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Abstract: Molecular nanomaterials are of prodigious reputation for their uses in the numerous
industries. This article highlights established industrial potential application areas for nanoparticles.
The success of nanomanufacturing depends on the strong cooperation between academia and
industry in order to be informed about current needs and future challenges, to design products
directly translated to the industrial sector. The selection of the appropriate method, combining
synthesis of nanomaterials with required properties and limited impurities as well as scalability of
the technique, is of paramount importance. Varieties of molecular nanomaterials and their synthesis,
characterization, and important applications are of current interest in several industries. Improved
synthetic routes and advanced characterization methods will be important to advance molecular
nanomaterials for their rapid translation to industries, manufacturing many useful products, and
their implication in global economic development. Nanomaterials have emerging applications in
almost all modern industries including construction, textile, water, aeronautics, food, medicine,
environment cosmetics, machinery, oil and gas and computer. In the current review, we have chosen
some leading industries world-wide that use nanomaterials. Besides the important applications
of nanomaterials in almost all spheres of human life and environment, their toxicological effects
must be addressed properly to utilize these applications. There are also some obstacles to a greater
impact of nanotechnology in industry including its toxicological effects in human and surrounding
environments and regulations of nanomaterials use. This review addresses molecular nanomaterials
synthesis strategies, characterization methods developments, and their novel industrial and other
relevant application fields.

Keywords: molecular nanomaterials; industrial applications; manufacturing

1. Introduction

Nanotechnology is a field of advanced science and technology of governing matter on
a nanoscale [1]. This nanoscale was first introduced in the famous lecture of Nobel Laureate
Richard P. Feynman, “There’s Plenty of Room at the Bottom,” given in 1959 [2]. Nanomate-
rials have not only become one of the ‘hottest’ areas in research and development all over
the world but also attracted numerous considerations in the industrial sectors [3,4]. This
technology can be primarily defined by their functional properties which determine how
they interact with other disciplines [5]. Recently, it becomes an evolving field in material
science, materials processing technology, mechanics, electronics, optics, medicine, energy
and aerospace, plastics and textiles etc. [6]. This technology not only establishes an interdis-
ciplinary and emerging domain that embraces physics, chemistry, engineering [7] but also
contributes to detection of diseases, better therapy options, and remarkable reduced health-
care expenses [8]. Molecular nanomaterials can also be applied in manufacturing through
ultra-precision, development of nano-metric microscopic devices, biological structures,
nano robots, super computers, industries and genetics etc. [9]. All materials or devices
which are nanometer scale (dimensions of roughly 1 to 100 nm) structured are included in
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nanomaterials [2,10]. Nanoscale, substances have a larger surface area to volume ratio than
the bulk one which is the main reason for their increased level of reactivity, improved and
size tunable magnetic, optical and electrical properties [11]. Nowadays, almost all devel-
oped nations have created nanomaterials-based research programs, fellowships, networks,
research institutes, and educational enterprises aiming at understanding and leverage
nanoscale discoveries [12,13]. Nanomaterials are now used in numerous industries all
over the world. Nanofabrication, nanoparticles, nanorobot, nanocomputer, nanofertilizer,
membrane-based nanoparticles, nano-engineered fiber, nanotubes, nanosensor, nanopes-
ticides, nanoencapsulation, nano-ceramic tools, nanocatalysts etc. are used in industries
to facilitate and develop improved industrial function and products. The structure in
nanoparticles may rely on the method and conditions of particle preparation. The cohesive
energies of the atoms inside nanoparticles and small clusters are additionally structure
dependent [14]. When size approaches nanoscale the properties of particles change. The
percentage of atoms becomes significant at the surface of nanoparticles, and there are
numerous active sites on the nanoparticle surface. Many “nanotoxicology” researchers
elucidated the interface of nanoparticles with bio-based systems and the mechanism of
action. The TiO2 nanoparticles (~20 nm) were delivered to the lung interstitium, which
was cleared from the lungs more slowly than fine TiO2 particles (~250 nm) in mouse
model after the intratracheal administration of 500 µg of TiO2. TiO2 nanoparticles are of
great importance in medical and pharmaceuticals industries. TiO2 NPs or nanospheres
generally have cytotoxicity. Spherical TiO2 nanomaterials induced single strand breaks,
oxidative damages to DNA, and oxidative stress in human lung carcinoma epithelial cell
lines A549. 1-D, TiO2 nanostructures including nanorods, nanobelts, and nanotubes are
mostly synthesized and extensively investigated than 0-D TiO2 NPs (nanospheres). The
shape of TiO2 NPs affects their deposition in the lung. Nanotoxicity studies for examining
the impacts of TiO2 crystal structures have shown to be associated with inflammatory
responses, cytotoxicity and reactive oxygen species (ROS) formation. There are several
studies on the cytotoxicity of rutile and anatase TiO2 NPs with different cell lines. It was
reported that anatase TiO2 NPs induced cell necrosis and rutile TiO2 NPs prompted apop-
tosis through the formation of ROS. TiO2 NPs of 11 different crystal phase combinations
at similar sizes were investigated, and a correlation between crystal phase and oxidant
capacity was revealed. The ROS formation ability of anatase TiO2 was found to be greater
than that of anatase/rutile mixtures or rutile phase [15]. Nanomaterials are one billionth of
a meter as claimed by size [16] and may be referred as nano object [17]. Nanomaterials can
be divided into different categories according to their composition, performance, purpose
and dimension [18]. Nanoparticles are usually four types according to their dimension
(Table 1) [16,19].

Table 1. Dimensionality in nanoparticles.

Dimension Ranges Example

Zero-D No dimensions are in the nanoscale range Nanoporous material
One-D One dimension is in the nanoscale range Graphene sheets
Two-D Two dimensions are in the nanoscale range Nanowires, Biopolymers

Three-D Three dimensions are in the nanoscale range Quantum dots (QDs), Dendrimers

Zero-dimensional, one-dimensional, two-dimensional nanomaterials are also called
low-dimensional nanomaterials and they may exhibit anisotropic or dimension-tunable
properties [20]. Besides, there are also different molecular nanomaterials, such as carbon-
based nanomaterials, metal and metal oxide NPs, semi-conductor NPs, polymeric NPs,
lipid-based NPs etc. They generally differ in morphology, size, properties and the building
block in them [16]. Generation based nanomaterials also exist, they are: second generation,
third generation and fourth generation [17].
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2. Fabrication and Characterization of Molecular Nanomaterials

The synthesis of nanoparticles is performed using several methodologies including
biological methods, physical methods and chemical methods. In biological methods mi-
croorganisms such as bacteria, fungi, algae are used to prepare nanomaterials. In this case
10–20 nm size gold nanoparticles can be extracellularly prepared by using photosynthetic
bacteria like Rhodopseudomonas capsulate. Moreover, by using Fusarium oxysporum fun-
gus extracellular silver nanoparticles can be synthesized. Besides, by using Sargassum
wightii algae within 12 h of incubation around 95% production of gold nanoparticles was
obtained [21].

By using orange (Citrus clementina) peel biomolecule, silver nanoparticles can be
fabricated. To synthesize AgNPs, orange peel aqueous extract (OPE) was mixed with
aqueous solution of silver nitrate at room temperature. The color change from pale yellow
to dark-reddish brown demonstrated the formation of the AgNPs. The formation of AgNPs
was also observed spectroscopically by UV—visible spectroscopy at regular time intervals
in the wavelength range of 300–600 nm [21].

In physical methods two routine approaches can be used to synthesis nano-structured
materials, top-down technique and bottom-up technique (Figure 1). The major difference is
based on the size of primary entities used to build nano materials with or without atomic
level control [16].
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Figure 1. Physical methods for the preparation of molecular nanomaterials.

The route of bottom-up method is from atom to clusters to NPs. The route of top-
down method is from bulk material to powder to nanoparticles. The most commonly
used bottom-up methods are Sol-gel, spinning, chemical vapor deposition (CVD) and
pyrolysis. On the other hand, the nanolithography, laser ablation, sputtering and thermal
decomposition are most common technique of top-down method. In sol-gel process metal
oxides and chlorides or other metal salts are dispersed in a host liquid either by shaking,
stirring or sonication to create nanoparticles. Spinning methods use a rotating disc inside
a chamber/reactor. Here the physical parameters such as temperature are controlled. In
this technique, the liquid flow rate, disc rotation speed, liquid/precursor ratio, location
of feed, disc surface, etc. controls the nanostructures of nanoparticles. Besides, CVD
technique produces a thin film of product on the surface of the substrate carried out in a
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reaction chamber at ambient temperature by combining molecules in vapor phase. After
reaction the produced thin film is recovered and used. Pyrolysis is the most frequently
used process in industries for making large-scale NPs through burning a precursor using
a flame. Nanolithography is the route toward producing a necessary shape or structure
on a light delicate material that specifically eliminates a bit of material to make the ideal
shape and structure. Laser Ablation Synthesis in Solution (LASiS) is additionally a typical
top-down method for NPs preparation from various solvents in which the irradiation
of a metal inundated in a liquid solution by a laser beam condenses a plasma plume
to produce NPs. Another top-down method sputtering is typically a deposition of thin
layer of NPs followed by annealing in which the thickness of the layer, temperature and
duration of annealing, substrate type, etc. control the shape and size and morphology
of the NPs. Another top-down method is thermal deposition, in which an endothermic
chemical decomposition attained by heating breaks the chemical bonds of the precursors
used [22].

Chemical method is important for gas and liquid phase production of molecular
nanomaterials. Co-precipitation is a chemical method of synthesis of nanoparticles which
involves the mixing of two or more water soluble salts of divalent and trivalent metals.
The aqueous solutions are continuously stirred, which may or may not need the heat
conditions, and use of reducing agents. Another chemical method is sonochemical method
which can produce NPs by ultrasonication in a liquid medium [21]. Furthermore, inert
gas condensation is also a chemical method in which material is evaporated in a cool inert
gas usually He or Ar at low pressure. Here when pressure and molecular weight of inert
gas are increased, the mean size of product (NPs) is also increased [23]. Another synthesis
method is green method to reduce nanotoxicity. This method depends on organic extracts
as reducing agent. Here in, various plants, amino acids, enzymes, flavonoids, aldehydes,
ketones, amines, carboxylic acids, phenols, proteins and alkaloids provides electrons to
reduce some materials (such as gold) into NPs. The ultimate size, shape and morphology
of the product relies upon the concentration of plant extract, metal salt, pH of the reaction
mixture, temperature and incubation time etc. [24]. Furthermore, microwave heating
applied to chemical reactions also addresses a sustainable “green” chemistry by utilizing
a secure solvents and reaction conditions, limiting accidents, preventing the waste or bi-
products, and reducing the reaction time. For example, in various microwave frequencies,
it is possible to synthesize NPs at shorter times than a traditional synthesis. In recent years,
improved microwave devices have been designed for laboratories and industries to control
temperature and other reaction parameters. However, the microwave heating depends
upon the dipole moment of a given molecule, thus, a more polar reagent is needed in the
reaction [25].

