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Abstract 

Environmental contamination by toxic metals—such as Pb²⁺, Cr³⁺, and Hg²⁺—and 
organometallic species like monomethylmercury (MeHg) presents one of the most persistent 
global challenges due to their bioaccumulation, long-term toxicity, and resistance to 
degradation. This thesis addresses this critical issue through a multidisciplinary approach 
combining nanotechnology, environmental chemistry, biosensor engineering, and 
sustainable materials science. 

The first part of this work investigates the synthesis and functionalization of 
nanostructured adsorbents for efficient toxic metal removal. Amino-functionalized SiO₂ 
nanoparticles and γ-Fe₂O₃@NH₂ magnetic nanoparticles were developed and evaluated for 
their metal ion adsorption efficiency under varying environmental conditions. These 
materials demonstrated excellent performance in removing Pb²⁺, Cr³⁺, and Hg²⁺, with 
enhanced selectivity, regeneration capability, and recyclability—paving the way for 
practical use in decentralized water treatment systems. 

Building on this, superparamagnetic spinel ferrite nanomaterials were engineered for 
dual-functionality: remediation of Hg²⁺ and recovery of valuable rare earth elements 
(REEs) such as Dy³⁺ and Tb³⁺. Characterized by sol–gel auto-combustion synthesis, these 
nano-adsorbents offered high adsorption capacity, Langmuir-type isotherm behavior, and 
environmental safety validated through ecotoxicity testing. This supports a circular 
economy framework in pollutant management. 

The second core of the thesis centers on the development of a highly sensitive and 
selective biosensor for the detection of MeHg, a compound known for its neurotoxic and 
teratogenic effects, even at femtogram levels. As part of the H2020-MSCA-ITN GMOS-
Train project, MerB (organomercurial lyase), a bacterial enzyme evolved for MeHg 
detoxification, was cloned, expressed, and immobilized on gold nanoparticle-modified 
screen-printed electrodes using Ni²⁺-chelating linker chemistry. The resulting biosensor 
demonstrated unprecedented sensitivity—capable of detecting MeHg at 3 femtograms—
with high selectivity and no interference from inorganic Hg²⁺. 

Electrochemical techniques including cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) confirmed the redox activity and conformational changes of 
MerB upon MeHg binding, establishing real-time quantitative readout capabilities. The 
biosensor proved portable, cost-effective, and user-friendly, with successful trials in 
environmental and fish tissue matrices—offering a transformative alternative to labor-
intensive techniques like CVAFS and ICP-MS. 

Overall, this thesis delivers a unified platform of smart nanomaterials and biosensors 
for comprehensive toxic metals and MeHg management. It bridges molecular biology with 
advanced materials and electrochemical engineering, contributing significantly to 
sustainable development goals, public health protection, and global mercury monitoring in 
alignment with the Minamata Convention.  
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Povzetek 

Okoljsko onesnaženje s strupenimi kovinami – kot so Pb²⁺, Cr³⁺ in Hg²⁺ – ter 
organskokovinskimi spojinami, kot je monometilživo srebro (MeHg), predstavlja enega 
najbolj trdovratnih globalnih izzivov zaradi njihove bioakumulacije, dolgotrajne toksičnosti 
in odpornosti proti razgradnji. Ta disertacija obravnava to ključno problematiko z 
multidisciplinarnim pristopom, ki združuje nanotehnologijo, okoljsko kemijo, inženiring 
biosenzorjev ter znanost o trajnostnih materialih. 

V prvem delu raziskave je predstavljena sinteza in funkcionalizacija nanostrukturiranih 
adsorbentov za učinkovito odstranjevanje strupenih kovin. Razviti in ovrednoteni so bili 
amino-funkcionalizirani SiO₂ nanodelci in magnetni nanodelci γ-Fe₂O₃@NH₂, katerih 
sposobnost adsorpcije kovinskih ionov je bila testirana v različnih okoljskih pogojih. Ti 
materiali so izkazali izjemno učinkovitost pri odstranjevanju Pb²⁺, Cr³⁺ in Hg²⁺, z izboljšano 
selektivnostjo, možnostjo regeneracije in večkratne uporabe – kar odpira možnosti za 
njihovo praktično uporabo v decentraliziranih sistemih za čiščenje vode. 

Nadalje so bili razviti superparamagnetni spinele feritni nanomateriali z dvojno 
funkcionalnostjo: za odstranjevanje Hg²⁺ in hkrati za pridobivanje dragocenih elementov 
redkih zemelj (REE), kot sta Dy³⁺ in Tb³⁺. Ti nano-adsorbenti, pripravljeni s sol–gel 
samovžigovno sintezo, so pokazali visoko adsorpcijsko kapaciteto, Langmuirjevo izotermno 
obnašanje in okoljsko varnost, potrjeno z ekotoksikološkimi testi – kar podpira okvir 
krožnega gospodarstva pri obvladovanju onesnaževal. 

Drugo jedro disertacije se osredotoča na razvoj visoko občutljivega in selektivnega 
biosenzorja za zaznavanje MeHg, spojine, znane po svojih nevrotoksičnih in teratogenih 
učinkih že pri femtogramskih koncentracijah. V okviru projekta H2020-MSCA-ITN GMOS-
Train je bila bakterijska encimska beljakovina MerB (organomerkurialna liaza), ki sodeluje 
pri razstrupljanju MeHg, klonirana, izražena in imobilizirana na z zlatimi nanodelci 
modificiranih elektrodah s pomočjo Ni²⁺-kelatne vezave. Nastali biosenzor je pokazal 
izjemno občutljivost – sposoben zaznave MeHg pri 3 femtogramih – z visoko selektivnostjo 
in brez motenj zaradi anorganskega Hg²⁺. 

Elektrokemijske tehnike, kot sta ciklična voltametrija (CV) in elektrokemijska 
impedančna spektroskopija (EIS), so potrdile redoks aktivnost in konformacijske 
spremembe MerB ob vezavi MeHg, kar omogoča kvantitativno sprotno zaznavanje. 
Biosenzor je mobilen, cenovno ugoden in uporabniku prijazen, uspešno pa je bil preizkušen 
v okoljskih vzorcih in tkivih rib – kar ponuja prebojno alternativo zahtevnim tehnikam, 
kot sta CVAFS in ICP-MS. 

Skupno ta disertacija predstavlja celostno platformo pametnih nanomaterialov in 
biosenzorjev za učinkovito upravljanje s strupenimi kovinami in MeHg. Združuje 
molekularno biologijo z naprednimi materiali in elektrokemijskim inženiringom, s čimer 
pomembno prispeva k ciljem trajnostnega razvoja, varovanju javnega zdravja in 
globalnemu spremljanju živega srebra v skladu z Minamatsko konvencijo.  
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Glossary 

Term Definition 

MeHg (Monomethylmercury) 
An organometallic form of mercury known for its 

high toxicity and bioaccumulation in food chains. 

Hg²⁺ 
Inorganic divalent mercury ion, less toxic than 

MeHg but still hazardous. 

Pb²⁺, Cr³⁺ 
Lead and Chromium ions, common 

environmental pollutants with chronic health risks. 

Nanoparticles 
Engineered particles with dimensions <100 nm, 

used here for adsorption and sensing applications. 

γ-Fe₂O₃@NH₂ 
Amino-functionalized maghemite nanoparticles, 

used for metal ion adsorption. 

MerB (Organomercurial Lyase) 
Enzyme that cleaves the C–Hg bond in MeHg, 

enabling detoxification and detection. 

Screen-Printed Electrode (SPE) 
A disposable electrode platform used for 

biosensing, modified with nanomaterials. 

Ni²⁺-NTA Linker 
Nickel-chelating chemistry used to immobilize 

His-tagged proteins like MerB on surfaces. 

CV (Cyclic Voltammetry) 
Electrochemical technique to study redox 

properties of analytes. 

EIS (Electrochemical 
Impedance Spectroscopy) 

Technique that measures impedance to detect 
binding events on electrodes. 

Langmuir Isotherm 
A model describing adsorption behavior on 

surfaces, assuming monolayer coverage. 

REE (Rare Earth Elements) 
Valuable elements like Dy³⁺ and Tb³⁺ recovered 

during nanoparticle-based remediation. 

Circular Economy 
A sustainability concept emphasizing resource 

reuse and recycling. 

Minamata Convention 
A global treaty to reduce mercury pollution and 

protect human health and the environment. 

CVAFS 
Cold Vapor Atomic Fluorescence Spectroscopy, 

a standard but complex method for mercury 
analysis. 

ICP-MS 
Inductively Coupled Plasma Mass Spectrometry, 

a powerful but costly technique for metal detection. 
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Chapter 1 

Introduction 

 The Silent Poison: How Toxic Metals Have Shaped 
Civilizations and Still Threaten Our Future 

Throughout history, humans have been both beneficiaries and victims of the metals 
that surround us. Metals like lead, mercury, cadmium, and arsenic have played crucial 
roles in technological advancement, economic power, and cultural development. Yet, 
hidden beneath their utility lies a darker legacy: toxicity that can quietly but devastatingly 
impact human health and the environment. These toxic metals, often imperceptible to the 
naked eye, continue to infiltrate water, food, and air, turning our progress into potential 
peril. These narrative traces the journey of toxic metals from their early uses in ancient 
civilizations to their insidious presence in today’s ecosystems. 

 Ancient Civilizations and the Rise of Metal Use 

Metals like lead and mercury were among the first to be manipulated by ancient 
societies. The Romans, for instance, extensively used lead for plumbing, hence the term 
"plumbing" from the Latin plumbum. Lead-lined aqueducts and pipes were engineering 
marvels of their time, but modern analysis suggests chronic lead poisoning may have 
contributed to the decline of Roman society (Gilfillan S.C, 1965). Lead was also added to 
cosmetics, wine, and cooking utensils, further increasing the exposure levels among both 
elites and commoners. 

Similarly, mercury was used in ancient China and India for medicinal purposes, often 
seen as a magical or spiritual substance. Alchemists believed it could grant immortality, a 
tragic irony given its neurotoxic effects. In medieval Europe, mercury was also used to 
treat syphilis, a practice that often resulted in poisoning rather than a cure. These early 
applications reflect humanity’s long-standing fascination with metals, often coupled with a 
profound misunderstanding of their biological consequences. 

The Minamata disaster in 20th-century Japan, where industrial mercury discharge 
caused widespread neurological disease, echoes these early misuses and misbeliefs (Harada, 
1995). Victims exhibited symptoms of severe brain damage, including loss of motor control, 
hearing and speech impairments, and in extreme cases, death. The event remains a stark 
reminder of the dangers of unregulated metal use. 

  Industrial Revolution and Environmental Consequences 

The Industrial Revolution exponentially increased the extraction and use of metals. 
Coal combustion released arsenic, mercury, and cadmium into the atmosphere. Industrial 
runoff and mining wastes contaminated rivers and soils, and the establishment of smelting 
industries accelerated the spread of these contaminants. 
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These metals do not degrade over time; instead, they bioaccumulate in plants, animals, 
and humans, entering the food chain with devastating results. For instance, 
methylmercury, a highly toxic form of mercury, biomagnifies through aquatic food webs. 
By the time it reaches top predators, including humans, its concentration may be millions 
of times higher than in the surrounding water (Mabes Raj et al., 2025). 

Lead gasoline, introduced in the 1920s, marked another dark chapter. It improved 
engine performance but at the cost of public health. Children exposed to leaded gasoline 
showed reduced IQs and cognitive function well into adulthood(Needleman et al., 1990). 
Though leaded gasoline has now been phased out globally, its legacy lingers in urban dust 
and soils. In many developing cities, dust and paint from old buildings still contribute to 
chronic low-level lead exposure. 

 Sources of Toxic Metals in the Environment 

Toxic metals enter the environment through both natural and anthropogenic sources. 
Natural processes, such as volcanic eruptions, forest fires, and the weathering of rocks, 
release metals like mercury and arsenic into the environment. However, human activities 
have significantly amplified the presence of these metals in various ecosystems.  

Industrial Activities: Mining, smelting, and the manufacturing of products like batteries 
and electronics are major contributors to metal pollution. For instance, lead and mercury 
are often released from industrial plants and can be found in the surrounding soils and 
waterways (Moghimi Dehkordi et al., 2024). 

Urbanization and Waste Disposal: Industrial waste, improper disposal of electronic 
waste, and lead-based paints in old buildings contribute to metal pollution in urban areas. 
Contaminated landfills, as well as the burning of fossil fuels, release toxic metals into the 
atmosphere and surrounding environments (Caravanos et al., 2011). 

Toxic metals enter the environment through both natural and anthropogenic sources. 
Natural processes, such as volcanic eruptions, forest fires, and the weathering of rocks, 
release metals like mercury and arsenic into the environment. However, human activities 
have significantly amplified the presence of these metals in various ecosystems.  

Agricultural Practices: The use of pesticides, fertilizers, and herbicides that contain 
toxic metals, such as cadmium, further exacerbates contamination. These metals 
accumulate in soils and enter food chains through agricultural products (Kabata-Pendias, 
2010). 

 Modern-Day Exposure and Health Impacts 

Today, toxic metal exposure is more insidious than ever. Mercury from artisanal gold 
mining and coal combustion still contaminates water bodies. Arsenic in groundwater 
affects millions across South Asia, particularly in Bangladesh, where natural arsenic 
leaches into shallow tube wells. Chronic arsenic poisoning, known as arsenicosis, leads to 
skin lesions, organ damage, and cancer. 

Cadmium, often found in batteries and phosphate fertilizers, accumulates in crops such 
as rice. In Japan, cadmium poisoning caused Itai-Itai disease, a painful condition marked 
by brittle bones and kidney dysfunction. These examples illustrate how metals, once 
released into the environment, become almost impossible to eliminate. 

Currently active mining operations remain significant sources of toxic metal 
contamination globally. Regions with intensive mining activities—such as the Peruvian 
Andes (gold and silver mining), the Democratic Republic of Congo (cobalt and copper), 
China (rare earths and lead), India (bauxite and chromium), and South Africa (gold and 
platinum group metals)—frequently report elevated levels of metals like mercury, lead, 
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cadmium, arsenic, and chromium in surrounding ecosystems (Chirinos-Peinado et al., 2025; 
Hou et al., 2023). 

These metals interfere with cellular metabolism, disrupt enzyme functions, and damage 
DNA. Chronic exposure, even at low levels, is linked to cancers, cardiovascular diseases, 
kidney damage, and neurodegenerative disorders (L Järup et al., 1998).The most vulnerable 
are children and pregnant women, who suffer lifelong consequences from early exposure. 
Even prenatal exposure to metals like mercury and lead has been linked to developmental 
delays, attention disorders, and learning disabilities. 

Table 1: Toxic metals and human health risks. 

TOXIC 

METAL 

PRIMARY 

EXPOSURE 

SOURCES 

HUMAN 

HEALTH 

RISKS 

KEY 

REFERENCE

S 

Mercury (Hg) Contaminated fish, 

industrial emissions, 

artisanal gold mining 

Neurotoxicity, 

developmental 

delays, kidney 

damage 

(Mabes Raj et 

al., 2025) 

Lead (Pb) Lead-based paints, 

contaminated soil and 

water, battery 

manufacturing 

Neurodevelopment

al disorders in 

children, 

hypertension, 

kidney damage 

(Lanphear et al., 

2005) 

Cadmium 

(Cd) 

Industrial discharge, 

phosphate fertilizers, 

cigarette smoke 

Kidney damage, 

bone 

demineralization, 

respiratory issues 

(L Järup et al., 

1998) 

Arsenic (As) Contaminated 

groundwater, mining, 

pesticides 

Skin lesions, cancer 

(lung, bladder, 

skin), 

cardiovascular 

disease 

(Quansah et al., 

2015) 

CHROMIU

M (CR⁶⁺) 

INDUSTRIAL 

PROCESSES, 

ELECTROPLATIN

G, TANNERIES 

LUNG 

CANCER, 

NASAL AND 

SKIN 

IRRITATION, 

KIDNEY AND 

LIVER 

DAMAGE 

(HOSSINI ET 

AL. 2022) 

 
Beyond individual health, toxic metal contamination threatens food security, 

biodiversity, and clean water access. Contaminated irrigation water can impair crop yield 
and introduce toxins into the food supply, while aquatic organisms suffer from reduced 
reproduction and altered growth rates is depicted in Figure 1. 
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Figure 1: Impact of toxic metals on human health. 

Reproduced from (Abd Elnabi et al., 2023), with permission from MDPI, under the 
terms of the Creative Commons Attribution License, CC BY 4.0. 

 The Global Response and Remaining Challenges 

Global treaties like the Minamata Convention on Mercury aim to curb mercury 
emissions. Signed by over 120 countries, the treaty mandates a phase-out of mercury-
containing products, stricter emission controls, and public health strategies. Efforts to 
replace toxic metals in consumer products and industrial processes are underway. 

Yet enforcement is uneven, and monitoring is still insufficient in many regions. In parts 
of Africa, Latin America, and Southeast Asia, informal e-waste recycling, battery smelting, 
and illegal gold mining continue to release toxic metals into the environment. Often, these 
practices are driven by poverty and lack of education, making regulation difficult.
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 Furthermore, the lack of real-time detection technologies and rapid-response systems 

hampers mitigation. Often, contamination is only detected after significant exposure has 
already occurred. 

 The Future: Innovations and Hope 

Emerging technologies offer a glimmer of hope. Nanoengineered adsorbents and 
biosensors are being developed to detect and remove trace metals from water with high 
specificity and sensitivity. Nanomaterials such as metal-organic frameworks (MOFs), 
carbon nanotubes, and functionalized magnetic nanoparticles have shown promise in 
removing arsenic, lead, and mercury. 

Phytoremediation, using plants to extract metals from soil, and mycoremediation, 
utilizing fungi, are cost-effective and environmentally friendly methods gaining traction. 
Researchers are also working on synthetic biology approaches to engineer microbes capable 
of selectively binding or transforming toxic metals. 

Public awareness, combined with rigorous policy and innovation, can drive meaningful 
change. Community-level initiatives in India and Bangladesh have introduced arsenic filters 
and promoted deeper tube wells, dramatically reducing exposure. In the EU and North 
America, regulatory frameworks have driven industries to innovate and reduce metal 
emissions. 

Efforts to combat toxic metal contamination include both technological solutions and 
policy initiatives. The development of cleaner industrial technologies, the enforcement of 
environmental regulations, and the promotion of sustainable agricultural practices are 
essential to reducing metal pollution. 
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 When Old Tools Fail: Why Traditional Methods Can’t 
Keep Up with the Modern Metal Menace 

For centuries, humankind has faced the challenge of purifying water and soil from 
natural and anthropogenic contaminants. Among these, toxic metals such as lead (Pb), 
cadmium (Cd), arsenic (As), and mercury (Hg) have posed persistent threats to human 
health and ecosystems. While conventional adsorption techniques have long been employed 
to mitigate this threat, given traditional methods are inadequate in coping with today’s 
complex contamination scenarios.  

