt-assisted liquid-liquid 
extraction in bioanalytical methods

Abstract

This review provides a comprehensive analysis of bioanalytical meth-
ods employed for the quantification of drug molecules in various biolog-
ical matrices, including human plasma, urine, breast milk, and mouse 
plasma. The study not only examines traditional sample preparation 
techniques such as protein precipitation (PP), liquid-liquid extraction 
(LLE), and solid-phase extraction (SPE), but also delves into the rel-
atively new and innovative salting-assisted liquid-liquid extraction 
(SALLE). It offers a thorough comparison of analytical methods utilizing 
SALLE, focusing on key parameters such as analysis time, calibration 
range, and the type and quantity of salts and organic solvents used. 
This review aims to serve as an essential resource for researchers 
and practitioners in selecting the most suitable bioanalytical methods 
for pharmacokinetic studies and drug monitoring, ultimately enhancing 
data quality and analytical efficiency in both clinical and research set-
tings.
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Introduction
Bioanalytical methods are analytical methods that have the purpose of establishing the appropriate 
dosing schedule by considering the pharmacokinetic variability between individuals, performing 
routine drug analysis, detecting the abuse of drugs, and evaluating pharmacokinetics in new 
drug discovery. Since analyte concentrations are very low, the method must meet guidelines for 
reproducibility, accuracy, selectivity, and precision (Nováková & Vlčková, 2009). A bioanalytical 
method consists of 3 parts. These are the collection of the sample (serum, hair, saliva, blood, organ 
tissue, plasma, urine, feces), sample preparation, which is a crucial step to improve the performance 
of the method and minimize the matrix effect, and sample analysis (Moein et al., 2017). Bioanalyses 
are considered quite complex and difficult, because biological matrices are highly complex and the 
amount of analyte is quite low (Nazario et al., 2017). Sample preparation is an essential step to 
isolate the analyte from the matrix, minimize the matrix effect, and enrich the analytes if necessary 
(Li et al., 2019). It has a significant impact on data quality, analysis throughput, and employee 
satisfaction (Chang et al., 2007). This step should have the following goals: minimize or eliminate the 
consumption of hazardous and toxic organic solvents, reduce sample volume, reduce extraction time 
and increase yield, and should be easily implementable (Kabir et al., 2017). It is widely recognized 
that converting a sample into a format compatible with analytical instrumentation is the most time-
consuming, labor-intensive, and error-prone step. This conversion can be as simple as dilution or 
filtration or can involve multi-step procedures (Clark et al., 2016; Theodoridis & Papadoyannis, 2006). 

Sample Collection 

Sample collection in bioanalyses has a critical role in maintaining the stability of the analyte in the 
sample matrix. This process involves the collection, processing, storage and transport of samples and 
often samples are collected from different facilities or laboratories and shipped worldwide (Pawula et 
al., 2013). Therefore, the handling and transport of samples needs to be meticulously planned and 
implemented. In bioanalysis, it is important that analyte concentrations in samples accurately reflect 
the concentrations at the time of collection. For this purpose, it may be necessary to use stabilizers to 
prevent degradation or non-specific binding of analytes (Hilhorst et al., 2015). In recent years, clinical 
laboratories and pharmaceutical manufacturers have shown a marked increase in interest for drug 
analysis in biological fluids. An increasing focus in clinical chemistry and forensic toxicology is the 
use of alternative samples. Sweat, hair and oral fluids are some of the non-traditional samples that 
have attracted attention.  The collection of oral fluids from these samples does not require the same 
level of expertise as blood sampling, but physiological factors can still lead to fluid deficiencies(Fura 
et al., 2003). Moreover, the intake of certain foods and the use of techniques that stimulate oral 
fluid production can influence drug concentrations. The clinical acceptance of monitoring drug levels 
in oral fluids is limited to a few drugs, as the correlation between plasma and oral fluid levels is 
not sufficiently strong (Elmongy & Abdel-Rehim, 2016). Pharmacokinetic and metabolism studies 
typically involve monitoring drug and metabolite concentrations in samples such as plasma, urine, or 
bile, which are stored, processed and analyzed after collection (Fura et al., 2003).

