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ARTICLE INFO ABSTRACT

Keywords: Nanotechnology represents a burgeoning scientific field that focuses on materials within the nanometer size
Naturally occurring nanoparticles (NONPs) range. Nanoparticles, categorized as incidental, engineered and naturally occurring nanoparticles (NONPs),
Source constitute a critical aspect of nanotechnology. Incidental nanoparticles are inadvertently generated as byprod-
E‘::: erties ucts, engineered nanoparticles are synthesized by humans for diverse applications and NONPs exist naturally in
Fate the environment. NONPs are further categorized based on their location in the environment, such as Naturally

Occurring Carbon Nanoparticles, Naturally Occurring Metal Nanoparticles, NONPs present in food, NONPs of
biological origin and NONPs present in the aquatic environment. NONPs exhibit ubiquity, spanning the atmo-
sphere, hydrosphere, lithosphere and biosphere. They exhibit distinct properties in comparison to their bulk
counterparts, such as a substantial surface area-to-volume ratio, immune-boosting capabilities, scavenger ac-
tivity, nutritional significance and electron-donor attributes. NONPs have been utilized by humans since ancient
times. Owing to these properties, they have been used unknowingly in various fields like medicine, cosmetics,
decor, textile and the food industry. NONPs are found in artifacts such as Copper Ruby and the Lycurgus Cup, as
well as in medicine, cosmetics and the food industry. Even today, NONPs continue to play pivotal roles in diverse
fields such as cancer treatment, biosensors and the food industry. Also they contribute to environmental pro-
cesses, soil fertility, nutrient transport and bioremediation. This review sheds light on multifaceted significance
of NONPs in our evolving scientific landscape and comprehensively explores the history, sources, properties,
types and uses of NONPs. It also focuses on the fate of NONPs in water, soil and plants and their environmental
and human hazards. A special section on the environmental transformation of NONPs is included.

Adverse effects

1. Introduction

Nanoparticles are materials characterized by dimensions falling
within the range of 1-100 nanometers, rendering them imperceptible to
the unaided eye. As per the definition established by the International
Organization for Standardization (ISO), nanoparticles encompass ma-
terials possessing external nanoscale dimensions or an internal nano-
scale surface structure [1]. These entities manifest markedly distinct
physical and chemical attributes compared to their macroscopic coun-
terparts in terms of size, shape, chemical composition and stability.
Notably, the mechanical properties of nanoparticles, exemplified by the
transition of bulk copper from a soft material to the hardness exhibited
by copper nanoparticles smaller than 50 nm, illustrate the profound
effects of nanoscale dimensions on material behavior. Similarly, gold
nanoparticles of 2.5 nm exhibit a significantly lower melting point of
300°C compared to the bulk gold’s melting point of 1064 °C [2]. The ISO
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definition further extends to encompass diverse nanostructures such as
nanofibers, nanoplates, nanowires, quantum dots and related terms.
This burgeoning scientific domain, leveraging the unique characteristics
of nanoparticles at the nanoscale, is denoted as Nanotechnology [3]. It is
imperative to distinguish nanoparticles from ultrafine particles,
notwithstanding their shared nanometer-scale dimensions. While both
categories exhibit nanoscale sizes, their origins differ substantially. Ul-
trafine particles, stemming from anthropogenic activities like diesel
combustion and tobacco smoke, represent air pollutants [4-6]. In
contrast, nanoparticles are classified into three categories based on their
source: incidental nanoparticles, engineered nanoparticles and naturally
occurring nanoparticles (NONPs).

Incidental nanoparticles arise inadvertently as byproducts of indus-
trial processes, encompassing emissions from vehicle engines, welding
activities, combustion processes and natural phenomena such as forest
fires. Engineered or synthetic nanoparticles result from human-driven
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processes, employing physical, chemical, biological, or hybrid method-
ologies. The escalating presence of engineered nanoparticles in the
environment raises concerns regarding potential impacts on human
health [3]. Even the engineered nanoparticles from biological source
have cytotoxic effects. One such example is of gold nanoparticles syn-
thesized from a biological source that is by using the medicinal plant
Andrographis paniculata, showing cytotoxic effects on Zebrafish embryos
with LC50 of 116 pg/ml inducing morphological and developmental
changes. The mechanism predicted these changes were due to hypoxic
condition and metabolic protein interaction which led to higher oxida-
tive stress causing apoptosis inside the embryos [7]. Naturally occurring
nanoparticles (NONPs) are those that are neither intentionally synthe-
sized by humans nor artificially created but rather exist naturally in the
environment or are formed through natural processes. The term "envi-
ronmental nanoparticles" is also used to describe NONPs, reflecting their
pervasive distribution throughout the environment [8]. This review
concentrates on the historical context, sources, properties, types, ap-
plications, fate and adverse effects of NONPs.

Humans have unknowingly utilized NONPs since ancient times,
dating back to around 4500 B.C., with continued applications for the
betterment of humanity and the environment. Nanotechnology has
opened a new industry of production of nanomaterials which are
biocompatible and specifically made from metal and metal oxides. These
nanomaterials are used for catalysis, magnet cooling, optical and
recording devices, purification of enzymes and other biological mate-
rials, water purification and targeted drug delivery [9]. NONPs are
ubiquitously present in the atmosphere, hydrosphere, lithosphere and
biosphere. They are further categorized based on their environmental
presence, including Naturally Occurring Carbon Nanoparticles
(NOCNPs), Naturally Occurring Metal Nanoparticles (NOMNPs), NONPs
in food, biologically derived NONPs and those found in aquatic envi-
ronments. Due to their distinctive properties, such as substantial surface
area, adsorption capabilities, electron-donating characteristics, robust
electrostatic interactions and unique optical, magnetic, biological and
electronic attributes, NONPs find extensive applications in cosmetics,
medicine, textiles, agriculture and other fields. However, the journey of
NONPs in the environment involves interactions with soil, water and
plants, subjecting them to physical, chemical and biological
transformations.

2. History

A timeline of the history of NONPs is mentioned in Fig. 1
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2.1. Ancient times

Humans have been unknowingly using nanoparticles present in na-
ture since ancient times, which is evident from the use of ceramic
matrices made of natural asbestos nanofibers over 4500 years ago [3].
The nanosized clay minerals present in soil were used for industrial and
commercial purposes, such as bleaching clothes, manufacturing thin
ceramics, cosmetics, medicine and the food industry in China, Cyprus
and Greece [10]. Nanoparticles are also present in food, such as milk and
milk products, consumed by humans since ancient times [11].

2.2. Organic dye

Two thousand years ago in the Greco-Roman period, organic dye
from plants, such as Heena was used which consisted of lead sulfide. The
lead was observed to be deposited on the hair shafts, whereas the sulfur
reacted with the keratin protein in the hair. In recent studies, it was
discovered to be a 5 nm PbS nanoparticle [12].

2.3. Egyptian blue

During the third millennium BC (3000 BC), Egyptian blue, a durable
pigment, was used extensively for decorative purposes in ancient Egypt,
Mesopotamia, Greece and Roman Empire. It is a mixture of monolayer
nanosheets of calcium copper tetrasilicate, CaCuSi4O19 and SiO3. The
characterization of Egyptian blue started in the 19% century and it was
discovered to be acid resistant. A colloidal suspension of Egyptian blue
in water at 80°C formed nanosheets and nanoplatelets which were later
visualized using a Transmission electron microscope [13].

2.4. Copper ruby

Gallo-Roman opaque red glass, also known as copper ruby, was
found by Pettenkofer in an archaeological excavation that aged between
the 4™ to 1% BC. The colour of the glass was due to the naturally
occurring copper nanoparticles of size around 50 nm which was
discovered later using TEM and XRD [14].

2.5. Lycurgus cup

The exquisite Lycurgus Cup also known as cage cups was made by
Romans in the 4" AD using gold droplets made by nanofabrication
where nanosized gold metal wires were used which is now placed in the
British Museum by Lord Rothschild in 1958. It is dichroic, that is, it
appears to be opaque greenish yellow in colour whereas when light
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Fig. 1. History of NONPs (Naturally occurring nanoparticles).
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passes through it turns translucent ruby red colour. Later it was found to
be a mixture of gold and silver nanoparticles [15,16].

2.6. 19" century

In 1900, Max Planck and Albert Einstein postulated a theory that
there must be a range of tiny particles which obeyed their own laws.
Also, the foundation of nanotechnology was laid by Nobel prize winner
Richard P. Feynman in 1959 who mentioned in his paper that “There’s
Plenty of Room at the Bottom. An invitation to enter a new field of
physics”. Around fifteen years later, in 1974 the term “nanotechnology”
was coined in by Norio Taniguchi and was defined as, “nanotechnology
mainly consists of the processing of separation, consolidation and
deformation of materials by one atom or one molecule” [17]. Although
the term nanotechnology was explained in 1974, the exploration of this
field remains ongoing. Even though nanoparticles were used for cen-
turies, their study started only after the discovery of the transmission
electron microscope (TEM) developed by Max Knoll and Ernst Ruska in
1931. For example, viruses are one of the NONPs which existed in nature
for millions of years but only after the discovery of the first electron
microscope it was discovered that the Tobacco mosaic virus is nanosized
[18]. In the 19t century, nanoporous ceramic filters were used to
separate viruses [17]. Further characterization of NONPs was possible
after the discovery of the field ion microscope (FIM) by Erwin Wilhelm
Miiller in 1951, scanning tunneling microscope (STM) by Gerd Binnig
and Heinrich Rohrer in 1981 and atomic force microscope (AFM) by
Gerd Binning, Calvin Quate and Christoph Gerber in 1986.

