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Abstract

Nanotechnology has revolutionized environmental biotechnology by introducing engineered and biogenic
nanoparticles with distinct physicochemical properties. High surface area-to-volume ratios, tunable
reactivity, localized surface plasmon resonance, and catalytic efficiency make nanomaterials key drivers
for environmental monitoring, pollution remediation, and sustainable ecosystem management. Metal and
metal oxide nanoparticles, carbon-based nanomaterials, biopolymeric platforms, and quantum dots have
proven effective across wastewater purification, soil/groundwater bioremediation, nanobiosensing, and
sustainable agriculture. Biological and "green" synthesis approaches utilizing plant extracts, fungi,
bacteria, and algae have emerged as sustainable alternatives to traditional physical and chemical
fabrication routes, bypassing toxic solvents and reducing production costs. These green platforms
demonstrate high pollutant removal capabilities, effective heavy metal adsorption, dye photo-degradation,
microbial pathogen inactivation, and real-time detection of trace contaminants. However, full-scale
translation requires addressing systemic issues such as ecotoxicity, environmental bioaccumulation,
lifecycle persistence, and regulatory deficits. Integrating green chemistry, high-throughput
nanoinformatics, and advanced analytical characterization tools will be necessary to ensure safe, scalable,
and sustainable applications. This review comprehensively outlines the state-of-the-art classifications,
synthesis mechanisms, functional applications, toxicological risks, and future paradigms of
nanotechnology in environmental biotechnology.
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1. Nanotechnology as a New Paradigm for Environmental Biotechnology

Rapid global industrialization, population growth, climate variability, and intensive agriculture have
amplified environmental degradation through heavy metals, microplastics, pharmaceuticals, pesticides,
and persistent organic pollutants (POPs) [10, 21]. Conventional environmental remediation
technologies—such as pump-and-treat systems, chemical precipitation, activated sludge processes, and
incineration—are often constrained by high energy demands, operational expenses, slow kinetics,
incomplete degradation, and secondary sludge generation [9].
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Environmental biotechnology coupled with nanoscience offers higher efficiency and lower secondary
pollution risks [1, 20]. Nanoparticles (NPs), defined as discrete structures or materials with at least one
dimension between 1 and 100 nm possess functional characteristics distinct from bulk counterparts. These
include high specific surface areas, elevated surface energy, quantum confinement effects, rapid reaction
kinetics, and surface functionalization capabilities [17, 18].

Integrating engineered and biological nanoparticles into biotechnological workflows enhances established
processes [20]. For example, bio-nanotechnology utilizes nanoparticles as electron shuttles to accelerate
microbial degradation, immobilize enzymes on magnetic platforms for reuse, and serve as vectors for
agrochemicals [5, 13]. This article reviews the categories, synthesis pathways, mechanism-level
applications, toxicity profiles, and computational developments in nanoparticle-mediated environmental
biotechnology.

2. The Nanomaterial Landscape: Classes and Functional Diversity

2.1 Reactive Metal and Metal Oxide Nanoplatforms

Metal and metal oxide nanoparticles (MMONPs) are extensively researched in environmental remediation
and pathogen control due to their catalytic and antimicrobial activity [8, 16].

Silver (AgNPs) and Gold (AuNPs): AgNPs display antimicrobial properties against Gram-positive and
Gram-negative bacteria, fungi, and viruses via surface contact, membrane destabilization, reactive oxygen
species (ROS) generation, and genomic disruption [8, 19]. AuNPs serve as signal-amplifying platforms in
optical, colorimetric, and electrochemical biosensors due to localized surface plasmon resonance (LSPR)
[17].

Titanium Dioxide (TiO,) and Zinc Oxide (ZnO): Widely utilized semiconductor photocatalysts. Under
UV or solar irradiation, electron-hole (e~ /h*) pairs generate hydroxyl radicals (- OH) and superoxide
anion radicals (- O, ) that degrade recalcitrant organic dyes, pharmaceuticals, and industrial effluents into
harmless byproducts (CO, and H,O) [21, 23].

Iron-Based Nanoparticles (Iron Oxides and nZVI): Magnetite (Fe;0,) and maghemite (y-Fe,O3)
enable rapid magnetic separation of adsorbed contaminants. Nanoscale Zero-Valent Iron (nZVI) has high
standard reduction potentials (Fe®* /Fe® = —0.44 V), making it effective for reductive dehalogenation of
chlorinated hydrocarbons and heavy metal immobilization (Cr(VI) to Cr(III)) in soil and aquifers [3, 11].
2.2 Carbon-Based Nanomaterials: High-Surface-Area Environmental Tools

Carbon nanomaterials possess high specific surface area, thermal stability, chemical inertness, and
hydrophobicity.