Conventional sample preparation techniques

Techniques such as liquid-liquid extraction (LLE), protein precipitation (PP), and solid phase extraction 
(SPE) were historically prevalent in sample preparation, but are now regarded as traditional methods. 
In recent years, there has been a swift advancement in innovative sample preparation techniques 
within the realm of bioanalysis (Kole et al., 2011).
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Protein precipitation is a technique that uses water-miscible organic solvents to denature and 
agglutinate proteins, thereby removing analytes from plasma samples. In this process, proteins 
are usually precipitated by disrupting their hydrogen bonds with solvents such as acetonitrile or 
methanol, which helps to eliminate interferences from large molecules (Ma et al., 2008). The protein 
precipitation method is widely preferred due to its low cost, rapid results and allows rapid development 
of analyses, especially in preclinical pharmacokinetic studies of drug discovery (Ping et al., 2022). 
Furthermore, it provides sufficient purity for LC-MS analyses and, when the number of samples 
is large, the process can be more efficient and automated, with the use of 96-well plate structure 
(Zhang et al., 2022). However, this method also has some negative aspects. Steps requiring manual 
handling may prevent full automation of the process and limit the capacity of the operator to perform 
other tasks in parallel (Ping et al., 2022). Furthermore, due to the sensitivity of proteins to different 
denaturation conditions, complete precipitation of some proteins may be difficult, which may prevent 
complete separation of analytes with unwanted proteins (Nfor et al., 2011). Therefore, although 
the protein precipitation method is practical in the laboratory environment, it has some limitations, 
especially in large-scale and high-sensitivity studies.

LLE is a commonly utilized clean-up method for extracting compounds from aqueous samples. This 
technique facilitates the transfer of target compounds between phases by bringing immiscible or only 
partially soluble liquids into contact. Moreover, LLE is recognized as one of the most traditional and 
extensively applied methods in sample preparation for both qualitative and quantitative analysis, 
making it a preferred choice for sample pretreatment in various analytical methods (Cantwell & 
Losier, 2002; Lorenzo-Parodi et al., 2023). The main advantages of this method include its simplicity, 
low costs, and ease of scale-up (Mazzola et al., 2008). LLE also exhibits several limitations. The 
process demands significant quantities of organic solvents, which often possess toxic characteristics 
and present environmental and health hazards. Moreover, it is recognized as a process that requires 
considerable time and effort from the analyst, thereby increasing the likelihood of human error 
(Lorenzo-Parodi et al., 2023). To overcome these disadvantages, different strategies have been 
proposed and utilized. These strategies aim to minimize the occurrence of errors by reducing solution 
consumption, minimizing waste generation, and limiting operator intervention and exposure (Silvestre 
et al., 2009). In conclusion, although liquid-liquid extraction is a common and effective cleaning 
technique, more sustainable alternatives need to be developed, considering the environmental and 
operational challenges. 

SPE is a common method employed for sample preparation aimed at isolating specific analytes, 
typically from a mobile phase. During this process, analytes are captured in a solid phase and 
stay there for the duration of the sampling. These analytes are then retrieved from the solid phase 
through thermal desorption into a liquid phase. The primary objectives of SPE include enhancing 
the concentration, purifying the sample, and moving analytes from the original sample matrix to an 
alternative solvent phase (Poole, 2003). SPE has become a popular sample preparation method of 
choice in many applications, because it offers many advantages over other conventional methods. 
The technique has been developed as an alternative that eliminates the use of large quantities 
of solvents, long processing times and procedural steps, as well as potential sources of error. 
Furthermore, SPE can be used in combination with other analytical methods and sample preparation 
techniques (Ötles & Kartal, 2016). However, SPE also has some disadvantages, including the 
difficulty of mastering the technique, the perceived complexity of the method due to the large number 
of options for changing solvent and pH conditions, the need for additional time due to the need for 
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several steps, and the generally higher cost compared to simple LLE (Płotka-Wasylka et al., 2015).