3. Source

NONPs are present in nature in stable form almost everywhere i.e
atmosphere, hydrosphere, lithosphere and biosphere and most impor-
tantly the area which extends from the topmost forest canopy down to
the deepest groundwater aquifer is the critical zone of the earth. This
zone is very important because it has strong effects on living organisms
in the soil, water and air [8]. The sources of NONPs are explained dia-
grammatically in Fig. 2.
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3.1. Atmosphere

The atmosphere consists of different layers starting from the inner-
most layer troposphere (from ground level to 25 km), stratosphere
(35 km to 70 km), mesosphere (70 km- 90 km), thermosphere (90 km -
500 km) and outermost is ionosphere (500 km and above). The UV-
protective ozone layer is present between the troposphere and strato-
sphere (25 km - 35 km) [19]. NONPs are present majorly in the tropo-
sphere where there are more human and geographical activities. The
geographical activities include weathering, earthquakes, volcanic
eruptions, forest fires, microbial reaction activity, chemical reactions
processes taking place in nature, etc. which give rise to particulate
matter. This particulate matter released from the ground gets trapped in
the troposphere, condenses with acids, bases and volatile organic com-
pounds (VOCs) and forms clusters having weak intermolecular forces.
These clusters formed are in the 50-100 nm size range which further
nucleates and forms nanoparticles that grow further by agglomeration
and condensation with other particles [19]. Other mechanisms, such as
classic crystal growth, aggregation, redox-triggered crystallization, etc,
have been reported to be involved in the inorganic growth mechanisms
of these NONPs [8]. The nanoparticles move from the troposphere to the
stratosphere and finally to the lower mesosphere by the process of vortex
motions in the atmosphere [20]. Further movement of nanoparticles to
the upper mesosphere takes place rarely due to climatic uncertain con-
ditions like meteor attacks. In 1964, a 3-D chemistry-climate model
(CCM) was constructed to prove this theory in which 238py0, nano-
particles were observed to be deposited in the upper mesosphere [21].

3.2. Hydrosphere

In hydrosphere, NONPs are present in oceans, seas, rivers, lakes,
ponds, groundwater and hydrothermal vents [3]. Water sources in the
critical zone such as groundwater, lakes and rivers contribute to 1 % of
the drinking water and agricultural use thus NONPs present over here
directly affect the living organisms [8]. NONPs present in the hydro-
sphere includes iron oxides/sulfides such as FeS,, FeoO3, SiOy, Al,O3,
MnO; and silver and gold nanoparticles [22].
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Fig. 2. Sources of NONPs (Naturally occurring nanoparticles).
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3.3. Lithosphere

NONPs in this zone are formed by mechanical processes such as soil
erosion, wind erosion, earthquakes, volcanic activities, deforestation,
etc. First, nanoparticle growth and nucleation occur and then through
hydrothermal vents, they are deposited on land and so are found in
rocks, soils, magma, etc. NONPs present in the lithosphere includes
ferrihydrite nanoparticles, Mn, Cr, Cu, Ba and Pb nanoparticles. [22].

3.4. Biosphere

NONPs are synthesized by microorganisms and plants and are pre-
sent in lower as well as higher animals including humans [3]. NONPs are
produced by microorganisms through various mechanisms, such as
redox reactions, methylation, demethylation, etc. In redox reactions, the
metal precipitates that is the metal nanoparticles, formed as
by-products, are excreted out of the microbial cell. Mn-oxidizing bac-
teria produce Mn-NONPs by this method. The microbial mineralization
process also produces NONPs [8]. Eukaryotes like insects, possess
NONPs and nano-wax for survival and protection from predators. Other
examples include marine mussels which have nanopolymer coating
which helps them to adhere to any substrate. Similarly, lotus leaves are
also covered with nanolayers which makes the leaves superhydrophobic
[23].

NONPs are also present in plants due to the uptake of minerals from
the soil which accumulates in nanoform. NONPs are present in animals
in form of DNA, enzymes, hormones, antibodies, other proteins and
secretions, etc which carry out important biological processes [3].

4. Properties

NONPs have unique properties such as large surface area, adsorption
property, electron donor, strong electrostatic interactions and unique
optical, magnetic, biological and electronic characteristics which
resulted in their wide applications [10,24]. The properties of NONPs are
affected by their source, for example, the iron oxide NONPs synthesized
by abiotic source and by biotic source shows different optical and cat-
alytic properties [8]. Some major properties are diagrammatically rep-
resented in Fig. 3 and are explained below:

4.1. Surface area to volume ratio

NONPs have the unique property of large surface area which means
in small volumes, a larger surface area of NONPs is exposed. Due to this
property NONPs become an efficient candidate for biological activities
such as antimicrobial activity observed in metallic nanoparticles such as
copper, aluminum, gold, silver, magnesium, zinc and titanium [25,26].
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Fig. 3. Properties of NONPs (Naturally occurring nanoparticles).

Nutrient source

Biologically induced
‘mineralization (BIM)

Biologically controlled
mineralization (BCM)

Next Sustainability 3 (2024) 100037
4.2. Immunogen

According to “Dorland’s Medical Dictionary” and the book “Basic
Immunology”, the immunogen is defined as “a substance capable of
inducing an immune response; in most contexts immunogen is synony-
mous with the term antigen; in some contexts, however, the immunogen
is used to draw a distinction between substances capable of inducing and
reacting only with antibody (antigen or haptens) or to denote a form of
antigen that induces an immune response as opposed to a tolerogen, a
form that induces tolerance” [27]. NONPs have highly active surface
molecules which increase the efficiency of MHC class II molecules by 5
fold as well as increase the proliferative efficiency of immune cells due
to MHC class I molecules. This increased activity of immune cells in-
creases the chances of the capture of luminal and surface antigens [4].
Viruses such as HIV, influenza, etc are also one of the NONPs as their size
range in nanometres and act as a strong immunogen [28].

4.3. Electron donor

Electron donors are ions or molecules that donate electrons and are
reducing agents. Iron-containing NONPs such as iron oxides and oxy-
hydroxides act as electron-donor in various biogeochemical processes.
Iron oxides through redox reactions transfer electrons from primary
rocks to sedimentary environments depositing around 10° Teragram of
naturally occurring iron oxide is present in the soil [29,30].

4.4. Adsorbents

An adsorbent is a substance that adsorbs other substances. Iron oxide
NONPs have a large surface area and chemical activity which contrib-
utes to their adsorbing property. These nanoparticles can be used for the
immobilization of heavy metals [29].

4.5. Nutrient

NONPs are a source of nutrients for plants and animals [29]. NONPs
are synthesized naturally by microorganisms by two methods biologi-
cally induced mineralization (BIM) and biologically controlled miner-
alization (BCM). In BIM microorganisms do not play a major role in
NONPs synthesis but only form a support media for the process that is
NONPs are formed due to microorganism’s metabolic processes,
whereas in BCM, nucleation and growth of NONPs take place inside the
microorganism under optimum conditions. These NONPs are called
nanominerals and the process is called biomineralization. Examples of
nanominerals are Fe-based nanominerals, Si-based nanominerals, cal-
cium carbonate-based nanominerals and calcium phosphate-based
nanominerals. [22,31].

4.6. Scavenger

Heavy metals are present deep inside the earth’s crust and thus are
not exposed to the environment. But due to anthropogenic activities like
mining these heavy metals are brought to the earth’s surface, causing
adverse effects on the environment. Iron NONPs act as scavengers for
these heavy metals such as As (Arsenic) and U (Uranium), hence pro-
tecting the environment from its toxic effects [29].

5. Types

Different types of nanoparticles based on their origin are diagram-
matically represented in Fig. 4 and explained in detail below:

5.1. Naturally occurring carbon nanoparticles (NOCNPs)

Carbon Nanoparticles are spherical black powder that enters nature
through various natural sources like fossil fuel combustion, forest fires,
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Fig. 4. Types of NONPs (Naturally occurring nanoparticles).

combustion of oils and automobile exhaust. About 15 % of the total
natural NOCNPs are derived from wildfire charcoal. NOCNPs are also
formed from fossil coal combustion but in negligible amounts. NOCNPs
have high stability, good conductivity and low toxicity to humans and
animals. NOCNPs are used as good adsorbents, sensors, catalysts, drug
delivery, medical imaging, cancer treatment and electronic devices
[32].

5.2. Naturally occurring metal nanoparticles (NOMNPs)

NOMNPs encompass non-organic nanoparticles (NONPs) composed
of materials such as titanium dioxide (TiO), cerium oxide, iron oxides,
iron oxyhydroxides, zinc oxide (ZnO), gold, silver, palladium, cobalt,
mercury, beryllium, chromium and nickel. Among these, gold, silver and
platinum NONPs have been extensively investigated. These metallic
NONPs find applications across diverse domains while concurrently
exhibiting deleterious impacts on human health and the environment.

For instance, silver nanoparticles find utility in inks, catalysts, cos-
metics, electronics, textiles and optics due to their exceptional electrical
and thermal conductivity properties, as well as their antibacterial ac-
tivity. However, these silver nanoparticles also elicit adverse effects,
such as the modification of microbial community structure and micro-
organism function, sublethal effects on plants and animals and bio-
accumulation in both plant and animal tissues [33]. Metal oxide
nanoparticles are extensively used in the field of medicine such as
antibacterial, antifungal, drug delivery, tissue engineering, wound
healing, etc. Their toxic effects can be ignored upon high usage and
accumulation as they are biocompatible thus a perfect candidate for
medical technologies [34].

5.3. NONPs present in food

5.3.1. Nanoemulsions

It arises through the nanoscale amalgamation of two immiscible
liquids, exemplified notably in the case of milk. Nanoemulsions, distinct
from raw emulsions, pose challenges in their formulation due to the
influence of Laplace pressure. Characterized by transparency, stability,
sub-visible wavelength sizes and manifestation of Brownian motion,
nanoemulsions represent a unique and intricate liquid state at the
nanoscale [11,35].

Nanoemulsions, infused with fluorescent dyes and molecules, serve
as versatile probes for cell exploration and drug delivery. Their liquid
nature offers potential for discovering novel cellular uptake pathways.
Capable of incorporating both oil and water-soluble drugs, nano-
emulsions find applications in pharmaceuticals, personal care and food
industries, delivering moisturizers efficiently and blocking UV light
without residue. In medical patches, nanoemulsions show promise.

In printing and data storage, the idea of using zeptolitre droplets for
higher resolution is considered. While technological challenges exist,
nanoemulsion inks could enable piezo-driven and thermally-driven
printers for improved precision [35].
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5.3.2. Nano-lipid assemblies

These lipid molecules are found in food products, such as milk,
exhibiting nanoscale dimensions with favorable physical attributes
derived from their crystalline structure. The macroscopic properties of
bulk lipid molecules result from the cumulative effects of crystalline
material content, crystal size and shape, spatial arrangement of crystals
and the extent of intercrystalline interactions. These identical structural
attributes also underpin their physical characteristics at the nanoscale
[11].