Carbon Nanotubes (CNTs): Single-walled (SWCNTs) and multi-walled (MWCNTs) carbon nanotubes
exhibit high aspect ratios and tubular structures, enabling rapid adsorption of heavy metal ions (Pb2+,
cd**, Cu**) and hydrophobic organic contaminants through -7 stacking, electrostatic interactions, and
hydrophobic effects [2, 10].

Graphene and Graphene Oxide (GO): GO contains oxygenated functional groups (epoxide, hydroxyl,
carboxyl) that act as binding sites for cationic dyes and heavy metals. Reduced Graphene Oxide (rGO)
nanocomposites are widely used as conductive supports for photocatalysts and electrochemical sensors
[23].

Fullerenes (Cgy) and Carbon Dots (CDs): Carbon quantum dots display bright fluorescence, resistance
to photobleaching, and minimal intrinsic toxicity, making them effective for real-time sensing of heavy
metals and micro-pollutants [2, 24].
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2.3 Biopolymeric and Hybrid Systems: Designing Sustainable Interfaces

Biopolymeric nanostructures address concerns regarding persistent synthetic nanomaterials due to their
biodegradability, non-toxicity, and abundant functional moieties [4, 15].

Chitosan Nanoparticles: Synthesized via ionic gelation (e.g., crosslinking with tripolyphosphate),
cationic chitosan platforms carry functional primary amine (—NH,) and hydroxyl (—OH) groups that
adsorb anionic dyes (such as Congo Red and Reactive Black) and chelate toxic metal cations [15].
Alginate and Cellulose Nanocrystals (CNCs): Anionic polysaccharides abundant in carboxylate
moieties (—COOQO ) capable of binding divalent and trivalent metallic pollutants. Nanocellulose matrices
provide high mechanical strength and porosity for high-throughput filtration membranes [4].
Hybrid/Bio-composite  Systems: Crosslinking biopolymers with magnetic nanoparticles
(Fe;O4@chitosan) or metal-organic frameworks (MOFs) allows high structural integrity, tunable pore
sizes, and rapid post-treatment magnetic recovery [4, 15].

2.4 Quantum Dots and Nanosensors: Seeing Contaminants at the Nanoscale

Semiconductor quantum dots (QDs)—such as CdSe, CdS, ZnS, and InP—are zero-dimensional
nanocrystals (< 10 nm) that display size-dependent photoluminescence, broad absorption spectra, and
narrow emission peaks. Surface-functionalized QDs operate as chemical sensors based on photoinduced
electron transfer (PET) or fluorescence resonance energy transfer (FRET) mechanisms. Upon binding
target pollutants (e.g., pesticides, heavy metals, microbial toxins), the fluorescence emission of QDs
undergoes quantitative quenching or enhancement, enabling detection at nanomolar concentrations [24].

3. From Conventional Fabrication to Green Nanomanufacturing

3.1 Conventional Routes: Precision with Environmental Trade-Offs

Top-down physical techniques (ball milling, laser ablation, sputtering) and bottom-up chemical routes
(sol-gel, co-precipitation, hydrothermal synthesis, microemulsion, chemical reduction) offer precise
control over size, geometry, and monodispersity [9]. However, chemical methods often rely on hazardous
reducing agents (sodium borohydride, hydrazine) and synthetic capping ligands (cetyltrimethylammonium
bromide - CTAB) that pose environmental handling risks and induce residual surface toxicity [1, 8]. These
processes also require significant energy input (elevated temperatures and pressures) [22].

3.2 Biological Routes: Nature-Driven Nanoparticle Synthesis

Green nanotechnology uses biological entities as natural reductants and capping agents, eliminating
hazardous chemicals and operating under ambient conditions.

Plant-Mediated Synthesis (Phytosynthesis): Aqueous extracts from leaves, seeds, peels, and roots
contain bioactive secondary metabolites—including polyphenols, flavonoids, terpenoids, alkaloids, and
ascorbic acid—that act as reducing agents for metal salts (Ag* — Ago, Fe** — Fe?) and stabilize the
resulting nanoparticles against agglomeration. Mangrove plant extracts, rich in condensed tannins and
quinones, yield highly stable silver, copper, and iron nanoparticles with strong antioxidant and
antimicrobial performance [8, 16, 19].