Salting-assisted liquid-liquid extraction

Salting consists of incorporating an electrolyte into an aqueous solution to improve the solute’s 
distribution (Sazali et al., 2019). Salting-assisted liquid-liquid extraction (SALLE) utilizes the principle 
of separating water-miscible organic solvents from aqueous biological fluids, such as plasma, to 
facilitate the extraction of a diverse array of drugs and metabolites, including various hydrophilic 
compounds. The resulting organic phase can be employed directly for bioanalysis or may require 
minimal dilution. SALLE offers a more straightforward approach compared to protein precipitation 
and yields cleaner extracts due to effective phase separation. Moreover, SALLE is noted for being 
quicker, more eco-friendly, and cost effective compared to traditional liquid-liquid extraction (LLE) 
and solid-phase extraction (SPE). In the SALLE process, incorporating inorganic salts like sodium 
chloride, sodium sulfate, or magnesium sulfate into the mixture induces the separation of organic 
solvents such as methanol, isopropanol, acetone, ethanol, and acetonitrile, creating a two-phase 
system (Martins et al., 2024; Tang & Weng, 2013). When these salts are used, the salting-out 
effect boosts the solution’s ionic strength, reducing the solubility of weak electrolytes in water. This 
process enhances the extraction of target analytes into the organic phase, achieving high efficiency 
for extracting polar or moderately polar compounds from aqueous samples. Additionally, SALLE 
methods ensure compatibility of extraction solvents with most analytical instruments, particularly 
chromatographic systems, allowing direct injection of the extract for subsequent analysis (Bekele et 
al., 2023).

Bioanalysis

Bioanalytical techniques have undergone significant advancements over the years. Previously, 
chromatography HPLC-UV detection was regarded as the gold standard, but recently it has 
been largely replaced by tandem mass spectrometry (MS/MS).(Nováková, 2013). Today, mass 
spectrometry is considered the gold standard for bioanalytical studies, as it is a highly sensitive and 
specific method (Douxfils et al., 2016). Although LC-MS/MS has been recognized as a powerful 
method of analyses, it has disadvantages such as matrix effect, ion suppression or enhancement, 
and interferences from metabolites (Matuszewski et al., 2003). GC-MS is one of the most widely 
used analytical techniques for identifying and quantifying substances in complex matrices. It has 
many applications in environmental science, forensics, healthcare, medical and biological research 
(Sparkman et al., 2011). Volatile and low molecular weight analytes can be analyzed directly in GC-
MS, but if the analyte contains polar functional groups oris not thermally stable at the temperatures 
required for separation, or  non-volatile, derivatization must be performed before analysis (Koek et 
al., 2011).

Table 1. The methods presented in the literature.

References Instrument Matrix Calibration 
Range LLOQ Analysis 

Time

Salt 
type and 
amount

Organic 
solvent 

type and 
amount

(Gupta et al., 
2010) HPLC-UV Plasma

amoxapine: 
0.0025–15 mg/L  

 nortriptyline: 
0.0025–15 mg/L

0.0025 mg/L 12 min
2.5 g of 

ammonium 
sulphate

0.5 mL 
acetonitrile
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(Kul & Sagirli, 
2023b) GC-MS Plasma

Biperiden:

0.5 and 15 ng/mL
0.5 ng/mL 8 min 200 mg 

NaCl
300 μl 

acetone

(Pourhossein 
& Alizadeh, 

2018)
HPLC-UV Plasma

Carvedilol:

5-500 μg/L
3.3 μg/L 12 min 1.5 gr NaCl 1.5 ml 

acetonitrile

(Al et al., 
2024) LC-MS/MS Plasma

Haloperidol:

1-15 ng/ml
1 ng/ml 4 min 200 mg 

NaCl
300 μl 

acetonitrile

(Hammad et 
al., 2021) HPLC-UV Plasma

Alogliptin:

0.1–50 µg/mL
0.06 µg/mL 8 min 250 mg 

NaCl
500 µL 

acetonitrile

(Manousi et 
al., 2022) HPLC-DAD Urine

Piroxicam-
Meloxicam:

0.1–4.0 μg/mL

0.1 μg/mL 15 min

480 μL 
(2.5 M) of 
sodium 
sulfate

600 µL 
acetonitrile

(Myasein et 
al., 2009) LC-MS/MS Plasma

Lopinavir: 19.2-
16 ng/mL 

ritonavir: 9.73-
8110 ng/mL

Lopinavir: 20 
ng/mL 

ritonavir: 10ng/
mL

0.40 
min

100 L of 
3 M zinc 
sulfate

200 μL of 
acetonitrile

(Zhang et al., 
2010) LC-MS/MS Plasma

“simvastatin

simvastatin 
acid”0.097-51.1 

ng/mL

0.094 ng/mL 2 min

50 μL o5 M 
ammonium 

formate 
buffer

200 μL of 
acetonitrile

(Xiong & 
Yang, 2015) LC-MS/MS rat 

plasma

trimetazidine

0.1–100 ng/mL
0.1 ng/mL 2.5 min

25 μL 
of 5 M 

ammonium 
formate

100 μL of 
acetonitrile

(Kvamsøe et 
al., 2020) LC-MS/MS blood

Tacrolimus:  
0.4–85 ng/mL 

Sirolimus: 1.4–84 
ng/mL 

Everolimus:  
0.06–83 ng/mL 
Cyclosporine: 

