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Review Article

Nanotechnology has evolved from a novel manufacturing domain into a core driver of sustainable development across
two frontiers: environmental remediation and advanced biomedicine. This paper reviews recent breakthroughs in
engineered nanomaterials (ENMs), focusing on green-synthesized nanoparticles, nanostructured sorbents, and stimuli-
responsive nanocarriers. Regionally tailored, eco-friendly fabrication methods such as phyto-synthesis minimize
hazardous chemical production while yielding structurally stable nanoparticles. In environmental applications, these
materials exploit extreme surface-area-to-volume ratios to sequester heavy metals, degrade persistent organic pollutants,
and sanitize water supplies. Concurrently, in biomedicine, multifunctional nanodevices are transforming targeted drug
delivery, tissue scaffolding, and molecular diagnostics. This article synthesizes the cross-disciplinary paradigms of
nanoremediation and nanomedicine, evaluates their current limitations, and outlines the regulatory, economic, and
toxicological pathways required for safe clinical and environmental deployment.
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1. INTRODUCTION

The intersecting global crises of environmental
degradation and complex chronic diseases demand
technical solutions that are both highly efficient and
ecologically benign. Traditional industrial chemistry and
mass-market pharmacology often rely on resource-
intensive processes that generate toxic secondary
byproducts (Smith et al,2021). Over the past decade,
engineered nanomaterials (ENMs) have emerged as a
disruptive, multiscale framework capable of addressing
these challenges simultaneously (Frenzilli, 2020;
Johnson & Lee, 2022). By manipulating matter at the
nanoscale (typically 1-100 nm), scientists exploit
quantum effects, enhanced surface reactivity, and
tunable surface chemistry absent in bulk counterparts
(Brown, 2023). Historically, nanomaterial
manufacturing raised environmental concerns due to the
use of volatile organic solvents and heavy metal
precursors (Davis & Martinez, 2021). However, the
paradigm shift toward green nanotechnology utilizing

botanical extracts, microbial cultures, and biodegradable
polymers has successfully aligned nanotechnology with
sustainable development goals (Saleem & Sadia, 2026;
Taylor, 2024). The demand for high-performance
materials in water and air purification has driven rapid
expansion in nanoremediation (Garcia & Zhou, 2022).
Simultaneously, modern healthcare requires more
precise diagnostics and localized therapies to minimize
systemic side effects associated with conventional drugs
(Malik et al.,2023; Patel & Wang, 2021). Nanomaterials
bridge these fields by offering universal benefits,
including ultra-high specific surface areas, adaptable
surface functionalization, and high structural stability
(Nguyen & Kim, 2023). This comprehensive review
explores the mechanisms of green nanomaterial
synthesis, analyzes their applications in environmental
decontamination, evaluates their role in biomedical
systems, and addresses the toxicity and regulatory
bottlenecks that must be resolved for widespread
industrial implementation.
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Figure 1: Schematic overview of green nanotechnology for environmental and biomedical applications
2. Green Synthesis and Characterization Paradigms particular, uses plant extracts rich in natural
A cornerstone of sustainable nanotechnology is phytochemicals like polyphenols, flavonoids, terpenoids,
eliminating hazardous waste during material synthesis. and carboxylic acids (Saleem & Sadia, 2026). These
Traditional chemical reduction methods for metal biomolecules act simultaneously as reducing agents
nanoparticles (e.g., silver, gold, iron oxides) rely heavily (converting metal ions into stable nanoparticles) and as
on toxic reducing agents such as sodium borohydride, capping agents (preventing agglomeration) (Khan &
hydrazine, and hazardous organic solvents (Wilson, Rahman, 2021). This biological capping eliminates the
2022). Modern eco-friendly synthesis prioritizes need for synthetic surfactants, ensuring that the resulting
renewable biological resources, shifting manufacturing nanomaterials  remain  stable, non-toxic, and
toward botanical and microbial-mediated methods biocompatible for sensitive clinical or ecological
(Thompson & Garcia, 2023). Phyto-synthesis, in applications (Kumar & Singh, 2023).
1 Y
o Metal lon Precursors o Phytochemical Extracts 0 Bioreduction Process o Capped Nanoparticles W

_d @
W @ Phytochemicals £ HO# J §.J°

‘ Ag*’ Au:“'l rmoj: ),\é J\a, ~ @ ¢ wv \ JK 'n
Silver (Ag' 3 » » - :
g) Gold (Au™) Mw&}@’t‘“‘ @ - g A Oy o (V8

. Cu NPs ZnO NPs
20 = &
\, B \2"9 (Reducing & @

0o

Copper (Cu™)  Zinc oxide (ZnO) Tanning i ﬁ ,(m J Stabiizing Agents) 0l
- 4

Insect Gut Mlcroblome Interactions

0 Enhanced Bt toxicity e Gut dysbiosis induced e ROS overproduction o Immune pathway activation
nanoparticles + Bt beneficial symbionts reduced, oxidative damage, Toll, IMD, JAK/STAT pathways
act synergistically opportunistic pathogens expanded gut epithelial disruption .
* ’\‘V - v' »\'. ‘4"1 2 '7 L ‘T]Jﬂ ol
DikO®(
[ Bt . mm STAT
( Dif
< J