 Historical Background and Development of Adsorption 

Techniques 

Adsorption as a water purification method has deep historical roots. Ancient Egyptian 
and Indian civilizations used sand, charcoal, and gravel to purify water—a practice 
mentioned in early Sanskrit texts and Egyptian papyri (Smith, 2017). During the 18th and 
19th centuries, the understanding of physical adsorption improved significantly with the 
study of gases on charcoal, eventually giving rise to activated carbon filtration systems. By 
the mid-20th century, activated carbon, alumina, and zeolites became the cornerstones of 
metal ion removal in industrial and municipal wastewater treatment systems (Y. Huang et 
al., 2019). 

Despite their longevity, these traditional materials primarily rely on non-specific 
physical adsorption, which lacks selectivity for particular ions and exhibits poor 
regeneration capacity under complex environmental conditions. 

 Limitations of Conventional Adsorbents 

Several limitations challenge the efficacy of traditional adsorbents in handling modern 
contamination profiles: 

Low Selectivity: Activated carbon and similar porous materials are non-specific and 
bind multiple species without discrimination. This results in competitive adsorption, 
reducing the uptake of target toxic metals when other ions are present (Liu et al., 2019). 

Limited Adsorption Capacity: Traditional materials often reach saturation quickly, 
especially in high-metal-load scenarios such as mine tailings, electroplating wastewater, or 
electronic waste leachate. Regeneration is often incomplete, further reducing efficiency over 
time (Gkika et al., 2025). 

Incompatibility with Low Concentration and Complex Matrices: Many modern 
contaminants are present at trace levels in complex matrices containing organic matter 
and multiple interfering species. Conventional adsorbents struggle to capture metals at 
parts-per-billion (ppb) levels without pre-treatment steps (Y. Huang et al., 2024). 

Environmental and Economic Costs: The large volume of waste generated during 
regeneration and the energy-intensive processes required for material recovery further 
complicate the sustainability of conventional adsorbents. 

 The Turning Point: Demand for High-Efficiency Adsorbents 

By the late 20th and early 21st centuries, the proliferation of toxic metal pollution—
especially from electronics, battery disposal, and artisanal gold mining—revealed the 
insufficiencies of conventional methods. A demand emerged for “smart” materials capable 
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of targeting metals with high specificity, operating under environmentally relevant 
conditions, and regenerating efficiently. 

This demand, coupled with advances in material science, led to the exploration of 
functionalized adsorbents, particularly nanoengineered materials, which offered higher 
surface area, enhanced reactivity, and tunable surface chemistry. 

 Toward the Future: Innovations in Adsorption Technology 

Nanoengineered Adsorbents: Nanomaterials such as metal–organic frameworks (MOFs), 
carbon nanotubes (CNTs), graphene oxide (GO), and magnetic nanoparticles have 
revolutionized adsorption. Their high surface area-to-volume ratio and modifiable surfaces 
enable selective adsorption of metal ions (Sheoran et al., 2022). 

Functionalization with Chelating Groups: Advanced adsorbents are now functionalized 
with thiol (-SH), amine (-NH₂), or carboxyl (-COOH) groups to mimic natural metal-
binding sites, significantly improving metal specificity. These modifications allow selective 
uptake even in multicomponent systems (Liu et al., 2021). 

Hybrid Adsorbents: Composites integrating natural materials (e.g., biochar, clays) with 
nanomaterials provide a balance between affordability and performance. These hybrid 
systems improve mechanical strength, adsorption kinetics, and regeneration efficiency (L. 
Wang et al., 2022) 

Biopolymer-Based Adsorbents: Chitosan, alginate, and cellulose-based materials 
functionalized with nanoparticles are gaining interest for their biodegradability and 
efficiency in binding metal ions. Their biocompatibility makes them attractive for water 
purification applications in low-resource settings (Doyo et al., 2023). Various Materials 
used in Adsorption Technology and different adsorption mechanisms are depicted in Figure 
2 

 
 

 

Figure 2: Schematic of different adsorption mechanisms. 

Reproduced from (Rezania et al., 2024), with permission from MDPI, under the terms 
of the Creative Commons Attribution License (CC BY 4.0). 
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 Challenges in Adsorbent Regeneration 

One of the main limitations of conventional adsorption techniques is the difficulty in 
regenerating adsorbents for repeated use. Activated carbon, while highly effective, suffers 
from a limited adsorption capacity, especially when dealing with large volumes of 
contaminants. Once saturated, the adsorbent needs to be regenerated to restore its 
functionality. 

Regeneration Process: The regeneration of adsorbents typically involves thermal 
treatment, chemical desorption, or solvent washing. However, these processes are not 
always efficient. Thermal regeneration can be energy-intensive, leading to increased 
operational costs, while chemical regeneration might result in secondary waste and 
environmental concerns (Mourão et al., 2008). Furthermore, the regeneration process may 
not always fully restore the adsorbent's original capacity, leading to the need for more 
frequent replacement. 

Limitations in Regeneration: Many adsorbents, especially activated carbon, lose their 
effectiveness after multiple regeneration cycles. This results in the need for continuous 
replenishment of adsorbent materials, contributing to increased operational costs and waste 
generation (Lan et al., 2023). In addition, the high energy demand for thermal regeneration 
exacerbates the sustainability challenges of this process. 

Limited Adsorption Capacity: Another key challenge of conventional adsorption 
techniques is the limited adsorption capacity of the adsorbents. While materials like 
activated carbon have high surface areas, their capacity to adsorb pollutants is finite and 
is often reached quickly, especially when dealing with complex mixtures or high 
concentrations of contaminants. 

Saturation of Adsorbents: Adsorbent saturation occurs when all available active sites 
on the adsorbent surface are occupied by the pollutant molecules. This leads to a decrease 
in the efficiency of the adsorption process. For instance, in the case of activated carbon, 
the adsorption capacity can be influenced by factors such as temperature, pH, and the 
nature of the pollutants (Santos et al., 2022). 

Competitive Adsorption: In many real-world applications, adsorbents are exposed to 
complex mixtures of pollutants. This can result in competitive adsorption, where the 
presence of multiple pollutants reduces the overall adsorption efficiency. For example, when 
removing toxic metals from water, different metals may compete for the same adsorption 
sites, limiting the efficiency of the process (Fouda-Mbanga et al., 2024). 

High Operational Costs: Conventional adsorption techniques can be costly due to 
several factors, including the purchase and regeneration of adsorbents, the energy required 
for regeneration processes, and the disposal of spent adsorbents. The high operational costs 
often limit the widespread application of adsorption in large-scale industrial processes. 

Cost of Adsorbents: Activated carbon is expensive to produce and purchase, and its 
high cost is one of the primary obstacles to its large-scale application. While alternatives 
such as natural adsorbents (e.g., clay or biosorbents) are being explored, they often come 
with limitations in terms of adsorption capacity and efficiency (Dabioch et al., 2013). 

Energy Consumption: The regeneration of adsorbents, particularly through thermal 
methods, requires significant energy inputs. This not only increases the operational costs 
but also raises environmental concerns due to the increased carbon footprint associated 
with high-energy processes. 

Disposal Costs: After the adsorbent is saturated with pollutants, it must be disposed of 
or treated. The disposal of spent adsorbents, particularly those that contain hazardous 
materials, adds an additional layer of cost and environmental impact (Fouda-Mbanga et 
al., 2024). 

Environmental Concerns: Although adsorption techniques are often considered 
environmentally friendly, they are not without their own environmental concerns. The 
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disposal of spent adsorbents and the use of chemicals during the regeneration process can 
lead to pollution if not managed properly. 

Secondary Pollution: In some cases, the regeneration process generates secondary 
pollutants. For example, thermal regeneration of activated carbon can release harmful 
gases, and chemical regeneration may leave behind toxic residues that need to be treated. 

Waste Generation: The use of conventional adsorbents can also generate large amounts 
of waste, particularly if the adsorbent cannot be effectively regenerated. This waste must 
be managed carefully to avoid contributing to environmental contamination. 

 Emerging Solutions and Alternatives 

Several strategies are being explored to address the challenges of conventional 
adsorption techniques. These include the development of more efficient adsorbent 
materials, innovations in the regeneration process, and the use of alternative adsorption 
methods. 

Emerging Adsorbents: New materials such as nanomaterials, graphene-based 
adsorbents, and bioadsorbents are being investigated for their superior adsorption 
capacities and lower environmental impact (Y. Huang et al., 2024). These materials have 
shown promise in terms of higher adsorption efficiency and the ability to target specific 
pollutants. 

Advanced Regeneration Methods: Research is ongoing into more energy-efficient and 
environmentally friendly regeneration techniques. For example, microwave-assisted 
regeneration has been shown to reduce energy consumption and regeneration time 
compared to conventional thermal methods (Jang et al., 2023). 

Integration with Other Treatment Methods: Combining adsorption with other 
techniques, such as filtration or photocatalysis, can improve overall treatment efficiency. 
Hybrid systems may help overcome the limitations of adsorption alone by providing more 
comprehensive pollution removal (X. Zhang et al., 2022).
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 Nanoengineering for Metal Adsorption  

Nanoparticles: The last ten years have been an era for the use of various nanomaterials/ 
NPs / nanotechnology for the fabrication of NPs based absorbents. Selectivity, specificity, 
detection time and lower assay costs are rapidly enhanced by the employment of NPs 
(Sapountzi et al., 2017). Nanostructures of varied sizes (1 to 100 nm) can be used for the 
betterment of absorbents, which brings in portability, stability and analytical technologies.  
NPs can be used for catalytic characteristics, amplification of the electrochemical signal 
and surface area improvisation.  

 Gold Nanoparticles (AuNPs) 

Gold nanoparticles (AuNPs) are predominantly used NPs in MeHg adsorbtion/sensing 
and various other environmental toxins due to their stability against oxidation and non-
toxicity effects(Vigneshvar et al., 2016). AuNPs have unique features such as simple one-
pot synthesis, easy functionalization, electronic and optical ownership, special interaction 
with biological compounds and excellent conductivity. AuNPs develop different colors 
based on their shape, size and aggregation state in the colloidal solution. When employing 
techniques such as SPR, the incident of a light beam with a wavelength larger than the 
AuNPs but the oscillating electrons cannot move through the surface of the particles; 
additionally, the electrons cloud will be accumulated at one side of the AuNPs, opposite 
direction of the incident light beam. The above-mentioned strategy was demonstrated by 
Mie’s theory (Mulvaney, 1996) and it governs dimension, morphology and the surrounding 
dielectric constant. Consequently, this set-up is favorable for the sensing analyte depending 
on interaction with the AuNPs that will cause changes in the electron’s oscillation followed 
by color change used NPs. Several AuNPs integrated biosensors have been developed with 
SPR sensing properties (Yuan et al., 2018; Zeng et al., 2013). AuNPs can offer an excellent 
matrix for the transfer of electrons from biological molecules towards electrodes for some 
redox reaction between host molecule and guest analyte. When employing bulk materials 
in electrochemical sensors, there is a huge loss of redox species when transferring to the 
surface of the electrode; employing AuNPs can accelerate the transfer of electrons which 
increases the electrochemical sensing by several orders of magnitude.   

 Quantum Dots (QDs) 

 Quantum dots (QDs) are semiconducting nanocrystal that has remarkable luminous 
properties in nanoscale dimension. QDs nanocrystal narrow band gap is associated with 
the emission spectral from binary electron-hole relaxation. In the last decade, various 
optical sensing advancements have been using QDs after finding the potential in various 
spectral emissions from its varied size, which makes it an incredible matrix.  Recently facile 
immobilization of various biological molecules has been achieved in QDs, which does not 
interfere with the emission properties; this also reduces the toxicity of the QDs to a great 
extent.  

 Magnetic Nanoparticles (MNPs) 

There are many magnetic NPs (MNPs) used for absorbtion, but particularly 
ferromagnetic materials such as Iron-oxide and cobalt ferrite have been predominantly 
used. The main advantage of using MNPs is the ability to manipulate the MNPs using an 
external magnet in various solutions; for example, the aggregation of MNPs can be done 
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in the first step after functionalization of the biomolecules such as DNA, protein or any 
other functionalization.  

 Carbon Nanotubes (CNTs) 

Carbon nanotubes (CNTs) can be attributed to various recent electronic and 
electrochemical transducer-based biosensing platforms and absorbents platform due to their 
excellent thermal, mechanical and electronic properties (Holzinger et al., 2014; Le Goff et 
al., 2011), nanowire morphology, unique bio-species interaction and large electron 
transition properties. The above properties of CNT can be used to wire the output from 
immobilized functional group onto the bulk material of the electrode. The surface area 
porous network facilitated by the CNTs can be used for absorbing various analyte host 
interactions with high specificity.  

 Nanofibers (NFs)   

Nanofibers (NFs) is a polymeric material that is fabricated using the electrospinning 
technique (applied on a solution using high electric difference) with a fibre-like structure 
with a submicron dimension. NFs are economical, easy operational, and contain high 
porosity and high surface area, which enables its utilization in energy storage and 
conversion (Sun et al., 2016), electronics, tissue engineering and targeted drug delivery 
(Luzio et al., 2014), protein purification (Quirós et al., 2016) and development of various 
sensors (Amaly et al., 2018; El-Moghazy et al., 2016). 

The NFs can be secondary collected on plate rotating disc, rotating drum electrode for 
various bio-sensing applications. The most useful application of NFs is its grafting into 
MNPs (Zhu et al., 2013) , CNTs (Manesh et al., 2008), AuNPs (Abd-Elhamid et al., 2019) 
or construction of another layer of conducting polymer (Çetin M.Z., 2018). 

 Carbon-Based Nanomaterials 

Carbon-based nanomaterials have been extensively studied for their high adsorption 
efficiency and surface modifiability. Among them, graphene oxide (GO), carbon nanotubes 
(CNTs), and activated carbon are widely researched due to their large surface area, 
structural robustness, and surface functionalities. 

Graphene sheet (GS): 2D carbon lattice with Sp2 hybridization C-atoms makes a 
Graphene sheet (GS). Various graphene architectures of adsorption applications are 
depicted below, among which GS forms a hexagonal pattern of the honeycomb structure. 
GS as a 2-D material serves as a good interacting matrix enabled by carbon atoms in 
different positions. Electronic properties such as easy electron-donating or electron-
accepting of GS makes it the best skeletal structure for adsorbtion (Atta, 2015). 

Graphene oxide is known for its oxygen-containing groups such as hydroxyl, epoxy, and 
carboxyl, which facilitate the adsorption of metal ions through electrostatic interactions 
and complexation. The two-dimensional structure of GO allows for enhanced exposure of 
functional sites and thus improved adsorption capacities. In parallel, CNTs—especially 
multi-walled and single-walled varieties—demonstrate excellent potential in metal 
adsorption. Their π-conjugated systems and ability to undergo surface modifications 
further boost their effectiveness in binding with metals such as Pb²⁺ and Cd²⁺ (Cao et al., 
2019). For instance, functionalizing CNTs with carboxyl or amine groups enhances their 
metal-binding selectivity and capacity. 

Sustainable sources of carbon materials, such as those derived from agricultural waste, 
have also shown promise in recent studies. These bio-inspired carbon nanomaterials not 
only reduce production costs but also offer eco-friendly alternatives to conventional 
adsorbents (X. Zhao et al., 2018). 
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 Metal Oxide Nanoparticles 

Metal oxides such as iron oxides (Fe₃O₄ and Fe₂O₃), titanium dioxide (TiO₂), and zinc 
oxide (ZnO) are widely recognized for their adsorption performance due to their surface 
charge characteristics, high reactivity, and redox behavior. Iron oxide nanoparticles, in 
particular, are efficient adsorbents for arsenic and chromium due to their strong affinity 
for oxyanion species. 

A notable advantage of Fe₃O₄ nanoparticles is their magnetic property, which allows 
for easy separation from treated water using external magnets, enhancing reusability and 
minimizing environmental risks. Titanium dioxide nanoparticles not only adsorb metal ions 
but also demonstrate photocatalytic activity under UV light, enabling degradation of 
certain organic-metal complexes. The development of composite materials, such as TiO₂-
GO hybrids, has further improved the dual capability of metal adsorption and 
photocatalysis. 

Zinc oxide nanoparticles are amphoteric, meaning they function effectively in both 
acidic and alkaline environments, which broadens their applicability for diverse water 
systems. Their relatively simple synthesis and cost-effectiveness make ZnO a viable option 
for large-scale water treatment (K. Li et al. 2020). 

 Polymeric and Composite Nanomaterials 

Polymeric nanomaterials offer great versatility and stability for metal adsorption 
applications. Chitosan-based nanocomposites, are particularly attractive due to their 
biodegradability, non-toxicity, and abundance of functional groups capable of chelating 
metal ions. When functionalized with thiol or amine groups, chitosan-based materials show 
enhanced selectivity toward specific toxic metals (Hsu et al. 2024). 

Recent studies have introduced polymer-metal oxide hybrids, which merge the sorption 
power of metal oxides with the mechanical flexibility of polymers. For instance, chitosan-
Fe₃O₄ nanocomposites not only offer high sorption efficiency but also enable magnetic 
recovery. Other materials like polyaniline and polyacrylamide have also shown strong 
binding affinities for various metal cations due to their polar groups and porous structures. 

Hybrid nanocomposites: The combination of different nanomaterials—such as carbon 
with metal oxides—has created synergies that improve adsorption kinetics and extend 
material lifespans. 

Magnetic nanomaterials: These materials allow for simplified post-treatment recovery 
processes, reducing the cost and complexity of water purification systems. 

Green synthesis: Biosynthetic routes using plant extracts, bacteria, fungi, or 
agricultural waste offer eco-friendly alternatives to chemical synthesis. These approaches 
minimize toxic by-products and promote sustainability (Díez-Pascual, 2022). 

Furthermore, artificial intelligence (AI) and machine learning (ML) tools are now being 
integrated into material design. These technologies assist in predicting adsorption behavior, 
optimizing synthesis routes, and modeling adsorption processes in real time. Such 
interdisciplinary approaches are expected to accelerate the transition of lab-scale 
innovations to full-scale applications
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 Synthesis and Characterization of Nanoengineered 
Adsorbents 

The synthesis of nanoengineered adsorbents involves the creation of nanomaterials with 
engineered structures, chemical compositions, and functional groups that are optimized for 
specific adsorption processes. These materials can be synthesized using various methods, 
such as sol-gel processes, hydrothermal synthesis, electrospinning, and chemical vapor 
deposition, to create nanomaterials with high surface-to-volume ratios, porosity, and 
functional group density. Moreover, the size, shape, and surface chemistry of nanomaterials 
can be precisely controlled during the synthesis process to enhance their adsorption 
capacity and selectivity for specific pollutants, such as toxic metals, organic compounds, 
and dyes (Thekkudan et al., 2017). The Schematic representation on Synthesis of Magnetic 
Nanoparticles (MNPs) is depicted in Figure 3. 