0.4–959 ng/mL

Tacrolimus:0,4 
ng/mL 

Sirolimus:1,4 
ng/mL 

Everolimus:0,06 
ng/mL 

Cyclosporine:0.4 
ng/mL

1.1 min 100 μL of 
5M NaCl

350 µL 
acetonitrile

(Alshishani et 
al., 2017) HPLC-UV plasma 

urine

metformin: 20–
2000 μg/L 

buformin: 20–
2000 μg/L 

phenformin: 
20–2000 μg/L

metformin: 13 
μg/L 

buformin: 12 
μg/L 

phenformin: 17 
μg/L

16 min 0.48 mg 
NaOH

400 µL 
acetonitrile

(Hajkova et 
al., 2016) LC-MS tissue 

samples

methoxetamine

2.5–250 ng/g
2.5- 5 ng/g 8 min

200 µL 10 
mmol/L 

NH4HCO3

100 µL 
acetonitrile

(Sparidans et 
al., 2016) LC-MS/MS mouse 

plasma

afatinib

0.5–500 ng/ml
0.5 ng/ml 1.2 min

5 μl of 3 M 
magnesium 

chloride

25 µL 
acetonitrile

(Kul & Sagirli, 
2023a) LC–MS/MS breast 

milk

cefuroxime

25-1000ng/ml
25 ng/ml 8 min 200 mg 

zinc sulfate
300  μl 

acetonitrile
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(Yang et al., 
2015) LC–MS/MS plasma atorvastatin

0.0200–15.0 ng/
mL

0.0200 ng/ml 2.2 min

100 μL 
of 6 M 

ammonium 
acetate

400 µL 
acetonitrile

(Stratigou et 
al., 2020) HPLC-FL Urine

doxorubicin

100-2000 ng/ml
100 ng/ml 15 min

1 mL of 
Na2SO4 
solution 

2.35 mol/L

2.35 mL 
acetonitrile

(Zhao et al., 
2020) LC-MS plasma

entecavir

 0.05-20 ng/mL
0.05 ng/mL 11 min

500 µl of 
MgSO4 
solution 
(37.5%)

1 mL 
acetonitrile

Conclusions
SALLE offers many advantages over conventional methods. SALLE uses the principle of separation 
of water-immiscible organic solvents to extract drugs and metabolites from biological fluids with high 
yields. This method offers clean extracts and considered an eco-friendly approach compared to PP 
and LLE. In addition, SALLE is faster and cost effective, making analytical processes more efficient. 
The results obtained from the studies show that the use of the SALLE technique in combination 
with different analytical methods provides high performance in biological samples. In particular, LC-
MS/MS studies using salts such as ammonium sulphate, magnesium sulphate and zinc sulphate 
provided faster analysis times and lower LLOQ values. This demonstrates that the integration of the 
SALLE technique with various analyzers increases the capacity for fast and sensitive measurements. 
However, the applicability and efficiency of each method varies depending on factors, such as the 
compound being analyzed, biological matrix, instrument and analysis time. Shorter analysis times may 
be preferable, especially for laboratories working with high sample numbers, while longer analysis 
times generally offer higher precision and accuracy. In conclusion, the flexibility and versatility of 
the SALLE method increases its adaptability to different analytical needs, making it a promising 
alternative for various bioanalytical applications.
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Abstract