Microbial-Mediated Synthesis: Bacteria (Pseudomonas, Bacillus), fungi (Trichoderma, Aspergillus),
and algae (Sargassum, Chlorella) synthesize nanoparticles via intracellular accumulation or extracellular
enzymatic reduction. Extracellular enzymes (e.g., nitrate reductase) transfer electrons to metal ions,
forming zero-valent nanoparticles. Fungal synthesis (mycosynthesis) is especially suited for industrial
scaling due to high biomass production, secreted proteins, and ease of downstream processing [20, 22].
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Biopolymer and Agro-Waste Utilization: Agricultural byproducts (such as rice husk, citrus peels, and
spent coffee grounds) provide biogenic silica, nanocellulose, and polyphenols, transforming waste into
high-value functional nanomaterials [6, 7].

4. Where Nanoparticles Make a Difference: Environmental Biotechnology Applications
4.1 Cleaning Contaminated Water: Nanoparticle-Assisted Treatment
Wastewater management requires the removal of heavy metals, dyes, pharmaceuticals, and pathogenic
microbes [4, 9].
Heavy Metal Adsorption
Functionalized magnetic nanoparticles (Fe30O,), biopolymeric chitosan, and carbon nanocomposites
remove non-biodegradable heavy metals (Pb>*, As(III/V), Cd**, Hg?*, Cr(VI)) from aqueous streams
via surface complexation, ion exchange, and electrostatic interactions. Magnetically responsive sorbents
allow easy removal post-treatment using external magnetic fields [4, 10, 11, 15].
Photocatalytic Dye and Micropollutant Degradation
Semiconductor metal oxide nanoparticles (TiO,, ZnO, WO3;, BiVO,) degrade persistent organic
pollutants, micro-plastics, and synthetic dyes (Methylene Blue, Rhodamine B, Reactive Black) under light
irradiation [21, 23]. Irradiation matching or exceeding the bandgap energy promotes electrons from the
valence band (VB) to the conduction band (CB), generating reactive hydroxyl and superoxide radicals that
mineralize complex aromatics into simple, non-toxic inorganic species [16]:
Nanocatalyst + hv — ecg + hig
h¥gz + H,O0 —-OH + H*
ecg + 02 —- 0,
- OH/- O, + Organic Pollutants — CO, + H,0O + Inorganic ions
Pathogen Inactivation
Biosynthesized silver (Ag), copper (Cu), and zinc oxide (ZnO) nanoparticles demonstrate broad-spectrum
antimicrobial activity against waterborne pathogens, including Escherichia coli, Salmonella enterica,
Pseudomonas aeruginosa, and enteric viruses [18, 20]. Mechanism of action includes membrane lipid
peroxidation, destruction of transmembrane proton gradients, leakage of intracellular contents, generation
of intracellular ROS, and inactivation of essential thiol-containing enzymes [4, 19].
4.2 Restoring Contaminated Ecosystems through Nanobioremediation
Nanoparticles integrated into biological degradation pathways enhance the breakdown of complex
pollutants.
Zero-Valent Iron (nZVI) and Bimetallic Systems: nZVI and bimetallic variants (Fe/Pd, Fe/Ni1) provide
high electron donation capacity for the rapid in situ reductive dehalogenation of toxic chlorinated solvents
(trichloroethylene - TCE, polychlorinated biphenyls - PCBs) and nitroaromatic explosive residues in soil
and aquifers [3, 11].
Nanoparticle-Microbial Consortia: Nanoparticles act as electron shuttles that facilitate extracellular
electron transfer between electroactive microbial species and electron-accepting pollutants [20].
Enzyme Immobilization: Enzymes (such as laccase, peroxidase, and lipase) immobilized on
functionalized magnetic nanoparticles show improved thermal and pH stability, resistance to proteolysis,
and continuous reuse through magnetic recovery [15].
4.3 From Detection to Decision: Nanosensing for Environmental Monitoring
Point-of-need detection of trace contaminants requires highly sensitive, selective, and rapid analytical
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platforms.