 

Figure 3: Schematic representation of the experimental procedure. 

Synthesis of Magnetic Nanoparticles (MNPs). Reproduced from (Allwin Mabes Raj et 
al., 2023), with permission from MDPI, under the terms of the Creative Commons 
Attribution License (CC BY 4.0). 

 Methods of Synthesis of Nanoengineered Adsorbents 

The synthesis of nanoengineered adsorbents involves the creation of nanomaterials with 
properties that maximize their adsorption efficiency. Various methods are employed to 
synthesize these nanomaterials, each providing different advantages depending on the 
desired properties of the final product. The most commonly used synthesis methods include 
sol-gel processes, hydrothermal synthesis, electrospinning, and chemical vapor deposition 
(CVD). 

Sol-Gel Process: The sol-gel method is a widely used technique for the synthesis of 
nanoengineered adsorbents, particularly for the creation of porous nanomaterials such as 
silica, titanium oxide (TiO2), and alumina-based adsorbents. This process involves the 
formation of a colloidal solution (sol) followed by the gelation of the sol into a solid 
material. The sol-gel process allows for the control of particle size, porosity, and surface 
chemistry, making it ideal for producing adsorbents with high surface areas and tunable 
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properties. The sol-gel method has been used to synthesize materials for toxic metal 
adsorption, dye removal, and water purification (Sakka, 2013). 

Hydrothermal Synthesis: Hydrothermal synthesis is another common method used to 
create nanoengineered adsorbents. This technique involves the use of high-pressure and 
high-temperature conditions to promote the crystallization of nanomaterials from aqueous 
solutions. Hydrothermal synthesis is often used to produce nanostructured materials such 
as metal oxide nanoparticles, carbon-based materials, and metal-organic frameworks 
(MOFs), which are then used for adsorption applications (Byrappa & Adschiri, 2007). The 
ability to precisely control the size and morphology of nanoparticles makes hydrothermal 
synthesis ideal for producing adsorbents with optimized adsorption properties. 

Electrospinning: Electrospinning is a method used to produce nanofibers, which are 
then utilized as adsorbents in various environmental applications. In electrospinning, a 
polymer solution is subjected to a high-voltage electric field, causing the formation of fine 
fibers that can be collected on a substrate. Electrospun nanofibers exhibit high surface area 
and porosity, which make them ideal for applications such as toxic metal adsorption, air 
filtration, and water purification. Additionally, the surface of electrospun nanofibers can 
be functionalized with various chemical groups to enhance their adsorption capacity for 
specific contaminants. 

Chemical Vapor Deposition (CVD): CVD is a process that involves the deposition of 
thin films or nanostructures onto a substrate through chemical reactions occurring in the 
vapor phase. This method is often used for the synthesis of carbon nanotubes (CNTs) and 
graphene, which are known for their high surface area and conductivity. CVD allows for 
the creation of nanoengineered adsorbents with excellent adsorption properties for the 
removal of metals, organic pollutants, and gases (Manawi et al., 2018). 

 Surface Modification of Nanoengineered Adsorbents 

Surface modification is a critical step in the synthesis of nanoengineered adsorbents, as 
it enhances their ability to interact with specific contaminants. By introducing functional 
groups on the surface of nanoparticles, the adsorption capacity and selectivity of these 
materials can be improved. Common surface modification techniques include chemical 
functionalization, polymer grafting, and biomolecular immobilization. 

Chemical Functionalization: Chemical functionalization involves the introduction of 
specific chemical groups on the surface of nanomaterials to enhance their adsorption 
properties. For example, thiol groups (-SH) are often introduced on the surface of 
nanoparticles to create strong coordination bonds with metal ions, such as mercury, lead, 
and cadmium. Similarly, carboxyl (-COOH) and amino (-NH2) groups are commonly 
introduced to enhance the adsorption of organic pollutants and toxic metals. 

Polymer Grafting: Polymer grafting is a technique in which polymer chains are attached 
to the surface of nanoparticles, providing functional groups for adsorption. This method is 
often used to create composite adsorbents that combine the properties of both the polymer 
and the nanoparticle. The polymer matrix can be designed to interact with specific 
contaminants, such as dyes or metals, while the nanoparticles provide structural support 
and enhance the overall adsorption capacity (Wieszczycka et al., 2021). 

Biomolecular Immobilization: Biomolecular immobilization involves attaching 
biological molecules, such as enzymes, antibodies, or aptamers, to the surface of 
nanomaterials. This technique enhances the selectivity of the adsorbent for specific 
pollutants. For example, the use of aptamers, which are short, single-stranded DNA or 
RNA molecules that bind specifically to target analytes, has shown promise in the 
development of adsorbents for toxic metal removal (Shukla et al., 2020). 
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 Adsorption Mechanisms of Nanoengineered Adsorbents 

The adsorption mechanisms of nanoengineered adsorbents are influenced by their 
surface properties, size, and morphology. These mechanisms can include physical 
adsorption, chemical adsorption, ion exchange, and complexation (Khan et al., 2023). 
Adsorption and desorption of Toxic metal ions is depicted in Figure 4.  

 

Figure 4: Adsorption and desorption of toxic metal ions. 

from aqueous solutions. Reproduced from (Allwin Mabes Raj et al., 2022), with 
permission from MDPI, under the terms of the Creative Commons Attribution License 
(CC BY 4.0). 

 Characterization of Adsorbents 

The efficiency of adsorbents in removing these contaminants is largely dependent on 
their structural, chemical, and physical properties. Characterizing the adsorbents 
thoroughly is, therefore, essential to optimize their performance and design more effective 
materials for environmental remediation applications.  

The adsorption capacity, selectivity, stability, and reusability of adsorbents are some 
of the most critical aspects that must be assessed. These characteristics depend on the 
surface area, morphology, pore structure, and functional groups on the adsorbent. 
Understanding these properties allows researchers to design adsorbents that are not only 
efficient but also cost-effective and sustainable for long-term use. For instance, adsorbents 
with high surface areas and a large number of active sites can interact more efficiently with 
contaminants, improving the overall adsorption capacity (Alkhaldi et al., 2024).  

The characterization of adsorbents involves the use of various analytical techniques, 
which can be broadly categorized into physical techniques and chemical techniques. 
Physical characterization methods provide information about the structural and 
morphological features of adsorbents, such as surface area, pore size distribution, and 
particle size. Common techniques in this category include Brunauer-Emmett-Teller (BET) 
surface area analysis, scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and X-ray diffraction (XRD). These techniques help in understanding 
the structural integrity of adsorbents, as well as the arrangement of their atoms and the 
size and distribution of their pores (Pellenz et al., 2023). 
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On the other hand, chemical characterization methods focus on identifying the chemical 
composition and functional groups present on the adsorbent's surface. Techniques such as 
Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS) provide detailed information on the chemical bonds, surface functional groups, and 
elemental composition of adsorbents, which are critical in understanding how adsorbents 
interact with contaminants. FTIR helps to identify the specific functional groups, such as 
carboxyl, amine, or hydroxyl groups, which play a crucial role in the adsorption process by 
forming strong bonds with metal ions (Hu et al., 2022). 

 Physical Characterization of Adsorbents 

The physical characterization of adsorbents is essential for understanding their 
structure and properties, which directly affect their performance in adsorbing 
contaminants. Several physical techniques are commonly used to analyze adsorbents, 
including BET surface area analysis, SEM, TEM, and XRD. 

Brunauer-Emmett-Teller (BET) Surface Area Analysis: The BET method is widely 
used to determine the specific surface area of adsorbents. This technique involves the 
adsorption of nitrogen gas onto the surface of the adsorbent, and the amount of nitrogen 
adsorbed is measured at different pressures. The surface area is calculated based on the 
adsorption isotherms. A higher surface area typically corresponds to a greater number of 
adsorption sites, which enhances the material's efficiency in pollutant removal. The BET 
surface area is especially crucial for adsorbents like activated carbon, carbon nanotubes 
(CNTs), and graphene-based materials, which exhibit large surface areas and are widely 
used for the adsorption of toxic metals and organic pollutants (Sinha et al., 2019). 

Scanning Electron Microscopy (SEM): SEM is a widely used technique to study the 
surface morphology and topography of adsorbents at high magnification. SEM provides 
detailed images of the adsorbent surface, showing the distribution of pores, particle size, 
and surface roughness. These structural features play a significant role in the adsorbent's 
interaction with pollutants. For example, adsorbents with a rough surface or high porosity 
often have more accessible active sites for metal ion adsorption (Abegunde et al., 2020). 
SEM has been extensively used to investigate the surface morphology of adsorbents like 
silica, activated carbon, and nanoengineered materials. 

Transmission Electron Microscopy (TEM): TEM offers even higher magnification than 
SEM and is used to analyze the internal structure and particle size of adsorbents at the 
nanoscale. TEM is particularly useful for examining the structural integrity of 
nanoengineered adsorbents, such as metal-organic frameworks (MOFs), carbon-based 
nanomaterials, and other nanocomposites. The size and shape of nanoparticles significantly 
influence their adsorption capacity, with smaller particles typically exhibiting a higher 
surface area and enhanced adsorption properties (Zheng et al., 2023). 

X-ray Diffraction (XRD): XRD is a technique used to determine the crystallinity and 
phase composition of adsorbents. By analyzing the diffraction pattern produced when X-
rays are scattered by the adsorbent material, researchers can identify the crystal structure 
and assess the degree of crystallinity. XRD is particularly useful for materials like metal 
oxides and MOFs, where the crystallinity can influence the material's adsorption behavior. 
Crystalline materials often exhibit more stable and predictable adsorption properties 
compared to amorphous materials. 

 Chemical Characterization of Adsorbents 

Chemical characterization techniques are crucial for understanding the chemical 
composition, surface functional groups, and bonding interactions of adsorbents, which 
directly impact their adsorption capacity and selectivity. 
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Fourier-transform Infrared Spectroscopy (FTIR): FTIR is a widely used technique for 
identifying the functional groups present on the surface of adsorbents. By measuring the 
absorption of infrared light at specific wavelengths, FTIR provides information on the 
molecular vibrations of functional groups such as hydroxyl (-OH), carboxyl (-COOH), and 
amine (-NH2) groups. These functional groups play a critical role in the adsorption process 
by interacting with metal ions through coordination, electrostatic attraction, or hydrogen 
bonding. FTIR is particularly useful for characterizing bioadsorbents like chitosan and 
other polysaccharides, as well as synthetic adsorbents like metal oxide nanoparticles and 
activated carbon. 

X-ray Photoelectron Spectroscopy (XPS): XPS is a surface-sensitive technique used to 
analyze the elemental composition and chemical state of the elements present on the 
adsorbent's surface. XPS provides valuable information about the oxidation state of metal 
ions, the functionalization of nanomaterials, and the bonding interactions between 
adsorbents and pollutants. This technique has been widely used to study the surface 
chemistry of adsorbents such as graphene oxide, carbon nanotubes, and metal-organic 
frameworks (MOFs), which often exhibit complex surface chemistry that influences their 
interaction with contaminants. 

Energy-dispersive X-ray Spectroscopy (EDX): EDX is often used in conjunction with 
SEM or TEM to provide elemental analysis of the adsorbent surface. EDX detects the 
characteristic X-rays emitted by elements when they are bombarded with electrons, 
allowing for the identification and quantification of elements on the adsorbent. This 
technique is particularly useful for understanding the adsorption of metal ions onto 
adsorbents and confirming the removal of target contaminants from aqueous solutions 
(Ahsan et al., 2019). 

 Adsorption Capacity and Selectivity 

The effectiveness of an adsorbent in removing pollutants depends on several factors, 
including its surface area, pore size distribution, and chemical composition. The adsorption 
capacity refers to the amount of contaminant that can be removed per unit mass of 
adsorbent, while selectivity refers to the adsorbent's ability to preferentially bind specific 
pollutants in the presence of other contaminants. 

Surface Area and Pore Size Distribution: A high surface area provides more adsorption 
sites, which can increase the adsorbent's capacity for pollutant removal. Additionally, the 
pore size distribution plays a critical role in determining the adsorbent's selectivity, as 
materials with smaller pores may selectively adsorb smaller molecules, while larger pores 
may accommodate larger molecules or metal ions.  

Surface Functionalization: Surface functionalization is often used to enhance the 
selectivity of adsorbents for specific contaminants. Functional groups such as amines, 
thiols, and carboxyls can be introduced to the surface of adsorbents to selectively interact 
with metal ions or organic pollutants. The presence of these functional groups can 
significantly enhance the adsorption capacity and selectivity for specific contaminants, such 
as mercury, lead, or dyes (Xie et al., 2017).  

 Applications of Characterized Adsorbents 

Characterized adsorbents have been widely applied in environmental remediation, 
particularly in the removal of toxic metals and organic pollutants from wastewater. The 
characterization of adsorbents ensures that the materials can be optimized for specific 
application
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 Adsorption Mechanisms and Kinetics 

Adsorption is a surface-based phenomenon in which molecules or ions from a liquid or 
gas phase adhere to the surface of an adsorbent. It is a critical process in environmental 
remediation, particularly for removing toxic substances such as toxic metals, dyes, and 
organic pollutants from water, air, and soil. The efficiency of adsorption depends on various 
factors, including the adsorbent's surface area, functional groups, and the chemical 
properties of the adsorbate (Raji et al., 2023). Understanding the mechanisms and kinetics 
of adsorption is essential to optimize materials for specific applications and to improve the 
performance of adsorption-based systems for environmental cleanup. 

Adsorption mechanisms can be classified into physical adsorption (physisorption) and 
chemical adsorption (chemisorption). Physisorption occurs due to weak van der Waals 
forces or electrostatic interactions between the adsorbent and adsorbate, whereas 
chemisorption involves the formation of stronger covalent or ionic bonds between the 
adsorbent and the adsorbate. The nature of the adsorption mechanism plays a crucial role 
in determining the adsorption capacity, selectivity, and reversibility of the process. 
Furthermore, the efficiency of adsorption is influenced by the properties of the adsorbent, 
such as surface area, pore structure, and functional groups, as well as external conditions 
like temperature, pH, and the concentration of the adsorbate. 

Understanding the kinetics of adsorption is equally important for predicting the time 
required for an adsorbent to reach equilibrium and for evaluating the efficiency of different 
adsorbents under varying operational conditions. The adsorption process is typically 
governed by several kinetic models that describe the rate at which adsorbate molecules are 
bound to the adsorbent surface. Common models include the pseudo-first-order and pseudo-
second-order kinetic models, which provide insight into the dynamics of the adsorption 
process. Additionally, the Langmuir and Freundlich isotherms describe the relationship 
between the concentration of adsorbate and the amount adsorbed at equilibrium, helping 
to assess the capacity and nature of adsorption (Hamidi et al., 2024). 

The study of adsorption kinetics and mechanisms is fundamental to developing more 
efficient adsorbents for various applications, including wastewater treatment, air 
purification, and the recovery of valuable metals from industrial effluents. In the context 
of environmental remediation, optimizing adsorption systems involves not only selecting 
the right adsorbent material but also understanding how the adsorbate interacts with the 
adsorbent under different conditions. Moreover, understanding adsorption kinetics can also 
help design continuous flow adsorption systems and predict breakthrough times in dynamic 
adsorption columns. The mechanisms, kinetics, and applications of various adsorbents for 
the removal of toxic metals from an effluent are depicted in Figure 5.  
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Figure 5: The mechanisms, kinetics, and applications of various adsorbents. 

for the removal of toxic metals from an effluent. Reproduced from (Raji et al., 2023), 
with permission from MDPI, under the terms of the Creative Commons Attribution License 
(CC BY 4.0). 

 Adsorption Mechanisms 

The mechanisms of adsorption can be broadly classified into physical adsorption 
(physisorption) and chemical adsorption (chemisorption). The type of interaction between 
the adsorbent and the adsorbate determines the nature of the adsorption process. 

Physisorption: Physisorption is characterized by weak interactions, such as van der 
Waals forces, between the adsorbate molecules and the adsorbent surface. This type of 
adsorption typically occurs at low temperatures and high pressures, where the adsorbate 
molecules are weakly bound to the adsorbent. Physisorption is usually reversible, and the 
amount of adsorbate adsorbed is proportional to the surface area of the adsorbent. 
Adsorbents like activated carbon, silica, and polymeric materials often exhibit 
physisorption, making them suitable for the removal of non-polar molecules like 
hydrocarbons, gases, and volatile organic compounds. 

Chemisorption: Chemisorption, on the other hand, involves the formation of stronger 
chemical bonds, such as covalent or ionic bonds, between the adsorbate and the adsorbent 
surface. This type of adsorption is typically more selective and occurs at higher 
temperatures compared to physisorption. Chemisorption often leads to irreversible 
adsorption and results in a higher adsorption capacity. Adsorbents like metal oxides, 
functionalized carbon materials, and bioadsorbents often exhibit chemisorption, making 
them effective for removing toxic metals, dyes, and other polar contaminants (Hamidi et 
al., 2024). The presence of functional groups such as hydroxyl, carboxyl, and amino groups 
on the adsorbent surface plays a significant role in chemisorption by facilitating the 
formation of strong bonds with metal ions or organic molecules. 

Ion Exchange: In addition to physisorption and chemisorption, ion exchange is another 
important mechanism of adsorption, especially for the removal of metal ions. Ion exchange 
occurs when ions from the adsorbent surface are replaced by ions from the adsorbate, 
typically in aqueous solutions. This process is commonly observed in materials like zeolites, 
chitosan, and resins, which contain exchangeable ions that can adsorb metal ions like lead, 
cadmium, and mercury (Y.-K. Yang et al., 2009) (X. Yang et al., 2019). 

 Adsorption Kinetics 

The study of adsorption kinetics is crucial for understanding the dynamics of the 
adsorption process, including how quickly the adsorbate molecules are adsorbed onto the 
adsorbent surface and how long it takes to reach equilibrium. The rate of adsorption 
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depends on several factors, such as the adsorbent surface area, the concentration of 
adsorbate, temperature, and the nature of the adsorbent and adsorbate. 
 

Pseudo-First-Order Kinetic Model: The pseudo-first-order kinetic model is one of the 
most commonly used models to describe the adsorption rate. It is based on the assumption 
that the rate of adsorption is proportional to the difference between the equilibrium 
concentration and the concentration of the adsorbate at any given time. The equation for 
the pseudo-first-order model is expressed in (1). 

where qe is the equilibrium adsorption capacity, qt is the adsorption capacity at time 
t, and k1 is the rate constant. This model is often applied to adsorption processes where 
the adsorption rate decreases as the adsorption sites are occupied. 