In nanofabrication, a thin film is a layer of material going from parts of a nanometer
(monolayer) to a few micrometers in thickness. Thin films are made through an interaction
called “deposition.” Deposition is a thin film coating system, which is accomplished by
altering the four states of matter, solid, liquid, vapor and plasma. This can be cultivated
through an assortment of vacuum system. Customary classifications of vacuum deposition
system incorporate chemical vapor deposition (CVD), physical vapor deposition (PVD),
evaporation through vacuum sublimation, or incidentally, a mix of these techniques. These
models are only a couple of ways a thin film can be created.

Sputtering is a PVD class of thin film technology in which the material that will be
covered (the sputtering target) is bombarded with plasma ions and the eliminated particles
go into the gas stage. Condensation on the substrate surface and firmly adheration in it is
assisted by the vapor. Then the thin layer is exceptionally formed. It is a bottom up process.
In the conventional top down, sputtering enables sputtering of only one material at a time
due to the geometric relation between the magnetron and the substrate. For this kind of
sputtering, it is important to have an objective material bigger than the substrate to get
adequate film consistency. So, sputtering film deposition is bottom-up process from the
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point of view of film formation, even if it could be interpreted as top-down technology
from the point of view of removing atoms from the target and depositing on the wafer.

Molecular nanomaterials are generally characterized by DLS, XRD, SEM, TEM, LLS,
AES, XPS and other methods. The most essential information usually obtained at the
beginning of characterization of NPs is particle shape and size. XRD, XPS and electron
microscopy techniques (SEM and TEM) are commonly used for revealing the details of
the nanoparticle size, elemental compositions, phase, shape and surface morphologies
etc. [26–29]. In sum, before an extensive and cost-effective applications of nanomaterials in
all modern industries, advanced, environment-friendly synthesis methodologies, smart
characterization technologies, and the scale-up process, concerning highest possible level
of nanosafety are crucial for the industrial manufacturing uses of nano materials.

3. Industrial Applications

Molecular nanomaterials have numerous industrial applications in many indus-
tries [30]. Based on different important properties of molecular nanomaterials, we discuss
the applications of nanomaterials in several industries.

3.1. Construction Industry

An examination of expression of interests (EoI) submitted to the EC FP6 on 2002 in
Europe found that there were 20 (out of an aggregate of 250) EoIs identified with nano-
materials application in development. Understanding and modeling of phenomena at
nanoscale, developing nanoscale particles and fibers, nanostructure modified materials,
functional materials, thin films and coatings/paints, energy efficient devices, and smart
materials and integrated systems incorporating nano sensors/actuators are covered by
EoIs. In 2002, the Nano House Initiative was introduced by Australian National Nanotech-
nology Network (ANN). They proposed to build a “nano house” using the developed
nanomaterials and machineries. They think it will represent the best way in sustainable
and environmentally sound housing. Moreover, Institute for Research in Construction
(IRC), National Research Council Canada has taken a step to develop technology and
products for construction industry based on nanomaterials. They provide importance on
cements, cement-based products, admixtures and concrete [3]. Furthermore, by including
nanoengineered fibers and polymers to the mix in the field using acoustic energy to ensure
homogenous distribution or under more controlled conditions during the manufacturing
process of cement and other concrete components, the performance of concrete could be
improved. Nano-based enhancement of concrete products would offer much stronger and
durable road and highway surfaces and potentially better driving conditions to reduce
maintenance costs [31]. Nanomaterials can act as superb filler in cement-based materials.
The photocatalytic properties of the cement samples were enhanced through dispersing
nano-TiO2 by ultrasound. By the addition of nano-TiO2, the total shrinkage of cement-
based materials can be remarkably reduced. Nano-TiO2 also contributes to the reduction
of the amount of mesopores. Besides, reinforced cement composites with nanomaterials,
like CNT, nano-MgO, nano smectite-based clay exhibited lower autogenous shrinkage in
comparison with those without NPs [32]. By increasing the volume fractions of CNTs,
the energy absorption capacity, the curvature ductility and the moment capacity of the
CNT-rein forced concrete columns enhanced significantly [33]. The heating performance of
cement composites can be improved by adding CNTs. Cyclic heating by CNTs can reduce
the heating and mechanical properties of CNT-reinforced cement composite in the long
term [34]. At early stages of hydration, the addition of nano-TiO2 to cement increased the
heat of hydration and also accelerated the rate of reaction [35]. When cement is substituted
by nano-TiO2, the strength of cement mortar at early ages increased a lot and the fluidity
and strength decrease with time [36].
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3.2. Textile Industry

In textile industries to enhance textile features nanoparticle plays an important role.
These features are fabric softness, durability, breathability, water repellency, fire retardant,
anti-microbial properties (Figure 2) [10,17]. A Swiss company Scholler has built up a
nano-based innovation to create another line of brand name fabric, for example, “Soft
Shells,” functional stretch multi-layer fabrics [10]. In addition, nanocoating can develop
multifunctional and smart high-performance textiles. Nanofibers can also be used in some
technical application in textile industries, for example, filter fabric, antibacterial patches,
night-vision uniform, tissue engineering and chemical protective suits. As nano-particles
have a large surface area-to-volume ratio and high surface energy, nano based finishing
improves affinity for fabrics leading to durable function. Wearable ‘smart’ nanomaterials
have a great application in the textile industry. A wearable smart textile battery is recharge-
able by sunlight and their interlaced sun-based cells transform T-shirts into power textiles.
In this case graphene layers facilitate fabrication of energy storage textiles. Conducting
polymers and graphene are fascinating for making textiles empower the consolidation of
sensors and actuators. Nano-sized TiO2 and ZnO are more proficient at engrossing and
dissipating UV radiation than the bulk UV light protection of textiles [6].
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structure of F-POSS, (b–d) Water droplets on F-POSS/AgNPs/PEI-coated cotton fabrics of (b) yellow, (c) blue, (d) and red
colors. (e–g) SEM images of (e) pristine cotton fabric, (f) AgNPs/PEI-coated cotton fabric, and (g) F-POSS/AgNPs/PEI-
coated cotton fabric. (h) shows different color AgNPs in colloidal form and (i) finishing of cotton fabrics using corresponding
AgNPs. (Reproduced with permission of [37]. Copyright John Wiley and Sons, 2015.)



Nanomanufacturing 2021, 1 81

In textile industries, CNT-reinforced polymer composite fibers have been created
to improve strength and durability and to reduce weight. The CNTs integrated fibers
has appeared to improve the strength and execution [38]. The color of a synthetic textile
effluent can be removed by photocatalytic process by using TiO2 suspensions under so-
lar radiation [39]. The nanocomposites such as ZnO/CdO nanocomposite [40], ZnO/Ag
nanocomposite [41], CuO-ZnO nanocomposite [42] and CuAu-ZnO-graphene nanocompos-
ite [43], possess high efficiency to degrade textile effluent in ETP (effluent treatment plant).

3.3. Water Treatment Industry

Nanomaterials offer new ways to upgrade both fundamental and advanced wa-
ter treatment processes. Photocatalytic oxidation of organic pollutants is a process of
water treatment that can be improved by NPs as demonstrated in Figure 3 [44]. Here,
nano-photocatalysts can improve treatment selectivity and ROS generation and utilization
efficiency. By engineering nanoparticles using surface-modification strategies selective
adsorption of foreign substances onto photocatalysts can be accomplished. Membrane
separation processes for water purification and desalination can also be enhanced by nano-
materials. One methodology is to insert catalytic nanomaterials in the film as specific
layer to degrade organic foulants on light irradiation or applied voltage. This way can
reduce organic fouling [45]. Nanofiltration, another process of water filtration is the most
energy efficient approach. Nanofiltration membrane, depend on a thin film composite
(TFC) design, which deposits a polyamide (PA) active layer, formed by interfacial poly-
merization [46]. Depending upon the polymers used to cross-link the CNTs, the pore size
in these films can go from 100 nm to sub-nanometer, making the materials valuable in
biological treatment of industrial wastewater, desalination of industrial salt water etc. by
functionalizing or doping the CNTs [47]. When irradiated by sunlight, zinc oxide/zinc
tin oxide (ZnO/ZTO) nanocomposites showed 50% photocatalytic degradation efficiency
and 77% COD (chemical oxygen demand) removal of textile waste water [48]. Artemia
eggshell-ZnO nanocomposites can be used for waste water treatment by photodegradation
of methylene blue, Rhodamine B, and neutral red etc. [49].
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Due to lowering of bandgap of CuO nanoparticles in nanocomposite by the addition
of reduced graphene oxide (RGO), the copper oxide/reduced graphene oxide (CuO/RGO)
nanocomposite can serve as visible photo-driven catalyst for degradation of both ortho
and para nitrophenols in 120 and 180 min, respectively. CuO/RGO NC can remove
nitrophenols from waste water by degradation process [50]. The SWCNT/TiO2 ultrathin
film is valuable in treating emulsified wastewater produced in industry and everyday life
and for decontamination of unrefined oil and fuel [51]. Au/ZnO hybrid nanostructures
can be used for heterogeneous photocatalytic applications in water treatment [52].

3.4. Agriculture Industry

In agriculture industry, there are several applications of nanomaterials including nano
delivery [53], nanosensors [53], nanoencapsulation of pesticides [53], nanopesticides [53],
and nanofertilizers [54]. Figure 4 shows advantages of nanofertilizers over their bulk
counterpart. Nanodelivery is used for veterinary products in fish food and nanosensors
are used for detecting pathogens, toxins in the water [53]. Nanosensors are also used for
sensing nutrients, pesticides, contaminations, post-harvest management of agriculture
products for enhanced shelf life. Nanoscale pesticides are used for effectively diminishing
plant diseases, smart and targeted delivery of biomolecules and nutrients, agronomic
fortifications, water sanitization and purification, nutrient retrieval, and smart fertilizers
delivery [55,56]. In addition, site-specific water and soil conservation helps in the efficient
utilization of natural resources. It can be controlled by the use of nanosensors in precision
agriculture and Nanotechnology Applications in Crop Production and Food Systems
(NACPFS) nanomaterials [54]. Various sorts of nanoparticles like carbon nanotubes, Cu,
Ag, Mn, Mo, Zn, Fe, Si, Ti, matal oxides, and nanoformulations of phosphorus, urea, sulfur,
validamycin, tebuconazole and azadiractina have been transformed into nanopesticides
and nanofertilizers [57]. Actually, the idea of nanofertilizer theoretically includes the
manure partners (industry, specialists, ranchers, and governments) taking a jump from
mass scale mineral supplement creation and use to nanoscale creation, information, and
practice, with concerns noted in regards to nanomaterial molecule size, process scaleup,
and field application methodologies [58]. Nanofertilizer releases nutrients slowly through
the lifecycle of the crop and increase efficiency of the elements. That’s why the risks of
leaching, adsorption, surface runoff, decomposition and toxicity of the soil can be reduced
by using it [54,59]. Zinc nanofertilizer is an example of nanofertilizer that enables the plants
to withstand lower air temperatures and helps in the biosynthesis of cytochrome [60]. In
addition, nanoencapsulation of pesticides can control the outer shell properties of a capsule
that can manipulate slow and controlled release of the active ingredient. The dispersion
and wettability of agricultural formulations can be increased by using nanopesticides. It
also can control unwanted pesticide movement [53]. The root growth of rye grass and
pumpkin can be enriched by mixing Fe3O4 (100 mg/L) nanoparticles with soil [61]. By
mixing 2.5% TiO2 nanoparticles photosynthesis rate of plant is developed through the
promotion of synthesis of chlorophyll A [62].