Nano-lipid assemblies have been engineered for diverse applications
in soft matter physics and synthetic biology, employing lipids to create
bio-mimetic systems. Beyond conventional bilayer films, liposomes and
micelles, lipids exhibit the capability to form lipid nanotubes (LNTs).
These LNTs play a role in modulating the nucleation, growth and
deposition of inorganic substances on both their external surface and
within their hollow core. Consequently, LNTs can serve as scaffolds for
the construction of one-dimensional (1-D) nanostructures, including
arrays of quantum dots and hybrid nanotubes comprising functional
inorganic nanoparticles embedded in the lipid membrane wall [36].

5.3.3. Nanoplatelets

Edible commodities like milk, chocolate, margarine, lard, etc., con-
sists of solid fats characterized by dimensions of approximately 200 nm
in length, 80 nm in width and 20 nm in thickness. These nanoscale
platelets, constituting colloidal fat crystal networks, are denoted as
nanoplatelets and fall within the category of naturally occurring nano-
particles (NONPs). The aggregation and size modulation of these
nanoplatelets can be achieved through processes involving heat and
mass transfer [11,37].

5.3.4. Liposomes

Ingredients like monoglycerides and phospholipids undergo spon-
taneous reactions, resulting in the formation of nanoscale structures
known as liposomes. These structures, also referred to as mixed micelles,
are prevalent in food. When polar lipids are combined in liquid envi-
ronments, they give rise to single or multiple-lamellar liposomes. These
liposomes, with dimensions as small as 10 nm, exhibit biocompatibility,
thermodynamic stability and colloidal stability [11]. The different types
of liposomes based on their dimensions and bilayer volume are tiny
single lamella (10-50 nm), sizeable single lamella (50-1000 nm) and
several lamellar (20-100 nm). Multiple bilayers when entrap in aqueous
fluid it give rise to multilamellar vesicles (>0.5 m, >5 bilayers) that are
resolvable due to interactions of non-covalent such as London dispersion
forces and electrostatic dipole-dipole interaction between molecules
[38].

Their application in targeted drug delivery is noteworthy, encom-
passing formulations of drugs such as amphotericin B, doxorubicin,
verteporfin, cytarabine, morphine sulfate and daunorubicin for the
treatment of diverse cancers, including ovarian, breast, lung, head, neck,
pancreatic and gastric cancers and Alzheimer’s disease [38-40].

5.4. NONPs of biological origin

5.4.1. Low-density lipoprotein (LDL)

It represents a lipid molecule indigenous to mammals, featuring a
singular layer of phospholipid enveloping a hydrophobic core. Serving
as a carrier protein for cholesterol, it exhibits a size of approximately
22 nm, categorizing it as naturally occurring nanoparticles (NONPs).
Renowned for its organized delivery system, researchers employ it for
precise drug targeting applications. The low-density lipoprotein (LDL)
interfaces with the surface receptor, LDLR (LDL receptor), on the target
cell, leading to fusion with the target cell’s membrane and subsequent
endocytosis. Within the cell, fusion with lysosomes ensues, facilitating
the breakdown of LDL particles into amino acids, fatty acids and free
cholesterol. Furthermore, NONPs LDL aids in the transportation of small
interfering RNA (siRNA), a gene silencing tool, to the target cell
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[41-43].

5.4.2. Exosomes

These are naturally occurring nanoparticles (NONPs) ranging in size
from 30 to 100 nm, released via exocytosis by various cellular entities,
including tumor cells, red blood cells, platelets, lymphocytes and den-
dritic cells. They are also discernible in biological fluids such as blood,
urine and plasma. Comprising a phospholipid bilayer bearing surface
proteins that facilitate interaction with specific cells, exosomes exhibit
the potential to evoke an immunogenic response. Extracted from sam-
ples through ultracentrifugation, exosomes stand as a promising plat-
form for targeted drug delivery systems [39].

5.4.3. DNA

It constitutes the cellular genetic material, following the central
dogma wherein DNA undergoes transcription to form mRNA and sub-
sequently, mRNA is translated into proteins. Thus, DNA, as a naturally
occurring nanoparticle (NONP), assumes a pivotal role in the ’bottom-
up’ approach of nanotechnology. Researchers construct a nanogrid
structure utilizing DNA, characterized by substantial cavities and spe-
cific binding sites. Notably, Yan et al. designed a DNA nanogrid in a plus
shape, with each DNA tile comprising nine DNA strands. DNA functions
as both an electron donor and acceptor, serving as a conductive nano-
wire. Its versatile properties enable it to act as an insulator, conductor
and semiconductor due to its helical structure formation [44]. Electron
transfer occurs through the formation of a triple bond between guanine
and cytosine and a double bond between adenine and thymine, resulting
in the generation of an electron-hole pair. This electrical conductivity
peaks in the initial stages and diminishes as the DNA strand lengthens
[45]. Based on this principle, DNA exhibits utility as an insulator,
conductor, semiconductor and can function as a nanodevice or nano-
machine, leveraging specific gene fragments to synthesize desired pro-
teins for targeted cellular functions [44].

5.4.4. RNA

These NONPs serves as a foundation for diverse nanostructures,
thereby contributing to the emergent field known as RNA nanotech-
nology. This field finds extensive applications in medicine, particularly
in therapeutic interventions, notably in cancer therapy, involving small
interfering RNA (siRNA) and microRNA (miRNA). RNA constructs, such
as RNA aptamers, have demonstrated utility as polymeric vehicles for
drug delivery in cancer treatment. Polyvalent RNA nanostructures
function as carriers for siRNA, ribozymes and anticancer agents target-
ing various cancers such as breast cancer, lung cancer and liver cancer
[46].

5.4.5. Viral nanoparticles (VNPs)

Viruses have undergone evolutionary adaptations to efficiently infect
host organisms. Owing to the precision of their infection mechanisms,
viruses emerge as promising candidates for targeted drug delivery.
Notably, Virus-Like Particles (VNPs) derived from plants, such as Brome
mosaic virus, Cowpea chlorotic mottle virus, Cowpea mosaic virus,
Potato virus X and Tobacco mosaic virus, as well as those from animals,
exhibit characteristics of biocompatibility, biodegradability, non-
infectiousness and non-hazardous nature. This establishes VNPs as
suitable carriers for drug encapsulation, where the outer membrane
proteins can be tailored for precision in targeted drug delivery [47].

5.5. NONPs present in the aquatic environment
As mentioned earlier, NONPs are also found in the aquatic envi-
ronment and there are different types of NONPs based on their location

in the water bodies. Some of these are as follows:

5.5.1. Nanocrystalline Fe-oxide grain coatings
These naturally occurring nanoparticles (NONPs) are prevalent in
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subsurface aquifers and sediments, harboring trace metals and con-
taminants such as uranium and arsenic. They exert an influence on the
soil’s zinc concentration. Nanocrystalline iron-oxide grain coatings,
falling within the size range of 5-50 nm, have been identified as con-
tributors to the groundwater transport of radioactive elements,
including plutonium and uranium [8].

5.5.2. Nanoagquatic colloids

It predominantly exists in a colloidal state on the surfaces of water
bodies and can be isolated from the colloidal mixture through fractional
distillation. Researchers have identified elevated concentrations of
nanoparticles, measuring below 5 nm in diameter, in lake and river
samples proximate to Birmingham, UK. These nanoparticles exhibit
extensive transport over long distances through river systems, ulti-
mately reaching seas and oceans. Comparative assessments suggest
greater stability of nanoparticles in river water as opposed to seawater.
The stability of these nanoparticles is purportedly influenced by
heightened levels of dissolved organic matter. Furthermore, nano-
particles entering saltwater manifest altered characteristics, including
modifications in structure and charge. For instance, salt-induced ag-
gregation leads to the removal of inorganic nanoparticles. Consequently,
during the transition of NONPs from low to high salt concentrations due
to osmotic imbalances, only a limited quantity of inorganic NONPs
progress further [8].

6. Uses

Since ancient times NONPs are used in various fields due to their
unique properties. Nowadays, it is used in various industries such as the
food industry, genetic engineering, cosmetics, applied physics, device
physics, health and textile. Other fields such as materials science,
interface and colloid science, as well as chemical, mechanical, biological
and electrical engineering. Nanotechnology has also given rise to new
fields such as nanomedicine, nanolithography, DNA nanotechnology,
molecular nanotechnology, molecular electronics and nanorobotics [4].
Especially silver nanoparticles that have applications in cosmetics,
textile, agriculture, food industry and various applications in medical
fields such as implications in catheters, detection of Alzheimer’s disease,
dental applications, orthopedic applications, role in wound healing,
anti-inflammatory substance, anti-bacterial, anti-fungal,
anti-plasmodial, anti-cancer, anti-viral and anti-diabetic properties
[48]. In chromatography, NONPs are used to remove organic pollutants
from water due to their selective adsorption characteristic. It is also used
to design improved pesticides, molecular sieves, chemical sensors, etc.
Some of its uses in various fields are diagrammatically represented in
Fig. 5 and explained in detail as follows:

6.1. Uses of NONPs for human activities

6.1.1. Laundry

NONPs present in clay minerals were used as a bleaching agent since
ancient times. In Rome, clay was mixed with decaying urine to enhance
the process which was evidence of the interaction of nanoparticles with
organic interactions [10]. Even today NONPs are used for the improvi-
sation of laundry. BSA is a natural protein of size 116 nm and thus is
considered a NONP which is biocompatible, biodegradable, nontoxic
and nonimmunogenic [49]. BSA is used as a nano-drug delivery vehicle
that possesses unique characteristics of extreme stability over a wide pH
range of 4-9, thermally stable and solubilizes hydrophobic fatty acid
molecules [50]. Due to these characteristics, BSA NONPs are used in
washing clothes. They are emulsified with various oils, such as almond
oil, jasmine oil, mustard oil and olive oil along with commercial washing
powder and were used to wash clothes stained with mehndi, aalta, dry
sindoor and wet sindoor. It was found that these NONPs have shown
good washing efficiency with rapid action as compared to only the use of
commercial washing powders. Also, its production requires less labor, is
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cost-effective and time-saving [51].