The most characteristic symptoms for the diagnosis of autism spectrum 
disorder (ASD) and the future life of the individual are deterioration in 
social communication and stereotyped or repetitive behaviors. ASD is 
associated with diverse atypical difficulties, including memory, learn-
ing, language, emotion, and cognitive impairment. Consequently, the 
hippocampus is important for memory, learning, language ability, emo-
tional regulation, and cognitive mapping. Thus, the hippocampus plays 
an influential role in the pathophysiological mechanisms of ASD. Here, 
we provide an updated review of hippocampal structural and functional 
abnormalities and highlight the hippocampus as an important area for 
future research.
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Introduction
Autism spectrum disorder (ASD) is a group of complex neurodevelopmental disorders that include im-
pairments in behavioral skills and stereotypic movements that affect social communication and inter-
action (Solmi et al, 2022). According to current data, 1 in every 36 children is diagnosed with ASD. The 
risk is four times higher in boys than in girls and the combined prevalence per 1000 Children is 27.6 
(23.1-44.9). Additional information on ASD is available from the CDC at https://www.cdc.gov/autism/da-
ta-research/data-table.html. The pathogenesis of ASD remains to be elucidated , causing a significant 
limitation in the development of new therapeutic or preventive techniques. Hippocampal research is 
important in ASD, which is characterized by learning and cognitive impairment. Hippocampal neuro-
genesis is at the forefront of this research (Gage, 2019) because atypical hippocampal anatomy and 
neuroplasticity have been observed mostly in individuals with autism (Li et al. 2019). Individuals with 
ASD present clinical symptoms with impairments in faces, working, and social memory (Wang et al. 
2017). ASD in particular is characterized by learning disabilities due to various cognitive dysfunc-
tions. Previous estimates suggest that 75% of individuals with ASD have impaired learning abilities, 
including learning skills (Georgiou and Spanoudis, 2021; Girolama et al. 2024). Considering the im-
portant role of the hippocampus in memory, learning, verbal ability, emotional behavior, and cognitive 
attitude, it is a brain region that is regarded in the investigation of the pathophysiological mechanisms 
and therapeutic approaches of ASD (Long et al. 2024). Previous longitudinal research reported that 
accelerated hippocampal volume loss in ASD results in declines in verbal and short-term memory 
(Pagni et al. 2022).

The pathogenesis of ASD remains a matter of great curiosity, and it is the most important factor 
limiting the development of therapeutic and preventive strategies. Since the hippocampus is one 
of the important regions where neurogenesis occurs, it plays an active role in many learning and 
memory processes. Therefore, the biological causes of learning difficulties, memory impairments, and 
behavioral disorders that occur in neurodevelopmental disorders such as ASD are being investigated 
(Li et al. 2019). Although many brain regions other than the hippocampus have been studied for ASD, 
thousands of risk genes, proteins, and molecular pathway deficits have been identified, resulting 
from the many heterogeneous etiologies, phenotypes, and pathophysiologies of ASD in general 
(Wan et al. 2024).

In this updated review, we highlight the hippocampus as a brain region of interest for investigating the 
biological, behavioral, and cognitive status of ASD. Here, we will first review biological abnormalities 
in the hippocampus of individuals with ASD and discuss discrepancies in the results of existing 
studies. In the next section, we will discuss the hippocampus’s known behavioral and cognitive 
contribution to ASD, mostly in post-mortem studies, mice and rats, that exhibit hippocampal synaptic 
plasticity impairments and hippocampus-dependent deficits.

Biologic changes in the hippocampus

More than 10,000 cells per person, an average of more than 1860 genes per cell, and 26 primary 
cortical cell types—including glial cells—have all been linked to ASD. With the wide-use of genomic 
sequencing, more genomic data on ASD have been obtained through rapid developments in 
imaging technologies. Studies of different brain regions and their many specific genetic mechanisms 
associated with increased risk for ASD diagnosis continue to pave the way for a variety of approaches 
that can help diagnose ASD at an early stage.

https://www.cdc.gov/autism/data-research/data-table.html
https://www.cdc.gov/autism/data-research/data-table.html
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Findings from experimental studies indicate that the association with ASD-related impairment of social 
recognition memory is specifically supported by the CA2 region of the hippocampus (Hitti and Siegelbaum, 
2014). ASD-related social memory deficits emerged due to decreased neurotransmitter release because 
of decreased axon diameter in the Hippocampo-fusiform pathways associated with face recognition 
(Trontel et al. 2013). Genome-wide association studies (GWAS), as well as gene expression profiling  
techniques such as RNAseq identified 2851 differentially expressed genes in the hippocampus of children 
with ASD, including genes implicated in genetic analysis studies (Coley and Gao, 2018).

Different studies have reported variability in brain metabolite concentrations in ASD compared 
to neurotypical participants (Ajram et al. 2024, Kurochkin et al. 2019). It has been reported that 
N-acetyl aspartate concentrations and N-acetyl aspartate/creatine ratios are reduced in the 
hippocampus of children with ASD (Libero et al. 2016, Thomson et al. 2024). In the ASD group, 
N-acetyl-aspartate levels in the hippocampal region were positively correlated with IQ in a multivoxel 
proton magnetic resonance spectroscopy (1H-MRS) study (Dionísio et al. 2024). These metabolites 
were not associated with the hippocampus. For instance, Graham et al. (2016) used LC-MS to find 
changes in the concentrations of 37 metabolites in the cerebellum between 11 people with ASD 
and 11 controls. However, more research is required to understand the biological pathways’ activity. 
Additional research is needed to understand the genetic basis of the metabolic alterations in various 
hippocampal areas associated with ASD.