 

Pseudo-Second-Order Kinetic Model: The pseudo-second-order kinetic model assumes  
that the rate of adsorption is proportional to the square of the difference between the 

equilibrium adsorption capacity and the current adsorption capacity. This model is often 
more suitable for systems where the adsorption rate is not dependent on the concentration 
of adsorbate at higher concentrations and when chemisorption is the dominant mechanism. 
The equation for the pseudo-second-order model is presented in Eq. (2), where k2 is the 
rate constant. The pseudo-second-order model is often used to describe the adsorption of 
metal ions onto adsorbents like chitosan, activated carbon, and metal oxide nanoparticles. 

Intraparticle Diffusion Model: The intraparticle diffusion model is used to describe the 
diffusion of adsorbate molecules within the pores of the adsorbent. According to this model, 
the rate of adsorption is controlled by the diffusion of the adsorbate molecules into the 
adsorbent particles.  

 

where kp is the intraparticle diffusion rate constant, and t is the time. Eq.(3) presented 
the equation for intraparticle diffusion. This model is used to evaluate whether the 
adsorption process is controlled by particle diffusion or by surface interaction (J. Wang & 
Guo, 2022) 

 𝑑[𝑙𝑛(𝑞𝑒 −  𝑞𝑡)] / 𝑑𝑡 =  𝑘1 (1) 

 d(qₑ −  qₜ)/dt =  k₂(qₑ −  qₜ)² (2) 

 𝑞𝑡 =  𝑘𝑝  𝑡 (1/2) (3) 
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 Adsorption Isotherms 

Adsorption isotherms describe the relationship between the amount of adsorbate and 
its concentration in the solution at equilibrium. Several models are used to describe 
adsorption isotherms, including the Langmuir, Freundlich, and Temkin models. 

Langmuir Isotherm: The Langmuir isotherm model assumes that adsorption occurs on 
a surface with a finite number of identical sites, each capable of adsorbing one molecule. 
The model describes a monolayer adsorption process with no interaction between adsorbed 
molecules.  

 
1/qₑ =  1/(𝑞ₘ𝐾ₗ) +  (1/𝑞ₘ) · (1/𝐶ₑ)  

 
(4) 

where qe is the equilibrium adsorption capacity, qm is the maximum adsorption 
capacity, KL is the Langmuir constant, and Ce is the equilibrium concentration of 
adsorbate in solution. The equation for the Langmuir isotherm in Eq.(4) 

Freundlich Isotherm: The Freundlich isotherm model is an empirical model that 
describes adsorption on heterogeneous surfaces with different adsorption energies. It is 
suitable for systems where adsorption sites are not identical (Babatunde et al., 2022). 

 
qe =  Kf Ce^{1/n} 

 
(5) 

where Kf is the Freundlich constant and n is the heterogeneity factor. This model is 
often used for systems exhibiting non-ideal adsorption behavior. The equation for the 
Freundlich isotherm in Eq.(5) 

 Applications of Adsorption Mechanisms and Kinetics 

Understanding adsorption mechanisms and kinetics is critical for optimizing the design 
and operation of adsorption systems used in environmental remediation, such as water 
treatment and air purification. Adsorbents are widely used to remove pollutants such as 
toxic metals, organic dyes, pesticides, and pharmaceuticals from wastewater. By tailoring 
the adsorbent's properties based on the adsorption mechanisms and kinetics, it is possible 
to enhance the efficiency of the adsorption process and achieve better removal of pollutants 
at lower costs.
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 Biorecognition Strategies in Metal Adsorption 

 Biorecognition Mechanisms in Metal Adsorption 

Biorecognition involves the specific interaction between biological entities and target 
molecules. In the case of metal ion removal, the biological materials—such as 
microorganisms, proteins, or peptides—use their functional groups (thiols, amines, 
carboxyls, etc.) to bind metal ions selectively. The mechanisms of biorecognition can be 
broadly classified into coordination bonding, complexation, electrostatic interactions, and 
ionic exchange (Fu et al., 2024). 

Coordination Bonding: One of the primary mechanisms for metal ion removal is the 
formation of coordination bonds between metal ions and the functional groups on biological 
surfaces. Metallothioneins, for example, are small, cysteine-rich proteins that can form 
stable complexes with toxic metals such as mercury, cadmium, and copper. These proteins 
contain thiol groups (-SH) that bind strongly to metal ions, providing a selective and 
effective method for their removal from aqueous solutions. Similarly, other metal-binding 
proteins like ferritin and phytochelatins can interact with metal ions through similar 
coordination bonds, enhancing the adsorption process. 

Electrostatic Interactions: Many microorganisms and biomolecules involved in metal 
adsorption rely on electrostatic interactions to bind metal ions. The cell walls of bacteria 
and algae, for example, are negatively charged, allowing them to attract and adsorb 
positively charged metal ions. The electrostatic attraction between the adsorbent and metal 
ions is a critical factor in the adsorption process, especially when dealing with metals such 
as lead (Pb), copper (Cu), and zinc (Zn) (Chugh et al., 2022). 

Complexation: In addition to coordination bonding and electrostatic interactions, 
complexation is a significant mechanism in biorecognition-based metal adsorption. 
Complexation occurs when metal ions form stable chemical complexes with the functional 
groups on the biological material. This mechanism is commonly observed in adsorbents like 
chitosan, which contains amino and hydroxyl groups that can bind with metal ions through 
complexation. 

 Biorecognition Agents: Microorganisms and Biomolecules 

Microorganisms, such as bacteria, fungi, and algae, have been identified as effective 
agents for biorecognition in metal adsorption due to their ability to adapt to various 
environmental conditions and their natural affinity for metal ions. Different target 
biomarkers, bioreceptor molecules, and transducing nanomaterials integrated platform is 
depicted in Figure 6. 

Bacteria: Bacteria, particularly those in the genus Pseudomonas and Escherichia, have 
shown a remarkable ability to adsorb metal ions from water through surface interactions. 
These microorganisms possess functional groups, including carboxyl and phosphate groups, 
that can interact with metal ions, facilitating their uptake and removal from solution. 
Bacteria such as Pseudomonas fluorescens and Bacillus subtilis have been shown to 
effectively remove metals like cadmium (Cd), copper (Cu), and arsenic (As). The ability 
of these bacteria to regenerate and adapt to various metal concentrations makes them ideal 
candidates for large-scale remediation (Yan et al., 2024). 

Fungi: Fungal species such as Aspergillus and Penicillium have also been identified as 
effective biorecognition agents for metal adsorption. Fungi possess complex cell wall 
structures rich in polysaccharides and proteins that can bind metal ions through 
complexation and electrostatic interactions. Aspergillus niger, in particular, has been shown 
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to efficiently remove metals like lead, cadmium, and copper from contaminated water, 
offering a promising bioremediation strategy. 

Algae: Algae, including species like Chlorella vulgaris and Spirulina platensis, have been 
extensively studied for their ability to remove toxic metals from aqueous solutions. The 
cell walls of algae contain polysaccharides, proteins, and lipids that can adsorb metal ions 
through electrostatic interactions and complexation. Algae offer an advantage in 
biorecognition due to their rapid growth rates and ability to survive in diverse 
environmental conditions, making them an attractive option for large-scale environmental 
remediation. 

Biomolecules: In addition to microorganisms, biomolecules such as proteins, enzymes, 
and aptamers are highly effective for metal adsorption due to their specific binding sites 
and high selectivity. Aptamers, which are short single-stranded DNA or RNA molecules, 
can be engineered to selectively bind metal ions with high affinity Metallothioneins and 
phytochelatins, naturally occurring proteins in plants, are particularly useful for removing 
toxic metals like cadmium and mercury through their metal-binding capacities (Xu et al., 
2023).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Integration of Biorecognition with Nanotechnology 

The integration of biorecognition strategies with nanotechnology has provided 
significant improvements in the removal of toxic metals from contaminated water. 
Nanomaterials such as carbon nanotubes (CNTs), graphene, and metal-organic frameworks 
(MOFs) have large surface areas and can be functionalized with biomolecules to enhance 
their adsorption capabilities. Nanobiosorbents that combine biological recognition elements 

Figure 6: Schematic representation of different target biomarkers. 

bioreceptor molecules, and transducing nanomaterials integrated platform. Reproduced 
from (Karuppaiah et al., 2023), ScienceDirect (Elsevier), Open Access, Licensed under CC 
BY-NC-ND 4.0. 
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with nanoparticles have shown enhanced selectivity and efficiency for metal ion removal 
(Zuo et al., 2024). 

Figure 7 shows the main components of Biosensor with analyte, biorecognition element 
and transducer which produces a detectable signal. The integration of biorecognition with 
nanotechnology has further enhanced the efficiency and selectivity of these strategies. 
Nanoparticles, with their large surface areas and high reactivity, can be functionalized with 
biological recognition elements, such as enzymes, antibodies, or peptides, to create 
nanobiosorbents. These hybrid materials combine the selectivity of biological systems with 
the high surface area and tunable properties of nanomaterials, thereby improving the 
adsorption capacity and selectivity for metal ions. The combination of nanotechnology and 
biorecognition offers a powerful tool for the efficient and targeted removal of toxic metals 
from contaminated water (X. Wang et al., 2024). 

 

Figure 7: Main components of biosensor. 

Reproduced from (Sande et al., 2021), with permission from MDPI, under the terms of 
the Creative Commons Attribution License, CC BY 4.0. 

Despite the numerous advantages of biorecognition strategies, several challenges still 
remain in their practical application. The efficiency of biorecognition processes can be 
influenced by factors such as pH, temperature, and the concentration of competing ions in 
solution. The long-term stability and regeneration of biological adsorbents are also key 
concerns that need to be addressed for large-scale applications. Additionally, scaling up 
laboratory-scale biorecognition processes to industrial levels requires overcoming both 
technical and economic challenges. These challenges are significant but not insurmountable, 
and ongoing research is focused on improving the efficiency, scalability, and sustainability 
of biorecognition-based metal removal strategies.
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 Functionalization with Biomolecules 

 Proteins and Peptides in Functionalization 

Proteins, particularly those with metal-binding domains, are widely used for 
functionalizing materials due to their ability to form stable complexes with metal ions. 
Metallothioneins (MTs), a class of small, cysteine-rich proteins, have been extensively 
studied for their high affinity for metal ions such as zinc (Zn), copper (Cu), and cadmium 
(Cd). MTs are known to coordinate with metal ions through the sulfur atoms of cysteine 
residues, forming stable metal-protein complexes. Due to their high selectivity for certain 
metals, MTs have been employed to functionalize adsorbents like carbon nanotubes and 
nanoparticles for the removal of toxic metals from water (Peris-Díaz et al., 2021). 

Peptides, which are shorter chains of amino acids, also show promise in metal ion 
adsorption. Certain peptides with metal-binding motifs, such as cysteine-rich peptides or 
histidine-rich peptides, have been synthesized for toxic metal removal. These peptides can 
be tailored to exhibit high specificity and affinity for particular metals, making them ideal 
candidates for functionalizing adsorbents for targeted metal removal. For instance, peptides 
containing thiol groups have been shown to effectively remove metals like mercury (Hg) 
and lead (Pb) from contaminated water through complexation (Luo et al., 2024). 

 Enzymes and Other Bioactive Molecules 

In addition to proteins and peptides, enzymes have also been explored for 
functionalization due to their ability to interact with metal ions through specific binding 
sites. Different bioreceptors as key components for biosensing and Single electron transfer-
based peptide/protein bioconjugations driven by biocompatible energy input-Recent 
bioconjugation strategies is depicted in Figure 8 & Figure 9 respectively.  Enzymes such 
as laccases and peroxidases, which are involved in sulfur and nitrogen metabolic pathways, 
have been used to functionalize materials for the selective removal of metal ions. These 
enzymes can form stable complexes with metals like copper (Cu), zinc (Zn), and chromium 
(Cr), enhancing the efficiency of metal removal from aqueous solutions (Akbarian et al., 
2022). 

Other bioactive molecules, including nucleic acids and polysaccharides, have also been 
investigated for their ability to adsorb metals. Nucleic acids, particularly aptamers, are 
single-stranded DNA or RNA molecules that can be engineered to bind with high specificity 
to metal ions. These molecules are useful for functionalizing materials to selectively remove 
metal ions from complex mixtures. Polysaccharides like chitosan, which contain amino and 
hydroxyl groups, have been widely used for the functionalization of adsorbents due to their 
ability to bind metal ions like lead (Pb), cadmium (Cd), and copper (Cu) (C. Zhao et al., 
2023). 

 Polysaccharides in Functionalization  

Polysaccharides are natural biopolymers that have gained popularity for use in metal 
ion removal due to their biodegradability, non-toxicity, and ability to interact with metal 
ions. Chitosan, derived from chitin, is one of the most widely studied polysaccharides for 
metal adsorption. The amino groups present on chitosan allow it to form chelates with 
metal ions, such as copper, cadmium, and lead, making it an efficient adsorbent for metal 
removal. Functionalizing chitosan with metal-binding biomolecules, such as peptides or 
proteins, can further enhance its adsorption capacity and selectivity for specific metals. 
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Chitosan-based adsorbents functionalized with biomolecules have been shown to exhibit 
high adsorption efficiency for various metals, including toxic metals like arsenic (As), 
mercury (Hg), and chromium (Cr). These functionalized adsorbents offer the advantage of 
high selectivity, enabling the removal of specific metals from contaminated water or soil, 
even in the presence of other contaminants (D. Huang et al., 2020). 

 Mechanisms of Metal-Biomolecule Interactions 

The interaction between metal ions and biomolecules on functionalized adsorbents is 
primarily governed by several mechanisms, including ion exchange, electrostatic 
interactions, complexation, and coordination bonding. These mechanisms allow 
biomolecule-functionalized adsorbents to selectively bind and remove metal ions from 
contaminated solutions (Zhu et al., 2023). 

 Applications of Biomolecule-Functionalized Adsorbents in 

Metal Removal 

Recovery of Valuable Metals: In addition to removing toxic metals, biomolecule-
functionalized adsorbents have been used for the recovery of valuable metals, such as gold, 
silver, and platinum, from electronic waste and industrial effluents. These adsorbents 
provide a selective and efficient means of recovering metals from complex mixtures 
(González Fernández et al., 2025). 

  

Figure 8: Bioreceptors as the key components. 

Adapted from (X. Wang et al., 2024), Cell Rep. Phys. Sci. (2024), Licensed under CC BY 
4.0. 
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Figure 9: Single electron transfer-based peptide/protein bioconjugations. 

driven by biocompatible energy input-Recent bioconjugation strategies. Reproduced from 
(Weng et al., 2020).
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 Bioinspired and Biomimetic Adsorbents 

 Bioinspired Adsorbents: Design and Mechanisms 

Bioinspired adsorbents are materials designed by mimicking the structures, surfaces, 
and mechanisms of biological organisms that efficiently capture or filter pollutants from 
their environment. Nature has evolved highly specialized systems for contaminant removal, 
which can be applied to environmental remediation through bioinspired materials. One of 
the most famous examples is the lotus leaf, which exhibits superhydrophobic properties 
due to its unique micro- and nano-structured surface, allowing it to repel water and dirt 
effectively. The design of bioinspired adsorbents involves incorporating similar structures 
or features that enhance their interaction with contaminants, particularly pollutants like 
toxic metals (X. Zhang et al., 2022). 

The fundamental principle behind bioinspired adsorption is to replicate natural affinity 
for contaminants, such as metals and organic pollutants. For instance, bacterial cell walls 
contain a variety of functional groups that can adsorb metals like cadmium (Cd), lead 
(Pb), and copper (Cu). Chitosan, a natural polymer derived from the shells of crustaceans, 
has also been studied as a bioinspired material due to its amine groups, which readily bind 
with metal ions. The inherent biological interactions, such as chelation, complexation, and 
electrostatic interactions, are key mechanisms that drive the adsorption of metals onto 
bioinspired adsorbents. 

Bioinspired materials can also involve mimicking specific biological features that 
enhance the binding of contaminants. Algae, for example, can adsorb a wide range of metals 
through the secretion of extracellular polymeric substances (EPS), which contain functional 
groups that form strong complexes with metal ions. By mimicking the EPS-producing 
mechanism of algae, synthetic adsorbents can be designed with specific functional groups 
to enhance metal ion binding. These materials also provide additional benefits such as high 
biodegradability and sustainability, which are important features for long-term 
environmental remediation strategies (Alkhaldi et al., 2024). 

 Biomimetic Adsorbents: Integration of Biological and 

Synthetic Components 

Biomimetic adsorbents extend the concept of bioinspired materials by integrating 
synthetic elements with biological components to improve the overall performance of the 
adsorbent. These materials often combine the high surface area and tunability of 
nanomaterials with the selective functionality of biomolecules. By designing adsorbents 
that mimic biological processes while incorporating the advantages of synthetic chemistry, 
biomimetic adsorbents can be fine-tuned for specific applications, such as selective metal 
ion removal or organic pollutant degradation (Gu et al., 2024) 

Another approach to biomimetic adsorption involves the integration of biomolecules 
with synthetic adsorbents to mimic the specific interactions between biological entities and 
pollutants. Aptamers, which are short, single-stranded DNA or RNA molecules, can be 
engineered to bind with high affinity and specificity to target metal ions, such as arsenic 
(As) and lead (Pb) (Z. Chen et al., 2018). These biomolecules, when incorporated into 
synthetic adsorbent systems, create highly selective adsorbents that outperform 
conventional materials by selectively targeting specific contaminants while leaving other 
substances unaffected. 
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 Functionalization of Nanomaterials for Enhanced Adsorption 

The functionalization of nanomaterials is a critical strategy for improving the 
performance of bioinspired and biomimetic adsorbents. Nanoparticles possess several 
advantages over bulk materials, including increased surface area, enhanced reactivity, and 
tunable surface properties. Functionalizing nanomaterials with specific biological molecules 
or chemical groups enhances their adsorption capacity and selectivity for toxic metals, 
organic contaminants, or dyes (Tian et al., 2025).
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 Nanobiosensors for MeHg Detection 

 Bio Inspired Nanobiosensors for MeHg Detection 

Mercury exists in various chemical forms including Elemental Mercury (Hg⁰), Mercuric 
Ion (Hg²⁺), Methylmercury (MeHg), Dimethylmercury (CH₃HgCH₃), Mercury Sulfide 
(HgS) and Ethylmercury (C₂H₅Hg⁺). Among these, MeHg is the most toxic, posing a 
significant risk to both the environment and human health, even at concentrations as low 
as nanomolar (nM) levels. This concentration threshold is remarkably minuscule, diverging 
by two orders of magnitude from any other mercury species. Despite its minute presence, 
MeHg has the tendency for biomagnification within the food chain, thereby accumulating 
in organisms and resulting in neurological disorders, exemplified by Minamata disease (L. 
Chen, Li, and Chen 2014). Wild piscivorous fish, mammals, and birds, animals at the 
highest trophic level, are at risk for elevated dietary methylmercury intake and toxicity 
due to biomagnification through the food chain. Its neurotoxic effects are especially harmful 
to developing fetuses and young children, making precise quantification in food samples 
critical for public health. Monitoring MeHg levels in fish is essential for assessing exposure 
risks and ensuring food safety standards. Regulatory agencies rely on accurate MeHg 
detection to guide consumption advisories and protect vulnerable populations. 
Consequently, the demand for meticulous, sensitive methodologies to detect MeHg with 
precision has surged, especially in the context of evaluating water pollution dynamics. 
Biosensors for detecting methylmercury (MeHg) in food samples offer several advantages, 
including rapid detection and high sensitivity, making them effective at trace-level 
detection. These devices enable real-time monitoring, providing immediate feedback on 
MeHg levels, essential for ensuring food safety in vulnerable populations like pregnant 
women and fetuses. Their cost-effectiveness and potential for on-site application, especially 
in industries such as aquaculture and agriculture, make them suitable for widespread use. 
Additionally, integration with smartphone technology allows for automation and ease of 
use, improving overall food safety protocols (Anchidin-Norocel et al., 2024; Mandal et al., 
2024; Scheuhammer et al., 2007). 