Nanomanufacturing 2021, 1 83

Nanomanufacturing 2021, 1, FOR PEER REVIEW 8 
 

 

3.4. Agriculture Industry 

In agriculture industry, there are several applications of nanomaterials including 

nano delivery [53], nanosensors [53], nanoencapsulation of pesticides [53], nanopesticides 

[53], and nanofertilizers [54]. Figure 4 shows advantages of nanofertilizers over their bulk 

counterpart. Nanodelivery is used for veterinary products in fish food and nanosensors 

are used for detecting pathogens, toxins in the water [53]. Nanosensors are also used for 

sensing nutrients, pesticides, contaminations, post-harvest management of agriculture 

products for enhanced shelf life. Nanoscale pesticides are used for effectively diminishing 

plant diseases, smart and targeted delivery of biomolecules and nutrients, agronomic for-

tifications, water sanitization and purification, nutrient retrieval, and smart fertilizers de-

livery [55,56]. In addition, site-specific water and soil conservation helps in the efficient 

utilization of natural resources. It can be controlled by the use of nanosensors in precision 

agriculture and Nanotechnology Applications in Crop Production and Food Systems 

(NACPFS) nanomaterials [54]. Various sorts of nanoparticles like carbon nanotubes, Cu, 

Ag, Mn, Mo, Zn, Fe, Si, Ti, matal oxides, and nanoformulations of phosphorus, urea, sul-

fur, validamycin, tebuconazole and azadiractina have been transformed into nanopesti-

cides and nanofertilizers [57]. Actually, the idea of nanofertilizer theoretically includes the 

manure partners (industry, specialists, ranchers, and governments) taking a jump from 

mass scale mineral supplement creation and use to nanoscale creation, information, and 

practice, with concerns noted in regards to nanomaterial molecule size, process scaleup, 

and field application methodologies [58]. Nanofertilizer releases nutrients slowly through 

the lifecycle of the crop and increase efficiency of the elements. That’s why the risks of 

leaching, adsorption, surface runoff, decomposition and toxicity of the soil can be reduced 

by using it [54,59]. Zinc nanofertilizer is an example of nanofertilizer that enables the 

plants to withstand lower air temperatures and helps in the biosynthesis of cytochrome 

[60]. In addition, nanoencapsulation of pesticides can control the outer shell properties of 

a capsule that can manipulate slow and controlled release of the active ingredient. The 

dispersion and wettability of agricultural formulations can be increased by using na-

nopesticides. It also can control unwanted pesticide movement [53]. The root growth of 

rye grass and pumpkin can be enriched by mixing Fe3O4 (100 mg/L) nanoparticles with 

soil [61]. By mixing 2.5% TiO2 nanoparticles photosynthesis rate of plant is developed 

through the promotion of synthesis of chlorophyll A [62]. 

 

Figure 4. Advantages of nanofertilizers over bulk fertilizers. (Reproduced with permission of [55]. 

Copyright Scientific Research Publishing Inc., 2021). 

3.5. Food Industry 

Nanomaterials can not only improve the quality, safety and nutritional value of food 

but also reduce costs. By using nanoemulsion technology food industry can create low-fat 

mayonnaise, spreads and ice cream (Figure 5) [63]. An important current nanomaterial 

application is nanoencapsulation of food ingredients and additives to control the release 

Figure 4. Advantages of nanofertilizers over bulk fertilizers. (Reproduced with permission of [55]. Copyright Scientific
Research Publishing Inc., 2021).

3.5. Food Industry

Nanomaterials can not only improve the quality, safety and nutritional value of food
but also reduce costs. By using nanoemulsion technology food industry can create low-fat
mayonnaise, spreads and ice cream (Figure 5) [63]. An important current nanomaterial
application is nanoencapsulation of food ingredients and additives to control the release of
certain active ingredients (i.e., proteins, vitamins, minerals, enzymes and preservatives),
mask the undesirable odors and flavors (such as fish oils), enhance the shelf-life and stability
of the ingredient and the finished food products, and also enhance the uptake of encapsu-
lated nutrients and supplements. Nanoparticles and nanocomposites have antibacterial
properties that can be used for improving food safety e.g., Ag NPs and nanocompos-
ites [53,63]. Integration of metal or metal oxide nanoparticles in polymer nanocomposites
have been used for food packaging e.g., ZnO nanoparticle incorporated into polystyrene
film [53,63], ZnO nanoparticles coated on polyvinyl chloride (PVC) films [64]. Nanomateri-
als also enhance processing, solubility, stability and shelf life of fresh products, consistency
and texture, color and flavor, encapsulation of bioactives and better bioavailability of
products in food industry. Nanostructuring of food offers new tests, improved consis-
tency and texture. Nanocapsulation is also important in food industry. Fruit juice was
absorbed better by the body when beta-carotene nanoencapsulated in starch and added to
the juices (Figure 5). In addition, nanoemulsions incorporated into juices and beverages
impart antimicrobial properties and improve the quality of products. Nanosensors assist
to monitor quality, detect the level of CO2 released from a food, track the consignment
during various stages of logistics, prevents contamination and guarantees a quality item.
In some situations, clarification and concentration of raw juices are done by nanofiltration
in food industry [65]. TiO2 nanoparticle-coated film is utilized for potential food packaging
applications due to the photocatalytic antimicrobial property of TiO2. Different concentra-
tions of TiO2 nanoparticles can be coated on food packaging film, especially in low density
polyethylene (LDPE) film [66].
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3.6. Aeronautics Industry

Molecular nanomaterials have been used in wide variety of materials, processes and
devices with huge opportunities for applications relevant to NASA’s missions. In aeronau-
tics industry, nanomaterials are used to produce lighter materials without compromising
strength and other mechanical properties, and also used to form electronics and displays
with low power consumption, sensors, paints etc. [17]. Multifunctional structural com-
posites are used in engineering applications in aeronautical industries. Here in, Fe3O4
nano powders are used to manufacture multifunctional structural composites [67]. In
Mexico, there is a wide practice of models identified with the foundation of advancement
areas which may likewise be characterized and analyzed under the cluster framework
technology. Under this framework, the process of agglomeration take place, e.g., the ag-
glomeration of aerospace and nanotechnology industry in Queretaro and Monterrey. It
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is necessary not only for the presence of technological opportunities but also for techno-
logical capabilities [68]. In aeronautics, nanoparticles are used for development of a new
class of high-performance structural composites with enhanced damping properties. This
could substitute the expensive acoustic treatments currently being used as alternatives in
the fuselage structure. Thus, nanomaterials can decrease weight and cost in the aircraft
design process [69]. Carbon nanotubes and organic matrix-based composites are continu-
ously being utilized in spacecraft and aircraft industries in view of their strikingly high
strength, modulus, lightweight, good fatigue life, high stiffness and excellent corrosion
resistance [70]. When different types of CNT are incorporated in the resin at an equal
concentration, they show improved mechanical and electrical property, consequently they
are used in modern aircrafts [71]. For having high strength, lightweight, and high electrical
conductivity epoxy/CNT composites are also used in aircrafts [72].

3.7. Medicinal Industry

Nanomaterials are utilized toward enhancing the delivery of the drug to diseased
tissues. There have been numerous research efforts for the utilization of nanomaterials in
drug design, delivery and medication. The essential goal is the acceleration of the discovery
process than the advancement of the drug as a nano-medication as such. The assumption
from this translational research is to focus on key properties and better drive the science
endeavors to choose drug candidates. Nanomaterials are suitable candidates for their
applications in treating diabetic, cancer and many other genetic diseases. For example,
siRNA containing nanoparticles enable the drug delivery system [73]. In addition, NPs are
essential for diagnosis of diseases, cancer gene therapy, pulmonary diseases and inhibition
of other infectious diseases [74]. Nanomedicines can be cleared by human body quickly
yet they are exceptionally powerful in identifying and imaging disease like cancer [75].
Figure 6 demonstrated applications and goals of nanomedicine in different domain of
biomedical research and mechanisms for controlled release of drugs using different types
of nanocarriers [76].

TiO2 nanotubes (TNTs) have an ability to act as a drug carrier to the surrounding
tissues, aiming to accelerate the tissue response regarding implant integration [77]. CuO
nanoparticles are also used in drug delivery. These nanoparticles also have great biologi-
cal properties including effective antimicrobial action against a wide range of pathogens
and also drug resistant bacteria [78]. Novel multifunctional porous TiO2 nanoparticles
modified with polyethylenimine (PEI) can explore the feasibility of exploiting the pho-
tocatalytic property of titanium dioxide to achieve ultraviolet (UV) light triggered drug
release. The PEI on the surface of multifunctional porous TiO2 nanoparticles could ade-
quately block the channel to prevent premature drug release, thus subsequently giving
sufficient circulation time to target cancer cells [79]. Some nanocomposites are utilized
in smart nano-drug delivery system such as ZnO-quercetin [80], Oxidized Starch/CuO
Nanocomposite Hydrogels [81], polyvinyl alcohol/CuO nanocomposite hydrogel [82] etc.

Biosensors are extensively used in medical industry. Different nanomaterials are
utilized as biosensors in such industries. Biosensor devices can detect a biological item [83].
Different types of TiO2 nanomaterials have become forthcoming environment friendly
electrode materials for biosensing applications [84]. Nanostructured ZnO can be utilized to
build electrochemical biosensor for detection of biologically significant analytes like DNA,
metabolites, cancer markers, and so on [85]. Colorimetric strategies based on gold and silver
nanoparticles (NPs) are emerging quickly to distinguish metal particles in the watery stage,
for example, gallic acid-functionalized AgNPs can be utilized as a colorimetric detecting
test for identifying Al3+ with enhanced selectivity and affectability [86]. Aluminum is
present in human brain tissue [87]. For this reason, brain tissue can be detected by gallic
acid-functionalized AgNPs.
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3.8. Environmental Industry

In the environmental industry, nanoadsorbents, nanocatalysts, nanoparticles, nanomem-
branes, nanomaterials are used for many purposes. Nanoadsorbents, which have large
surface area, small size, and large number of active adsorption sites can be used for
wastewater treatment. These nanoadsorbents are carbon-based, polymeric, magnetic, or
nonmagnetic and metal oxide-based including modified compounds. In water treatment,
for degradation of organic pollutants, nanocatalyts are widely used. TiO2 and ZnO nanopar-
ticles and nanocomposites are used for degradation of organic pollutants in water and air.
In addition, nanomembranes have replaced reverse osmosis process which used in waste
water treatment. Because these bring some facilities over reverse osmosis such as reduced
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operational costs and fewer energy consumption, higher flux rates etc. In production of
efficient fuel cells nanomaterials can be used. These nanomaterial-based fuel cells can be
an alternate clean energy source devices such as environmentally benign batteries [88].