A 4
() Enhanced Pest Control
[ Efficiency & Mortality &E%E ]
Figure 2: Green synthesis of metal nanoparticles and their interactions with the insect gut microbiome leading to
enhanced pest control efficiency and mortality

Beyond plant extracts, microbial synthesis architectures (Ahmed & Choi, 2022). Microorganisms
using bacteria, fungi, and microalgae offers an process metal ions through intracellular or extracellular
alternative pathway for producing precise nanoparticle metabolic pathways, yielding nanoparticles with highly
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uniform size distributions (Rodriguez ef al.,2024). Once
synthesized, these biogenic nanoparticles undergo
comprehensive characterization to confirm their
structural and functional properties (Lopez & Anderson,
2023). UV-Vis double-beam spectrophotometry is
commonly used to observe characteristic surface
plasmon resonance (SPR) peaks, confirming successful
nanoparticle reduction (Thomas, 2021). Fourier
transform infrared spectroscopy (FTIR) then maps the
specific organic functional groups from the biological
matrix that remain bound to the nanoparticle surface as
stabilizing agents (White & Harris, 2023). For structural
and spatial analysis, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
provide high-resolution imaging to verify geometric size,
morphology, and crystalline structures critical for
optimizing reactivity (Martin & Taylor, 2022).

3. Sustainable  Environmental
(Nanoremediation)

The accumulation of industrial, agricultural,
and pharmaceutical wastes in global water matrices
poses an urgent ecological challenge. Nanoremediation
offers a highly targeted alternative to conventional water
filtration, coagulation, and soil scraping methods that are
often energy-intensive and generate large quantities of
toxic sludge (Hussein, 2025; Roberts & Miller, 2023).
Engineered nanomaterials operate effectively in dilute
environments due to their dense distribution of active
surface sites, enabling them to bind or degrade pollutants
that conventional treatments miss (Lee & Chang, 2021).

Applications

3.1 Heavy Metal Sequestration

Industrial wastewater frequently introduces
toxic heavy metal ions, such as cadmium (Cd?*), lead
(Pb**), and hexavalent chromium (Cr®*), into freshwater
ecosystems, posing long-term threats to human and

animal health (Walker & Hall, 2022). Advanced
nanostructured sorbents provide high adsorption
capacities due to their vast specific surface area and
reactive surface groups (Hussein, 2025). A notable
milestone in green nanoremediation is the deployment of
engineered cellulose-based nanosponges (Frenzilli,
2020). These biopolymer networks are highly effective
at capturing toxic heavy metal ions from contaminated
water (Clark & Lewis, 2024). Research shows that these
eco-friendly nanosponges not only isolate heavy metals
from aqueous solutions but also mitigate downstream
biological damage in local aquatic indicator species,
restoring cellular health and genetic integrity to baseline
levels (Frenzilli, 2020). Additionally, magnetic iron
oxide nanoparticles functionalized with green stabilizers
allow easy separation from treated water using an
external magnetic field, minimizing secondary
nanomaterial pollution (Allen & Scott, 2023).

3.2 Photocatalytic Degradation of Organic Pollutants

Persistent organic pollutants such as synthetic
textile dyes, plasticizers, endocrine disruptors, and
halogenated herbicides resist standard biological
wastewater treatment due to their stable aromatic
structures (Baker & Young, 2022). Nanocomposites,
particularly those pairing metal oxides like titanium
dioxide (TiO3) or zinc oxide (ZnO) with carbon scaffolds
such as modified graphene oxide, act as highly efficient
photocatalysts (Frenzilli, 2020; Malik ef al.,2023). When
exposed to solar radiation, photons with energy greater
than the semiconductor bandgap excite valence electrons
to the conduction band, leaving behind positively
charged holes (King, 2021). This process generates
reactive oxygen species (ROS), including hydroxyl
radicals (*OH) and superoxide anions (*O;") (Green &
Mitchell, 2024).
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Figure 3: Photocatalytic degradation mechanism using TiO, nanoparticles under solar radiation
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As illustrated in Figure 3, t.hese advanced
oxidation radicals systematically attack the chemical
bonds of complex organic molecules, breaking them
down into harmless byproducts such as water (H,O) and
carbon dioxide (CO,) (Adams & Turner, 2023).

4. Biomedical Innovations (Nanomedicine)

At the molecular level, human biological
systems naturally operate on a nanoscale, with cellular
receptors, DNA helices, and proteins conforming to
nanometer dimensions (Wright & Evans, 2022). This
structural alignment allows engineered nanomaterials to
interface directly with biological systems, opening new
pathways for advanced clinical therapeutics and high-
resolution molecular diagnostics (Gangadhar, 2025;
Malik et al.,2023).