6.1.2. Chinese porcelain

NONPs present in clay minerals were used to make lightweight but
strong crockeries. The materials include quartz, feldspar and kaolin
[10]. Roman Cup or Lycurgus Cup were made from nanosized gold
clusters to create different colors. Nowadays naturally occurring metal
nanoparticles like titanium, zinc, aluminum, iron, silicon, etc are used to
produce clay nanoflakes applied in metal oxide ceramics [52].

6.1.3. Cosmetic

In Mesopotamia, a mixture of different clays was used as soap and
facial ointment. In Egypt, red ochre, synthesized from naturally tinted
clay minerals, was used as a balm for lips and cheeks The clay used for
this purpose is French Green clay, Rhassoul clay, etc. NONPs are present
in these clays along with minerals which have enhanced the use of clay
as cosmetics [9]. UV light which escapes through the ozone layer and
enters the earth’s atmosphere causes various skin problems such as
blistering sunburns and long-term problems like skin cancer, melanoma,
cataracts and immune suppression. UV - A results in oxidative damage
and protein denaturation whereas UV - B causes a mutation in DNA by
forming pyrimidine dimers and photo-products. To protect skin from
these UV radiations several cosmetics are made such as face creams &
sunscreens. These cosmetics consists of metal NONPs of size more than
20 nm which cannot easily penetrate through the stratum corneum layer
of the skin. Thus NONPs do not enter the body as well as form a pro-
tective layer on the skin [53].

6.1.4. Medicine

During the 2" century A.D., in countries like America, Africa and
Australia, NONPs present in clay were used as a dietary supplement or
hearing aid [10]. Fungal NONPs are synthesized from the growing
mycelia of the Arthrobotrys oligospora of size 360-370 nm. These are
composed of 28 pg of glycosaminoglycan and 550 pg of protein. These
fungal NONPs are immunostable, have antitumor activity, induces TNF-
o secretion and increases cytotoxicity activity thus are a suitable
candidate for immunotherapy and cancer treatment [54]. Various
NONPs present in the animal body, as described earlier, have a
well-organized transport mechanism that can be exploited for targeted
drug delivery [39,41,42,55]. Nacre also known as mother of pearls

which consists of 95 % calcium carbonate and 5 % of polymeric organic
matter having size 5 pm in length and is about 0.5 pm in thickness. It has
3000 times the fracture strength of pure calcium carbonate and thus this
naturally occurring nanograin can be used as medicinal and pharma-
ceutical industries like dental bone implants, contact lenses, drug de-
livery, tissue regeneration, and stem cell engineering [56].

6.1.5. Food industry

NONPs present in food have significantly developed the food in-
dustry. Milk contains 100-200 nm casein micelles coated with calcium
and phosphate and helps in providing these two major micronutrients.
This has given rise to a new concept of nanoemulsion which has
increased stability compared to a raw or coarse emulsion. This increases
the shelf life of dairy products [11]. During the fermentation process,
many proteins break down and form positively charged molecules
causing turbidity in the solution. In addition to negatively charged clay
NONPs, the positively charged molecules form a complex that sediment
thereby clearing the solution. This process does not hamper the taste of
the liquid like wine, juices and other drinks [10].

6.1.6. Biosensors

Biosensors are the molecules that convert the biological mechanism
into a desired product formation signal. The signal can be electro-
chemical, optical, thermal, or piezoelectric. The biosensor consists of
two components: a target analyte and a transducer. The target analyte is
the bio-origin NONPs like DNA or RNA whereas the transducer is the
metal NONPs such as gold NONPs. The detection limit of such biosensors
in oncology studies is found to be around 100 cancer cells/ml of blood
[46].

6.2. Uses of NONPs for the environment

6.2.1. Environmental processes

Iron NONPs are produced on earth for several millions of years.
These iron NONPs act as an elemental carriers through water bodies at
long distances. It is also part of the primary component of the critical
zone thus maintaining various environmental processes such as soil
genesis, element cycling and water quality [8].
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6.2.2. Bioremediation

NONPs play an important role in the removal of contaminants, such
as heavy metals, from the environment. For example, iron oxide NONPs
are used for the removal of cadmium and arsenic from water bodies.
Arsenic bioremediation at the nanoscale also includes activated carbon
and oxides of Mn, Fe and Zr. This application of NONPs is possible due to
their adsorption property [8]. Other NONPs involved are Fe;Os3, Fe3O4,
SiO5 and Al,O3 [57]. Zero-valent iron nanoparticles (nZVI) are used for
groundwater remediation. Immersion of nZVI in water activates the
reactivity and breakdown the protective film. This process is called
auto-reduction [58].

6.2.3. Nutrient transporter

NONPs help in nutrient transport, retention and availability in soil
and water. NONPs act as transport vectors carrying nutrient molecules
strongly absorbed on mobile nanoparticles. For example, Fe-
oxyhydroxide nanoparticles act as carriers for soluble phosphorus in
soil. The major factor for nutrient transport and retention is that the
nutrient molecules should be absorbed strongly on NONPs and should be
desorbed very slowly. Due to their large surface area and high reactivity,
NONPs generally contain a higher concentration of nutrients than bulk
soil or sediments [57].

6.2.4. Soil fertility

The activity between NONPs and microorganisms present in the soil
makes the soil more fertile. They interact with each other and can
control biogeochemical reactions, catalytic formation of humic sub-
stances, mineral transformation, aggregate turnover and transformation
of organic and inorganic pollutants. Mineral colloidal NONPs in the soil
provides a suitable environment for soil microorganisms if the soil is
enriched in ions, water and organic matter. On the other hand, these
microorganisms promote mineral weathering due to their activity of
NONPs which enhances soil fertility [57].

7. Environmental transformation of NONPs: release and fate
NONPs are synthesized by nature and thus are assimilated easily in
nature either by dissolution or ionization process. For example, silver

NONPs easily dissolve in the environment to yield ionic form [22].
Similar events are explained further in detail.

7.1. Release & fate

The fate of NONPs in the environment depends on their reactivity,
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mobility and bioavailability. The processes through which NONPs end
up in the environment include aggregation, disaggregation, dispersion,
diffusion, adsorption, desorption, flocculation, dispersion, biotic and
abiotic degradation, transformation, charge enhancement and steric
stabilization by natural organic matter and charge neutralization by
oppositely charged ions [59,60]. The fate of NONPs are diagrammati-
cally represented in Fig. 6 and explained in detail below:

7.1.1. The fate of NONPs in water

When NONPs enter natural water, they undergo aggregation and
sedimentation to attain stability. During weathering of rocks rich in
sulfide, ferrihydrite, goethite and amorphous iron oxide, the NONPs
enter water bodies changing the aquatic temperature, pH and oxygen
concentration [57].

7.1.2. The fate of NONPs in soil

In soil, NONPs are more stable in colloidal form compared to large-
size particles. These colloidal organic matter aggregate in the soil to
form microstructures essential for microbial activity and nutrient
bioavailability. The fate of NONPs majorly depends on the extent of
mineral solubility in soil [57].

7.1.3. The fate of NONPs in plants

NONPs also enter the plants by an active or passive pathway. Their
uptake, translocation and transformation depend upon the plant species
along with the chemical composition, size, type and stability of the
NONPs. Transport of NONPs in plants occurs mainly through the semi-
permeable root cell wall, which transmits the particles of 5-20 nm,
enabling them to reach the plasma membrane. Embedded transport
carrier proteins such as aquaporins and ion channels provide the alter-
nate route for the same. Other pathways include endocytosis, creating
new pores, or binding to organic molecules present in the environment.
Studies also revealed the movement of NONPs through plasmodesmata
leading to accumulation in intracellular space and apoplast and
adsorption onto the membranes. NONPs present in the air can also enter
the cells through leaf stomata [57].

7.2. Environmental Hazards

NONPs accumulate in the environment through air, water, soil and
sediments including wastewater sludge. These accumulated NONPs
have adverse effects on the environment which mentioned in Table 1
and explained in detail are as follows:

Fate of NONPs

v

Fate of NONPs in water:
NONPs entering water bodies
changes the aquatic temperature,
pH, and oxygen concentration

.

Fate of NONPs in soil :
NONPs in soil is essential
for the activity of micro-
organisms and nutrient
bioavailability

E

Fate of NONPs in plants
Uptake, translocation and

transformation of NONPs in plants
depend on the species of plants and the
chemical composition, size, type and
stability of the NONPs

Fig. 6. Fate of NONPs (Naturally occurring nanoparticles).
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Table 1
Environmental Hazards of NONPs.
Sr. Environmental Description Reference
No. hazards
1. Dust cloud formation NONPs forms dust clouds which [61]
causes glacial melting, blocking
sunlight, extreme weather
conditions and reduced rainfall
2. Environmental NONPs reduces environmental
hydroxyl radical hydroxyl radical thus increasing
reduction greenhouse gases
3. Ozone layer depletion NONPs causes ozone layer
depletion causing severe diseases
like skin cancer
4. Stratospheric NONPs decreases stratospheric

temperature Change temperature

7.2.1. Dust cloud formation

Soot from burning activities results in the coagulation of NONPs
leading to the formation of dark-colored dust clouds also known as at-
mospheric brown clouds. As these NONPs are formed marjorly due to
soot, these NONPs are a type of NOCNPs. The harmful effects of these
clouds include glacial melting, blocking sunlight, extreme weather
conditions and reduced rainfall affecting agriculture. The brown clouds
also reduce the monsoon season in India. The weather extremes may
also contribute to the reduced production of key crops such as rice,
wheat and soybeans. These clouds have been reported to affect human
health and cause cardiovascular diseases, pulmonary illnesses, fungal or
bacterial diseases and chronic respiratory problems. Brown dust clouds
formed due to NONPs have a major effect on Himalayan glaciers, agri-
culture and human health, which are as follows:

a. Effect on Himalayan glaciers: Dust clouds containing NOCNPs settle
on the Himalayan glaciers, enhancing sunlight absorption and
consequently contributing to glacier melting.

b. Effect on agriculture: The presence of dust clouds containing
NOCNPs has been observed to alter rainfall patterns, resulting in
heavy rainfall in typically dry regions and drought conditions in
traditionally rainy areas. This phenomenon significantly affects food
production [61].