Optical and Colorimetric Biosensors: Functionalized gold nanoparticles (AuNPs) aggregated in the
presence of target analytes (heavy metal ions, organophosphate pesticides, viral RNA) undergo a visible
color change from red to blue due to shifts in Localized Surface Plasmon Resonance (LSPR) [17].
Electrochemical Nanosensors: Carbon nanotubes, graphene, and metallic nanoparticles modifying
electrode surfaces lower charge-transfer resistance and increase active surface area, allowing
electrochemical detection of heavy metal ions, nitrophenols, and pharmaceutical residues [2, 10].
FRET-Based Nanosensors: Quantum dot donors paired with organic dye acceptors allow precise
fluorescent detection of trace toxins, endocrine-disrupting chemicals, and pathogenic micro-organisms
[24].

4.4 Nanotechnology for Cleaner Air and Atmospheric Control

Nanotechnology contributes to air quality management through catalytic oxidation, selective catalytic
reduction (SCR), and nanofiltration:

VOC Removal: Catalytic nanoparticles, including cerium oxide (CeO,), platinum (Pt), and palladium
(Pd), oxidize volatile organic compounds (benzene, toluene, formaldehyde) at lower operating
temperatures [20].

NO,, and SO, Reduction: Photocatalytic TiO,-coated building surfaces and road infrastructure oxidize
nitrogen oxides (NO, ) into nitrate ions under ambient solar light, reducing urban smog [23].
Nanofibrous Air Filters: Electrospun polymeric nanofibers decorated with antibacterial nanoparticles
capture particulate matter (PM, 5, PM; ) while inactivating airborne bioaerosols [19, 20].

4.5 Nanoscale Tools for Sustainable and Resilient Agriculture

Agricultural intensification requires efficient nutrient usage and reduced chemical contamination.
Nano-Fertilizers: Nanoporous matrices (such as zeolites, chitosan, or hydroxyapatite) encapsulated with
nitrogen, phosphorus, potassium, or essential micronutrients (Zn, Fe, Cu) allow targeted, slow release.
This minimizes nutrient runoff, leaching, and atmospheric volatilization while improving plant uptake
efficiency [5, 13].

Nano-Pesticides and Nano-Fungicides: Encapsulating active pesticide or fungicide molecules within
polymeric or solid lipid nanoparticles protects against premature degradation, increases leaf surface
adhesion, and lowers required chemical application rates [13].

Abiotic Stress Tolerance: Foliar application of biogenic silica, titanium dioxide, or zinc oxide
nanoparticles at low concentrations enhances plant photosynthetic efficiency, enzyme antioxidant systems,
and resilience against drought, salinity, and heat stress [5, 13].

5. Comparing Nanomaterials: Performance, Function, and Environmental Trade-Offs
The structural properties, target pollutants, mechanisms, and limitations of major environmental
nanoparticles are summarized below:

Category Typical Primary Primary Key Major Limitations
Examples Environmen | Mechanisms | Advantages
tal
Applications
Metal & | Ag, Au, TiO,, | Pathogen ROS High Potential  particle
Metal Zn0, Fe;0, disinfection, | generation, reactivity, aggregation,
Oxides organic dye | radical magnetic
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photocatalysi | cleavage (- | recovery, toxicity to non-
s, heavy metal | OH), broad- target soil microbes
adsorption chelation spectrum
antimicrobia
| activity
Carbon- CNTs Adsorption of | m-m stacking, | Large High  production
Based (SWCNT/MWCN | POPs, heavy | hydrophobic | surface area, | costs, difficult
T), Graphene, GO, | metals, interactions, | mechanical | dispersion,
Carbon Dots biosensing, surface strength, potential
membrane complexation | chemical respiratory toxicity
filtration stability
Biopolymer | Chitosan, Heavy metal | Electrostatic | Biodegradab | Lower mechanical
ic Alginate, binding, binding, le, strength, higher pH
Nanocellulose, micro- amine/carbox | biocompatibl | sensitivity
Starch encapsulation | yl chelation, | e, abundant,
of ionic non-toxic
agrochemical | crosslinking
s, microbial
carriers
Quantum CdSe, ZnS, | Fluorometric | FRET, High Heavy metal core
Dots Carbon Quantum | biosensing, Photoinduce | photostabilit | Jeaching (Cd2+),
Dots micro- d Electron Y, tunable expensive synthesis
pollutant Transfer emission,
trace (PET), LSPR | high
monitoring sensitivity
Zero-Valent | nZVI, Fe/Pd, | Groundwater | Direct High Oxidation/passivati
Metals Fe/Ni dehalogenatio | reductive reductive on, potential
n, hexavalent | electron potential, mobility in aquifers
chromium transfer, rapid
reduction Fenton-like | degradation
reactions kinetics

6. Safety at the Nanoscale: Toxicity, Fate, and Regulatory Challenges
6.1 Nanotoxicity and Ecological Pressure on Living Systems
Uncontrolled releases of engineered nanomaterials into soil, aquatic systems, and the atmosphere pose
potential ecological risks [12, 14]:
Cytotoxicity and Membrane Disruption: Small physical dimensions enable nanoparticles to cross
biological membranes, destabilize cell walls, and induce mechanical shear stress.