ASD is associated with genetic and environmental factors that develop in the brain. Regarding the 
preclinical aspect of ASD, many animal models and clinical studies show that methods such as 
neuroimaging focus on areas such as the hippocampus, amygdala, frontal region, and cerebellum 
(Leisman et al. 2023). The neurogenesis of the perinatal and adult hippocampus involves fundamental 
activities linked to spatial processing, pattern discrimination, functional integration, cognitive flexibility, 
and learning. Brain-derived neurotrophic factor (BDNF) is a crucial regulatory marker for long-term 
potentiation (LTP), learning, and memory. It also has a major function in synaptic transmission and 
plasticity in the hippocampus (Ilchibaeva et al. 2023).

Common neuroplastic disorders are seen in ASD. These changes in neuroplasticity may result from 
disturbances in synaptic function (Zhao et al. 2021). In the studies conducted, peripheral BDNF levels 
in serum or plasma were evaluated differently. However, some research has argued the reverse 
findings (Meng et al. 2016, Segura et al. 2015). Meta-analysis studies have revealed a positive 
connection between high blood BDNF levels and autism (Barbosa et al. 2020, Elhamid et al. 2024, 
Liu et al. 2021). However, hippocampal BDNF levels have generally been studied in animal models 
of ASD, and this number was quite small. Valproate-induced autism-like rats exhibited an autism-like 
behavioral profile characterized by deficits in social interaction, anxiety-like behavior, and repetitive 
behaviors. Valproate induction decreases BDNF levels in the dentate gyrus (DG) and CA3 regions 
of the rats examined (Camuso et al. 2022, Fuentealba et al. 2019). However, clinical and preclinical 
studies on hippocampal BDNF levels were still insufficient.

Some postmortem studies are interesting in clinical research. Rexrode et al. recently reported 
decreased expression of the synaptic proteins PSD95 and SYN1, increased expression of the 
extracellular matrix (ECM) protease MMP9, and reduced expression of MEF2C on postmortem 
hippocampus samples from male children with ASD (n=7) (Rexrode et al. 2024). Additionally, 
postmortem studies have reported that although the concentration of neural cells in the hippocampus 
in ASD is dense, the cells are abnormally small (Fetit et al. 2021).
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Bove et al. 2022 reported that ketamine administration helped mimic the typical symptoms in adult 
mice at postnatal days 7, 9, and 11 with behavioral aspects. They found decreased BDNF and 
enhanced glial fibrillary acidic protein (GFAP) expression levels with increased glutamate and 
reduced GABA levels in the amygdala and hippocampus. In another study, the BDNF protein amount 
is decreased both in the hippocampus and frontal cortex in the BTBR Mouse Model of Autism (Jasien 
et al. 2014). As a small dimeric protein, BDNF is structurally homologous to Nerve Growth Factor 
(NGF), with 50% amino acid identity with NGF, neurotrophin-3 (NT-3), and NT-4/5 (Bathina and 
Undurti, 2015).

Neurotrophic factors are highly effective in cell proliferation and differentiation, neuroto- and 
synaptogenesis, synaptic function, and synaptic plasticity. There have not been many studies on 
NT-3, NT4/5, and the insulin-like growth factors IGF-1 and IGF-2. It has been reported that VPA-
induced significantly increased levels of pro-inflammatory markers (IL-1β, TNF-α, IL-6, IFN-γ, IL-17, 
TGF-β) and decreased anti-inflammatory (IL-10) levels in the hippocampus of experimental animals 
(Barzegari et al. 2023, Eissa et al. 2019). However, these results are controversial depending on 
age. Hippocampal neuroinflammation occurs in VPA-induced rats during adolescence and may also 
occur with microglial and astrocyte activation in the postnatal period, possibly with VPA exposure. 
Improvements in the expression of neuroglial markers in the hippocampus of adult rats exposed 
to VPA may be a finding of improvement in the neuroinflammatory phenotype (Gifford et al. 2022). 
In particular, hippocampal research is limited when the status of neurotrophic factors in ASD is 
evaluated.