Current conventional methods for MeHg detection employ techniques such as atomic 
fluorescence spectrometry (AFS) with gold traps and automated systems based on cold 
vapour atomic fluorescence spectrometry (CVAFS). The CVAFS mechanism involves the 
conversion of MeHg into volatile ethylmercury through the use of sodium tetraethyl borate. 
After this conversion, alkyl forms of mercury are purged using nitrogen gas and captured 
on Tenax columns. After desorption at an elevated temperature, gas chromatography is 
employed to identify alkyl mercury compounds post-pyrolysis (Leermakers et al., 2005; 
Leopold et al., 2009; Segade & Tyson, 2007). This method currently stands as the most 
sensitive for MeHg, with an impressively low limit of detection (LOD) at 0.004 ng/L. 
However, it necessitates the laborious task of sample collection from sites and transport to 
laboratories, which can be time-consuming and resource-intensive. In addition to sample 
collection challenges, laboratory-based MeHg measurement entails the extraction of MeHg 
from complex matrices, including organisms and cells. Specific sample preparation steps 
are crucial, and tailored to the physicochemical properties of each matrix. Even seemingly 
simple samples like water require meticulous processing, involving pH adjustment to 4.5 
before the addition of sodium tetraethyl borate and overnight derivatization into volatile 
ethylmercury. 

Although the necessary steps to obtain MeHg from biota or naturally occurring 
complexes cannot be omitted, the specific preparation of samples in laboratories might be 
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simplified, resulting in rapid usage, fewer experts and decreased costs, if sensors can be 
used instead of using expensive laboratory equipment. Therefore, sensors that can enable 
measurement of MeHg in the environment are of high priority to increase the amount of 
data that will precisely map the routes of MeHg for thwarting toxicity reaching the global 
nutrient cycle and to enable us to determine contaminated food. This will yield biologically 
relevant information about the biomagnification and bioaccumulation of MeHg under real 
environmental conditions. Since the processes of methylation and demethylation are 
continuous, the onsite measurement will give us dense time points, resulting in time and 
spatially dependant distribution when followed by the precise sampling locations, since 
laboratory measurements can give results only for a limited number of samples.  

Among the several developed platforms, biosensors for detecting methylmercury 
(MeHg) in food samples offer several advantages, including rapid detection and high 
sensitivity, making them effective at trace-level detection. These devices enable real-time 
monitoring, providing immediate feedback on MeHg levels, essential for ensuring food 
safety in vulnerable populations like pregnant women and fetuses. Their cost-effectiveness 
and potential for on-site application, especially in industries such as aquaculture and 
agriculture, make them suitable for widespread use. Additionally, integration with 
smartphone technology allows for automation and ease of use, improving overall food safety 
protocols. Microfluidic devices offer high sensitivity and accuracy but may require technical 
expertise. Lateral flow assays and paper-based assays provide moderate to high sensitivity 
with ease of use but less accuracy in quantification. Smartphone-based sensors, 
electrochemical sensors, and optical biosensors achieve high sensitivity and accuracy, with 
the latter two being highly precise and user-friendly for real-time monitoring. 

Although sensors for measuring inorganic mercury (Hg2+) or Total Mercury (THg) have 
been developed, most MeHg sensors remain at the proof-of-concept stage (L. Chen, Li, and 
Chen 2014). To advance the development of MeHg sensors we categorized existing sensors 
into six major types: Whole-cell biosensors (WCB), Immunostrip sensors, small molecule 
probe-based (SMP) sensors, Metal-Organic Framework (MOF) sensors, Nanoparticle 
(NPs)-based sensors, and Nanoarchitectonics sensors. This comprehensive overview 
provides insights and strategies for advancing MeHg sensors by integrating biological, 
chemical, and nanotechnological approaches. A critical bottleneck in the development of 
MeHg sensors is the need for a well-integrated system that includes a receptor with high 
specificity for MeHg, efficient signal transduction, low noise amplifier, and reporters 
capable of showing realtime high quality data. Addressing these challenges is essential for 
creating effective and reliable MeHg sensing solutions. 

Electrochemical transducers, for example, enable precise quantification of MeHg 
concentrations across diverse environmental matrices (T. Zhang T., Zhou, Y., &. Han, 
2021). In enzymatic sensors, electrochemical transduction is commonly employed, 
capitalizing on the enzymatic conversion of MeHg into electroactive species (Y. Chen et al. 
, 2019). Immunosensors, on the other hand, utilize antibodies or aptamers as receptors and 
often integrate surface plasmon resonance (SPR) transducers to enable real-time detection  
(Rantala et al., 2011).  

For efficient MeHg sensors, prioritise the development of advanced materials and 
biorecognition elements with high specificity for MeHg, such as novel nanomaterials and 
selective aptamers/ antibodies. Optimize signal processing using advanced technologies to 
improve accuracy and interpret complex data effectively. Implement real-time calibration 
and adaptive systems to maintain sensor performance under varying environmental 
conditions. Focus on increasing sensitivity to detect lower concentrations of MeHg and 
reducing response times for rapid, reliable measurements. Ensure the sensor’s usability, 
cost-effectiveness, and scalability, and validate its performance through extensive field 
testing and adherence to regulatory standards. 
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From a biological point of view, MeHg detection is particularly challenging: Even at 
extremely low concentrations, MeHg can cause biological amplification due to time-
dependent or chronic exposure. This makes even current gold-standard laboratory methods 
not sensitive enough, as MeHg concentrations are often below the limit of detection (LOD). 
In contrast to the Hg2+ where biological responses tend to show concentration-dependent 
effects in living cells, the biological impact of MeHg is usually only evident in multicellular 
organisms at higher trophic levels, which is then separating the concentration levels in 
environmental matrices from the concentrations in organisms, for example ocean waters 
and fish, respectively, by more than five orders of magnitude. 

Future developments will focus on refining these sensors to improve their integration 
into real-world monitoring systems, further enhancing public health safety and 
environmental protection efforts against mercury contamination Figure 10. 
 

 

Figure 10: Illustrates a range of detection techniques employed in MeHg sensors. 

including small molecule probes, whole-cell biosensors (WCB), immunostrip assays, metal-
organic frameworks (MOFs), and nanoarchitectonics-based sensors. The central diagram 
highlights the core components of currently known MeHg sensors, emphasizing the 
interaction between the analyte and the recognition element, followed by signal 
transduction. These diverse approaches showcase the integration of biological components 
with advanced materials, significantly enhancing the performance of MeHg detection 
technologies. Adapted from Adapted from (Mabes Raj et al., 2025) 

 Whole-cell Biosensors (WCB) 

This type of sensor is especially important in determining the ecologically relevant 
bioavailable fraction of mercury. However, the bioavailable fraction is dependent on the 
type of the cell and environmental conditions and therefore it is hard to clearly differentiate 
real bioavailable fraction from the low sensitivity. Based on the current synthetic biology 
tools the repertoire of the hosts for introducing genetically engineered genes is expanded 
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and should be the concept of bioavailability tackled by combining and comparing (i) 
chemical laboratory based tools with (ii) the outcome in the environment, e.g. 
bioaccumulation and (iii) results of using a battery of different WCB environmentally 
relevant hosts, similar as it was shown by using native marine and freshwater WCB hosts, 
but it should be utilized many different hosts relevant for particular either geochemical 
cycle or foodchain transformations. 

Moreover, the WCB can determine the level of MeHg in the environment in contrast 
to the standardized approaches therefore minimal disturbance of the environment can be 
much easier achieved Figure 11, but still in most cases the samples are tested in laboratory 
conditions since there are not many attempts to use WCB directly in the field. Therefore, 
it should be further developed as self-sustainable WCB platform bearing alive cells and 
should be biologically safe not deploying genetically modified strains in the environment. 
The miniaturisation and portable platforms are set to make on-site analysis more desirable 
but this is facing many challenges such as preserving low fluxes of nutrients and samples 
such as in microreactors since small designs are prone to clogging, preserving suspended or 
immobilized cells for monthly operations as well as appropriate calibration. Perhaps 
advances in cell encapsulation, microfluidics and multi-cell systems are expected to 
enhance, on one hand the stability and reproducibility and on the other hand the extension 
of the environmentally relevant information. In this regards the key organisms in the 
environment must be first identified using state-of-the-art metagenomic approaches, then 
utilizing advanced culturomics to be able to obtain strains that can be then at the end 
available for introducing genetic components by using genetic engineering tools and 
transforming them into WCB. 

The WCB often might have lower genetic stability which hampers the performance 
over time and calls for either approach to replenish the cells using lyophilized cultures or 
monitoring sensitivities by appropriate on-site calibration. 

Although various factors such as complexation with cysteine would increase the uptake 
of MeHg and the addition of humic acid can reduce the MeHg uptake within the cells, we 
do not know the precise mechanisms that are aiding in MeHg uptake and WCB can serve 
us not only as a sensor platform but also to determine key environmentally relevant aspects 
of MeHg bioavailability. Therefore, further advances need to be carried out in research that 
clarifies the meaning and applicability of the use of WCB in ecological and human health 
risk assessment. WCB are best in conditions similar to their natural environment and the 
temperature, incubation time, medium type, pH, and reagents can all have effects on the 
performance of the biosensors that can only be understood with further research and 
testing. Employing advanced cell encapsulation techniques to enhance stability, and 
optimizing growth conditions to ensure cell functionality will prolong the WCB 
performance. 

Since WCB are also prone to the high background noise that is affecting LOD it would 
be very important to incorporate the currently developed advanced AI tools or 
autocorrelative mathematical models to better distinguish signal from the cellular, genetic 
or environmentally introduced noises resulting in updated sensing platform. By addressing 
these factors, WCBs can become more reliable, sensitive, and effective for accurate MeHg 
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detection, standing out as the only type of sensor capable of providing environmentally 
relevant data.  

 Immunostrip Based MeHg Detection 

Immunostrips colourimetric detection platforms for MeHg often suffer sensitive 
limitations, especially for trace levels. They also encounter non-specific bindings or cross-
reactivity with other metal ions that can affect the accuracy. The strips can degrade over 
time, affecting the stability of immobilized biomolecules (antibodies, aptamers, and 
enzymes). Though the platforms bring advantages such as simplicity, speed and cost-
effectiveness, making them suitable for on-field detection platforms, they often encounter 

Figure 11: a) Illustration for genetically engineering bacterial sensing modules. 

into surrogate hosts for the development of a synthetic receptor platform that can be 
used for multiple application. b) Diagram of the modification of Prb28 by inserting the 
merB gene. 
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lower sensitivity compared with other methods are susceptible to matrix interference and 
limited ability to distinguish from other mercury species. Principle illustration of the 
immunochromatographic strip assay for MeHg detection is depicted in Figure 12. 

Employing MeHg-specific antibodies in conjunction with an improved reporter system 
could provide enhanced solutions for future MeHg sensors. Integrating antibodies against 
MeHg with mesoporous materials or AuNPs could significantly improve sensitivity. 
Additionally, leveraging advanced techniques such as Surface Plasmon Resonance (SPR) 
or Surface-Enhanced Raman Spectroscopy (SERS) could enable sensors with detection 
limits several orders of magnitude lower. 

The sensitivity of immunostrips can be enhanced by incorporating nanomaterials into 
the conjugate pads and selecting biomolecules with high affinity for MeHg. A further 
approach to improve platform sensitivity involves integrating a reflectometer to enhance 
pixel detection of gold nanoparticle test lines, facilitating more precise intra-sample 
comparison. Since this platform is useful in semi-quantitative analysis and can be used for 
rapid onsite “yes” and “No” type detection of MeHg. 

Figure 12: Illustration of the immunochromatographic strip assay for MeHg detection. 

Adapted from (Mabes Raj et al., 2025). 

 Small Molecule Probe (SMP) Detection Platforms 

SMP are extensively utilized in various sensing platforms due to their ability to 
selectively interact with the specific analyte through chemical and physical changes. Most 
of the SMP utilize fluorescence probes which exhibit lower detection limits compared to 
more sophisticated platforms like immunoassay or nanoparticle-based systems. The 
platforms also have limited stability with probes, potential interference from other Hg 
species and metal ions, and difficulty in achieving real-time detection in complex matrices. 
Though the SMP is designed for selective analysis, cross-reactivity with structurally similar 
molecules or ions can occur. The probes often degrade over time, particularly under harsh 
environmental conditions (eg. UV light, and temperature extremes). SMPs are usually 
tailored for single analyte detection, making them less suitable for multiplex detection of 
target analytes. SMPs often require precise environmental control or additional 
instrumentation for effective detection, such as fluorescence readers or spectrophotometers. 
Some SMPs may involve the use of organic solvents or chemicals that are less 
environmentally friendly. A chemodosimeter was developed and demonstrated potential for 
mercury detection; however, it is limited to single-use applications due to its reliance on 
an irreversible reaction mechanism. 

Among the fluorescent SMP, near-infrared (NIR, 650–900 nm) probes have several 
advantages over other probes, such as reducing photo-bleaching due to the lower energy of 
excitation required. As described by Denk et al., 1990, the use of two-photon (TP) 
excitation has been predominantly used in NIR fluorescent probes. Over the last few 
decades, there have been tremendous improvements in the SMP in the realm of biological 
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sensing and bio-imaging. As described in Chapter 4 and Table 2, most of the SMPs utilize 
turn-on probe strategy for dual mode detection of mercury species and the major advantage 
was a shorter detection time (1–5 min), compared with available analytical methods. No 
SMP can measure MeHg in the seawater matrix and using FRET, ICT, PeT, ESIPT, AIE, 
and probes combining these modalities can be developed in the future for MeHg onsite 
detection in seawater. Combinatorial fluorescence techniques have to be used to overcome 
the issue of interference and sensitivity for MeHg detection. Several boundaries have to be 
dismantled to push forward the development of enhanced SMP for MeHg detection in 
seawater or other environmental matrices beyond the current state-of-the-art.General 
scheme for recent advances in SMP is shown in Figure 13. 

Future direction in the line of SMPs functionalizing with nanomaterials and integrating 
into a hybrid platform combined with biological elements (eg aptamers and antibodies) 
would be an option to increase the sensitivity and stability. Development of SMPs with 
improved environmental stability and reduced cross-reactivity through advanced chemical 
synthesis techniques. Enhancing the chemical specificity of the probes and integrating 
advanced signal processing methods can also improve accuracy and reliability, making 
SMPs biosensors more effective for MeHg detection in diverse applications. 

 

 

Figure 13: General scheme for recent advances in SMP. 

b) Reaction mechanism of probe 1 for mercury species with the help of H2O2. c) A 
schematic representation of the sensing process of probe 1 towards Hg2+ and CH3Hg+ by 
turn-on type AIE. d) Flurescent molecular probe Adapted from (Mabes Raj et al., 2025). 
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 Metal Organic Framework (MOF) 

MOFs can suffer from non-specific adsorption, leading to interference from other metal 
ions and compounds which restricts its limited selectivity. This is because of the porous 
structure which allows non-target analytes to occupy binding sites, reducing specificity for 
MeHg detection. Moreover, they encounter challenges including potential instability and 
degradation under varying environmental conditions, complex and costly synthesis and 
functionalization processes, and susceptibility to interference from complex sample 
matrices. The lack of sensitivity is a general barrier when using MOFs for the detection of 
MeHg as well as other analytes. MOFs often degrade under harsh conditions because of 
their metal-ligand bonds which are prone to hydrolysis or photodegradation. A complex 
and time-consuming synthesis process might hinder scalability and widespread use because 
controlled pore size, structure and functionality is required for selective MeHg sensing. 
Scheme for the preparation of a MOF is depicted in Figure 14. 

Most of the MOFs developed in the past are made for gas sensing applications because 
of their excellent adsorption capacities. Very limited structures of MOFs have been 
explored to date such as MOF-5,1 HKUST-1,2 MIL-101,3 and classical ZIF-8. As detailed 
in Chapted 5, MOFs have been used in different layers as selective applications. Although 
the MOFs offers sensitivity for the detection of MeHg (1 aM), then complicated and 
sophisticated nanoparticle thin films often limit its scalability and practicality for 
commercialization. The research should focus on developing more stable MOF materials 
with improved chemical and mechanical durability, refining synthesis and functionalization 
protocols to ensure reproducibility and efficiency, and integrating sample pre-treatment 
techniques to reduce matrix effects. MOFs can be engineered with specific ligands, 
functional groups, or structural modifications to enhance selectivity for MeHg. Combining 
MOFs with advanced nanomaterials such as graphene, fullerenes, carbon nitrides, and 
MXene along with signal amplification strategies, enables the use of different transducers 
and facilitates optical and electrochemical detection methods, thereby enhancing 
performance through improved sensitivity and selectivity. MOFs can be engineered with 
specific ligands, functional groups and should aim at creating portable, cost-effective 
sensors with improved stability and versatility for diverse environmental and industrial 
applications, thus expanding their practical use in precise MeHg detection. 

Functionalized MOFs with specific sensing molecules might be the most suitable to 
target MeHg and would help reach lower sensitivity for MeHg detection. To the best of 
our knowledge there are no reports on using analyte-specific aptamers that can be used to 
link MOFs to build architectures that can specifically coordinate with MeHg. This 
approach and integration of MOF hybrid aptamer on microfluidic devices allow the high-
performance biosensing and the controlled synthesis of MOFs. Develop robust MOFs using 
hydrophobic linkers, metal clusters, or post-synthetic modifications to withstand harsh 
environmental conditions. Integrate MOFs with nanomaterials (e.g., gold nanoparticles, 
carbon dots) or employ advanced detection techniques like SERS or SPR to amplify 
detection signals. Focus on cost-effective, scalable synthesis methods, such as microwave-
assisted or mechanochemical approaches, to promote widespread use. Combine MOFs with 
other materials, such as polymers or biodegradable membranes, to create hybrid systems 
that improve selectivity, durability, and detection range in future MeHg based detection 
platforms. 
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Figure 14: Scheme for the preparation of a MOF. 