ZnO superstructures show excellent execution for hydrogen production through pho-
toelectrochemical (PEC) water splitting in view of their specific beneficial properties like
high internal surface area, enhanced scattering with improved light harvesting, reduced re-
combination rate, low charge transfer resistance, better crystallinity, channeled conducting
pathways, and so on. These properties are significantly subject to the different morpholo-
gies of ZnO. In current time, energy demands of people have been expanding hugely. Thus,
prime significance has been given to look through novel methods of energy transformation
and capacity from renewable power sources. In the similar context, photoelectrochemical
(PEC) water splitting by using semiconductor photoelectrode became well known because
of its environmentally friendly nature. For PEC water splitting, ZnO is considered as
one of the superior semiconductors due its high effectiveness and minimal expense. ZnO
superstructures have shown astounding outcomes in PEC because of their outstanding
physicochemical properties [89].

3.9. Cosmetics Industry

TiO2 and ZnO nanoparticles are used in sunscreen [90]. Silica-coated nanosized
TiO2 [91] and α-bisabolol and phenylethyl resorcinol/TiO2 hybrid composites [92] are
also used in sunscreen. Silver nanomaterials have antibacterial properties. So, it is used
in consumer product as preservative agent. Other than these solid lipid nanoparticles
(SLN) and nanostructured lipid transporters (NLT) are also used to prevent decay on
the skin surface. Polycaprolactone (PCL) nanocapsules are polymer nanoparticles that
have been utilized by L’Oréal and others to encapsulate elements for use in cosmetic
items [90]. ZnO nanoparticles are used in different eye shadow samples [93]. N-doped
graphene/TiO2 nanocomposite has antioxidant capacity, it can be used in screen-based
cosmetics to maintain skin healthy and fair [94].

3.10. Machinery Industry

In the machinery industry, nano-machines can be manipulated with a micro molecular
finger, and command fingers to work and find the necessary raw materials. Actually, micro-
mechanical field, micro-nano-bearings, metal nano-ceramic tools, nano-magnetic fluid
sealing ultra-fine grinding machine, nanomotor, nano generator, nano lubricants are useful
in machinery industry [95]. CuO nanoparticle suspension can be used as nanolubricant [96].
Micro nano bearings can tolerate high temperature and that is why it can be a good feature
including the good wear resistance, anti-characteristics in this industry. In addition, nano-
titanium nitride are refined grains, the small grains help to enhance the material strength,
hardness and fracture toughness. Nano-motors are short in size and it can load 4 kg, mainly
used for toys and power windows on cars. Utilizing the nano materials as a lubricant, the
parts would not need successive substitution, and transport serviceable life will be the
longer [95].

Silicon-based nanoelectronics is a good proof of concept of nanotechnology, by pushing
the Moore’s law to the limits. In this case Moore’s law depicts a drawn-out pattern
throughout the entire existence of computing hardware which tell us that the number
of transistors on a microchip increase twice per 2 years. In this case, Gordon Moore
authoritatively perceived that the amount of transistors per chip had been multiplying
per year, though the cost of computers is halved [97,98]. Moore’s Law is around 60 years
old, however, still strong. More than 60 years later from its statement, still the lasting
impact and benefits of Moore’s Law is palpable in many sectors including computing
and electronics.

Experts agree that computers should reach the physical limits of Moore’s Law at
some point in near future. The high temperatures of transistors eventually would make it
intolerable to create smaller circuits. This is because cooling down the transistors takes more
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energy than the amount of energy that already passes through the transistors. However, the
shrinking transistors have powered advances in computing for more than half a century,
but soon engineers and scientists must find other ways to make computers more proficient.
As an alternative of physical processes, applications and software may help improve the
speed and competence of computers. Cloud computing, wireless communication, the
Internet of Things (IoT), and quantum physics all may play a crucial role in the future of
computer tech innovation.

3.11. Oil and Gas Industry

In oil and gas industry, nanomaterials are utilized to develop geothermal resources
by enhancing thermal conductivity, improving down hole-separation, and aiding in the
development of noncorrosive materials. This could be used for geothermal-energy produc-
tion. Nanomaterials could be used to improve the prospects of developing unconventional
and stranded gas resources. Nano-tubes have numerous applications in the oil industry.
Nanoparticles could help improve oil and gas production by making it simpler to separate
oil and gas in the reservoir—for example, through improved understanding of processes
at the molecular level. Nanomaterials have been applied to improve oil recovery in the
form of tailoring surfactants which can be added to the reservoir in a more controlled way
than with existing substances, thereby releasing more oil [99]. In oil reservoir engineering
the application of nanoparticles involves new types of smart fluids for improved oil recov-
ery, and drilling [100]. Nanoparticles have special properties like adsorption, wettability,
alteration and surface area play an important role in upstream oil and gas industry to
increase the production. Nanoparticles are also utilized in drilling and completion in oil
and gas industry, for example, clay stabilization, enhanced viscosity of drilling fluids,
and fluid loss control, sloughing (wall collapse) control, stability of well bore, torque and
drag friction, hydraulic fracturing and cementing etc. [101]. Furthermore, in gas industry
air-suspended Ni-Fe nanoparticles injected in the hydrate formation to penetrate deep
into hydrate reservoir by passing through the cavities. These nanoparticles also cause a
temperature rise up to 42 ◦C leading to disturbance in thermodynamic equilibrium and
can cause the water cage to decompose and release methane [74]. Finally, nanoparticles
can address the issues related with accessing stranded natural gas resources by creating
nanocatalysts and nanoscale membranes for gas-to-liquids production and making nanos-
tructured materials for compressed natural gas (CNG) transport or significant distance
power transmission [59]. CNTs are robust and proven as promising building blocks for
oil/water separating membranes. Therefore, CNT-based membranes are used extensively
in oil/water separation industry [102]. Nanomaterials are widely used in numerous in-
dustries to invent, and enhance the quality of products emerging rapidly into the markets.
Useful applications of the nanoparticles in different industrial sectors all over the world is
displayed in Figure 7.
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3.12. Computer Industry

Nanomaterials and the propensity to miniaturization in the manufacturing industry
are recognizable in the computer industry. The fundamental thought for the advancement
of nanomaterials research comes from the area of microelectronics and its applications in
computer systems. As per this manufacturing idea, when the particles are smaller, manu-
facturing cost can be reduced and their productivity become higher [103]. Furthermore,
nanomaterials can be utilized for planning and assembling electronic segments and devices
appropriate for making more modest, quicker and reliable computer. Nanoparticles has
its effects in various fields, for example, computing and data storage, in the improvement
of high-speed processors, decreasing energy consumption. In addition, nanotubes can
substitute silicon chips, however, this technology is no longer used as an approach. The
electronic nanocomputer is a device where the information is stored and addressed as an
electrostatic charge with the assistance of basic components made of soft materials like
organic molecules, semiconducting polymers or CNTs. Additionally, chemical nanocom-
puters can store the process data as chemical structures. Here the inputs are encoded in the
formation of the molecular structure of the reactants whereas the output can be decoded or
extracted from the structure of the products. Nanocomputers can store the information as
atomic quantum states [104].
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3.13. Miscellaneous Applications of Molecular Nanomaterials

In the chemical industry, nanoparticles are used as catalysts. Nanoparticles can
enhance atom efficiency, can permit the replacement of toxic modifier, extend lifetime and
ensure the recyclability of catalyst [105]. Besides industrial applications, there are some
other applications of nanoparticles. Rubber fillers is similar to carbon black and silica
as nanostructured materials. These have been used as essence of automotive tire sector
for many years. For safety technologies and increasing comfort features, cars are heavier
because of addition of new electronic components. Incorporation of nanoparticles has made
possible to alleviate this. This incorporation of nanoparticles can reach the mechanical
resistance and lighter weights with less amount and lighter material. There still remains a
vast area where nanocoatings are needed to pave its way. Numerous coatings have been
around for quite a while and still keep on having used and function in the automotive
marketplace. Hard coatings of ceramics improve wear and friction characteristics of
components. It also has the specialty of detecting even fractional concentrations of gas in
vehicle interiors. Furthermore, the electro-chromic coatings are prophetic of the enormous
boon for future vehicles [106]. The ideal supporting components of modern fibers are
nanotubes. A potential application is in supporting long-span or high-rise structure cables.
For recently proposed space elevators these cables can be a material of choice [2]. As shown
in Table 2, it summarizes industrial application of molecular nanomaterials.

Table 2. Summary of industrial application of molecular materials.

Industry Molecular Nanomaterials Used Applications References

Construction
Industry

Nano-TiO2
To increase photocatalytic properties of the cement
sample. [32]

CNT, nano-MgO,
nano-smectite-based clay To reinforce cement composite. [32,33]

Textile Industry Nano-TiO2, nano-ZnO Engrossing and dissipating UV radiation more
proficiently [6]

CNT-reinforced polymer
composite fibers

To improve strength and durability and to
reduce weight. [38]

Water Treatment
Industry CNTs In biological treatment of industrial wastewater. [47]

Agriculture
Industry

Carbon nanotubes, nano oxides of
Cu, Ag, Mn, Mo, Zn, Fe, Si and Ti To develop nanopesticide and nanofertilizer [57]

Food Industry
ZnO nanoparticle with

polystyrene film Used for food packaging [53,63]

Silver nanoparticles and
nanocomposites Antibacterial agents for improving food safety [53,63]

Aeronautics
Industry Fe3O4 nano powders To manufacture multifunctional structural composites [67]

Medicinal Industry siRNA containing nanoparticles To enable drug delivery system for cancer and other
genetic diseases [73]

Environmental
Industry TiO2 and ZnO nanoparticles Used for degradation of organic pollutants in water

and air. [88]

Cosmetics Industry
TiO2 and ZnO nanoparticles Used in sunscreen non-prescription drug products [90]

Polycaprolactone (PCL)
nanocapsules To encapsulate elements for use in cosmetic items [90]

Silver nanomaterials Used in consumer product as preservative agent [90]
Machinery
Industry Nano-titanium nitride To enhance the material strength, hardness and

fracture toughness. [95]

Oil and Gas
Industry

Air-suspended Ni-Fe
nanoparticles

Injected in the hydrate formatin to penetrate deep into
hydrate reservoir by passing through the cavities [74]

Computer Industry Nanotube/carbon nanotube Nanotubes are applied to manufacture smaller
transistors or electronic devices [107]

Medicine and
Computer
Industries

Flullerene

One of the most important medical application of
fullerene is the controlled release of drugs for cancer
and other diseases. In the electronic industry, it has
useful applications in solar cells, diode, and
semiconductors. Fullerene has potential applications in
the pharmaceuticals as well as in nanomedicine.