The impact on human health will be detailed in the subsequent
section titled "Human Health Hazard from NONPs."

7.3. Environmental hydroxyl radical reduction

The highly reactive hydroxyl radical, crucial for the photochemical
degradation of organic matter and pollutants, interacts promptly with
NONPs, leading to an overall reduction in hydroxyl radicals. This
reduction, responsible for elevated greenhouse gases, contributes to
ozone layer depletion (Fig. 4) and environmental harm. Additionally, it
heightens UV radiation exposure, resulting in an increased incidence of
various types of skin cancer in humans [61].

7.4. Stratospheric temperature change

NONPs in the troposphere inadvertently interact with molecular
hydrogen released from sources like hydrogen fuel cells. This hydrogen,
combined with NONPs, ascends to the stratosphere, leading to an in-
crease in water vapor. This, in turn, causes stratospheric cooling, boosts
ozone-depleting heterogeneous chemistry, elevates noctilucent clouds
and alters tropospheric chemistry and atmosphere-biosphere in-
teractions. Noctilucent clouds, composed of tiny water ice crystals, exist
at high altitudes and are formed on nanosized dust particles. The sources
of both dust and water vapor in the upper atmosphere remain uncertain,
potentially originating from micro meteors, volcanoes, or tropospheric
dust. Moisture may be lifted through tropopause gaps or formed by
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methane reacting with hydroxyl radicals in the stratosphere. Evidence
suggests that the recent appearance and gradual increase of noctilucent
clouds may be linked to climate change [61].

7.5. Environmental transformation

Environmental transformation of NONPs is diagrammatically rep-
resented in Fig. 7 and explained below in three ways: chemical, physical
and biological transformation

7.6. Chemical transformation

NONPs undergo various chemical transformations such as oxidation
dissolution, sulfidation, complexation, chlorination and reduction.

i. Naturally occurring silver nanoparticles (NOAgNPs): The chemical
transformation of NOAgNPs takes place by its dissolution with the help
of oxygen molecules and protons. The reaction is as followed:

4Ag+ 0y +4H" - 4Ag" + 2H0

This process depends on the physicochemical properties of sedi-
ments, such as oxygen concentration, redox potential, natural organic
matter (NOM) and pH. Low oxygen concentration can inhibit or slow
down the oxidation causing fewer ions to release from naturally occur-
ring silver nanoparticles. This process is inversely proportional to the pH
and NOM in the environment. Under aerobic and anaerobic conditions,
sulfidation of NONPs takes place and forms a core-shell structure. In
aerobic conditions, the following sulfidation process takes place:

4Ag + Oy + 2 HyS — 2Ag5S + 2 Hy0

4Ag + Oy + 2HS™ — 2Ag,S + 20H"

Whereas in anaerobic conditions, the following sulfidation process
takes place:

2Ag + HyS — AgsS + Hy

The anaerobic process takes place at pH 9.6 as HyS exists only at this
pH. During the complexation reaction, the NOM forms a coating on
NONPs. A similar reaction of NONPs takes place with chlorine which
forms a stronger bond. This chlorination process depends on dissolved
oxygen, pH and redox conditions in the environment and takes place in
acidic conditions at pH 5.7 [33].

i. Naturally occurring carbon nanoparticles (NOCNPs): A similar
chemical transformation takes place for NOCNPs which are produced
from wildfire charcoal and biochar. It contains a complex network of
micropores and mesopores which are bound to minerals including
organo-mineral complexes. The accessibility of these pores can be
increased by chemical processes such as the formation of precipitates
and the binding of large NOM molecules onto the biochar surface
[62].

Environmental transformation of NONPs

Chemical Physical Biological
transformation transformation Transformation
» Oxidation * Abrasion « Interaction with
» Dissolution * pH change different cells
« Sulfidation * lonic strength * Microorganisms
* Complexation change * Enzymes
« Chlorination . lntrinsic' ‘
« Reduction composition
change
* Natural organic
matter (NOM)
¢ Minerals

Fig. 7. Environmental transformation of NONPs (Naturally occurring
nanoparticles).
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ii. Naturally occurring iron nanoparticles (NOFeNPs): Zero-valent iron
nanoparticles (nZVI) are a type of NOFeNPs that is made up of a
special core-shell structure possessing important chemical proper-
ties, such as iron corrosion, particle stabilization, contaminant
removal and redox reaction. The aging can alter the shell thus it is
considered an important transformation process of nZVI. In humid
conditions, nZVI ignites spontaneously on exposure to air and con-
verts into reddish iron oxide particles. This can be inhibited by using
inert gases such as argon and other gases such as nitrogen and carbon
dioxide. Continuous aging produces minerals inside the shell such as
FeO, a-Fe;03 and y-Fe;03. The reactions are as followed:

Fe(s) — Fely) + 2e

FepOs(s) + 6 Hiag) + 26" — 2Fe(2;{]) + 3 H2Oq

3Fe03(5) + 2 Hiaq) + 2¢” — 2Fe304() + HaOq)

Depending upon the environmental conditions, the primary product,
Fe?*, can be further oxidized into Fe304, Fe;05 and FeOOH. This multi-
step reaction includes the following steps: (i) breakdown of the initial
iron oxide shell through hydration and/or auto reduction, (ii) oxidation
of the freshly exposed surface together with the reduction of reactive
solutes, such as oxygen, nitrate, or coexisting contaminants and (iii)
aggregation of nZVI and subsequent cementation by the formation of
mixed-valence Fe?*/Fe®t phases. Since these reactions are very fast, it is
difficult to detect the intermediates. But one intermediate known is Fe
(OH) which is quickly converted into Fe3O4. For complete oxidation of
nZVI to FeOOH, it takes 72 hrs. The oxidation of nZVI is directly pro-
portional to the concentration of dissolved oxygen [58].

7.7. Physical transformation

NONPs undergo physical transformation through abrasion, changes
in pH, ionic strength and intrinsic composition, or due to NOM and
minerals. The physical transformation causes changes in particle size
and porosity of NONPs. NOCNPs derived from fossil coal, biochar or
wildfires undergo physical disintegration. Biochar is broken down to
sandy soil by the formation of cracks and fractures. Materials with high-
lignin feedstocks, for example, wood, disintegrate at a higher rate
compared to materials with high cellulose feedstocks like grass. The
degree of disintegration is inversely proportional to carbonization and
aromaticity. Physical disintegration is prevented when NONPs are
exposed to soil where they can interact with colloidal, dissolved and
particulate materials. These materials fill the exposed cavities thereby
stabilizing particles. In the aquatic environment, the NONPs interact
with NOM and mineral particles which affect the size, surface charge
and aggregation of particles. The micropores and mesopores of NOCNPs
can also be made more accessible through physical processes such as
changes in temperature, physical stress and humidity. These processes
lead to the disintegration and collapse of pore-networks of NOCNPs. It
has been observed that NOCNPs derived from biochar disintegration
contain more oxygen and less aromatic structures compared to the
original biochar [62].

7.8. Biological transformation

The biological transformation of NONPs is due to their interaction
with different cells, microorganisms and enzymes.

i. Naturally occurring carbon nanoparticles (NOCNPs): Fungal hy-
phae carry out the enzymatic breakdown of large fossil coal and
biochar particles to form NOCNPs. These extracellular enzymes
include Mn-peroxidase, lignin-peroxidase and laccase which
oxidize NOCNPs and convert O-alkyl/alkyl-C groups to carboxyl/
carbonyl-C groups. The enzymatic transformations are not stud-
ied extensively. Most of the studies focus on single-enzyme in the
laboratory. In-depth investigations are required to understand
the mechanism of enzymatic transformations in environmental
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conditions with multiple factors such as the presence of NOM,
microbial compositions, microbial activity and nutrient accessi-
bility. These will further help in elucidating the transformation
processes of NONPs. For example, the horseradish peroxidase
enzyme catalyzes the formation of oxygen radicals which further
degrade the engineered NPs. Therefore, there are chances it can
also degrade NONPs. Initially, it was proposed that the O-func-
tionalized NOCNPs are generally more degradable than non-
functionalized NOCNPs because the irregular structure of O-
functionalized NOCNPs facilitates degradation. But later it was
observed that the manganese peroxidase was able to transform
non-functionalized NOCNPs and not O-functionalized NOCNPs
[63]. This is due to the bridging of Mn?* with carboxyl groups on
the surface of O-functionalized NOCNPs which interferes with the
Mn?*/Mn3* catalytic cycle, thereby suppressing transformation
[62].
ii. Biofilms: It has been observed that biofilms are formed on the
NONPs thus affecting its surface chemistry, increasing the parti-
cle size and blocking pores [62].
Naturally occurring iron nanoparticles (NOFeNPs): Besides
chemical oxidation, nZVI also undergoes oxidation through mi-
crobial activity carried out by iron-oxidizing and iron-reducing
bacteria maintaining the biogeochemical cycling of iron in the
environment [58].

iii.

8. Human health hazard from NONPs

Unique properties of NONPs has made them an efficient candidate
for various application since ancient times. However, there are health
risks associated with NONPs. NONPs enter the human body through the
gastrointestinal tract, lungs and skin causing adverse effects. These risks
largely depend on exposure level, frequency and duration of exposure
and the composition of the particle [57]. The Human health hazard from
NONPs are mentioned in Table 2 and are explained in detail below:

8.1. Carcinogenic

Dust is estimated to contain several millions of tons NONPs collected
globally every year and can be transported over thousands of kilometers.
Dust particles include asbestos minerals or erionite nanoparticles which
are of great human health concern. Inhalation of asbestos can cause
carcinogenic pulmonary diseases, mainly asbestosis, pleural plaques,
lung cancer and mesothelioma [57]. Multi-walled carbon nanotubes are
also observed to be carcinogenic [65].

