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Abstract: Comprehending the interfacial interaction of nanomaterials (NMs) and biological systems
is a significant research interest. NMs comprise various nanoparticles (NPs) like carbon nanotubes,
graphene oxides, carbon dots, graphite nanopowders, etc. These NPs show a variety of interactions
with biological interfaces via organic layers, therapeutic molecules, proteins, DNA, and cellular
matrices. A number of biophysical and colloidal forces act at the morphological surface to regulate
the biological responses of bio-nanoconjugates, imparting distinct physical properties to the NMs.
The design of future-generation nano-tools is primarily based on the basic properties of NMs,
such as shape, size, compositional, functionality, etc., with studies being carried out extensively.
Understanding their properties promotes research in the medical and biological sciences and improves
their applicability in the health management sector. In this review article, in-depth and critical analysis
of the theoretical and experimental aspects involving nanoscale material, which have inspired various
biological systems, is the area of focus. The main analysis involves different self-assembled synthetic
materials, bio-functionalized NMs, and their probing techniques. The present review article focuses
on recent emerging trends in the synthesis and applications of nanomaterials with respect to various
biomedical applications. This article provides value to the literature as it summarizes the state-of-the-
art nanomaterials reported, especially within the health sector. It has been observed that nanomaterial
applications in drug design, diagnosis, testing, and in the research arena, as well as many fatal disease
conditions like cancer and sepsis, have explored alongwith drug therapies and other options for
the delivery of nanomaterials. Even the day-to-day life of the synthesis and purification of these
materials is changing to provide us with a simplified process. This review article can be useful in the
research sector as a single platform wherein all types of nanomaterials for biomedical aspects can be
understood in detail.
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1. Introduction

Nanotechnology refers to the use of nanoscale-level materials for various applications.
The nanoscale is a billionth of a meter, and the most common example is single-stranded
DNA (~2.5 nm). The exclusive size-inspired properties of nanomaterials are indispensable
in various domains of human sustenance, such as the DNA (2 nm diameter), while the
protein is nearly 10 nm in diameter. Proper tailoring of NM properties, i.e., biological
components, can be studied with a new field approach that has become the center of
interactions in the scientific community, with a worldwide market of over USD 1.5 trillion
since 2015. This was started by the early visions that were put forward by Nobel Laureate
Richard Feynman in 1960 [1]. In addition, the discovery of fullerene C60 in 1985 by Kroto
et al. further broadened/pushed the stream/sight of nanotechnology [1].
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After almost two decades, a number of different NMs varying in shapes, sizes, and
structures are now being globally produced, like nanowires, nanotubes, nanoclusters,
nanocrystals, nano-coatings, nanocomposites, quantum dots, etc. These have led to en-
hancement in properties compared to their bulkier counterparts [2,3]. They have a huge
scope of applications, including electronics, optics, photonics, displays, magnetics, dot-
circuits, cantilevers, QD-cellular automata, self-assembly, lithography, aerospace, tool-
ing, DNA-based molecular switches, biosensing, coating, robotics, and renewable energy
resources [4]. The study of bio-mimicking naturally occurring materials has inspired
nanoscale synthesis. A major domain is to build a nano-biological interface that bio-mimics
the naturally occurring phenomenon for a better understanding. In this respect, the Interna-
tional Complex Adaptive Matter (ICAM) workshop was convened by an interdisciplinary
group of scientists in November 2005 on “Biologically inspired Nanomaterials” [5]. The
whole idea was to aid the research of nanoscale materials in biological sciences. In this re-
gard, a series of materials (e.g., polymers) are being developed on a wide scale that behave
like antibodies [6,7]. In addition, engineered surfaces possessing the properties of cells [8,9]
and synthetic work harnessed by local power [10] via mimicking nano-architectures are
being developed. This emerging frontier can produce environmentally benign systems that
are essential for minimizing poor impacts, wherein natural systems provide inspiration for
the ability to operate using renewable resources. Other relevant queries—such as how to
mimic their electronic, optical, and architectural components—are yet to be unveiled. We
have begun to view nanoscale aspects and novel theoretical models to describe nature. The
best example is the invention of the light microscope, which changed the view altogether.
Although it was designed for observational purposes around five centuries ago, alterations
in the technological landscape are still being seen now. This view of cells, diatoms, and bac-
teria has influenced architects, engineers, and scientists. The well-established bottom–up
approach to supermolecular organization has led to the incorporation of selective properties
of biologically derived materials (e.g., NPs such as nanowires) having different scales (i.e.,
nanometer to micrometer); their properties, functionality, and complexity have changed, as
shown in Figure 1.
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Nature has also shown evidence for synthetic self-assembly using the molecular
machinery approach. Emerging research in different areas of bioactive, self-assembling
peptide nanofiber hydrogels for tissue regeneration has been reported [11]. Sleyter and
co-workers have reported S-layer protein assembly as building blocks similar to the bottom–
up approach using periodic crystalline proteins (from B. Sphaericus) [12–15]. These building
blocks have shown promising approaches for future molecular, electronic, optical, and
magnetic devices. On the other hand, Allar’s group has recently reported the use of
self-assembly to form well-organized materials relying on covalent and non-covalent
interactions [6,16].