To date, many transgenic animal models that mimic ASD have been studied. The genetic cause 
has been identified in cases of syndromic ASD, which often co-occurs with ASD-related behavioral 
phenotypes (Li et al. 2021). Duarte-Campos et al. 2024 discovered elevated levels of interferon-
gamma (IFN-γ) and monocyte chemoattractant protein 1 (MCP-1) in the hippocampus, suggesting 
increased inflammation, alongside a reduction in the anti-inflammatory enzyme arginase 1 (ARG1) 
in the hippocampus of adult male C58/J mice. Animal models, such as the C58/J-inbred mouse 
strain, are used to study the biological properties of ASD. This type is considered a model of 
idiopathic autism because of reduced social preferences and repetitive behaviors. Therefore, 
neuroinflammatory markers identified in the hippocampal region of an animal model are of great 
importance to understanding biological effects in the hippocampus for ASD.

According to Fuchs et al. (2018), Cdkl5 +/− mice had respiratory issues, significant difficulties with 
motor coordination and memory, and showed autistic-like behavior. These defects are associated 
with neuroanatomical changes, such as decreased dendritic arborization and decreased spine 
density in hippocampal neurons. Decreased pyramidal neurons in the CA1 region, reduced dendritic 
maturation, and reduced dentate gyrus were reported in Mecp2 mutant mice (Sun et al. 2019). 
Interestingly, this was potentially associated with inadequate BDNF expression in hippocampal 
neurons (Bertoldi et al. 2019).

Current research on behavioral and cognitive changes in the hippocampus

ASD is typified by focused, repetitive actions and difficulties in social communication. Alongside 
these behavioral symptoms are sensory and cognitive issues, including episodic memory, working 
memory, spatial reasoning, and executive function deficiencies (Bangerter et al. 2017). Although the 
relationship between brain activity to social integration in ASD has been investigated in neuroimaging 
studies, symptoms, and preclinical studies, memory, orientation, and spatial deficits are also 
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important in the etiology of this disorder. Individuals with ASD have also consistently reported deficits 
in episodic memory, a major hub of sensory-perceptual-conceptual-affective processing (Cooper and 
Simons, 2019). In ASD participants, more activity was found in the occipital region (hippocampus, 
premotor region, and ventral (occipitotemporal) areas in the left hemisphere compared to the right 
hemisphere. Functional impairment in episodic memory has been highlighted by an fMRI study, which 
has highlighted neuronal connectivity deficits in the hippocampus (Desaunay et al. 2023). Atypical 
memory processes in ASD include the dominance of verbal information over spatial information, 
disruption of working memory, and impaired processing in episodic memory. It is believed that 
these cognitive and behavioral effects in the hippocampus may be due to biological causes in the 
hippocampus (Figure 1).

Recently, a meta-analysis on declarative memory in ASD was conducted, highlighting areas of 
working memory (especially verbal), visual recognition, and episodic long-term memory. As a result, 
visual-spatial memory appears to be more impaired than verbal memory, making it more difficult to 
recognize faces than verbal behavior (Griffin et al. 2021). Individuals with ASD experience more 
problems with working memory than with episodic long-term memory. Recent studies have linked 
ASD to impaired social memory capacity and neuronal connectivity in hippocampal CA2, suggesting 
that the role of CA2 in social memory encompasses both short-term and long-term social memories 
(Cum et al. 2024).

Increased hippocampal activation was detected in individuals with ASD associated with over-
reactivity to auditory and visual stimuli (Long et al. 2024). Allsop et al. (2018) reported that the 
anterior cingulate cortex-basolateral amygdala integration plays an important role in the acquisition 
of fear conditioning to various stimuli in individuals with ASD and impaired social activity and that 
hippocampus-related 5-7 Hz oscillations are effective in social behaviors such as lack of empathy. 
Social recognition impairment was associated with inadequate oxytocin receptor expression in the 
medial amygdala and hippocampus (Raam et al. 2017).

Changes in hippocampal structure in ASD have been the subject of further research. In particular, 
recent clinical studies have reported the atypical hippocampal volume of children with ASD compared 
to normal children (Li et al. 2023, Rexrode et al. 2024). Task-based fMRI studies on ASD have shown 
impairment in hippocampal region-related learning and memory and decreased perception of social 
emotions (Hashimoto et al. 2021). Disturbance of hippocampal and caudate nucleus connections 
during a task has been associated with social performance in individuals with ASD (Solomon et al. 
2015).