Different metal ions or clusters are mixed together with organic linkers using a 
convenient solvent. Over the past few decades, over 100,000 structures have been reported 
in the ‘‘MOF subset’’ Adapted from (Mabes Raj et al., 2025). 

 Nanoparticles (NPs) 

Nanoparticles such as AuNPs, carbon dots, silver nanoparticles, QDs, Magnetic 
Nanoparticles (MNPs), Carbon Nanotubes (CNTs), graphene, and nanofibres have been 
put forth for miniaturizing biosensing platforms to the nanoscale to improve the 
understanding of various properties like optical, electronic, and magnetic characteristics, 
which would pave the way for their use in bio-sensing systems (Mabes Raj et al., 2025). 
However, some drawbacks such as cross-reactivity with non-targeted metal ions or 
compounds, reducing their specificity towards MeHg detection should be the main future 
focus since these are the main factors limiting their selectivity. These drawbacks are 
probably the result of unspecific binding to functional groups or surface ligands which 
interact with a range of analytes leading to false positive results. NPs are being used in 
various research fields and their potential release into the environment can pose ecological 
harm and health risks, especially metal-based ones, which are not biodegradable and can 
accumulate in organisms. NPs possess low stability and often tend to aggregate or degrade 
in complex matrices like biological fluids or wastewater affecting their performance. This 
is mainly because of changes in pH, ionic strength or the presence of organic matter. Cost 
and scalability are the biggest challenges for the synthesis and functionalization of NPs 
which can be expensive in maintaining the precise size, shape and surface chemistry for 
effective detection. 

NPs integrated with fluorescence, colorimetry, SERS, SPR, and electrochemistry 
improve the sensitivity of MeHg detection. NPs (AuNPs and AgNP) functionalized with 
DDTC, Lysozyme, thymine, HEPPSO and DAOC display enhanced selectivity and 
sensitivity towards MeHg. This is mainly because of the selection of functional groups 
which interact with MeHg to form a special complex. However, though the methods are 
promising and can able to detect MeHg at a trace level, they often lack challenges such as 
large-scale synthesis, complex functionalization process and stability in relevant natural 
conditions. Attention has been made towards the development of aptamers-based 
conjugated NPs sensing platforms for the selective detection of MeHg. This type of 
approach is time-consuming and laborious in the production of aptamer specific towards 
MeHg is depicted in Figure 15. Adapted from (Mabes Raj et al., 2025). 

To the best of our knowledge, bioconjugated NPs with highly specific biomolecules such 
as aptamers, antibodies or molecularly imprinted polymers (MIPs) very well minimise cross 
reactivity, but should be further evaluated in real samples or determining applicability. 
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More research in the direction of the stability of NPs by modifying their surfaces with 
polymers such as PEG or hydrophobic coating to prevent aggregation and degradation in 
complex matric are required to be developed in future engineering approaches. 
Biodegradable NPs with less toxic formulations will mitigate the environmental and health 
risks. Research directions in the field of QDs, nanofibers and CNTs would remarkably 
increase the transduction sensitivity and detection capabilities. Cost-effective synthesis 
based on a greener approach (plant based or biomimetric routes) will reduce the production 
costs of the NPs for the detection of MeHg. Signal amplification might be better achieved 
by the integrating NPs with SERS platforms. Combining NPs with MOFs and 2D materials 
will enhance the performance of the sensors and add multifunctionality and specificity due 
to the filtration effects of MOFs or higher surface area for attaching sensing part that 
introduce more higher signal-to-noise ratio (Mabes Raj et al., 2025). 

 

 

Figure 15: Commonly used nanomaterials in various kinds of sensors. 

fabrication with their sizes. L: length; D: Diameter. b) Illustrations of AuNP-Based 
colorimetric sensing strategy for Hg Species and Hg− DDTC complex attached to the 
surface of AuNPsc) MeHg sensing mechanism. c) MeHg sensing mechanisim. d) Schematic 
representation of the mechanism involved in the fluorescence quenching caused by the 
presence of MeHg. e) Schematic illustration for fluorescent detection of MeHg based upon 
a dye-labeled T-rich DNA (FAM-DNA). Formation of AgNPs or Ag/Hg amalgams on 
FAM-DNA template quenches the FAM fluorescence emission; the presence of MeHg 
suppresses formation of the metal nanostructures, revealing fluorescence enhancement. f) 
Schematic illustration of the experimental principle for the colorimetric detection of MeHg 
and C2H5Hg. Adapted from (Mabes Raj et al., 2025) 

 Nanoarchitectonics 

Nanoarchitectonics involves designing, fabrication and assembling nanoscale structures 
in a controlled and purposeful manner to achieve special function and properties. 
Nanoarchitectonic structures enhance the sensitivity and selectivity of biosensors and 
chemical sensors. For MeHg detection, nanoarchitectonics helps create hybrid structures, 
such as combining metal nanoparticles with porous frameworks or functionalized surfaces. 
These tailored architectures enhance sensitivity, selectivity, and stability, providing 
effective platforms. The complex and intricate design can be time-consuming and 
expensive, due to nanoscale interactions and self-assembly processes, requiring advanced 
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techniques and resources. Very few studies have been reported on the detection of mercury 
ions with high sensitivity using thymine interactions and ligands-striped monolayers. These 
sensors failed to distinguish between inorganic and organic mercury which limited its 
applicability and reduced selectivity of the sensors when exposed to mixtures of cations. 
Basic concept, and detection methods of nanoarchitectonics are depicted in Figure 16. 

 

 

Figure 16: Basic concept of nanoarchitectonics. 

Copyright (2019) Beilstein Journal of Nanotechnology. b) Schematic illustration of the 
nanoarchitectonics of BNA and dTn coassembly as well as the corresponding molecular 
structures. c) Chiroptical sensing of Hg2+. Schematic representation of Hg2+ induced 
displacement of BNA from the BNAn-dTn 2D assembly via formation of a metallo-DNA 
duplex [dT-Hg-dT] n and self-assembled BNA 1D tapes. d) Conductometric sensing of 
MeHg. Schematic representation of MeHg detection device structure. BNA10-dT10 device 
response before and after the addition of different MeHg concentrations (0.1 nM and 0.5 
mM). Adapted from (Mabes Raj et al., 2025). 

The large-scale production of nanoarchitectonic-based sensors with consistent quality 
remains challenging. This is mainly because small deviations in synthesis or assembly 
processes can lead to significant variations in performance. Simplified fabrication methods 
will scale up the production such as microwave assistant synthesis or templating to 
streamline the sensor production. One of the main disadvantages of nanoarchitectonics is 
the structural stability, which can be enhanced by modifying using graphene derivatives, 
MOFs and polymer coating. Plasmonic signals of MOFs can be enhanced by integrating 
plasmonic nanostructures (e.g., gold or silver) to amplify localized electromagnetic fields, 
boosting optical detection sensitivity. Their porous structure supports high-density 
functionalization with selective agents like aptamers or thiols, minimizing cross-reactivity. 
MOF pre-concentration of analytes and reduced interference improve signal clarity, while 
their scaffolding enables multi-step signal amplification for superior detection performance. 
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For efficient MeHg sensors, prioritise the development of advanced materials and 
biorecognition elements with high specificity for MeHg, such as novel nanomaterials and 
selective aptamers/antibodies. Optimize signal processing using advanced technologies to 
improve accuracy and interpret complex data effectively. Implement real-time calibration 
and adaptive systems to maintain sensor performance under varying environmental 
conditions. Focus on increasing sensitivity to detect lower concentrations of MeHg and 
reducing response times for rapid, reliable measurements. Ensure the sensor's usability, 
cost-effectiveness, and scalability, and validate its performance through extensive field 
testing and adherence to regulatory standards. 

Based on literature-gained knowledge and on our experiences, we have identified five 
key steps that should be specifically followed when developing an effective MeHg sensor. 

Interdisciplinarity: Developing a sensor requires collaboration between analytical 
chemists, material scientists, physicists, and experts in biology (e.g., biochemists, molecular 
biologists). A bottom-up approach is needed, beginning with an understanding of 
interactions of the MeHg with the selected sensing component at the molecular level. 

Matrix Consideration: The sensor development must begin by selecting the matrix (e.g., 
fish tissue, ocean water), as this determines the required sample pre-treatment, potential 
interferences (e.g., co-contaminants, extraction chemicals), expected concentration ranges, 
and physicochemical conditions such as ionic strength, pH, and temperature. 

Relevance: Sensor relevance must be evaluated not just by concentration levels but also 
by the intended application –whether ecological (e.g., bioavailability), health-related, 
research-orientated, or commercial. The sensor's design should reflect its intended use. 

Detection Modalities: The sensor should be able to measure concentration 
(quantitatively or semi-quantitatively), temporal changes, accumulation, or microspatial 
information (e.g., intracellular accumulation). The specific modality should align with the 
sensor's intended purpose. 

Coupling Sensing Element with Transducer: The choice of transducer (electromagnetic, 
electrical, etc.) must be considered along with noise-to-signal ratio, signal range, and signal 
linearity. These factors impact signal amplification, filtration, correlation, and other signal-
processing steps. 

The recent surge in artificial intelligence (AI) has led to substantial advancement across 
various research domains. To date, most of the currently known MeHg sensing parts are 
designed based either on the known properties of selected sensing components or materials 
that preferentially interact with various Hg species, or by trial-and-error experiments. 
Currently, artificial intelligence tools offer new approaches in material design, discovery, 
and manufacturing, which can accelerate the development of sensors with improved 
sensitivity and especially increased selectivity towards MeHg. Furthermore, based on our 
experiences working on WCBs and detecting very low levels of analytes, this process is 
often prone to a high noise-to-signal ratio. However, adopting machine learning approaches 
could help refine detection, possibly not for quantitative measurements, but more 
appropriately for qualitative information. This could be crucial for filtering out 
contaminated samples, ensuring reliable detection even in complex samples affected by 
matrix effects. 

In conclusion, given the complexities discussed above, creating a universal sensor that 
functions across all matrices while providing relevant data would be extremely challenging. 
Therefore, work focused on matrix-specific sensors is necessary to achieve accurate and 
meaningful MeHg detection.
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Chapter 2 

2 Aim and Hypothesis 

 Aim 

This research aspires to contribute not only to fundamental scientific understanding 
but also to real-world applications in environmental monitoring, public health, and 
regulatory policy. The outcomes support the transition toward a circular and sustainable 
future by enabling closed-loop metal recovery and safer environmental diagnostics. 

Specific aims:  
1. To synthesize and characterize a library of functional nanomaterials (SiO₂, 

NH₂@SiO₂, γ-Fe₂O₃@NH₂, γ-Fe₂O₃@SiO₂–NH₂, and CoFe₂O₄@SiO₂–NH₂) tailored for 
selective adsorption of toxic and strategic metals. 

2. To evaluate the adsorption capacity and selectivity of these nanomaterials for 
various metal ions, including Hg²⁺, Pb²⁺, Cr³⁺, Dy³⁺, and Tb³⁺, under environmentally 
relevant conditions. 

3. To optimize the desorption process for efficient recovery and reusability of the 
nanomaterials and adsorbed metals, ensuring long-term performance and cost-effectiveness. 

4. To assess the cytotoxicity and nanotoxicity of the developed materials using in 
vitro cell-based assays (human and murine lines) and in vivo zebrafish embryo tests. 

5. To engineer a biosensor system integrating MerB enzyme and gold nanoparticles 
for the specific and ultra-sensitive electrochemical detection of MeHg in food and 
environmental samples. 

6. To enhance the biosensor's performance through optimized immobilization 
strategies (MPA, NTA, His-tag linkers) and to evaluate detection limits, selectivity, and 
stability. 
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 Hypothesis 

In natural systems, toxic metals are often sequestered via coordination with electron-
rich amino and thiol groups. Metalloproteins (e.g., metallothioneins), enzymes (e.g., 
carbonic anhydrase), and low-molecular-weight ligands (e.g., glutathione, phytochelatins) 
utilize nitrogen and sulfur donor atoms to regulate and detoxify metal ions. Similarly, 
microbial cell walls rich in amino-containing polymers act as biosorbents for toxic metals. 
Inspired by these evolved biological mechanisms, this research hypothesizes that 
nanoparticles functionalized with amino groups can act as synthetic analogs of natural 
metal-binding systems, exhibiting high selectivity and affinity for soft and borderline metal 
ions. 

The increasing burden of toxic metal pollution, driven by industrialization and 
urbanization, calls for advanced remediation technologies that are both efficient and 
environmentally safe. This dissertation hypothesizes that amino-functionalized 
nanomaterials, particularly those based on silica and iron oxide, can mimic biological 
detoxification strategies to selectively and efficiently adsorb toxic metal ions—such as Hg²⁺, 
Pb²⁺, Cr³⁺, Dy³⁺, and Tb³⁺—from aqueous solutions. 

This affinity can be explained by Lewis’s acid–base theory and the Hard and Soft Acids 
and Bases (HSAB) theory, where soft metal ions (e.g., Hg²⁺, Pb²⁺) act as Lewis’s acids and 
preferentially bind to soft Lewis bases like –NH₂ or –SH groups. Functionalized 
nanoparticles such as NH₂@SiO₂ and γ-Fe₂O₃@NH₂ are expected to form stable 
coordination complexes through chelation, enabled by the nucleophilicity of amino groups 
and the high surface reactivity and porosity of the nanomaterial scaffold. 

Additionally, nanotoxicity and environmental safety are central to this hypothesis. 
While functionalization is expected to improve selectivity and reduce toxicity, certain 
uncoated or reactive nanomaterials may still induce cytotoxicity by disrupting membranes 
or generating toxic ions. Therefore, a dual approach will be taken: (i) assessment of metal-
binding efficacy, and (ii) toxicological profiling in vitro (human-derived and murine cells) 
and in vivo (zebrafish embryos), to determine biocompatibility and safe operational limits. 

Finally, the use of magnetically separable nanomaterials will be explored to enhance 
recovery and reuse, aligning the remediation approach with circular economy principles. 
Through bioinspired functionalization, controlled nanostructuring, and thorough toxicity 
evaluation, this study hypothesizes that amino-functionalized nanoparticles can offer a 
sustainable, selective, and reusable platform for removing toxic metals from contaminated 
waters. 

In a parallel approach, this research extends its hypothesis to the development of an 
enzyme-based biorecognition system targeting MeHg, a particularly hazardous form of 
mercury due to its strong neurotoxicity and biomagnification in aquatic food chains. 
Despite its low concentrations in environmental matrices, MeHg poses disproportionate 
risks, especially to pregnant women and young children. Conventional detection methods 
like CVAFS and GC-AFS, while highly sensitive, are time-consuming, resource-intensive, 
and unsuitable for on-site monitoring. There is an urgent need for portable, cost-effective 
sensors capable of rapid and selective MeHg detection. 

This dissertation posits that MerB, an organomercurial lyase evolved in mercury-
resistant bacteria, can serve as a highly specific biorecognition element for MeHg. MerB 
binds MeHg via conserved cysteine residues (Cys-96 and Cys-159), cleaving the carbon–
mercury bond and forming a reactive mercuric ion complex. The cleaved Hg²⁺ is 
subsequently transferred to MerA for reduction, demonstrating a natural detoxification 
mechanism that can be mimicked in a biosensing platform. The hypothesis suggests that 
immobilizing MerB on gold screen-printed electrodes—using linkers like nitrilotriacetic acid 
(NTA) or 3-mercaptopropionic acid—will allow the development of a biosensor with 
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femtogram-level detection limits, high specificity for MeHg over Hg²⁺, and potential for 
reuse through magnetic nanoparticle incorporation. 

Furthermore, it is hypothesized that such a bioengineered sensor system will outperform 
conventional methods in terms of portability, speed, and field applicability. Integration 
with electrochemical transducers and smartphone-based interfaces is anticipated to 
facilitate real-time environmental monitoring, particularly in regions where laboratory 
infrastructure is lacking. Ultimately, this research hypothesizes that the combined 
application of functionalized nanomaterials and enzyme-based recognition systems will lead 
to advanced tools for both remediation and detection of toxic metals, particularly MeHg. 
These innovations are expected to significantly enhance environmental monitoring, reduce 
health risks, and provide a foundation for sustainable pollution control technology.
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Chapter 3 

3 Publications and Patent 

 Publications 1 

Summary of Publication 1: With the continued rise of industrialization, contamination 
of water resources by toxic metals such as lead (Pb²⁺), chromium (Cr³⁺), and mercury 
(Hg²⁺) has become a pressing global concern. These metals, due to their toxicity, non-
biodegradability, and tendency to accumulate in living organisms, pose serious risks to 
both ecosystems and human health. Developing affordable, scalable, and environmentally 
friendly adsorbent materials for the selective removal of these toxic ions is therefore a top 
priority in the field of water treatment. This article presents a focused study on the design, 
synthesis, and application of SiO₂ (silica) particles and amino-functionalized SiO₂ particles 
for the removal of Pb²⁺, Cr³⁺, and Hg²⁺ ions from aqueous solutions. 

At the core of the research is the use of the sol–gel method, a well-established technique 
for fabricating silica-based materials with controlled porosity, morphology, and surface 
chemistry. The authors successfully synthesize both bare SiO₂ particles and Amino-SiO₂ 
particles, the latter being surface-modified with aminopropyltriethoxysilane (APTES) to 
introduce functional –NH₂ groups. This modification is designed to improve the binding 
affinity toward metal ions through enhanced electrostatic interactions, hydrogen bonding, 
and potential chelation mechanisms. 

Comprehensive material characterization is carried out using techniques such as Fourier 
Transform Infrared Spectroscopy (FTIR) to confirm surface functionalization, Scanning 
Electron Microscopy (SEM) to analyze particle morphology, Brunauer–Emmett–Teller 
(BET) analysis for surface area determination, and Zeta potential measurements to 
evaluate colloidal stability and surface charge behavior. These analyses confirm that the 
amino-functionalization increases both the surface reactivity and the potential for metal 
ion capture. 

The article's strength lies in its comparative adsorption studies. Batch experiments are 
conducted to assess the adsorption performance of both unmodified and modified silica 
particles under varying conditions of pH, contact time, initial metal ion concentration, and 
temperature. The results show that the Amino-SiO₂ particles significantly outperform bare 
SiO₂, particularly in removing Pb²⁺ and Hg²⁺, which show stronger interactions with the 
amine groups. Optimal adsorption occurs at slightly acidic to neutral pH ranges, aligning 
with the chemistry of the metal-ligand interactions. 