The nano-bio interface is one of the fastest emerging frontiers in the area of nan-
otechnology. Since NMs have distinct biological and chemical aspects compared to their
counterparts, an understanding of their physiochemical characterization and biological
media is essential. This interface comprises dynamic physiochemical interactions, ki-
netics, and thermodynamic exchanges. They have a variety of biomedical applications,
such as drug delivery, bio-imaging, tissue engineering, bio-sensors, etc., as shown in
Figure 2. This helps in developing unique functionalities required by biomedical systems.
An equal understanding of forces and molecular counterparts is needed to govern their
interactions. Functionalized NPs are being developed for various medical alternatives to
electronics [7,17–20] and healthcare sector needs. Willner et al. have demonstrated electrical
contact between redox enzymes and the macroscopic environment via the reconstruction
of apoenzyme with FAD (Au-NP conjugate). Their (redox enzyme) inherent properties of
controlled shape, size, and structure making biomolecules a potentially attractive field for
functional circulatory devices [21]. In this context, we introduce various biomaterials, their
applications, and their limitations. Furthermore, their future prospects have been stated
in the conclusion of this article. The main aim of this review is to primarily provide the
reader with a historical perspective of NMs, and their applications to the interdisciplinary
field of biology, chemistry, electronics, and medicine. Secondly, it is to give an overview
of the most recent developments in this field. And finally, we discuss the hard road to
commercialization. This holistic approach makes this review article special and a standout
as compared to other articles, as other articles are majorly short-windowed and do not
provide a complete outlook towards the involvement of nanomaterials for biomedical
applications and their prerequisites. Many articles have been written on the topic of the
biomedical use of specific nanosystems, but none of the articles provide a complete outlook
from its origin to various types, applications, characterization types, and their usage in the
distinct fields of biomedicine. The growing interest in the future of medical applications
leads to the emergence of an amalgamation of nano-biomedicines. They have come out as
an essential game player in modern medicine with clinical applications. The focus of the
current review paper is on recently developing trends in the production and utilization of
nanomaterials in relation to diverse biomedical applications. This article will provide value
to the literature as it summarizes the state-of-the-art nanomaterials reported, especially for
the health sector. Research on numerous grave medical situations, including cancer and
sepsis, has been exploring medication therapy and other methods for the distribution of
nanomaterials. These applications include drug creation, diagnostics, testing, and research.
Even the laborious process for the synthesis and purification of these materials is changing
to provide us with a simplified process. This review article can be useful in the research
sector for a single platform wherein all the types of nanomaterials for biomedical aspects
could be understood in detail. The manuscript provides an overall review of the various
nanoparticles synthesized which has the potential to be utilized in diagnostic monitoring
as one of many applications—especially the applications pertaining to biosensing in the
case of disease biomarkers.
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2. Combination of Biology and Nanomaterials