ASD-like experimental models have reported a critical role of the hippocampus and reduced 
neuroplasticity in social memory impairment (Sato et al. 2023). Considering that ASD is a 
neurodevelopmental disorder, neurodevelopmental and neuroimmunological abnormalities 
occurring in the prenatal period have shed light on the neurobiological features of ASD and 
trigger hippocampal dysfunction (Carlezon et al. 2019; Hanamsagar et al. 2022; Tsilioni et al. 
2019).
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Cognitive and behavioral reflection in ASD

Figure 1.  Summary of  the cogni t ive and behavioral  impl icat ions of 
h ippocampal biological  inf luences on ASD development according to 
current l i terature.

Human hippocampal formation performs grid-like mapping of the visual field, and previously 
learned structures are projected onto newly lettered information, generating the repetitive behaviors 
associated with ASD, according to a small number of studies using magnetoencephalography 
(MEG) and electroencephalography (EEG) (Staudigl et al. 2018). These results suggest that the 
hippocampus impacts the formation of cognitive maps. Complex functions, such as memory, spatial 
reasoning, and socialization all require a hippocampal neurogenesis system that allows for flexible 
planning and decision-making (Barón-Mendoza et al. 2024).

In a study by Fuchs et al. (2018), Cdkl5 −/− female mice showed cognitive impairment, and 
hippocampus-dependent learning and memory were evaluated using the Morris water maze (MWM). 
Additionally, Fmr1-KO mice exhibited impaired hippocampus-dependent fear memory; these deficits 
were suggested by low levels of freezing behavior response to fear conditioning. Metabotropic 
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glutamate receptor-dependent long-term depression (mGluR-LTD), which is excessively increased 
in the CA1 region, and N-methyl-D-aspartate receptors (NMDA) in the dentate gyrus, have been 
reported to negatively affect LTP (Chen et al. 2022). In a novel object recognition test study, Fmr1-
mutant mice were reported to be indifferent to the new object and spent significantly more time 
sniffing the old object. This finding highlighted visual recognition memory deficits in mice (Jeon et al. 
2022).

Neural deficits in the hippocampus also cause emotional problems, including anxiety-like behaviors. 
Updated reports from open field tests and elevated plus maze showed that Fmr1-KO mice had high 
anxiety behaviors (Chen et al. 2022). Rett syndrome-like animal models have provided important 
scientific data on hippocampus-related impairments in memory and learning. For example, Mecp2-
mutant mice exhibit impaired spatial memory and learning in the Morris water maze task (Hao et al. 
2015).

The current literature mostly consists of known genetic, environmentally mediated, and idiopathic 
ASD animal models in mice and rats that exhibit hippocampal synaptic plasticity disorders and 
hippocampus-related behavioral deficits. This situation causes translational limitations in the obtained 
data. Additionally, the limited investigation into hippocampal-focused functions, such as memory and 
spatial reasoning has been devoted to ASD research because impairments in these functions have 
not been recognized as core aspects of the ASD phenotype.

Conclusions
The current literature is quite conflicting regarding ASD pathophysiology, and studies have shown few 
brain regions with consistent or descriptive functional changes in ASD. Considering this biological 
infrastructure, the etiology of ASD remains a matter of research and curiosity, as it includes less 
than 1% of clinical cases. However, most behavioral symptoms are similar and common across 
cases. The hippocampus has been the focus of very few clinically relevant post-mortems and GWAS 
studies in ASD, perhaps because the current literature lacks evidence of hippocampal involvement 
in social behavior that is also included in clinical diagnostic criteria. In summary, recent research 
has demonstrated that hippocampus abnormalities in ASD frequently result in cognitive learning and 
memory issues, which may have a variety of biological causes. These biological effects are mostly 
understood through genetic, metabolic, neurotrophic, and inflammatory markers. Because this overall 
assessment was obtained on very few postmortem and many different animal models, it seems that 
futher studies are needed for ASD. Post-mortem studies are limited due to legal permissions, budget 
issues, and etiology. Very few studies have focused on the hippocampus. In future studies, it is 
recommended to conduct more behavioral and hippocampus-focused biological studies in ASD-like 
animal models in the current literature. In particular, it is recommended to increase the numbers 
of neuroinflammatory responses, neurotrophic factors, ASD-related gene expressions, proteomic 
analyses, or volumetric studies in the hippocampal region of different types of animal models and 
compare them. Because ASD has a multifactorial etiology from a clinical perspective, clinical research 
should focus on GWAS studies related to disease subtypes or studies that conduct correlative and 
risk association studies of cognitive aspects.
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