Kinetic modeling reveals that the adsorption process follows a pseudo-second-order 
model, suggesting chemisorption as the dominant mechanism. Isotherm studies 
demonstrate that the adsorption behavior aligns best with the Langmuir isotherm, 
indicating monolayer adsorption on a homogeneous surface. Thermodynamic analyses 
further support the spontaneity and feasibility of the adsorption process, with negative 
Gibbs free energy values observed across the board. 
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Importantly, the study addresses regeneration and reusability, showing that the Amino-
SiO₂ particles maintain a high percentage of their adsorption capacity over several cycles 
of desorption and re-adsorption, which is critical for sustainable and cost-effective 
application. 

From an application standpoint, this work makes a compelling case for the use of 
functionalized silica nanoparticles in environmental remediation, offering a practical, 
efficient, and scalable approach to remove harmful metal ions from contaminated waters. 
The ease of synthesis, tunable surface chemistry, and strong performance metrics make 
Amino-SiO₂ particles attractive candidates for real-world wastewater treatment systems. 

In conclusion, this article adds meaningful insight into the field of nanostructured 
adsorbents by demonstrating how surface modification of silica can significantly enhance 
metal ion uptake. It bridges material science with environmental engineering, offering a 
powerful platform for mitigating toxic metal pollution through smart, selective, and 
recyclable sorbent materials. 
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 Publications 2 

Summary of Publication 2: As global concerns over water pollution intensify, the 
demand for innovative, sustainable technologies to remediate toxic toxic metals (HMs) 
from aquatic environments has become more pressing than ever. Lead (Pb²⁺), trivalent 
chromium (CrT), and mercury (Hg²⁺) are among the most hazardous toxic metal pollutants 
due to their bioaccumulation potential, long-term environmental persistence, and severe 
health impacts. This article addresses this challenge through a circular economy approach, 
focusing on the use of amino-functionalized magnetic nanoparticles (γ-Fe₂O₃@NH₂ NPs) 
for the efficient removal of Pb²⁺, CrT, and Hg²⁺ from aqueous solutions. By integrating 
functional surface chemistry with magnetic separation capabilities, the study contributes 
to the development of sustainable nanomaterials for water treatment applications.  

At the core of this work is the design and synthesis of superparamagnetic iron oxide 
nanoparticles, chemically stabilized and functionalized with amino groups. These surface 
modifications enhance the adsorption performance by introducing active sites for metal ion 
binding while maintaining magnetic responsiveness for facile recovery. The nanoparticles 
are synthesized via a controlled co-precipitation process, yielding stable nanomaterials with 
tunable surface chemistry optimized for environmental remediation. 

To evaluate their performance, the study conducts a comprehensive set of batch 
adsorption experiments under two pH conditions (pH 4 and 7), simulating acidic and 
neutral aqueous environments. The nanoparticles show markedly enhanced adsorption 
capacities at pH 7, attributable to the deprotonation of surface amino groups that favor 
electrostatic interactions with metal cations. Among the three metal ions tested, CrT 
exhibits the highest adsorption efficiency, followed by Hg²⁺ and Pb²⁺, suggesting a strong 
affinity of the functionalized surface toward chromium species. This ion-specific 
performance underscores the importance of surface chemistry tuning in adsorption-based 
separation technologies. 

The study employs a suite of physicochemical characterization techniques—Fourier-
transform infrared spectroscopy (FTIR), zeta potential analysis, and atomic absorption 
spectroscopy (AAS)—to investigate surface functionality, nanoparticle charge behavior, 
and adsorption capacity. The findings confirm the successful functionalization of the γ-
Fe₂O₃ surface with amino groups and highlight the role of nanoparticle charge in mediating 
adsorption under different pH conditions. The materials maintain good dispersion in water 
and exhibit sufficient stability, which are critical traits for real-world implementation. 

A notable strength of this research lies in its focus on reusability and environmental 
compatibility. Post-adsorption, the magnetic nanoparticles are easily recovered from 
solution using external magnets, washed, and reused for multiple cycles. The regeneration 
studies reveal minimal loss in adsorption efficiency over repeated uses, highlighting the 
recyclability and cost-effectiveness of the material. Moreover, the use of a green synthesis 
method and mild processing conditions aligns the work with sustainable chemistry 
principles. 

From an application standpoint, the dual functionality of these nanomaterials—in 
removing highly toxic metals and allowing magnetic separation—offers significant promise 
for decentralized water treatment systems and industrial effluent management. The low 
toxicity of the nanoparticles and their potential for regeneration bolster their candidacy 
for integration into circular water purification frameworks. Importantly, the study 
demonstrates that smart surface engineering combined with magnetic properties can lead 
to selective and effective metal ion removal technologies. 
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 Publications 3 

Summary of Publication 3: As global industrial activities surge, the demand for 
sustainable solutions to remediate toxic toxic metals and recover valuable rare earth 
elements (REEs) has become increasingly urgent. Mercury (Hg²⁺), with its notorious 
toxicity and bioaccumulative nature, continues to pose grave environmental and public 
health challenges. Meanwhile, rare earth elements like dysprosium (Dy³⁺) and terbium 
(Tb³⁺)—critical for high-tech applications in electronics, magnets, and clean energy 
technologies—face supply instability, driving the need for efficient recycling techniques. 
This dual challenge—removing harmful metals while reclaiming valuable resources—has 
inspired a wave of innovation in material science. This article contributes significantly to 
that effort, focusing on the design and evaluation of superparamagnetic spinel-ferrite nano-
adsorbents for both removal and recovery of Hg²⁺, Dy³⁺, and Tb³⁺ ions from aqueous 
environments. 

At the heart of this study is the synthesis of multi-component spinel ferrite 
nanoparticles, engineered through a sol–gel auto-combustion technique, which allows 
precise control over chemical composition and crystallinity. These nanomaterials are 
specifically tailored to possess superparamagnetic properties, enabling easy separation from 
solution using external magnetic fields—an essential trait for real-world wastewater 
remediation. Through systematic variation of the cationic content (e.g., Co²⁺, Mn²⁺, Zn²⁺, 
Ni²⁺), the study demonstrates how material properties such as surface charge, adsorption 
affinity, and magnetic responsiveness can be finely tuned. 

The article presents a thorough characterization of the nano-adsorbents, employing an 
array of physicochemical techniques such as X-ray diffraction (XRD), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), Brunauer–Emmett–Teller 
(BET) surface area analysis, and vibrating sample magnetometry (VSM). These tools help 
to elucidate the crystalline structure, surface morphology, porosity, and magnetic behavior 
of the materials, all of which play crucial roles in determining their adsorption performance. 

A key strength of this work lies in its comparative adsorption analysis for the target 
ions. The authors conduct batch adsorption experiments to evaluate the efficiency, 
selectivity, kinetics, and reusability of the nanomaterials. The results are promising: the 
optimized spinel ferrites exhibit high adsorption capacities for Hg²⁺, Dy³⁺, and Tb³⁺, 
governed by pseudo-second-order kinetics and Langmuir-type isotherms, indicative of 
monolayer chemisorption on a homogeneous surface. Importantly, these materials show 
excellent regeneration potential over multiple adsorption–desorption cycles, making them 
practical candidates for both remediation and resource recovery. 

The article also makes a significant contribution by addressing the biosafety of the 
nano-adsorbents. Recognizing the potential ecological risks associated with nanoparticle 
release, the study includes a toxicological assessment using Artemia salina (brine shrimp) 
bioassays. The findings reveal low toxicity of the synthesized nanoparticles, suggesting that 
these materials are environmentally benign under realistic exposure conditions. 

From an application perspective, the dual functionality of these nano-adsorbents—in 
detoxifying water systems from mercury while selectively capturing valuable REEs—marks 
a noteworthy step toward circular economy principles in environmental nanotechnology. 
The research aligns well with emerging goals in sustainable development, environmental 
health, and resource recovery. 
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In conclusion, this article offers a robust, multidisciplinary approach combining 
materials engineering, environmental chemistry, and ecotoxicology to develop smart, 

magnetic nano-adsorbents for critical environmental applications. The findings pave the 
way for scalable implementation in water purification technologies, especially in contexts 

where toxic metal contamination and REE recovery converge. 
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 Publications 4 

Summary of Publication 4: Methylmercury (MeHg) is one of the most insidious 
environmental pollutants due to its extreme toxicity, persistent bioaccumulation in food 
chains, and ability to cross biological barriers—including the blood-brain barrier and 
placenta—causing severe neurological and developmental impairments in humans and 
wildlife. Its occurrence, largely stemming from microbial methylation of inorganic mercury 
in aquatic systems, necessitates highly sensitive, selective, and reliable detection tools that 
can function across varied matrices such as water, sediment, biota, and food. As the 
urgency of MeHg monitoring grows, analytical science has responded with a suite of 
powerful and increasingly refined detection methodologies.This review article delves into 
the intricate and evolving landscape of MeHg detection, providing a structured and 
comparative analysis of classical and emerging techniques. The authors begin with an in-
depth overview of the gold standard instrumental methods, including Gas Chromatography 
(GC) coupled with Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and High-
Performance Liquid Chromatography (HPLC) integrated with Cold Vapor Atomic 
Fluorescence Spectroscopy (CVAFS). These approaches, while offering exceptional 
sensitivity and precision, are often constrained by operational complexity, high cost, and 
the need for sophisticated laboratory infrastructure and trained personnel. 

In response to these challenges, the article highlights the rapid development of next-
generation detection platforms that are portable, cost-effective, and amenable to on-site 
and real-time monitoring. Central to this shift is the rise of biosensors and nano-enabled 
systems, which integrate biological recognition elements—such as aptamers, enzymes, 
antibodies, and genetically engineered proteins—with transduction mechanisms that 
translate binding events into measurable signals. The article carefully evaluates 
electrochemical, optical, piezoelectric, and colorimetric biosensors, comparing their 
detection limits, selectivity, stability, and field adaptability. 

A special focus is placed on the incorporation of nanomaterials—such as gold 
nanoparticles, graphene derivatives, quantum dots, and metal–organic frameworks 
(MOFs)—which have revolutionized the sensor performance landscape. These materials 
not only enhance signal amplification and surface functionalization but also allow for 
multiplexing and integration into smart sensing platforms. 

In addition to technical aspects, the article addresses real-world applications and 
validation studies, discussing the use of these sensors in complex sample matrices, their 
ability to discriminate MeHg from other mercury species (e.g., inorganic Hg²⁺), and their 
resilience to environmental interferences. Case studies from environmental monitoring 
projects and food safety assessments underscore the practical utility of these tools. 

Another important dimension of the article is its treatment of regulatory and societal 
implications. The authors note the alignment of technological advancement with global 
policy frameworks such as the Minamata Convention on Mercury. They also emphasize 
the need for standardized protocols, inter-laboratory validation, and cross-disciplinary 
collaboration to translate laboratory innovations into policy-relevant, field-deployable 
solutions. 

In conclusion, this review serves as a comprehensive roadmap for researchers and 
practitioners navigating the field of MeHg detection.  
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 Patent Application 

 Innovative Nanobiosensor for MeHg detection 

Introduction Mercury exists in various chemical forms including Elemental Mercury 
(Hg⁰), Mercuric Ion (Hg²⁺), Methylmercury (MeHg), Dimethylmercury (CH₃HgCH₃), 
Mercury Sulfide (HgS) and Ethylmercury (C₂H₅Hg⁺). Among these, MeHg is the most toxic, 
posing a significant risk to both the environment and human health, even at concentrations 
as low as nanomolar (nM) levels. This concentration threshold is remarkably minuscule, 
diverging by two orders of magnitude from any other mercury species. Despite its minute 
presence, MeHg has the tendency for biomagnification within the food chain, thereby 
accumulating in organisms and resulting in neurological disorders, exemplified by 
Minamata disease (L. Chen et al., 2014). Wild piscivorous fish, mammals, and birds, 
animals at the highest trophic level, are at risk for elevated dietary methylmercury intake 
and toxicity due to biomagnification through the food chain. Its neurotoxic effects are 
especially harmful to developing fetuses and young children, making precise quantification 
in food samples critical for public health. Monitoring MeHg levels in fish is essential for 
assessing exposure risks and ensuring food safety standards. Regulatory agencies rely on 
accurate MeHg detection to guide consumption advisories and protect vulnerable 
populations. Consequently, the demand for meticulous, sensitive methodologies to detect 
MeHg with precision has surged, especially in the context of evaluating water pollution 
dynamics. Biosensors for detecting methylmercury (MeHg) in food samples offer several 
advantages, including rapid detection and high sensitivity, making them effective at trace-
level detection. These devices enable real-time monitoring, providing immediate feedback 
on MeHg levels, essential for ensuring food safety in vulnerable populations like pregnant 
women and fetuses. Their cost-effectiveness and potential for on-site application, especially 
in industries such as aquaculture and agriculture, make them suitable for widespread use. 
Additionally, integration with smartphone technology allows for automation and ease of 
use, improving overall food safety protocols (Anchidin-Norocel et al., 2024; Mandal et al., 
2024; Scheuhammer et al., 2007).  

 Specific biomolecules for MMHg sensing identified 

3.5.2.1 Summary 

Mercury-resistant bacterial strains had developed a sophisticated dual-enzyme system, 
known as the MerB-MerA complex, which enabled them to efficiently convert both ionic 
and organic forms of mercury, primarily methylmercury (MeHg), into a less hazardous 
form—volatile elemental mercury (Hg⁰). This transformation process, essential for 
detoxifying mercury, was highly effective and allowed the bacteria to handle mercury 
contamination in their environment. 

The first enzyme in this system, organomercurial lyase MerB, facilitated the 
protonolysis of the carbon- mercury (C-Hg) bond, a critical reaction in the detoxification 
pathway. This step resulted in the formation of a reduced carbon compound and the release 
of inorganic Hg²⁺ ions. The protonolysis catalyzed by MerB broke the bond between 
mercury and the organic group, making it more accessible for further processing. This 
process effectively reduced the toxicity of the organic mercury species by converting it into 
a less harmful inorganic form, Hg²⁺. 

After MerB cleaved the carbon-mercury bond and produced the mercury intermediate, 
the second enzyme in the system, mercuric ion reductase MerA, took over to reduce Hg²⁺ 
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into its elemental, volatile form, Hg⁰. This reduction process minimized the toxicity of 
mercury by converting it into a volatile compound that could then be volatilized and 
removed from the bacterial cell, thus preventing damage to the bacterial machinery. 

While MerB exhibited a distinctive structure with no discernible homology to any 
known genes outside the MerB category—making it unique to mercury resistance 
pathways. 

The active site of MerB contained a catalytic Cys96 residue, which played a crucial role 
in the enzyme's ability to cleave the carbon-mercury bond. This residue demonstrated 
versatility by accepting a variety of organomercurial substrates, thus broadening the 
enzyme's ability to detoxify different types of mercury compounds. By catalyzing the 
breakdown of organomercurial compounds, MerB functioned as the first step in the 
bacterial detoxification system, preparing the mercury for reduction by MerA. 

Overall, the coordinated action of these two enzymes, MerB and MerA, formed a highly 
efficient mercury detoxification pathway in these bacteria. This dual-enzyme system 
enabled the bacteria to thrive in environments contaminated with toxic forms of mercury, 
thus illustrating the impressive adaptability of microorganisms in response to 
environmental toxins. 

This research investigates the mechanisms employed by bacteria, particularly focusing 
on their ability to detoxify methylmercury (MeHg) through a specialized dual-enzyme 
system known as the MerB-MerA complex. This study highlights the enzymatic pathways 
that enable these microorganisms to thrive in mercury-contaminated environments. 

The primary objectives is to: Elucidate the roles of the enzymes MerB  in the 
detoxification of methylmercury. 

Assess the specificity and efficiency of these enzymes in transforming toxic mercury 
compounds into less harmful forms. 

Investigate the catalytic mechanisms of MerB 
Methods 
Enzyme Characterization: The study employed various biochemical assays to analyze 

the activity of MerB. Key methodologies included: 
PCR Amplification: The merA (1600 bp) and merB (607 bp) genes were amplified from 

plasmids pmerAB and r100 using Polymerase Chain Reaction (PCR). 
Cloning and Expression: The pRset expression vector was prepared with a histidine tag 

for protein purification. The merA and merB genes were subcloned into this vector for 
expression in bacterial hosts. 

Electroporation: Recombinant plasmids were introduced into competent bacterial cells 
via electroporation, followed by selection of transformants using blue-white colony 
selection, all above procedures are illustrated in Figure 17, Figure 18 & Figure 19. 
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Figure 17: Figure depicts the workflow for electroporation in bacteria. 

for transferring the recombinant plasmid into the host. Prepared using BioRender 

Figure 18: The Figure depicts the workflow of selection of white colonies. 

from the classical blue white selection. Plasmid image recreated from SnapGene Viewer. 
Prepared using BioRender  
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Activity Assays: The activity of MerB was evaluated in whole cells and cell lysates 
cultivated at different optical densities before induction with 0.5 mM IPTG. Additionally, 
the specific capturing ability of MerB towards MeHg was assessed, revealing its remarkable 
selectivity compared to inorganic mercury (Hg²⁺). 

3.5.2.2 Results and Discussion 

Enzymatic Functionality: MerB effectively cleaved carbon-mercury bonds, converting 
MeHg into inorganic Hg²⁺, demonstrating a high degree of substrate versatility due to the 
catalytic Cys96 residue in its active site. 

Specificity: The experiments confirmed that MerB exhibited exceptional specificity for 
MeHg, achieving a 33% capture rate at a 1:0.5 molecular weight ratio. In contrast, it 
showed negligible binding to Hg²⁺, capturing less than 1%, underscoring its role as a 
specialized detoxifying agent Figure 20. 

The findings illustrate the sophisticated adaptations of Desulfovibrio species in response 
to mercury contamination. The efficient action of the MerB-MerA complex not only 
mitigates mercury toxicity but also exemplifies microbial resilience in challenging 
environments. This research contributes valuable insights into potential bioremediation 
strategies for mercury pollution by harnessing these natural detoxification pathways. 

This study elucidates the critical role of the MerB enzyme system in detoxifying 
methylmercury in bacteria. By transforming toxic mercury compounds into less harmful 
forms, these microorganisms showcase remarkable biochemical adaptations that could 
inform future environmental remediation efforts. We further wanted to develop a 
transducing material where we immobilize the MerB on to electrode. 

 

Figure 19: Illustration of gel elusion and purification of merA and merB. 

released from TA subcloning vector. 
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Figure 20: The specific capturing ability of merB towards methyl mercury. 

in the first half of the picture when used 1:0.5 Molecular Weight based ratio it showed an 
excellent 33% capturing. In the below half of the image, even when used varied 
concentration of inorganic mercury (Hg2+) mer B didn’ bind /capture even 1% of Hg2+, 
proving incredible specific capturing of MeHg. Prepared using BioRender 

 MMHg selective and coupled biomolecules with nanomaterials. 