A well-known fact is that living organisms are made up of smaller sub-units called
cells (size approx. 10 mm). However, the cell organelles present inside cells are even
smaller, which are quite comparable to man-made nanoparticles (NPs). Hence, these NPs
can act as small probes that allow us to spy on cellular machinery without any obstruction.
Synthetic Biology, a new field that integrates science, engineering, and technology, is the
result of the precise control of particle size, their inner core (composition, size, shape),
stability, and functionalization of molecules [22]. Several NPs also showed excellent
interfacial interactions with biological components like de-oxy ribonucleic acid (DNA)
and ribonucleic acid (RNA). The following are some of the applications of NPs at the
cellular level. Kam et al. reported that single-walled carbon nanotubes (SWNTs) facilitate
DNA delivery into multi-vascular endothelial cells. In continuation, it was suggested that
CNTs act therapeutically as potential drug components and can be used as gene-delivery
vehicles [23–28]. Furthermore, the NPs showed anti-microbial activities, e.g., Rudramurthy
et al. demonstrated that SWNTs possess antibacterial properties against Salmonella Enterica
and E. coli, indicating CNTs are effective antibiotics with drug-resistant and multi-resistant
bacterial strains [29–31]. S. Anuchapreeda et al. developed a new formulation of a curcumin
lipid nano-emulsion of size 47–55 nm, which was employed for cancer chemotherapy [32].
Furthermore, in 2009, Delong et al. characterized nucleic acid conjugates with protamine
and AuNPs as nanorods and explained their detailed features [33]. In addition, reports
accounted for the use of different magnetic nanocomposites for the extraction of nucleic
acids [34–36]. The other important approach is based on signaling networks in the field of
biomedicine and biomedical engineering. These networks are critical for the production of
natural biological NMs resulting in synthetic biology holding tremendous potential for a
generation of new NMs.

Scientists can even alter the size of biogenic particles by varying metal ion concentra-
tions in the cellular environment. One of the apt examples is the engineered synthetic circuit
domain wherein several molecular biological control components are required, which are
encoded in the cell’s DNA. This DNA blueprint can be read by several proteins having
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enzymatic activity, while other proteins can bind to metallic ions and result in the formation
of NP, thereby inheriting their genetic information. Another perfect example is by Lutz and
Bujard [37,38], as they produced engineered promoters with strong and reliable ON and
OFF outputs in bacteria. The promoters were compatible with the repressors and hence
were quite critical in designing networks like toggle switches.

3. Involvement of Nanomaterials in the Domain of Healthcare

According to the World Health Organization (WHO), 33.4 million people were di-
agnosed with HIV/AIDS in 2008. Approximately 5.5 million people are suffering from
Alzheimer’s disease in the USA, with a medical expense of USD 183 billion (according to
2011 statistics), which will further increase to six-fold that number, i.e., USD 1.1 trillion by
2050. Another report portrays that about 25% of deaths are caused due to cancer, out of
which only 0.5% are diagnosed. Cancer has become the second leading cause of death after
cardiac disease. All this has a huge impact on human health, leading to a staggering of
society. Indeed, scientists, researchers, and medical experts are trying to find out approxi-
mate nanotechnological medications to curb the issue. The application of nanotechnology
in the fields of medicine and pharmaceuticals has generated considerable optimism due to
its potential to drive substantial advancements in disease diagnosis, treatment, and pre-
vention. This transition from a realm of fantasy to a tangible reality signifies a noteworthy
development [39]. Figure 3 has been given in this respect to portray the silver nanoparticles
overcoming the biological barriers.
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The medical applications of nanostructured biomaterials are in the form of polypep-
tides, proteins, nucleic acid, DNA-based self-assemblies, biopolymers, cells, glycans, etc.,
which are involved in studying the bio-compatibility and interaction between nanoscale
biomaterials like cells, tissues, and organs, as well as their application in a variety of
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medical and health sciences, including nanocarriers for drug, gene and vaccine delivery,
orthopedics, cardiovascular, dentistry, etc.