Table 2
Human health hazard from NONPs.
Sr. Adverse Effects Description Reference
No.
1. Carcinogenic NONPs like asbestoses present in dust [57]
are carcinogenic
2. Cardio-vascular NONPs enhances vascular thrombosis
disorder in the cardiovascular system
3. Filtration NONPs can pass easily through HEPA [4]
filters so difficult to eliminate
4. Immunological NONPs increases oxidative stress and [4,57]
causes cell apoptosis
5. Allergy NONPs ions causes dermatitis [64]
6. Cosmetics NONPs present in cosmetics can easily [53]
penetrate through the stratum corneum
(SC) layer of the skin
7. Pathogenicity NOCNPs in the dust cloud increases the  [61]

risk of exposure to pathogenic bacteria/
fungi.
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8.2. Cardio-vascular disorder

Dust particles containing hazardous NONPs, on entering the circu-
latory system, cause platelet aggregation and enhanced vascular
thrombosis [57].

8.3. Infiltration

It is difficult to eliminate nanoparticles because of their nano size as
it can easily pass even through HEPA filters. NONPs has adjuvant
properties and so can carry indoor and outdoor allergen causing various
diseases. Thus infiltration of NONPs is a threat [4].

8.4. Immunological effects

NONPs like TiOy NONPs, quartz and carbon black NONPs are
observed to increase interstitial fibrosis, airway inflammation and
oxidative stress leading to apoptosis [56]. These can induce cellular
damage and micronucleus formation in the cell resulting in severe
health conditions such as pulmonary fibrosis and lung tumor. Cerium
oxide nanoparticles were inoculated on human lung epithelial cells lines
such as BEAS-2B which showed immunogenic effects such as an increase
in reactive oxygen species, reduction in glutathione levels and the in-
duction of OH™}, catalase, glutathione-S-transferase and thioredoxin
reductase, all markers of oxidative stress, production of cytosolic
caspase-3 and chromatin condensation. These immunogenic effects lead
to apoptosis [4].

8.5. Allergy

Metal NONPs for example, gold, palladium, cobalt, mercury, beryl-
lium, chromium, silver and nickel NONPs are reported to cause allergies.
Metal implants and jewelry are shown to produce NONPs which enter
via the skin surface causing dermatitis. NONPs elicit immune responses
involving T cells, B cells and NK cells [64].

8.6. Skin concerns

To protect skin from these UV radiations several cosmetics are made
such as face creams and sunscreens. These cosmetics consists of metal
NONPs such as TiOy, maghemite and iron of size less than 15 nm which
can easily penetrate through the stratum corneum (SC) layer of the skin.
The entry of these NONPs into the human system can cause adverse
effects such as increased aging of the skin, pathological effects in the
liver and particle accumulation in the brain [53].

8.7. Pathogenicity

A substantial fraction of atmospheric brown clouds containing
NONPs and aerosol particles originating from the incomplete combus-
tion of fossil fuels and biofuels. This heightened exposure to particulate
matter not only escalates the risk of encountering pathogenic bacteria
and fungi but also exacerbates health issues. The health impacts asso-
ciated with these particles encompass an elevated incidence of cardio-
vascular diseases, pulmonary illnesses and chronic respiratory
problems, along with an increased susceptibility to fungal and bacterial
diseases [61].

9. Conclusion & future aspects

NONPs, prevalent in the environment, play a pivotal role in main-
taining ecological equilibrium and have demonstrated considerable
benefits for human applications. Their exceptional properties, including
a substantial surface-to-volume ratio, adsorption capabilities, electron-
donating characteristics, robust electrostatic interactions and distinc-
tive optical, magnetic and catalytic attributes, have broadened their
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applicability across diverse domains. Notably, NONPs exhibit biocom-
patibility, making them promising candidates for cancer treatment,
antiviral medications and various biomedical applications. As products
of natural synthesis, NONPs contribute to bioremediation processes,
aligning with environmental conservation efforts.

However, alongside their advantages, NONPs also pose environ-
mental and human health concerns. Their influence extends to climate
alteration and potential human health hazards, encompassing carcino-
genicity, cardiovascular disorders, immunological effects, allergies,
skin-related issues and pathogenicity.

Looking ahead, NONPs hold promise for future applications,
particularly in agriculture and food production. With a historical pres-
ence in the food industry, NONPs can contribute to addressing the
contemporary challenges of increasing food demand due to population
growth. In agriculture, they may enhance biomass production, serve as
pesticides and herbicides, extend shelf life during transportation and
boost the nutritional content of food. Additionally, NONPs could play a
role in food processing and preservation to meet the demands of modern
lifestyles, where convenience and efficiency in food preparation are
paramount. Despite significant strides in nanotechnology research, there
remains a vast realm for exploration to further advance human well-
being and foster environmental sustainability.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] ISO/TR 18401:2017(en), Nanotechnologies — Plain language explanation of
selected terms from the ISO/IEC 80004 series https://www.iso.org/obp/ui/#iso:
std:iso:tr:18401:ed-1:v1:en(accessed November 22, 2022).

[2] What are nanoparticles? definition, size, uses and properties https://www.twi-
global.com/technical-knowledge/faqs/what-are-nanoparticles (accessed
November 22, 2022).

[3] J. Jeevanandam, A. Barhoum, Y.S. Chan, A. Dufresne, M.K. Danquah, Review on
nanoparticles and nanostructured materials: history, sources, toxicity and
regulations, Beilstein J. Nanotechnol. 9 (1) (2018) 1050-1074.

[4] C. Chang, The immune effects of naturally occurring and synthetic nanoparticles,
J. Autoimmun. 34 (3) (2010) J234-J246, https://doi.org/10.1016/j.
jaut.2009.11.009.

[5] G. Lofroth, Environmental tobacco smoke: overview of chemical composition and
genotoxic components, Mutat. Res. /Genet. Toxicol. 222 (2) (1989) 73-80, https://
doi.org/10.1016/0165-1218(89)90021-9.

[6] H. Takizawa, Diesel exhaust particles and their effect on induced cytokine
expression in human bronchial epithelial cells, Curr. Opin. Allergy Clin. Immunol.
4 (5) (2004) 355-359, https://doi.org/10.1097,/00130832-200410000-00005.

[7] S. Kumari, P. Kumari, P.K. Panda, N. Pramanik, S.K. Verma, M.A. Mallick,
Molecular aspect of phytofabrication of gold nanoparticle from Andrographis
peniculata photosystem II and their in vivo biological effect on embryonic
zebrafish (Danio rerio), Environ. Nanotechnol., Monit. Manag. 11 (2019) 100201,
https://doi.org/10.1016/j.enmm.2018.100201.

[8] N.S. Wigginton, K.L. Haus, M.F. Hochella Jr, Aquatic environmental nanoparticles,
J. Environ. Monit. 9 (12) (2007) 1306-1316, https://doi.org/10.1039/b712709j.

[9] S.K. Verma, E. Jha, P.K. Panda, A. Thirumurugan, M. Suar, Biological effects of
green-synthesized metal nanoparticles: a mechanistic view of antibacterial activity
and cytotoxicity, Adv. Nanostruct. Mater. Environ. Remediat. (2019) 145-171,
https://doi.org/10.1007/978-3-030-04477-0_6.

[10] G. Rytwo, Clay minerals as an ancient nanotechnology: historical uses of clay
organic interactions and future possible perspectives, Macla 9 (2008) 15-17,
10.13140/2.1.4481.0884.

[11] M.A. Rogers, Naturally occurring nanoparticles in food, Curr. Opin. Food Sci. 7
(2016) 14-19, https://doi.org/10.1016/j.cofs.2015.08.005.

[12] P. Walter, E. Welcomme, P. Hallegot, N.J. Zaluzec, C. Deeb, J. Castaing,

P. Veyssie're, R. Breniaux, J. Leveéque, G. Tsoucaris, Early use of PbS
nanotechnology for an ancient hair dyeing formula, Nano Lett. 6. 10 ( (2006)
2215-2219, https://doi.org/10.1021/n1061493u.


http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref1
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref1
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref1
https://doi.org/10.1016/j.jaut.2009.11.009
https://doi.org/10.1016/j.jaut.2009.11.009
https://doi.org/10.1016/0165-1218(89)90021-9
https://doi.org/10.1016/0165-1218(89)90021-9
https://doi.org/10.1097/00130832-200410000-00005
https://doi.org/10.1016/j.enmm.2018.100201
https://doi.org/10.1039/b712709j
https://doi.org/10.1007/978-3-030-04477-0_6
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref8
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref8
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref8
https://doi.org/10.1016/j.cofs.2015.08.005
https://doi.org/10.1021/nl061493u

S.S. Raut et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

D. Johnson-McDaniel, C.A. Barrett, A. Sharafi, T.T. Salguero, Nanoscience of an
ancient pigment, J. Am. Chem. Soc. 135 (5) (2013) 1677-1679, https://doi.org/
10.1021/ja310587c.

N. Brun, L. Mazerolles, M. Pernot, Microstructure of opaque red glass containing
copper, J. Mater. Sci. Lett. 10 (23) (1991) 1418-1420.

1. Freestone, N. Meeks, M. Sax, C. Higgitt, The Lycurgus cup - a roman
nanotechnology, Gold. Bull. 40 (4) (2007) 270-277, https://doi.org/10.1007/
BF03215599.

U. Leonhardt, Invisibility cup, Nat. Photonics 1 (4) (2007) 207-208, https://doi.
org/10.1038/nphoton.2007.38.

M.G. Krukemeyer, V. Krenn, F. Huebner, W. Wagner, Resch, R., History and
possible uses of nanomedicine based on nanoparticles and nanotechnological
progress, J. Nanomed. Nanotechnol. 6 (6) (2015) 336, https://doi.org/10.4172/
2157-7439.1000336.

G. Oberdorster, V. Stone, K. Donaldson, Toxicology of nanoparticles: a historical
perspective, Nanotoxicology 1 (1) (2007) 2-25, https://doi.org/10.1080/
17435390701314761.

N. Borduas, N.M. Donahue, The Natural Atmosphere. Green Chemistry, Elsevier,
2018, pp. 131-150, https://doi.org/10.1016/B978-0-12-809270-5.00006-6.