3.5.3.1 Summary 

The development of electrodes functionalized with nanomaterials for protein 
immobilization is a critical area of research in biosensors and bioelectronics. This study 
investigates the functionalization of gold nanomaterials and their interaction with histidine-
tagged proteins through a linker, allowing for the precise immobilization and detection of 
proteins on an electrode surface. The functionalization process and the subsequent 
immobilization of proteins were characterized using several advanced techniques, including 
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and 
X-ray photoelectron spectroscopy (XPS). Additionally, electrochemical impedance 
spectroscopy (EIS) was used to confirm protein immobilization. 

3.5.3.2 Results and Discussion 

3.5.3.2.1 Chemistry for Linker Creation Between Gold Nanomaterials and 

Histidine-Tagged Protein: 
The first step in the immobilization process involves the creation of a linker between 

goldnanomaterials and the histidine-tagged proteins. The linker is typically formed by 
functionalizing the gold surface with chemical groups that can interact with both the gold 
surface and the histidine residues on the protein. Common strategies involve the use of 
thiol-based linkers such as 3-mercaptopropionic acid (MPA) or NTA (nitrilotriacetic acid), 
which can chelate metal ions like Nickel (Ni²⁺) and allow for the selective binding of 
histidine-tagged proteins to the nanomaterial. The chemistry typically follows the steps: 

1. Surface Functionalization of Gold: Gold nanoparticles are functionalized with MPA 
or NTA to provide a surface that can bind metal ions. 
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2. Chelation of Nickel: Nickel ions (Ni²⁺) are introduced, which bind to the NTA/MPA 
groups. 

3. Protein Immobilization: The histidine-tagged protein binds selectively to the nickel 
ions via the His-tag. 

This process ensures a stable and reproducible immobilization of the protein on the 
electrode surface. 

Characterization Techniques and Results: 
1. SEM Image of Working Electrode with Gold Nanoparticles A scanning electron 

microscope (SEM) image was used to observe the morphology of the electrode after 
functionalization. The SEM image clearly shows the presence of round gold nanoparticles 
evenly distributed across the surface of the electrode. This uniform distribution of 
nanoparticles is crucial for ensuring the effective interaction between the electrode and the 
protein. 

2. FTIR Results for Electrode Functionalization Fourier-transform infrared 
spectroscopy (FTIR) was employed to verify the functionalization of the electrode surface 
with 3-mercaptopropionic acid (MPA) and nitrilotriacetic acid (NTA). The FTIR spectra 
showed distinct peaks corresponding to the –SH group of MPA and the – COOH group of 
NTA, confirming the successful immobilization of these functional groups onto the 
electrode surface depicted in Figure 21. 

 

Figure 21: a) Chemistry to achieve linker. 

between gold nanomaterial and histidine taged protein, b)image of a electrode used, c) 
scanning electron microscopic image of the working electrode with round gold 
nanoparticles, d) FTIR results for the electrode for 3MPA and NTA funcnalization omn to 
the electrode. 

3. XPS Results: Presence of Nickel X-ray photoelectron 
spectroscopy (XPS) analysis was performed to study the presence of Nickel (Ni) in the 
electrode after complex formation with MPA/NTA. The XPS spectrum revealed that the 
nickel content on the electrode was up to 4.1%, confirming the binding of nickel ions to 
the NTA-functionalized electrode. This presence of nickel ions is crucial for the 
immobilization of histidine-tagged proteins Figure 22. 

4. SEM   Image   Showing   Distribution   of   Ni²⁺   in   Electrode Another SEM 
image, taken at high resolution, revealed a uniform distribution of Ni²⁺ throughout the 
electrode surface, indicating that the nickel ions were evenly dispersed after 



3.5. Patent Application  161 

 

functionalization. This distribution is essential for ensuring consistent protein 
immobilization across the entire electrode. 

5. Electrochemical Impedance Spectroscopy (EIS) Measurement 
Electrochemical impedance spectroscopy (EIS) was used to confirm the successful 
immobilization of the histidine-tagged protein. The impedance measurements showed a 
clear increase in resistance after washing off unbound proteins, indicating that the protein 
had been successfully immobilized on the electrode surface. The binding of the protein was 
further verified by the reduction in current observed after protein immobilization, 
demonstrating that the protein interaction was stable depicted in Figure 23. 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 22: Presence of nitrogen than the control indicating NTA functionalization. 

 in the electrode in the XPS spectra. 
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3.5.3.2.2 Validation of protein immobilzation 
 
This study demonstrates a successful approach to functionalizing gold nanomaterials 

with MPA/NTA linkers to facilitate the immobilization of histidine-tagged proteins on an 
electrode surface. The comprehensive characterization using SEM, FTIR, XPS, and EIS 
confirms the successful formation of stable complexes between Ni²⁺ and the functional 
groups, as well as the effective immobilization of the protein. These findings lay the 
groundwork for future applications in biosensors and other bioelectronic devices. 

 Biosensor developed 

3.5.4.1.1 Summary 
In this study, we developed a novel electrochemical detection system for MeHg, utilizing 

the MerB system from mercury-resistant bacteria. This dual-enzyme system enabled the 
detection of MeHg based on its interaction with MerB, and we employed two powerful 
electrochemical techniques—cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS)—to measure the redox signatures and impedance changes that occur 
during the binding of MeHg to MerB functionalized on gold electrodes. 

3.5.4.1.2 Results and Discussion 
Cyclic Voltammetric Detection of MeHg: The first detection method we explored was 

cyclic voltammetry (CV), which measured the redox interactions between MeHg and the 
MerB enzyme. We hypothesized that the interaction between MeHg and MerB would 
produce a distinct redox signature, which could be identified by measuring current 
responses at various potentials. During the CV measurements, different scan rates ranging 
from 0.01 V/s to 0.1 V/s were applied. The results showed a prominent peak at around 0.3 
V on the X-axis, which corresponded to the redox reaction between MeHg and the enzyme, 
where MeHg was converted into Hg²⁺. The peak at this potential was consistent across the 
range of MeHg concentrations tested (4 and 5 ng), confirming the capability of the CV 
technique to detect MeHg based on the enzymatic reaction. This established CV as a 
reliable method for detecting MeHg at concentrations as low as nanograms shown in Figure 
24. 

 
 
 

 

Figure 23: The Electrochemical impedence measurement. 

proving the immobilzation of protein after washing the unbound protein 
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Electrochemical Impedance Spectroscopy (EIS) Detection of MeHg: In addition to CV, 
we also investigated the use of electrochemical impedance spectroscopy (EIS) for MeHg 
detection, which takes advantage of the impedance changes caused by the conformational 
changes in MerB upon binding with MeHg. The hypothesis was that MeHg binding would 
lead to measurable alterations in the impedance of the electrochemical system, which could 
be used as an indicator of the quantity of MeHg present are depicted in Figure 25 &Figure 
26. 

Figure 24: CV measurements (with different scan rates from 0.01 to 0.1). 

for 4 and 5 ng of MeHg a signature peak in 0.3V (potential) in the X-axis indicating the 
redox reactin between MeHg and MerB while converting MeHg into Hg2+. 
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The EIS measurements detected significant impedance changes upon the interaction of 
MeHg with the MerB-functionalized electrode, which were consistent with the binding 
event. The Nyquist and Bode plots from the EIS data showed an increase in charge transfer 
resistance (Rct), directly correlating with the amount of analyte (MeHg) bound to the 
biorecognition element. Notably, this increase in Rct was found to be highly sensitive, with 
detection of MeHg as low as 3 femtograms (fg), a concentration that is unprecedented for 
electrochemical methods. The remarkable sensitivity of EIS in detecting MeHg at such a 
low concentration demonstrates its potential for use in environmental monitoring and trace 
detection of toxic metals are depicted in Figure 27, Figure 28, Figure 29,Figure 30,Figure 
31& Figure 32.  

 
 
 
  

Figure 25: The hypothesis for MeHg detection using cyclic voltametric detection. 

which involves finding the redox signature for the interaction between merB and MeHg 

Figure 26: Figure depicting the EIS measurement. 

that detect the change and plot in Nyquist and Bode diagram. The increase in Rct is 
correspond to the quantity of analyte bonded to the biorecognition element. 
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Figure 28: Figure depicting EIS measurement for a control electrode without merB. 

with methylmercury (1ng) taken in various time points (from 0min to 150min) showing 
decrease in electrochemical impedence, proving there is no increase in impedence when 
used without merB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 A) The increase in electrochemical impedence in the sensor with 140pg MeHg. 

than the control merB without MeHg, B) Calibration curve prepared with our MeHg sensor 
with different concentrations of MeHg, C) Electrochemical impedence for different 
concentrations. 
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Figure 29 Specificity test for the sensor tend towards Hg2+. 

the increase in impedence is 5ng Hg2+ from the sensor indicate that the sensor doest not 
detect Hg. 
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Figure 30 Figure depicting methyl mercury MeHg detection, sensor at 37C. 

(The temperatutre which the proteins are initially produced). To detect unprecedented low 
concentration such as 3fg 
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Figure 31 The specificity of sensor towards dmHg. 

the increase in impedence than the control merB indicates that 6ng dmHg can also be 
detected using our sensor. 
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Figure 32 The hypothesis for MeHg detection using Electrochemical impedence.  

which involves detecting the impedenc e in the electrochemical system caused by the 
confirmational changes in merB functionalized in the gold electrode (after intercatimng 
with MeHg). 

 

Characterization and Validation: Further confirmation of the successful functionalization 
of the gold electrode with MerB was provided by scanning electron microscopy (SEM), 
which revealed uniform distribution of the functionalized enzyme on the gold surface, 
ensuring that the sensor surface was well-prepared for efficient interaction with MeHg. The 
Fourier-transform infrared spectroscopy (FTIR) analysis confirmed the presence of 
functional groups (such as amines and carboxyl groups) from the NTA and MPA ligands 
used to anchor the enzyme to the electrode, further supporting the integrity of the sensor 
surface. 

This study successfully demonstrated the use of MerB-functionalized gold electrodes for 
the electrochemical detection of MeHg using both cyclic voltammetry and electrochemical 
impedance spectroscopy. The EIS method, in particular, achieved an unprecedented 
detection limit of 3 femtograms (fg), illustrating its exceptional sensitivity for trace-level 
MeHg detection. The ability to detect MeHg at such low concentrations could have 
significant implications for environmental monitoring, especially in regions where mercury 
contamination is a growing concern. Further studies are needed to explore the full potential 
of this detection system in real-world applications and to improve its stability and 
reproducibility. 

 Conclusions 

For efficient MeHg sensors, prioritise the development of advanced materials and 
biorecognition elements with high specificity for MeHg, such as novel nanomaterials and 
selective aptamers/ antibodies. Optimize signal processing using advanced technologies to 
improve accuracy and interpret complex data effectively. Implement real-time calibration 
and adaptive systems to maintain sensor performance under varying environmental 
conditions. Focus on increasing sensitivity to detect lower concentrations of MeHg and 
reducing response times for rapid, reliable measurements. Ensure the sensor’s usability, 
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cost-effectiveness, and scalability, and validate its performance through extensive field 
testing and adherence to regulatory standards. 

Currently, methods such as Atomic Absorption Spectroscopy (AAS), Atomic 
Fluorescence Spectroscopy (AFS), Inductively Coupled Plasma Mass Spectrometry (ICP-
MS), and X-ray Fluorescence (XRF) Spectroscopy are widely used for mercury (Hg) 
detection across various matrices. However, these techniques often require extensive sample 
preparation, have lower sensitivity, perform poorly with liquid samples, are susceptible to 
matrix interferences, and are costly, requiring highly skilled operators. As a result, sensors 
for detecting MeHg represent a potential advancement in the field. Unfortunately, current 
detection methods often lack the necessary sensitivity and specificity, frequently failing to 
detect concentrations below environmentally relevant thresholds set by regulatory bodies 
(e.g., 0.1 ng/mL) or based on the effects of biomagnified MeHg, which necessitates lowering 
regulatory thresholds. 

From a biological point of view, MeHg detection is particularly challenging: Even at 
extremely low concentrations, MeHg can cause biological amplification due to time-
dependent or chronic exposure. This makes even current gold-standard laboratory methods 
not sensitive enough, as MeHg concentrations are often below the limit of detection (LOD). 
In contrast to the Hg2+ where biological responses tend to show concentration-dependent 
effects in living cells, the biological impact of MeHg is usually only evident in multicellular 
organisms at higher trophic levels, which is then separating the concentration levels in 
environmental matrices from the concentrations in organisms, for example ocean waters 
and fish, respectively, by more than five orders of magnitude. 

Based on literature-gained knowledge and on our experiences, we have identified five 
key steps that should be specifically followed when developing an effective MeHg sensor: 

1. Interdisciplinarity: Developing a sensor requires collaboration between analytical 
chemists, material scientists, physicists, and experts in biology (e.g., biochemists, molecular 
biologists). A bottom-up approach is needed, beginning with an understanding of 
interactions of the MeHg with the selected sensing component at the molecular level. 

2. Matrix Consideration: The sensor development must begin by selecting the matrix 
(e.g. fish tissue, ocean water), as this determines the required sample pre-treatment, 
potential interferences (e.g. co- contaminants, extraction chemicals), expected 
concentration ranges, and physicochemical conditions such as ionic strength, pH, and 
temperature. 

3. Relevance: Sensor relevance must be evaluated not just by concentration levels but 
also by the intended application –whether ecological (e.g. bioavailability), health-related, 
research-orientated, or commercial. The sensor’s design should reflect its intended use. 

4. Detection Modalities: The sensor should be able to measure concentration 
(quantitatively or semi- quantitatively), temporal changes, accumulation, or microspatial 
information (e.g. intracellular accumulation). The specific modality should align with the 
sensor's intended purpose. 

5. Coupling Sensing Element with Transducer: The choice of transducer 
(electromagnetic, electrical, etc.) must be considered along with noise-to-signal ratio, signal 
range, and signal linearity. These factors impact signal amplification, filtration, correlation, 
and other signal-processing steps. 

 The recent surge in artificial intelligence (AI) has led to substantial advancement 
across various research domains. To date, most of the currently known MeHg sensing parts 
are designed based either on the known properties of selected sensing components or 
materials that preferentially interact with various Hg species, or by trial-and-error 
experiments. Currently, artificial intelligence tools offer new approaches in material design, 
discovery, and manufacturing, which can accelerate the development of sensors with 
improved sensitivity and especially increased selectivity towards MeHg (Papadimitriou et 
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al., 2024). Furthermore, based on our experiences working on WCBs and detecting very 
low levels of analytes (Rijavec et al., 2017), this process is often prone to a high noise-to-
signal ratio. However, adopting machine learning approaches could help refine detection, 
possibly not for quantitative measurements, but more appropriately for qualitative 
information. This could be crucial for filtering out contaminated samples, ensuring reliable 
detection even in complex samples affected by matrix effects. 

In conclusion, given the complexities discussed above, creating a universal sensor that 
functions across all matrices while providing relevant data would be extremely challenging. 
Therefore, work focused on matrix-specific sensors is necessary to achieve accurate and 
meaningful MeHg detection. 

The resulting portable biosensor demonstrates the capability to detect MMHg at 
extremely low concentrations (as low as 3 femtograms), ensuring high specificity against 
other mercury species, thus making it a promising tool for environmental monitoring and 
regulatory compliance in contaminated sites. 

This biosensor technology represents a significant advancement over conventional 
methods, offering rapid detection, ease of use, which are crucial for ensuring food safety 
and protecting vulnerable populations from mercury exposure. Future developments will 
focus on refining these sensors to improve their integration into real-world monitoring 
systems, further enhancing public health safety and environmental protection efforts 
against mercury contamination depicted in  Figure 33. 

  

 

Figure 33 Our MeHg sensor with bioregoniction elements, transducing element and 
reporting component illustrated. Prepared using BioRender.
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Chapter 4 

4 Conclusion 

This work advances the development of selective, efficient, and multifunctional 
nanoengineered platforms for toxic metal remediation and biosensing. Addressing critical 
environmental contaminants—particularly toxic metals such as Pb²⁺, Cr³⁺, Hg²⁺, and 
organomercurials like MeHg—the study integrates materials science, surface chemistry, 
microbiology, and electrochemical techniques into a unified framework for sustainable 
detection and removal technologies. 

The synthesized adsorbents, including amino-functionalized SiO₂ and γ-Fe₂O₃@NH₂ 
magnetic nanoparticles, demonstrated high surface reactivity and specificity toward 
priority metals. Their strong affinity under environmentally relevant conditions, excellent 
regeneration capability, and magnetic retrievability underscore their potential in 
decentralized water purification applications. Additionally, sol–gel derived spinel ferrite 
nanoparticles proved effective in co-adsorption of Hg²⁺ and recovery of rare earth elements 
(REEs), representing a step toward circular economy-compatible remediation technologies. 

A major innovation of the study was the development of a biosensor for ultra-trace 
MeHg detection, leveraging MerB an organomercurial lyase enzyme as the biorecognition 
element. The sensor design incorporated MerB immobilized on gold nanoparticle-modified 
screen-printed electrodes via Ni²⁺-NTA chelation chemistry. The complete workflow: from 
comparative evaluation of MeHg sensing techniques, hypothesis generation based on 
microbial mercury sequestration, to cloning, expression, and purification of MerB, and 
finally to electrochemical integration and sensor validation. 

The MerB protein exhibited outstanding specificity for MeHg, showing a 33% capture 
rate at molecular weight ratios as low as 1:0.5, while exhibiting negligible interaction with 
inorganic Hg²⁺ even at higher concentrations. Surface functionalization of the electrodes 
was verified using SEM, FTIR, elemental mapping, and EDX. Electrochemical Impedance 
Spectroscopy (EIS) confirmed that MerB immobilization caused a measurable increase in 
charge transfer resistance (Rct), which directly correlated with MeHg concentration. 
Importantly, control experiments without MerB showed no impedance change, affirming 
the biorecognition-driven detection mechanism. The sensor achieved detection limits as low 
as 3 femtograms, with exceptional specificity toward MeHg over other mercury species, 
including Hg²⁺.  

This study validates the integration of genetically expressed enzymes with nanoscale 
electrode platforms as a powerful strategy for selective biosensing. The successful 
immobilization and electrochemical interrogation of MerB lay the groundwork for portable 
monitoring systems for mercury pollution.  

Collectively, this research bridges nanoscale material design and molecular biosensing, 
delivering a dual-solution framework for environmental mercury management—removal 
through high-affinity adsorbents and detection via ultra-sensitive enzymatic biosensor.
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