This scientific development is quite a promising approach. These aspects of nanotech-
nology are explored via the use of nanoscale biochips that will transmit information and
monitor the biological changes in humans. Major advances are emerging in the form of
DNA chips, carbohydrate chips, protein chips, and MEMS/NEMS, where a single biochip
processes more than a million features with supersensitive detection, diagnostics, and
analytical monitoring abilities. Few basic nanomaterials have adsorption properties for dif-
ferent medicines, such as ibuprofen, naproxen, and paclitaxel, as reported by Golbabaei et al.
in 2016 [40]. The CNTs are common, having an efficient adsorption matrix, as concluded in
the report.

PEGylated MWCNTs are equally effective, with their particle size and zeta potential
being similar to MWCNTs. This concept is quite common for the integration and commer-
cialization of nanotech in the bioinformatics field and pharmaceuticals. As reported by
Thakor et al. in 2013 [41], emerging development in the area of cancer was summarized for
diagnostic, prevention, and treatment of bone, colon, and prostate cancer and even their
usage as potent nano-biological markers, immunotherapy, photodynamic therapy, and as
anticancer nanodrugs and nano-oncology.

These NPs play a significant role in drug delivery as nanoscale drugs bind to tar-
geted receptors and induce a receptor’s signaling and activity. Apart from these, NPs
have gained great impetus in the field of pharmaceuticals and medicine. However, new
protocols are being implemented against conventional medical procedures with the use of
these nanomedicines. Various novel nanoformulations and nanocarriers for therapeutic
treatments help in reducing the associated problems (emulsions, polymers, vitamins, inor-
ganic composites, liposomes, polymers, metal nanoparticles, etc.) [42–50]. The nano drug
delivery system includes lipids, lysosomes, gene NPs, nano-micelles, etc. Nanomedicines
are about 10−9 m in size, can efficiently cross the blood–brain barrier, and support cancer
treatment. They can be used for the diagnosis, prevention, and treatment of human diseases.
The planned use of nanotechnology enables ground-breaking ideas for drug practices that
have been delayed due to numerous hindrances. The precise choice of nanomaterials
as a promising drug delivery platform can help in altering the hydrophobicity, thereby
enhancing the water-solubility and upgrading their bio-availability characteristics [40,41].
Drug delivery systems that are specifically designed to respond to stimuli such as changes
in optical, thermal, and hydrogen ion concentrations can be acquired through passive or
active targeting methods. Mittal et al. described the involvement of magnetic nanoparticles
(magnetofection), gold nanoparticles, and quantum dots for oligonucleotide delivery and
gene therapy based on changing the “hydrophobic and hydrophilic properties” [28]. Owing
to minute size exclusion, they infiltrate through the capillaries to the targeted tumor sites
where they accumulate and help in decreasing/reduction in the after-effects, i.e., mainly
side effects and toxicity issues, along with accelerating their efficacy. Representing fea-
tures of controlled release, prolonged action of work, and balancing in drug levels in the
therapeutic window, thereby avoiding hazardous drug concentration in the organs. The
choice of co-delivery of more than one for simultaneous therapy and diagnosis, [51,52]
cumulatively incorporating traits of synergistic effects, tuning relative therapeutic regime,
drug resistance, etc., is possible using nano-based systems.