[108–112]
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4. Toxicity of Nanomaterials

Recently, toxicity of nanoparticles because of their minuscule actual measurements
has been broadly perceived. An enormous number of non-harmful mass materials become
toxic when their size is decreased to nanoscale [113]. There are numerous sources of
nanomaterials in daily life including auto traffic, combustions, mining, energy generation,
laundry, food and beverage, cosmetics, drug and medicine. The major toxicological concern
is the way that a portion of the fabricated nanomaterials are redox active, and a few particles
transport in different organs of human body including brain, lymphnodes, lung, liver, heart,
spleen and kidney, and even across cell layers particularly mitochondria [114]. Carbon
nanotubes and fullerene can be highly toxic, if these are inhaled into the lungs [113].
Adverse impacts of nanoparticles on human health rely upon individual factors such as
genetics and existing disease, as well as exposure, and nanoparticle chemistry, size, shape,
agglomeration state, and electromagnetic properties. Animal and human studies show that
inhaled nanoparticles are less efficiently removed than larger particles by the macrophage
clearance mechanisms in the lungs which cause lung damage, and that nanoparticles can
transport through the circulatory, lymphatic, and sensory systems to numerous tissues and
organs, including the brain. The way to understanding the harmfulness of nanoparticles
is that their moment size, more modest than cells and cell organelles, permits them to
enter these essential natural constructions, upsetting their typical capacity [115]. An
extensive assessment of the biological and toxicological effects of nanomaterials is necessary
for the design of products that are safe and operate as intended. As the toxicological
tests are tedious and asset concentrated, the analysts are creating computational models
to foresee the conduct of nanomaterials in biological systems [116]. Nannomaterials-
based products are increasingly entering into the daily life of the human. The regulatory
bodies including the Environmental Protection Agency (EPA) and the Food and Drug
Administration (FDA) in the USA or the Health and Consumer Protection Directorate
(HCPD) of the European Commission have been working with the likely risks of vast
use of nanoparticles all over the world. However, neither engineered nanoparticles nor
the numerous products and materials that comprise them are subject to any distinct
regulation concerning production, handling or labelling. Currently, there is no recognized
and unified regulation for nanomaterials use, and also there is no unique international
organization for controlling it. Recently, international nations including fist-world countries
are highly concerned about minimizing the toxicity effect of nanomaterials on humans
and the environment through its journey towards modern advanced level applications in
daily life.

5. Future Research Perspectives and Challenges

Aside its turn of events, there are a few struggles to an unrivaled effect of nanotechnol-
ogy in industry. The absence of data, the chance of unfriendly effects on the climate, human
wellbeing, security and maintainability, are as yet challenges [17]. There are numerous
impediments to moving beyond the bench: an absence of subsidizing for an applied explo-
ration, financial backer alert when managing new advances, and an absence of government
direction in regards to administrative oversight of nanotechnology. Also, there is worry
about the possible harmfulness of the nanomaterials themselves. This worry has incited
broad examination concerning nanomaterial poisonousness, with considerations demon-
strating that occupational exposure to nanomaterials can in reality be destructive. Be that as
it may, the effect of delivering nanomaterials into the climate is more nuanced, especially if
the nanomaterials are essential for a composite material; once in the climate, processes such
as aggregation, adsorption to normal natural matter, sedimentation and oxidation change
nanomaterials from their pristine structure, can adjust their harmfulness. A large number
of the nanomaterials and nanotechnologies depicted here are not industrially accessible.
The utilization of nanotechnology in modern water treatment holds the guarantee of chang-
ing large numbers of these cycles by bringing down the treatment cost and surprisingly
empowering the treatment of already untreatable toxins. The modern water treatment
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local area has explicit requirements, and it would profit the whole local area if analysts
and end-clients could cooperate to foster answers for well-defined issues [47]. The whole
range of nanotechnology will start various future precedents for smart vehicles. One of
the changing characteristics of current vehicles is that, logically more parts are controlled
electronically. For example, electronically controlled fuel infusion, exhaust emission, an-
tilock braking system, automatic air conditioning, headlight brightness control, automatic
adjustment of driver’s seat, steering control, electronically controlled hanging, and so on.
All the automotive subsystems may be an invention of nanotechnology. It incorporates
utilizing progressed nanoparticles as a filler in vehicle tires, anti-reflective coatings for
displays and mirrors, nanoparticle-reinforced polymers and metals, modified adhesive
technologies and adhesive primers, improved fuel cell technology and hydrogen storage,
catalytic nanoparticles as a fuel additive, and so forth [106]. A significant hypothetical
advantage of nanotechnology examination is to decide if existing speculations are helpful
indicators of what will occur in the enterprises where nanotechnology applications are
being created and to change and expand existing hypothetical structures as justified by
research discoveries. Speculations would then be able to be produced to expose existing
hypothetical structures to thorough testing. Confronted with a gradual advancement,
contest movements to item highlights and cycle efficiencies. Exercises that boost persistent
improvement, including factual interaction control, measure advancement, preventive
upkeep projects and worth designing, are significant. Robotic attributes of normalization,
specialization and centralization ordinarily support effectiveness. Statistical surveying
movement driven by client needs and input drive the association [117]. Finally, an inter-
national nanomaterials regulation is crucial for safe use of emerging, vast nanomaterials
technologies world-wide.

6. Conclusions

Molecular nanomaterials have vast application in industries. Size makes them very
valuable for all kinds of practical uses in industry. Industry use nanoparticles to improve
their product, which is delivered to customer. Food based industries improved food qual-
ity with great smell and great taste by using nanoparticles. Agriculture industries use
nanoparticles to make lands fertile, as insecticides and to eliminate their toxicity. Textile
industry can produce special textiles with many functions by utilizing nanomaterials. The
cosmetics industry can reduce toxicity of their products by using nanoparticles. Phar-
maceuticals and medical industries have been using nanomaterials for formulating new
drugs and improved treatment options for potential patient benefit and health-care. Oth-
ers industries including energy and aeronautics industries, mechanical and machinery
industries, construction industry, water and environmental-based industries, oil and gas
industries are also developing their products and overcoming difficulties (if any) by us-
ing the nanomaterials. Nanoparticles are utilized in the development of industry since
they can help with diminishing the utilization of regular materials by working on the
exhibition of development materials and diminishing/reducing the utilization of energy.
Nanomaterials with their remarkable multifunctional properties might change the working
of avionics industry dramatically. Nanotechnology has set up itself as a key empowering
innovation for a wide scope of uses, in this manner turning into a main concern for science
and innovation strategies improvement, being now utilized in many items among the
modern area, to be specific, electronic, space, medical services, food, beautifiers, com-
posites and energy. The nanotechnology, up to now, has shown a major impact at the
level of nanomaterials, and, excepting nanoelectronics where the results are spectacular,
there is more to be done for its penetration at the system level. In summary, molecular
nanomaterials bringing a revolution in industries including construction, gas and oil, food,
medicine, aeronautics, environmental, machinery and computer industry etc. Finally, to
ensure the emerging nanomaterial-based industrial applications and consumer benefit
nation-wide, implicating its impact in human life and environment, and overall in modern
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civilization process, an internationally recognized, rigid, nanosafety regulation is crucial
for sustainable development.

Author Contributions: K.P.C. and N.N. contributed during preparation of preliminary draft and in
revisions. M.A.S. contributed in preliminary manuscript prepearation, prepared revisions, coordi-
nated and supervised the whole project. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tamirat, Y. The Role of Nanotechnology in Semiconductor Industry: Review Article. J. Mater. Sci. Nanotechnol. 2017, 5, 202.
2. Sobolev, K.; Gutierrez, M.F. How Nanotechnology Can Change the Concrete World Successfully mimicking nature’s bottom-up

construction processes is one of the most promising directions. Am. Ceram. Soc. Bull. 2021, 84, 15–17.
3. Zhu, W.; Bartos, P.; Porro, A. Application of nanotechnology in construction. Mater. Struct. 2004, 37, 649–658. [CrossRef]
4. Havancsák, K. Nanotechnology at Present and its Promise for the Future. Mater. Sci. Forum 2003, 414, 85–94. [CrossRef]
5. Silva, G. Neuroscience nanotechnology: Progress, opportunities and challenges. Nat. Rev. Neurosci. 2006, 7, 65–74. [CrossRef]

[PubMed]
6. Asif, A.K.M.A.H.; Hasan, M.Z. Application of Nanotechnology in Modern Textiles: A Review. Int. J. Curr. Eng. Technol. 2018, 8,

227–231.
7. Muñoz-Écija, T.; Vargas-Quesada, B.; Chinchilla Rodríguez, Z. Coping with methods for delineating emerging fields: Nanoscience

and nanotechnology as a case study. J. Inf. 2019, 13, 100976. [CrossRef]
8. Satalkar, P.; Elger, B.; Shaw, D. Defining Nano, Nanotechnology and Nanomedicine: Why Should It Matter? Sci. Eng. Ethics 2015,

22, 1255–1276. [CrossRef] [PubMed]
9. Bale, A.S.; Aditya Khatokar, J.A.; Singh, S.; Bharath, G.; Kiran Mohan, M.K.; Reddy, S.V.; Satheesha, T.; Huddar, S.A. Nanosciences

fostering cross domain engineering applications. Mater. Today Proc. 2021, 43, 3428–3431. [CrossRef]
10. Sawhney, A.P.S.; Condon, B.; Singh, K.V.; Pang, S.S.; Li, G.; Hui, D. Modern Applications of Nanotechnology in Textiles. Text. Res.

J. 2008, 78, 731–739. [CrossRef]
11. Nigam Joshi, P. Green Chemistry for Nanotechnology: Opportunities and Future Challenges. Res. Rev. J. Chem. 2016, 5, 3–4.
12. Grieneisen, M.; Zhang, M. Nanoscience and Nanotechnology: Evolving Definitions and Growing Footprint on the Scientific

Landscape. Small 2011, 7, 2836–2839. [CrossRef] [PubMed]
13. Mulvaney, P.; Weiss, P. Have Nanoscience and Nanotechnology Delivered? ACS Nano 2016, 10, 7225–7226. [CrossRef] [PubMed]
14. Deng, L.; Hu, W.; Deng, H.; Xiao, S. Surface Segregation and Structural Features of Bimetallic Au−Pt Nanoparticles. J. Phys.

Chem. C 2010, 114, 11026–11032. [CrossRef]
15. Wang, J.; Fan, Y. Lung Injury Induced by TiO2 Nanoparticles Depends on Their Structural Features: Size, Shape, Crystal Phases,

and Surface Coating. Int. J. Mol. Sci. 2014, 15, 22258–22278. [CrossRef]
16. Kolahalam, L.A.; Kasi Viswanath, I.V.; Diwakar, B.S.; Govindh, B.; Reddy, V.; Murthy, Y.L.N. Review on nanomaterials: Synthesis

and applications. Mater. Today Proc. 2019, 18, 2182–2190. [CrossRef]
17. Santos, C.; Gabriel, B.; Blanchy, M.; Neto, V.; Santos, C.S.C.; Menes, O.; Arconada, N. Industrial Applications of Nanoparticles—A

Prospective Overview. Mater. Today Proc. 2014, 2, 456–465. [CrossRef]
18. Lin, G.M.; Shang, M.; Zhang, W.G. Research on nanomaterials and its latest application. Adv. Mater. Res. 2014, 912–914, 305–308.

[CrossRef]
19. Ríos, Á.; Zougagh, M. Recent advances in magnetic nanomaterials for improving analytical processes. TrAC Trends Anal. Chem.