4.1 Targeted and Stimuli-Responsive Drug Delivery

Standard  systemic =~ chemotherapy  and
conventional drug administration suffer from poor
biodistribution, rapid renal clearance, and severe off-
target toxicities in healthy tissues (Hill & Nelson, 2021).
Nanotechnology addresses these limitations by
encapsulating active pharmaceutical ingredients in smart
nanocarriers such as liposomes, polymeric micelles, and
dendrimers designed for localized deployment
(Gangadhar, 2025; Carter & Morris, 2023). These
advanced carriers exploit stimuli-responsive
mechanisms to optimize therapeutic indexes (Stewart &
Phung, 2024). They remain securely sealed while
traveling through the healthy bloodstream but release
their therapeutic cargo exclusively upon encountering
specific localized triggers (Gangadhar, 2025). These
triggers can be internal, such as acidic pH (characteristic
of tumor microenvironments) or elevated enzyme

concentrations (Edwards & Kim, 2022), or external, such
as focused near-infrared light, alternating magnetic
fields, or ultrasound waves applied directly to the target
tissue (Collins, 2023).

4.2 Tissue Engineering and Regenerative Medicine

When human organs or musculoskeletal tissues
sustain severe, irreversible damage from disease or
trauma, conventional grafts are limited by donor
shortages and the risk of immune rejection (Parker &
Collins, 2022). Nanotechnology facilitates regenerative
medicine  through the precise fabrication of
biocompatible nanoscaffolds (Gangadhar, 2025). By
mimicking the natural extracellular matrix (ECM)
topography, these nanostructured biomaterials provide
essential structural support, promote cell adhesion,
accelerate  proliferation, and guide stem cell
differentiation into functional tissue (Bell & Ward,
2024). Nano-reinforced hydrogels and electrospun
nanofibrous mats can be engineered to degrade slowly as
new tissue grows, ensuring seamless integration without
chronic inflammation or fibrosis (Murphy & Davies,
2023).

4.3 Antimicrobial Efficacy and Sanitation

With the alarming rise of multidrug-resistant
(MDR) superbugs and the clinical failure of many
frontline antibiotics, green-synthesized silver
nanoparticles (AgNPs) have become vital clinical assets
(Saleem & Sadia, 2026; Morgan, 2021). Due to their
small size and high chemical reactivity, biogenic AgNPs
readily attach to and penetrate microbial cell walls,
causing cytoplasmic leakage (Phillips & Campbell,
2023).
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Figure 4: Antimicrobial mechanism of silver nanoparticles (AgNPs) against bacteria, showing penetration, ROS generation,
ATP disruption, and cell death
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Once inside the cell, they disrupt ATP
production, denature metabolic enzymes, and induce
massive oxidative stress via ROS generation (Saleem &
Sadia, 2026; Mitchell & Cooper, 2024). Because these
antimicrobial mechanisms operate through multiple
pathways simultaneously, microbes find it exceptionally
difficult to develop genetic resistance, making AgNPs
highly valuable for medical device coatings, sterile
clinical surfaces, and advanced wound dressings (Ward
& Hughes, 2022).

5. Critical Challenges and Future Perspectives
Despite compelling laboratory results and
successful proof-of-concept studies, transitioning these
nanotechnological  innovations into  mainstream
environmental infrastructure and clinical settings
requires overcoming several significant bottlenecks
(Evans & Ross, 2023). The long-term environmental fate
of engineered nanoparticles remains an open question in
ecotoxicology (Malik et al.,2023). Due to their ultrasmall
size, escaped nanoparticles can bypass biological
membranes and industrial filtration units, leading to
bioaccumulation across trophic levels in food webs
(Malik et al,2023; Hughes & Perez, 2024).
Comprehensive, long-term toxicological studies are
necessary to ensure that large-scale nanoremediation
does not inadvertently cause new forms of environmental
toxicity or ecological disruption (Gray & Brooks, 2022).

Furthermore, significant engineering challenges
remain in scaling up synthesis methods. Transitioning
green synthesis from small laboratory batches to
consistent, continuous industrial output without
sacrificing structural uniformity, shape control, or batch-
to-batch reproducibility is a major hurdle (Brooks &
Jenkins, 2021). From a regulatory perspective,
international oversight bodies face difficulties evaluating
multifunctional nanomaterials such as "theranostics" that
combine therapy and diagnosis in a single particle
(Gangadhar, 2025). These materials blur traditional
regulatory boundaries between medical devices and
active pharmaceutical drugs, creating complex approval
pathways (Fisher, 2023). Overcoming these bottlenecks
will require interdisciplinary collaboration among
materials scientists, toxicologists, and regulatory
agencies to establish clear safety protocols and
economically viable production scales (Owen & Long,
2024).

6. CONCLUSION

Advancements in nanotechnology are reshaping
sustainable practices in both environmental science and
modern medicine. The adoption of green, biogenic
synthesis methods reflects a commitment to reducing
toxic footprints from the initial manufacturing stage. In
environmental sectors, nanostructured sorbents and
advanced catalysts provide powerful tools for removing
persistent toxins, heavy metals, and organic pollutants
from ecosystems. Simultaneously, stimuli-responsive
nanocarriers, antimicrobial nanoparticles, and

biomimetic scaffolds are driving highly precise,
personalized approaches to human healthcare. Moving
forward, widespread deployment of these technologies
will depend on interdisciplinary collaboration to
establish rigorous safety standards, clear regulatory
guidelines, and economically viable production scales.
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