Oxidative Stress: Excessive reactive oxygen species (ROS) generation damages intracellular lipid

bilayers, proteins, and nucleic acids.

Microbial Ecosystem Disruption: Non-selective antimicrobial activity can reduce beneficial soil
microbial populations, such as nitrogen-fixing rhizobia, mycorrhizal fungi, and nitrifying bacteria,
disrupting nutrient cycling.
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6.2 Environmental Journey of Nanoparticles: Fate, Transport, and Accumulation

Once introduced into aquatic or terrestrial environments, nanoparticles undergo physical and chemical
transformations [14]:

Agglomeration and Sedimentation: High surface energy causes nanoparticles to aggregate, altering their
bioavailability, settling velocity, and transport dynamics.

Surface Corona Formation: Interaction with natural organic matter (NOM)—such as humic and fulvic
acids—forms a surface "corona" that modifies colloidal stability, surface charge, and cellular uptake.
Bioaccumulation and Biomagnification: Persistent nanoparticles can accumulate within lower trophic
organisms (algae, daphnids, plants) and biomagnify across food webs, posing risks to higher trophic
consumers, including humans.

6.3 From Laboratory to Regulation: Policy and Standardization Gaps

Regulatory oversight remains difficult due to several factors [12]:

Lack of standardized test protocols for assessing nanomaterial ecotoxicity in complex environmental
matrices.

Inadequate analytical techniques for detecting, quantifying, and tracking trace nanomaterials in real-time
within soil and water ecosystems.

Deficits in lifecycle assessment (LCA) data covering production, operational lifespan, end-of-life disposal,
and environmental transformation.

7. Looking Ahead: Emerging Frontiers in Sustainable Nanobiotechnology

To advance nanoparticle-mediated environmental biotechnology, research efforts should focus on several
key areas:

Multi-functional and Stimuli-Responsive Materials: Developing "smart" nanomaterials capable of
simultaneous sensing, sorption, and catalytic degradation. Stimuli-responsive carriers (pH, temperature,
light) enable targeted delivery of remediation agents or agrochemicals on demand [4, 5].
Nanoinformatics and Machine Learning (ML): Applying high-throughput nanoinformatics,
quantitative structure-activity relationship (QSAR) models, and ML algorithms to predict nanomaterial
property-activity relationships, fate, transport, and ecotoxicity profiles prior to large-scale synthesis [1, 6,
9].

Industrial Scaling of Green Synthesis: Moving green synthesis from bench-scale batch processes to
continuous-flow microfluidic systems and bioreactor configurations. Standardizing plant extract profiles
and microbial fermentation conditions will help ensure batch-to-batch reproducibility [2, 3].

Integration into the Circular Economy: Valorizing industrial and agricultural wastes (such as electronic
waste, metal-bearing slag, and biomass ash) into functional nanomaterials supports waste minimisation
and sustainable resource recovery [7].

Field-Scale Validation and Mesocosm Testing: Progressing beyond controlled laboratory conditions to
complex mesocosms and real-world field pilots to evaluate operational durability, recovery efficiency, and
long-term ecological impacts [4].

8. Concluding Perspective: Toward Safer and Sustainable Nanobiotechnology

Nanotechnology provides advanced platforms for addressing complex environmental challenges. The
unique chemical, optical, structural, and electronic properties of nanomaterials allow high performance
across wastewater treatment, contaminated soil remediation, atmospheric pollutant control, real-time
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sensing, and sustainable agriculture. Green synthesis approaches using biological entities reduce
dependency on toxic chemicals and support sustainable fabrication practices. However, wide-scale
application requires balancing technical capabilities with safety considerations. Addressing nanotoxicity,
long-term environmental persistence, bioaccumulation, and regulatory gaps require collaborative efforts
across biotechnology, materials science, toxicology, and environmental engineering. Leveraging advanced
green chemistry, high-throughput nanoinformatics, and comprehensive lifecycle assessments will ensure
nanoparticles drive safe and sustainable environmental practices.
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