2016, 84, 72–83. [CrossRef]
20. Teo, B.K.; Sun, X.H. Classification and representations of low-dimensional nanomaterials: Terms and symbols. J. Clust. Sci. 2007,

18, 346–357. [CrossRef]
21. Saratale, R.G.; Shin, H.S.; Kumar, G.; Benelli, G.; Ghodake, G.S.; Jiang, Y.Y.; Kim, D.S.; Saratale, G.D. Exploiting fruit byproducts

for eco-friendly nanosynthesis: Citrus × clementina peel extract mediated fabrication of silver nanoparticles with high efficacy
against microbial pathogens and rat glial tumor C6 cells. Environ. Sci. Pollut. Res. 2018, 25, 10250–10263. [CrossRef]

22. Ealias, A.M.; Saravanakumar, M.P. A review on the classification, characterisation, synthesis of nanoparticles and their application.
IOP Conf. Ser. Mater. Sci. Eng. 2017, 263, 032019.

23. Kruis, F.; Fissan, H.; Peled, A. Synthesis of nanoparticles in the gas phase for electronic, optical and magnetic applications—A
review. J. Aerosol. Sci. 1998, 29, 511–535. [CrossRef]

24. Daruich De Souza, C.; Ribeiro Nogueira, B.; Rostelato, M.E.C.M. Review of the methodologies used in the synthesis gold
nanoparticles by chemical reduction. J. Alloys Compd. 2019, 798, 714–740. [CrossRef]

25. Dąbrowska, S.; Chudoba, T.; Wojnarowicz, J.; Łojkowski, W. Current trends in the development of microwave reactors for the
synthesis of nanomaterials in laboratories and industries: A Review. Crystals 2018, 8, 379. [CrossRef]

http://doi.org/10.1007/BF02483294
http://doi.org/10.4028/www.scientific.net/MSF.414-415.85
http://doi.org/10.1038/nrn1827
http://www.ncbi.nlm.nih.gov/pubmed/16371951
http://doi.org/10.1016/j.joi.2019.100976
http://doi.org/10.1007/s11948-015-9705-6
http://www.ncbi.nlm.nih.gov/pubmed/26373718
http://doi.org/10.1016/j.matpr.2020.09.076
http://doi.org/10.1177/0040517508091066
http://doi.org/10.1002/smll.201100387
http://www.ncbi.nlm.nih.gov/pubmed/21858925
http://doi.org/10.1021/acsnano.6b05344
http://www.ncbi.nlm.nih.gov/pubmed/27550241
http://doi.org/10.1021/jp100194p
http://doi.org/10.3390/ijms151222258
http://doi.org/10.1016/j.matpr.2019.07.371
http://doi.org/10.1016/j.matpr.2015.04.056
http://doi.org/10.4028/www.scientific.net/AMR.912-914.305
http://doi.org/10.1016/j.trac.2016.03.001
http://doi.org/10.1007/s10876-007-0125-x
http://doi.org/10.1007/s11356-017-8724-z
http://doi.org/10.1016/S0021-8502(97)10032-5
http://doi.org/10.1016/j.jallcom.2019.05.153
http://doi.org/10.3390/cryst8100379


Nanomanufacturing 2021, 1 94

26. Kumar, A.; Dixit, C.K. Methods for characterization of nanoparticles. In Advances in Nanomedicine for the Delivery of Therapeutic
Nucleic Acids, 1st ed.; Nimesh, S., Chandra, R., Gupta, N., Eds.; Woodhead Publishing: Delhi, India, 2017; pp. 44–58.

27. Chu, B.; Liu, T. Characterization of nanoparticles by scattering techniques. J. Nanopart. Res. 2000, 2, 29–41. [CrossRef]
28. Kim, H.Y.; Lee, J.H.; Kim, J.Y.; Lim, W.J.; Lim, S.T. Characterization of nanoparticles prepared by acid hydrolysis of various

starches. Starch 2012, 64, 367–373. [CrossRef]
29. Baer, D.R.; Gaspar, D.J.; Nachimuthu, P.; Techane, S.D.; Castner, D.G. Application of surface chemical analysis tools for

characterization of nanoparticles. Anal. Bioanal. Chem. 2010, 396, 983–1002. [CrossRef]
30. Qian, Q.Z.; Boxman, A.; Chowdhry, U. Nanotechnology in the chemical industry—Opportunities and challenges. J. Nanoparticle

Res. 2003, 5, 567–572.
31. Kashef, M.; Sabouni, A.R. Nanotechnology and the building industry. In Proceedings of the International Conference on

Nanotechnology: Fundamentals and Applications, Ottawa, ON, Canada, 4–6 August 2010; pp. 550–558.
32. Du, S.; Wu, J.; Alshareedah, O.; Shi, X. Nanotechnology in cement-based materials: A review of durability, modeling, and

advanced characterization. Nanomaterials 2019, 9, 1213. [CrossRef]
33. Eftekhari, M.; Mohammadi, S.; Khanmohammadi, M. A hierarchical nano to macro multiscale analysis of monotonic behavior of

concrete columns made of CNT-reinforced cement composite. Constr. Build. Mater. 2018, 175, 134–143. [CrossRef]
34. Choi, Y.C. Cyclic heating and mechanical properties of CNT reinforced cement composite. Compos. Struct. 2021, 256, 113104.

[CrossRef]
35. Jayapalan, A.R.; Lee, B.Y.; Kurtis, K.E. Effect of Nano-sized Titanium Dioxide on Early Age Hydration of Portland Cement. In

Nanotechnology in Construction 3; Springer: Berlin/Heidelberg, Germany, 2009; pp. 267–273.
36. Meng, T.; Yu, Y.; Qian, X.; Zhan, S.; Qian, K. Effect of nano-TiO2 on the mechanical properties of cement mortar. Constr. Build.

Mater. 2012, 29, 241–245. [CrossRef]
37. Wu, M.; Ma, B.; Pan, T.; Chen, S.; Sun, J. Silver-Nanoparticle-Colored Cotton Fabrics with Tunable Colors and Durable Antibacterial

and Self-Healing Superhydrophobic Properties. Adv. Funct. Mater. 2016, 26, 569–576. [CrossRef]
38. Yetisen, A.K.; Qu, H.; Manbachi, A.; Butt, H.; Dokmeci, M.R.; Hinestroza, J.P.; Skorobogatiy, M.; Khademhosseini, A.; Yun, S.H.

Nanotechnology in Textiles. ACS Nano 2016, 10, 3042–3068. [CrossRef] [PubMed]
39. Prieto, O.; Fermoso, J.; Nuñez, Y.; Del Valle, J.L.; Irusta, R. Decolouration of textile dyes in wastewaters by photocatalysis with

TiO2. Sol. Energy 2005, 79, 376–383. [CrossRef]
40. Saravanan, R.; Gracia, F.; Khan, M.M.; Poornima, V.; Gupta, V.K.; Narayanan, V.; Stephen, A. ZnO/CdO nanocomposites for

textile effluent degradation and electrochemical detection. J. Mol. Liq. 2015, 209, 374–380. [CrossRef]
41. Saravanan, R.; Karthikeyan, N.; Gupta, V.K.; Thirumal, E.; Thangadurai, P.; Narayanan, V.; Stephen, A. ZnO/Ag nanocomposite:

An efficient catalyst for degradation studies of textile effluents under visible light. Mater. Sci. Eng. C 2013, 33, 2235–2244.
[CrossRef] [PubMed]

42. Sathishkumar, P.; Sweena, R.; Wu, J.J.; Anandan, S. Synthesis of CuO-ZnO nanophotocatalyst for visible light assisted degradation
of a textile dye in aqueous solution. Chem. Eng. J. 2011, 171, 136–140. [CrossRef]

43. Xie, H.; Ye, X.; Duan, K.; Xue, M.; Du, Y.; Ye, W.; Wang, C. CuAu–ZnO–grapheme nanocomposite: A novel graphene-based
bimetallic alloy-semiconductor catalyst with its enhanced photocatalytic degradation performance. J. Alloys Compd. 2015, 636,
40–47. [CrossRef]

44. Yaqoob, A.A.; Parveen, T.; Umar, K.; Mohamad Ibrahim, M.N. Role of Nanomaterials in the Treatment of Wastewater: A Review.
Water 2020, 12, 495. [CrossRef]

45. Alvarez, P.J.J.; Chan, C.K.; Elimelech, M.; Halas, N.J.; Villagrán, D. Emerging opportunities for nanotechnology to enhance water
security. Nat. Nanotechnol. 2018, 13, 634–641. [CrossRef] [PubMed]

46. Wang, Z.; Wang, Z.; Lin, S.; Jin, H.; Gao, S.; Zhu, Y.; Jin, J. Nanoparticle-templated nanofiltration membranes for ultrahigh
performance desalination. Nat. Commun. 2018, 9, 2004. [CrossRef] [PubMed]

47. Jassby, D.; Cath, T.Y.; Buisson, H. The role of nanotechnology in industrial water treatment. Nat. Nanotechnol. 2018, 13, 670–672.
[CrossRef] [PubMed]

48. Danwittayakula, S.; Jaisaib, M.; Duttab, J. Efficient solar photocatalytic degradation of textile wastewater usingZnO/ZTO
composites. Appl. Catal. B Environ. 2015, 163, 1–8. [CrossRef]

49. Qian, C.; Yin, J.; Zhao, J.; Li, X.; Wang, S.; Bai, Z.; Jiao, T. Facile preparation and highly efficient photodegradation performances
of self-assembled Artemia eggshell-ZnO nanocomposites for wastewater treatment. Colloids Surf. A Physicochem. Eng. Asp. 2021,
610, 125752. [CrossRef]

50. Botsa, S.M.; Basavaiah, K. Removal of Nitrophenols from wastewater by monoclinic CuO/RGO nanocomposite. Nanotechnol.
Environ. Eng. 2019, 4, 1–7. [CrossRef]

51. Gao, S.J.; Shi, Z.; Zhang, W.B.; Zhang, F.; Jin, J. Photoinduced superwetting single-walled carbon nanotube/TiO2 ultrathin
network films for ultrafast separation of oil-in-water emulsions. ACS Nano 2014, 8, 6344–6352. [CrossRef]

52. Campagnolo, L.; Lauciello, S.; Athanassiou, A.; Fragouli, D. Au/ZnO hybrid nanostructures on electrospun polymeric matsfor
improved photocatalytic degradation of organic pollutants. Water 2019, 11, 1787. [CrossRef]

53. Handford, C.E.; Dean, M.; Henchion, M.; Spence, M.; Elliott, C.T.; Campbell, K. Implications of nanotechnology for the agri-food
industry: Opportunities, benefits and risks. Trends Food Sci. Technol. 2014, 40, 226–241. [CrossRef]

http://doi.org/10.1023/A:1010001822699
http://doi.org/10.1002/star.201100105
http://doi.org/10.1007/s00216-009-3360-1
http://doi.org/10.3390/nano9091213
http://doi.org/10.1016/j.conbuildmat.2018.04.168
http://doi.org/10.1016/j.compstruct.2020.113104
http://doi.org/10.1016/j.conbuildmat.2011.10.047
http://doi.org/10.1002/adfm.201504197
http://doi.org/10.1021/acsnano.5b08176
http://www.ncbi.nlm.nih.gov/pubmed/26918485
http://doi.org/10.1016/j.solener.2005.02.023
http://doi.org/10.1016/j.molliq.2015.05.040
http://doi.org/10.1016/j.msec.2013.01.046
http://www.ncbi.nlm.nih.gov/pubmed/23498253
http://doi.org/10.1016/j.cej.2011.03.074
http://doi.org/10.1016/j.jallcom.2015.02.159
http://doi.org/10.3390/w12020495
http://doi.org/10.1038/s41565-018-0203-2
http://www.ncbi.nlm.nih.gov/pubmed/30082804
http://doi.org/10.1038/s41467-018-04467-3
http://www.ncbi.nlm.nih.gov/pubmed/29785031
http://doi.org/10.1038/s41565-018-0234-8
http://www.ncbi.nlm.nih.gov/pubmed/30082807
http://doi.org/10.1016/j.apcatb.2014.07.042
http://doi.org/10.1016/j.colsurfa.2020.125752
http://doi.org/10.1007/s41204-018-0045-z
http://doi.org/10.1021/nn501851a
http://doi.org/10.3390/w11091787
http://doi.org/10.1016/j.tifs.2014.09.007


Nanomanufacturing 2021, 1 95

54. Ndlovu, N.; Mayaya, T.; Muitire, C.; Munyengwa, N. Nanotechnology Applications in Crop Production and Food Systems. Int. J.
Plant Breed. 2020, 7, 624–634.