S.I. Popel, Y.N. Izvekova, P.K. Shukla, Nano-and Microscale Particles in Vortex
Motions in Earth’s Atmosphere and Ionosphere, in: AIP Conference Proceedings,
Vol. 1306, American Institute of Physics, 2010, https://doi.org/10.1063/
1.3533186.

S.S. Dhomse, R.W. Saunders, W. Tian, M.P. Chipperfield, J.M.C. Plane, Plutonium-
238 observations as a test of modeled transport and surface deposition of meteoric
smoke particles, Geophys. Res. Lett. 40 (16) (2013) 4454-4458, https://doi.org/
10.1002/grl.50840, 2013.

V.K. Sharma, J. Filip, R. Zboril, R.S. Varma, Natural inorganic
nanoparticles—formation, fate and toxicity in the environment, Chem. Soc. Rev. 44
(23) (2015) 8410-8423, https://doi.org/10.1039/c5cs00236b.

C. Xue, X. Ji, J. Zhang, J. Ma, S. Jia, Biomimetic superhydrophobic surfaces by
combining mussel-inspired adhesion with lotus-inspired coating, Nanotechnology
26 (33) (2015) 335602, https://doi.org/10.1088/0957-4484/26/33/335602.
R.M. Hough, R.R.P. Noble, G.J. Hitchen, R. Hart, S.M. Reddy, M. Saunders,

P. Clode, D. Vaughan, J. Lowe, D.J. Gray, R.R. Anand, C.R.M. Butt, M. Verrall,
Naturally occurring gold nanoparticles and nanoplates, Geology 36 (7) (2008)
571-574, https://www.researchgate.net/publication/224923601.

L.K. Harris, J.A. Theriot, Surface area to volume ratio: a natural variable for
bacterial morphogenesis, Trends Microbiol. 26 (10) (2018) 815-832, https://doi.
org/10.1016/j.tim.2018.04.008.

V.R. Rai, A.J. Bai, Nanoparticles and their potential application as antimicrobials,
A Méndez-Vilas A, editor. Mysore: Formatex, (2011): 197-209.

J.H. Coggin Jr., A.L. Barsoum, J.W. Rohrer, M. Thurnher, M. Zeis, Contemporary
definitions of tumor specific antigens, immunogens and markers as related to the
adaptive responses of the cancer-bearing host, Anticancer Res. 25. 3C (2005)
2345-2355.

M.G. Brewer, A. DiPiazza, J. Acklin, C. Feng, A.J. Sant, S. Dewhurst, Nanoparticles
decorated with viral antigens are more immunogenic at low surface density,
Vaccine 35 (5) (2017) 774-781, https://doi.org/10.1016/j.vaccine.2016.12.049.
H. Guo, A.S. Barnard, Naturally occurring iron oxide nanoparticles: morphology,
surface chemistry and environmental stability, J. Mater. Chem. A 1 (1) (2013)
27-42, https://doi.org/10.1039/c2ta00523a.

J.M. Zachara, S.M. Heald, B. Jeon, R.K. Kukkadapu, C. Liu, J.P. McKinley, A.

C. Dohnalkova, D.A. Moore, Reduction of pertechnetate [Tc (VII)] by aqueous Fe
(II) and the nature of solid-phase redox products, Geochim. Et. Cosmochim. Acta
71 (9) (2007) 2137-2157, https://doi.org/10.1016/j.gca.2006.10.025.

A. Navrotsky, Energetic clues to pathways to biomineralization: precursors,
clusters and nanoparticles, Proc. Natl. Acad. Sci. 101 (33) (2004) 12096-12101,
https://doi.org/10.1073/pnas.0404778101.

S.S. Patil, U.M. Lekhak, Toxic effects of engineered carbon nanoparticles on
environment. Carbon Nanomaterials for Agri-Food and Environmental
Applications, Elsevier, 2020, pp. 237-260, https://doi.org/10.1016/B978-0-12-
819786-8.00012-8.

J. Zhao, X. Wang, S.A. Hoang, N.S. Bolan, M.B. Kirkham, J. Liu, X. Xia, Y. Li, Silver
nanoparticles in aquatic sediments: occurrence, chemical transformations, toxicity
and analytical methods (pg), J. Hazard. Mater. 418 (2021) 126368, https://doi.
0rg/10.1016/j.jhazmat.2021.126368.

P. Paul, Y. Pattnaik, P.K. Panda, E. Jha, S.K. Verma, M. Suar, Green synthesized
metal oxide nanomaterials photocatalysis in combating bacterial infection, Green.
Methods Wastewater Treat. (2020) 73-86.

T.G. Mason, J.N. Wilking, K. Meleson, C.B. Chang, S.M. Graves, Nanoemulsions:
formation, structure and physical properties, J. Phys.: Condens. Matter 18 (41)
(2006) R635, https://doi.org/10.1088/0953-8984,/18/41/R01.

S. Mashaghi, T. Jadidi, G. Koenderink, A. Mashaghi, Lipid nanotechnology, Int. J.
Mol. Sci. 14 (2) (2013) 4242-4282, https://doi.org/10.3390/ijms14024242.
N.C. Acevedo, F. Peyronel, A.G. Marangoni, Nanoscale structure intercrystalline
interactions in fat crystal networks, Curr. Opin. Colloid Interface Sci. 16 (5) (2011)
374-383, https://doi.org/10.1016/j.cocis.2011.05.004.

S.S. Naser, D. Singh, S. Preetam, S. Kishore, L. Kumar, A. Nandi, F.Z. Simnani,
A. Choudhury, A. Sinha, Y.K. Mishra, M. Suar, P.K. Panda, S. Malik, S.K. Verma,
Posterity of nanoscience as lipid nanosystems for Alzheimer’s disease regression,
Mater. Today Bio (2023) 100701, https://doi.org/10.1016/j.mtbio.2023.100701.
P. Akuma, O.D. Okagu, C.C. Udenigwe, Naturally occurring exosome vesicles as
potential delivery vehicle for bioactive compounds, Front. Sustain. Food Syst. 3
(2019) 23, https://doi.org/10.3389/fsufs.2019.00023.

12

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Next Sustainability 3 (2024) 100037

Y. Fan, Q. Zhang, Development of liposomal formulations: from concept to clinical
investigations, Asian J. Pharm. Sci. 8 (2) (2013) 81-87, https://doi.org/10.1016/j.
ajps.2013.07.010.

LR. Corbin, H. Li, J. Chen, S. Lund-Katz, R. Zhou, J.D. Glickson, G. Zheng, Low-
density lipoprotein nanoparticles as magnetic resonance imaging contrast agents,
Neoplasia 8 (6) (2006) 488-498, https://doi.org/10.1593/ne0.05835.

H. Jin, J.F. Lovell, J. Chen, Q. Lin, L. Ding, K.K. Ng, Pandey, M. Manoharan,

Z. Zhang, G. Zheng, Mechanistic insights into LDL nanoparticle-mediated siRNA
delivery, Bioconjugate Chem. 23 (1) (2012) 33-41, https://doi.org/10.1021/
bc200233n.

M. Rizzo, K. Berneis, Low-density lipoprotein size and cardiovascular risk
assessment, Qjm 99 (1) (2006) 1-14, https://doi.org/10.1093/qjmed/hcil54.

Y. Ito, E. Fukusaki, DNA as a nanomaterial, J. Mol. Catal. B: Enzym. 28 (4-6) (2004)
155-166, https://doi.org/10.1016/j.molcatb.2004.01.016.

M. Ratner, Electronic motion in DNA, Nature 397 (1999) 480-481, https://doi.
org/10.1038/17232.

R. Arshad, 1. Fatima, S. Sargazi, A. Rahdar, M. Karamzadeh-Jahromi, S. Pandey, A.
M. Diez-Pascual, M. Bilal, Novel perspectives towards RNA-based nano-theranostic
approaches for cancer management, Nanomaterials 11 (12) (2021) 3330, https://
doi.org/10.3390/nano11123330.

1. Yildiz, S. Shukla, N.F. Steinmetz, Applications of viral nanoparticles in medicine,
Curr. Opin. Biotechnol. 22 (6) (2011) 901-908, https://doi.org/10.1016/j.
copbio.2011.04.020.

S. Husain, A. Nandi, F.Z. Simnani, U. Saha, A. Ghosh, A. Sinha, A. Sahay, S.

K. Samal, P.K. Panda, S.K. Verma, Emerging trends in advanced translational
applications of silver nanoparticles: a progressing dawn of nanotechnology,

J. Funct. Biomater. 14 (1) (2023) 47, https://doi.org/10.3390/jfb14010047.

Z. Yu, M. Yu, Z. Zhang, G. Hong, Q. Xiong, Bovine serum albumin nanoparticles as
controlled release carrier for local drug delivery to the inner ear, Nanoscale Res.
Lett. 9 (1) (2014) 1-7, https://doi.org/10.1186/1556-276X-9-343.

R. Solanki, K. Patel, S. Patel, Bovine serum albumin nanoparticles for the efficient
delivery of berberine: preparation, characterization and in vitro biological studies,
Colloids Surf. A: Physicochem. Eng. Asp. 608 (2021) 125501, https://doi.org/
10.1016/j.colsurfa.2020.125501.

K. Rani, S. Kant, S. Goyal, C. Gupta, To study washing efficacy of mehndi, aalta, dry
sindoor, wet sindoor stained fabric with different emulsifiers mediated pearl millet
amylase bound bsa nanoparticles as detergent-additives, Eur. J. Biomed. 3. 2
(2016) 202-207.

P. Holister, J. Weener, C. Roman, T. Harper, Nanoparticles, Technol. White Pap. 3
(2003) 1-11.

L. Xia, S.C. Lenaghan, M. Zhang, Z. Zhang, Q. Li, Naturally occurring nanoparticles
from English ivy: an alternative to metal-based nanoparticles for UV protection,
J. Nanobiotechnol. 8 (1) (2010) 1-9, https://doi.org/10.1186/1477-3155-8-12.
Y. Wang, L. Sun, S. Yi, Y. Huang, S.C. Lenaghan, M. Zhang, Naturally occurring
nanoparticles from Arthrobotrys oligospora as a potential immunostimulatory and
antitumor agent, Adv. Funct. Mater. 23 (17) (2013) 2175-2184, https://doi.org/
10.1002/adfm.201202619.