55. Bratovcic, A.; Hikal, W.; Said-Al Ahl, H.; Tkachenko, K.; Baeshen, R.; Sabra, A.; Sany, H. Nanopesticides and Nanofertilizers and
Agricultural Development: Scopes, Advances and Applications. Open J. Ecol. 2021, 11, 301–316. [CrossRef]

56. Raliya, R.; Saharan, V.; Dimkpa, C.; Biswas, P. Nanofertilizer for Precision and Sustainable Agriculture: Current State and Future
Perspectives. J. Agric. Food Chem. 2018, 66, 6487–6503. [CrossRef]

57. Chhipa, H. Nanofertilizers and nanopesticides for agriculture. Environ. Chem. Lett. 2017, 15, 15–22. [CrossRef]
58. Dimkpa, C.O.; Bindraban, P.S. Nanofertilizers: New Products for the Industry? J. Agric. Food Chem. 2018, 66, 6462–6473. [CrossRef]

[PubMed]
59. Singh, N.A. Nanotechnology innovations, industrial applications and patents. Environ. Chem. Lett. 2017, 15, 185–191. [CrossRef]
60. Tarafdar, J.C.; Raliya, R.; Mahawar, H.; Rathore, I. Development of Zinc Nanofertilizer to Enhance Crop Production in Pearl

Millet. Agric. Res. 2014, 3, 257–262. [CrossRef]
61. Wang, H.; Kou, X.; Pei, Z.; Xiao, J.Q.; Shan, X.; Xing, B. Physiological effects of magnetite (Fe3O4) nanoparticles on perennial

ryegrass (Lolium perenne L.) and pumpkin (Cucurbita mixta) plants. Nanotoxicology 2021, 5, 30–42. [CrossRef]
62. Dimkpa, C.O.; McLean, J.E.; Britt, D.W.; Anderson, A.J. Bioactivity and biomodification of Ag, ZnO, and CuO nanoparticles with

relevance to plant performance in agriculture. Ind. Biotechnol. 2012, 8, 344–357. [CrossRef]
63. He, X.; Hwang, H.M. Nanotechnology in food science: Functionality, applicability, and safety assessment. J. Food Drug Anal. 2016,

24, 671–681. [CrossRef]
64. Li, W.L.; Li, X.H.; Zhang, P.P.; Xing, Y.G. Development of nano-ZnO coated food packaging film and its inhibitory effect on

Escherichia coli in vitro and in actual tests. Adv. Mater. Res. 2010, 152, 489–492. [CrossRef]
65. Eljeeva Emerald, F.M.; Pushpadass, H.A.; Joseph, D.; Jaya, S.V. Impact of Nanotechnology in Beverage Processing. In Innovative

Food Processing Technologies, 1st ed.; Muthukumarappan, K., Knoerzer, K., Eds.; Elsevier E-book: Amsterdam, The Netherlands,
2021; pp. 688–700.

66. Othman, S.H.; Abd Salam, N.R.; Zainal, N.; Kadir Basha, R.; Talib, R.A. Antimicrobial activity of TiO2 nanoparticle-coated film
for potential food packaging applications. Int. J. Photoenergy 2014, 2014, 1–6. [CrossRef]

67. Ferreira, L.M.P.; Bayraktar, E.; Miskioglu, I.; Robert, M.H. Design and physical properties of multifunctional structural composites
reinforced with nanoparticles for aeronautical applications. Adv. Mater. Process. Technol. 2017, 3, 33–44. [CrossRef]

68. Luna-Ochoa, S.; Robles-Belmont, E.; Suaste-Gomez, E. A profile of Mexico’s technological agglomerations: The case of the
aerospace and nanotechnology industry in Querétaro and Monterrey. Technol. Soc. 2016, 46, 120–125. [CrossRef]

69. Viscardi, M.; Arena, M.; Guadagno, L.; Vertuccio, L.; Barra, G. Multi-functional nanotechnology integration for aeronautical
structures performance enhancement. Int. J. Struct. Integr. 2018, 9, 737–752. [CrossRef]

70. Iqbal, A.; Saeed, A.; Ul-Hamid, A. A review featuring the fundamentals and advancements of polymer/CNT nanocomposite
application in aerospace industry. Polym. Bull. 2021, 78, 539–557. [CrossRef]

71. De Vivo, B.; Lamberti, P.; Tucci, V.; Guadagno, L.; Vertuccio, L.; Vittoria, V.; Sorrentino, A. Comparison of the physical properties
of epoxy-based composites filled with different types of carbon nanotubes for aeronautic applications. Adv. Polym. Technol. 2012,
31, 205–218. [CrossRef]

72. Kausar, A.; Rafique, I.; Muhammad, B. Review of Applications of Polymer/Carbon Nanotubes and Epoxy/CNT Composites.
Polym. Plast. Technol. Eng. 2016, 55, 1167–1191. [CrossRef]

73. Bazile, D.V. Nanotechnologies in drug delivery—An industrial perspective. J. Drug Deli. Sci. Technol. 2014, 24, 12–21. [CrossRef]
74. Namita Ashish, S. Nanotechnology definitions, research, industry and property rights. In Nanoscience in Food and Agriculture 1,

Sustainable Agriculture Reviews 20; Ranjan, S., Dasgupta, N., Lichtfouse, E., Eds.; Springer International Publishing: Basel,
Switzerland, 2016; pp. 43–64.

75. Palit, S.; Hussain, C.M. Nanodevices applications and recent advancements in nanotechnology and the global pharmaceutical
industry. In Nanomaterials in Diagnostic Tools and Devices; Kanchi, S., Sharma, D., Eds.; Elsevier: Amsterdam, The Netherlands,
2020; pp. 395–415.

76. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; del Pilar Rodriguez-Torres, M.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;
Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future prospects. J. Nanobiotechnol.
2018, 16, 71. [CrossRef]

77. Kunrath, M.F.; Hubler, R.; Shinkai, R.S.A.; Teixeira, E.R. Application of TiO2 Nanotubes as a Drug Delivery System for Biomedical
Implants: A Critical Overview. ChemistrySelect 2018, 3, 11180–11189. [CrossRef]

78. Grigore, M.E.; Biscu, E.R.; Holban, A.M.; Gestal, M.C.; Grumezescu, A.M. Methods of synthesis, properties and biomedical
applications of CuO nanoparticles. Pharmaceuticals 2016, 9, 75. [CrossRef] [PubMed]

79. Wang, T.; Jiang, H.; Wan, L.; Zhao, Q.; Jiang, T.; Wang, B.; Wang, S. Potential application of functional porous TiO2 nanoparticles
in light-controlled drug release and targeted drug delivery. Acta Biomater. 2015, 13, 354–363. [CrossRef]

80. Sathishkumar, P.; Li, Z.; Govindan, R.; Jayakumar, R.; Wang, C.; Long Gu, F. Zinc oxide-quercetin nanocomposite as a smart
nano-drug delivery system: Molecular-level interaction studies. Appl. Surf. Sci. 2021, 536, 147741. [CrossRef]

81. Gholamali, I.; Hosseini, S.N.; Alipour, E.; Yadollahi, M. Preparation and Characterization of Oxidized Starch/CuO Nanocomposite
Hydrogels Applicable in a Drug Delivery System. Starch/Staerke 2019, 71, 1800118. [CrossRef]

http://doi.org/10.4236/oje.2021.114022
http://doi.org/10.1021/acs.jafc.7b02178
http://doi.org/10.1007/s10311-016-0600-4
http://doi.org/10.1021/acs.jafc.7b02150
http://www.ncbi.nlm.nih.gov/pubmed/28535672
http://doi.org/10.1007/s10311-017-0612-8
http://doi.org/10.1007/s40003-014-0113-y
http://doi.org/10.3109/17435390.2010.489206
http://doi.org/10.1089/ind.2012.0028
http://doi.org/10.1016/j.jfda.2016.06.001
http://doi.org/10.4028/www.scientific.net/AMR.152-153.489
http://doi.org/10.1155/2014/945930
http://doi.org/10.1080/2374068X.2016.1247243
http://doi.org/10.1016/j.techsoc.2016.06.003
http://doi.org/10.1108/IJSI-11-2017-0060
http://doi.org/10.1007/s00289-019-03096-0
http://doi.org/10.1002/adv.21284
http://doi.org/10.1080/03602559.2016.1163588
http://doi.org/10.1016/S1773-2247(14)50002-0
http://doi.org/10.1186/s12951-018-0392-8
http://doi.org/10.1002/slct.201801459
http://doi.org/10.3390/ph9040075
http://www.ncbi.nlm.nih.gov/pubmed/27916867
http://doi.org/10.1016/j.actbio.2014.11.010
http://doi.org/10.1016/j.apsusc.2020.147741
http://doi.org/10.1002/star.201800118


Nanomanufacturing 2021, 1 96

82. Ahmadian, Y.; Bakravi, A.; Hashemi, H.; Namazi, H. Synthesis of polyvinyl alcohol/CuO nanocomposite hydrogel and its
application as drug delivery agent. Polym. Bull. 2019, 76, 1967–1983. [CrossRef]

83. Pandit, S.; Dasgupta, D.; Dewan, N.; Ahmed, P. Nanotechnology based biosensors and its application. Pharm. Innov. J. 2016, 5,
18–25.

84. George, J.M.; Antony, A.; Mathew, B. Metal oxide nanoparticles in electrochemical sensing and biosensing: A review. Microchim.
Acta 2018, 185, 358. [CrossRef]

85. Arya, S.K.; Saha, S.; Ramirez-Vick, J.E.; Gupta, V.; Bhansali, S.; Singh, S.P. Recent advances in ZnO nanostructures and thin films
for biosensor applications: Review. Anal. Chim. Acta 2012, 737, 1–21. [CrossRef]

86. Ghodake, G.; Shinde, S.; Kadam, A.; Saratale, R.G.; Saratale, G.D.; Syed, A.; Shair, O.; Alsaedi, M.; Kim, D.Y. Gallic acid-
functionalized silver nanoparticles as colorimetric and spectrophotometric probe for detection of Al3+ in aqueous medium. J. Ind.
Eng. Chem. 2020, 82, 243–253. [CrossRef]

87. Exley, C.; Clarkson, E. Aluminium in human brain tissue from donors without neurodegenerative disease: A comparison with
Alzheimer’s disease, multiple sclerosis and autism. Sci. Rep. 2020, 10, 7770. [CrossRef] [PubMed]

88. Pathakoti, K.; Manubolu, M.; Hwang, H.M. Nanotechnology applications for environmental industry. In Handbook of Nanomaterials
for Industrial Applications; Chaudhery, M.H., Ed.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 894–907.

89. Desai, M.A.; Vyas, A.N.; Saratale, G.D.; Sartale, S.D. Zinc oxide superstructures: Recent synthesis approaches and application for
hydrogen production via photoelectrochemical water splitting. Int. J. Hydrogen Energy 2019, 44, 2091–2127. [CrossRef]

90. Katz, L.; Dewan, K.; Bronaugh, R. Nanotechnology in cosmetics. Food Chem. Toxicol. 2015, 85, 127–137. [CrossRef] [PubMed]
91. Jaroenworaluck, A.; Sunsaneeyametha, W.; Kosachan, N.; Stevens, R. Characteristics of silica-coated TiO2 and its UV absorption

for sunscreen cosmetic applications. Surf. Interface Anal. 2006, 38, 473–477. [CrossRef]
92. Leong, H.J.; Jang, I.; Hyun, K.S.; Jung, S.K.; Hong, G.H.; Jeong, H.A.; Oh, S.G. Preparation of alpha-bisabolol and phenylethyl

resorcinol/TiO2 hybrid composites for potential applications in cosmetics. Int. J. Cosmet. Sci. 2016, 38, 524–534. [CrossRef]
93. García-Mesa, J.C.; Montoro-Leal, P.; Rodríguez-Moreno, A.; López Guerrero, M.M.; Vereda Alonso, E.I. Direct solid sampling

for speciation of Zn2+ and ZnO nanoparticles in cosmetics by graphite furnace atomic absorption spectrometry. Talanta 2021,
223, 121795. [CrossRef]

94. Nia, S.; Hanb, F.; Wanga, W.; Hana, D.; Baoa, Y.; Hana, D.; Wanga, H.; Niua, L. Innovations upon antioxidant capacityevaluation
for cosmetics: Aphotoelectrochemical sensor exploitation based on N-dopedgraphene/TiO2 nanocomposite. Sens. Actuators B
2018, 259, 963–971. [CrossRef]

95. Feng, X.; Liu, A.; Cheng, J. Applications and development of nanotechnology in machinery industry. Adv. Mater. Res. 2010, 121,
5–10. [CrossRef]

96. Hernández Battez, A.; Viesca, J.L.; González, R.; Blanco, D.; Asedegbega, E.; Osorio, A. Friction reduction properties of a CuO
nanolubricant used as lubricant for a NiCrBSi coating. Wear 2010, 268, 325–328. [CrossRef]

97. Meindl, J.D. Beyond Moore’s Law: The Interconnect Era. Comput. Sci. Eng. 2003, 5, 20–24. [CrossRef]
98. Kish, L.B. End of Moore’s law: Thermal (noise) death of integration in micro and nano electronics. Phys. Lett. A 2002, 305, 144–149.

[CrossRef]
99. Esmaeili, A. Applications of Nanotechnology in Oil and Gas Industry. In Proceedings of the Petrotech Conference, PETROTECH–

2009, P09–076, New Delhi, India, 11–15 January 2009.
100. Nabhani, N.; Emami, M.; Moghadam, A.B.T. Application of nanotechnology and nanomaterials in oil and gas industry. AIP Conf.

Proc. 2011, 1415, 128–131.
101. Ponmani, S.; Nagarajan, R.; Sangwai, J. Applications of nanotechnology for upstream oil and gas industry. J. Nano Res. 2013, 24,

7–15. [CrossRef]
102. Saththasivam, J.; Yiming, W.; Wang, K.; Jin, J.; Liu, Z. A Novel Architecture for Carbon Nanotube Membranes towards Fast and

Efficient Oil/water Separation. Sci. Rep. 2018, 8, 7418. [CrossRef] [PubMed]
103. Mamalis, A.G. Recent advances in nanotechnology. J. Mater. Process. Technol. 2007, 181, 52–58. [CrossRef]
104. Jadhav, S.S.; Jadhav, S.V. Application of Nanotechnology in Modern Computers. In Proceedings of the 2018 International

Conference on Circuits and Systems in Digital Enterprise Technology (ICCSDET), Kottayam, India, 21–22 December 2018.
105. Mitchell, S.; Qin, R.; Zheng, N.; Pérez-Ramírez, J. Nanoscale engineering of catalytic materials for sustainable technologies. Nat.

Nanotechnol. 2021, 16, 129–139. [CrossRef]
106. Malani, A.S.; Chudhari, A.D.; Sambje, R.U. A Review on Applications of Nanotechnology in Automotive Industry. Int. J. Mech.

Mechatron. Eng. 2016, 10, 36–40.
107. Paradise, M.; Goswami, T. Carbon nanotubes—Production and industrial applications. Mater. Des. 2007, 28, 1477–1489. [CrossRef]
108. Hazrati, M.K.; Javanshir, Z.; Bagheri, Z. B24N24 fullerene as a carrier for 5-fluorouracil anti-cancer drug delivery: DFT studies. J.

Mol. Graph. Model. 2017, 77, 17–24. [CrossRef] [PubMed]
109. Shi, J.; Zhang, H.; Wang, L.; Li, L.; Wang, H.; Wang, Z.; Li, Z.; Chen, C.; Hou, L.; Zhang, C.; et al. PEI-derivatized fullerene drug

delivery using folate as a homing device targeting to tumor. Biomaterials 2013, 34, 251–261. [CrossRef]
110. Schroeder, B.C.; Li, Z.; Brady, M.A.; Faria, G.C.; Ashraf, R.S.; Takacs, C.J.; Cowart, J.S.; Duong, D.T.; Chiu, K.H.; Tan, C.H.; et al.

Enhancing Fullerene-Based Solar Cell Lifetimes by Addition of a Fullerene Dumbbell. Angew. Chem. 2014, 53, 12870–12875.
[CrossRef]

http://doi.org/10.1007/s00289-018-2477-9
http://doi.org/10.1007/s00604-018-2894-3
http://doi.org/10.1016/j.aca.2012.05.048
http://doi.org/10.1016/j.jiec.2019.10.019
http://doi.org/10.1038/s41598-020-64734-6
http://www.ncbi.nlm.nih.gov/pubmed/32385326
http://doi.org/10.1016/j.ijhydene.2018.08.042
http://doi.org/10.1016/j.fct.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26159063
http://doi.org/10.1002/sia.2313
http://doi.org/10.1111/ics.12339
http://doi.org/10.1016/j.talanta.2020.121795
http://doi.org/10.1016/j.snb.2017.12.154
http://doi.org/10.4028/www.scientific.net/AMR.121-122.5
http://doi.org/10.1016/j.wear.2009.08.018
http://doi.org/10.1109/MCISE.2003.1166548
http://doi.org/10.1016/S0375-9601(02)01365-8
http://doi.org/10.4028/www.scientific.net/JNanoR.24.7
http://doi.org/10.1038/s41598-018-25788-9
http://www.ncbi.nlm.nih.gov/pubmed/29743571
http://doi.org/10.1016/j.jmatprotec.2006.03.052
http://doi.org/10.1038/s41565-020-00799-8
http://doi.org/10.1016/j.matdes.2006.03.008
http://doi.org/10.1016/j.jmgm.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28822272
http://doi.org/10.1016/j.biomaterials.2012.09.039
http://doi.org/10.1002/anie.201407310


Nanomanufacturing 2021, 1 97

111. Mohajeri, A.; Omidvar, A. Fullerene-based materials for solar cell applications: Design of novel acceptors for efficient polymer
solar cells—A DFT study. Phys. Chem. Chem. Phys. 2015, 17, 22367–22376. [CrossRef]

112. Jaros, A.; Bonab, E.F.; Straka, M.; Foroutan-Nejad, C. Fullerene-based switching molecular diodes controlled by oriented external
electric fields. J. Am. Chem. Soc. 2019, 141, 19644–19654. [CrossRef] [PubMed]

113. Chen, Y.; Hung, Y.; Liau, I.; Huang, G.S. Assessment of the In Vivo Toxicity of Gold Nanoparticles. Nanoscale Res. Lett. 2009, 4,
858–864. [CrossRef] [PubMed]

114. Hussain, S.M.; Hess, K.L.; Gearhart, J.M.; Geiss, K.T.; Schlager, J.J. In Vitro Toxicity of Nanoparticles in BRL 3A Rat Liver Cells.
Toxicol. Vitr. 2005, 19, 975–983. [CrossRef] [PubMed]

115. Buzea, C.; Pacheco, I.I.; Robbiec, K. Nanomaterials and nanoparticles: Sources and toxicity. Biointerphases 2007, 2, 17–71. [CrossRef]
116. Burello, E.; Worth, A. Predicting toxicity of nanoparticles. Nat. Nanotechnol. 2011, 6, 138–139. [CrossRef]
117. Shea, C.M. Future management research directions in nanotechnology: A case study. J. Eng. Technol. Manag. 2005, 22, 185–200.

[CrossRef]

http://doi.org/10.1039/C5CP02453F
http://doi.org/10.1021/jacs.9b07215
http://www.ncbi.nlm.nih.gov/pubmed/31744293
http://doi.org/10.1007/s11671-009-9334-6
http://www.ncbi.nlm.nih.gov/pubmed/20596373
http://doi.org/10.1016/j.tiv.2005.06.034
http://www.ncbi.nlm.nih.gov/pubmed/16125895
http://doi.org/10.1116/1.2815690
http://doi.org/10.1038/nnano.2011.27
http://doi.org/10.1016/j.jengtecman.2005.06.002

	Introduction 
	Fabrication and Characterization of Molecular Nanomaterials 
	Industrial Applications 
	Construction Industry 
	Textile Industry 
	Water Treatment Industry 
	Agriculture Industry 
	Food Industry 
	Aeronautics Industry 
	Medicinal Industry 
	Environmental Industry 
	Cosmetics Industry 
	Machinery Industry 
	Oil and Gas Industry 
	Computer Industry 
	Miscellaneous Applications of Molecular Nanomaterials 

	Toxicity of Nanomaterials 
	Future Research Perspectives and Challenges 
	Conclusions 
	References