N. Dinauer, S. Balthasar, C. Weber, J. Kreuter, K. Langer, H. Briesen, Selective
targeting of antibody-conjugated nanoparticles to leukemic cells and primary T-
lymphocytes, Biomaterials 26 (29) (2005) 5898-5906, https://doi.org/10.1016/j.
biomaterials.2005.02.038.

A. Sinha, F.Z. Simnani, D. Singh, A. Nandi, A. Choudhury, P. Patel, E. Jha, R. Singh
chouhan, N.K. Kaushik, Y.K. Mishra, P.K. Panda, M. Suar, S.K. Verma, The
translational paradigm of nanobiomaterials: biological chemistry to modern
applications, Mater. Today bio 17 (2022) 100463, https://doi.org/10.1016/j.
mtbio.2022.100463.

S. Bakshi, Z.L. He, W.G. Harris, Natural nanoparticles: implications for
environment and human health, Crit. Rev. Environ. Sci. Technol. 45 (8) (2015)
861-904, https://doi.org/10.1080/10643389.2014.921975.

C. Lei, Y. Sun, D.C.W. Tsang, D. Lin, Environmental transformations and ecological
effects of iron-based nanoparticles, Environ. Pollut. 232 (2018) 10-30, https://doi.
0rg/10.1016/j.envpol.2017.09.052.

J.F. Banfield, H. Zhang, Nanoparticles in the environment, Rev. Mineral. Geochem.
44 (1) (2001) 1-58, https://doi.org/10.2138/rmg.2001.44.01.

P.J. Vikesland, A.M. Heathcock, R.L. Rebodos, K.E. Makus, Particle size and
aggregation effects on magnetite reactivity toward carbon tetrachloride, Environ.
Sci. Technol. 41 (15) (2007) 5277-5283, https://doi.org/10.1021/es062082i.

S. Smita, S.K. Gupta, A. Bartonova, M. Dusinska, A.C. Gutleb, Q. Rahman,
Nanoparticles in the environment: assessment using the causal diagram approach,
Environ. Health 11 (1) (2012) 1-11, https://doi.org/10.1186/1476-069X-11-S1-
S13.

G. Sigmund, C. Jiang, T. Hofmann, W. Chen, Environmental transformation of
natural and engineered carbon nanoparticles and implications for the fate of
organic contaminants, Environ. Sci.: Nano 5 (11) (2018) 2500-2518, https://doi.
0rg/10.1039/c8en00676h.

C. Zhang, W. Chen, P.J.J. Alvarez, Manganese peroxidase degrades pristine but not
surface-oxidized (carboxylated) single-walled carbon nanotubes, Environmental
science & technology 48.14 (2014): 7918-7923. dx.doi.org/10.1021/es5011175.
T. Hirai, Y. Yoshioka, N. Izumi, K. Ichihashi, T. Handa, N. Nishijima, E. Uemura,
K. Sagami, H. Takahashi, M. Yamaguchi, K. Nagano, Y. Mukai, H. Kamada,

S. Tsunoda, K.J. Ishii, K. Higashisaka, Y. Tsutsumi, Metal nanoparticles in the
presence of lipopolysaccharides trigger the onset of metal allergy in mice, Nat.
Nanotechnol. 11 (9) (2016) 808-816, https://doi.org/10.1038/NNANO.2016.88.
AK. Madl, K.E. Pinkerton, Health effects of inhaled engineered and incidental
nanoparticles, Crit. Rev. Toxicol. 39 (8) (2009) 629-658, https://doi.org/10.1080/
10408440903133788.


https://doi.org/10.1021/ja310587c
https://doi.org/10.1021/ja310587c
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref12
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref12
https://doi.org/10.1007/BF03215599
https://doi.org/10.1007/BF03215599
https://doi.org/10.1038/nphoton.2007.38
https://doi.org/10.1038/nphoton.2007.38
https://doi.org/10.4172/2157-7439.1000336
https://doi.org/10.4172/2157-7439.1000336
https://doi.org/10.1080/17435390701314761
https://doi.org/10.1080/17435390701314761
https://doi.org/10.1016/B978-0-12-809270-5.00006-6
https://doi.org/10.1063/1.3533186
https://doi.org/10.1063/1.3533186
https://doi.org/10.1002/grl.50840, 2013
https://doi.org/10.1002/grl.50840, 2013
https://doi.org/10.1039/c5cs00236b
https://doi.org/10.1088/0957-4484/26/33/335602
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref22
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref22
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref22
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref22
https://doi.org/10.1016/j.tim.2018.04.008
https://doi.org/10.1016/j.tim.2018.04.008
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref24
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref24
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref24
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref24
https://doi.org/10.1016/j.vaccine.2016.12.049
https://doi.org/10.1039/c2ta00523a
https://doi.org/10.1016/j.gca.2006.10.025
https://doi.org/10.1073/pnas.0404778101
https://doi.org/10.1016/B978-0-12-819786-8.00012-8
https://doi.org/10.1016/B978-0-12-819786-8.00012-8
https://doi.org/10.1016/j.jhazmat.2021.126368
https://doi.org/10.1016/j.jhazmat.2021.126368
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref31
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref31
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref31
https://doi.org/10.1088/0953-8984/18/41/R01
https://doi.org/10.3390/ijms14024242
https://doi.org/10.1016/j.cocis.2011.05.004
https://doi.org/10.1016/j.mtbio.2023.100701
https://doi.org/10.3389/fsufs.2019.00023
https://doi.org/10.1016/j.ajps.2013.07.010
https://doi.org/10.1016/j.ajps.2013.07.010
https://doi.org/10.1593/neo.05835
https://doi.org/10.1021/bc200233n
https://doi.org/10.1021/bc200233n
https://doi.org/10.1093/qjmed/hci154
https://doi.org/10.1016/j.molcatb.2004.01.016
https://doi.org/10.1038/17232
https://doi.org/10.1038/17232
https://doi.org/10.3390/nano11123330
https://doi.org/10.3390/nano11123330
https://doi.org/10.1016/j.copbio.2011.04.020
https://doi.org/10.1016/j.copbio.2011.04.020
https://doi.org/10.3390/jfb14010047
https://doi.org/10.1186/1556-276X-9-343
https://doi.org/10.1016/j.colsurfa.2020.125501
https://doi.org/10.1016/j.colsurfa.2020.125501
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref48
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref48
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref48
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref48
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref49
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref49
https://doi.org/10.1186/1477-3155-8-12
https://doi.org/10.1002/adfm.201202619
https://doi.org/10.1002/adfm.201202619
https://doi.org/10.1016/j.biomaterials.2005.02.038
https://doi.org/10.1016/j.biomaterials.2005.02.038
https://doi.org/10.1016/j.mtbio.2022.100463
https://doi.org/10.1016/j.mtbio.2022.100463
https://doi.org/10.1080/10643389.2014.921975
https://doi.org/10.1016/j.envpol.2017.09.052
https://doi.org/10.1016/j.envpol.2017.09.052
https://doi.org/10.2138/rmg.2001.44.01
https://doi.org/10.1021/es062082i
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref58
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref58
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref58
http://refhub.elsevier.com/S2949-8236(24)00014-X/sbref58
https://doi.org/10.1039/c8en00676h
https://doi.org/10.1039/c8en00676h
https://doi.org/10.1038/NNANO.2016.88
https://doi.org/10.1080/10408440903133788
https://doi.org/10.1080/10408440903133788

	Naturally occurring nanoparticles (NONPs): A review
	1 Introduction
	2 History
	2.1 Ancient times
	2.2 Organic dye
	2.3 Egyptian blue
	2.4 Copper ruby
	2.5 Lycurgus cup
	2.6 19th century

	3 Source
	3.1 Atmosphere
	3.2 Hydrosphere
	3.3 Lithosphere
	3.4 Biosphere

	4 Properties
	4.1 Surface area to volume ratio
	4.2 Immunogen
	4.3 Electron donor
	4.4 Adsorbents
	4.5 Nutrient
	4.6 Scavenger

	5 Types
	5.1 Naturally occurring carbon nanoparticles (NOCNPs)
	5.2 Naturally occurring metal nanoparticles (NOMNPs)
	5.3 NONPs present in food
	5.3.1 Nanoemulsions
	5.3.2 Nano-lipid assemblies
	5.3.3 Nanoplatelets
	5.3.4 Liposomes

	5.4 NONPs of biological origin
	5.4.1 Low-density lipoprotein (LDL)
	5.4.2 Exosomes
	5.4.3 DNA
	5.4.4 RNA
	5.4.5 Viral nanoparticles (VNPs)

	5.5 NONPs present in the aquatic environment
	5.5.1 Nanocrystalline Fe-oxide grain coatings
	5.5.2 Nanoaquatic colloids


	6 Uses
	6.1 Uses of NONPs for human activities
	6.1.1 Laundry
	6.1.2 Chinese porcelain
	6.1.3 Cosmetic
	6.1.4 Medicine
	6.1.5 Food industry
	6.1.6 Biosensors

	6.2 Uses of NONPs for the environment
	6.2.1 Environmental processes
	6.2.2 Bioremediation
	6.2.3 Nutrient transporter
	6.2.4 Soil fertility


	7 Environmental transformation of NONPs: release and fate
	7.1 Release & fate
	7.1.1 The fate of NONPs in water
	7.1.2 The fate of NONPs in soil
	7.1.3 The fate of NONPs in plants

	7.2 Environmental Hazards
	7.2.1 Dust cloud formation

	7.3 Environmental hydroxyl radical reduction
	7.4 Stratospheric temperature change
	7.5 Environmental transformation
	7.6 Chemical transformation
	7.7 Physical transformation
	7.8 Biological transformation

	8 Human health hazard from NONPs
	8.1 Carcinogenic
	8.2 Cardio-vascular disorder
	8.3 Infiltration
	8.4 Immunological effects
	8.5 Allergy
	8.6 Skin concerns
	8.7 Pathogenicity

	9 Conclusion & future aspects
	Funding
	Declaration of Competing Interest
	References