The established lipid nanoparticulate methods lead to numerous distinct ways for the
delivery of micelles, nanoformulations, emulsions, solid lipid NPs, etc. Their characteristics,
such as eco-friendly nature, biodegradability, ability for tailored water-loving/hating fea-
tures, biocompatibility, economical set-up, easy manufacturing, and dispersity constraints,
play a major role when compared with polymers. These characteristics enable better status
and are one of the most sought platforms with easy scale-up options. Additionally, the
involvement of such lipid-nanoparticular platforms for drug delivery apart from food
and medicines has been recommended by GRAS (Generally Recognized as Safe). Tradi-
tional liposomes incorporate a hydrated lipid lamellar phase that encompasses a lipid
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bilayer with an aqueous core. This propensity of liposomes for transportation (of different
molecules such as medicines, antigens, nucleotides, etc.), tailorable size and structure,
charge alteration characteristics, simplicity, and other properties have ensured the delivery
of therapeutics. Interestingly, the first sought drug delivery-based nanosystem was initiated
in the 1960s and involved none other than lipid vesicles and/or liposomes. These systems
have been in vast use, especially for clinical procedures. Secondly, these drug particulates
are subjected to competitive advantages (specificity and selectivity) in comparison with
unbound or free systems, thus adding to the permittivity and retention advantages, thereby
deteriorating the tumor activities. Even though these techniques/modes of medication
are prevalent in clinics, they do not ensure any improved avenues for the desired level of
drug. Some of the major issues encountered in the biological milieu are that nanoparticles
accumulate in the tumor due to slow lymphatic drainage, while high osmotic pressure
creates a strong outflow due to the enhanced permittivity effect. Different ways to en-
hance the enviable uptake of targeted drug delivery is via the interaction with serum
components. The water-loving and flexibility inbuilt attributes of different polymers and
surface polymers (polyethylene glycol and poloxamers) have been selected to overcome
the possible hindrances. Unfortunately, they constitute the drawbacks and limitations
that disqualify their widespread applications. Different complications of polydispersity
within the organ system and speedy excretion limit its usage. Through new advancements
with purified PEGs, better dispersity comprises their molecular weights (<1000 Da only).
The better availability of enhanced molecular weights can be a viable future prospect in
this domain. Furthermore, PEG moieties of liposomes have an immunogenic ability and
evoke antibodies in response to secondary administration. Thus, the anticipated PEGylated
liposomal systems show/display unpredictable pharmacological features, creating issues
of uncertainty and utility loopholes [53–55]. To add to this, apt synthesis techniques for
nanoparticulate formulations provide an opportunity for achieved drug delivery. Ironically,
these liposomes passively accumulate in the body organs/tissues and later exploit the
body functions [55]. Furthermore, poly(vinylpyrrolidone-codimethyl maleic anhydride)
co-polymer formulations viz. Poly(VP-co-DMMAn) is an interesting tailored superoxide
dismutase that has issues of accumulation in kidneys after intravenous administration [56].
It further compels new advances in improving the efficacy of drug delivery based on
harnessing their advantages [57]. Moreover, unveiling the opportunities for harnessing
their properties remains a challenge for nanotechnologists. With developments in the
fields of medicine and material synthesis, novel platforms for drug delivery are becoming
better at overcoming the en route barriers and coming to a more rationalistic voyage for
development. Figure 4 is a comparative description of the use of various nanoparticles in
drug delivery.

The initial phase of polymer-based drug delivery was initiated with macromolecules
in early 1976. These systems had varied properties of biodegradability and biocompatibility,
with the most promising example of poly(lactic-co-glycolic acid) (PLGA), which is one of
the most sought materials as per FDA approval. This can be attributed to their degrada-
tion products that are easily metabolized and finally excreted by the body, making them
less toxic compared to others. The stoichiometric ratio of glycolic: lactic acid is variable,
which directionalizes/triggers their degradation properties, i.e., a 50:50 ratio makes the
degradation faster [58]. These methodologies have exploited the opportunity for fruitful
chemotherapeutic drug delivery-based reservoirs. One such example is Taxol, a commer-
cialized PGA—paclitaxel nanoformulation involved in the treatment of prostate-specific
cancer. Another example in Korea, Genexol-PM−paclitaxel, is a well-accepted polymeric
micelle-based system for the treatment of breast and lung cancer. It consists of block co-
polymers of PEG and PLGA [59] in the size formulation of 20–50 nm, which completely
disperse in the solvent systems. As tested in Phase I clinical trials, the maximum tolerated
dosage (MTD) is 390 mg/m2. Genexol-PM−paclitaxel showed a selective response rate in
subsequent trials. These nanoformulations help in enriching the efficacy of chemotherapeu-
tics along with improving the potency of biologically active molecular entities which were
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considered fallow. A suitable example is a monoterpene, i.e., an essential phytonutrient
obtained from the oils of plants having potent anti-cancerous properties. Perillyl alcohol
(POH) possesses properties against different types of cancer, but its use is limited due to the
various challenges encountered. Similarly, the PLGA-POH microparticle system has been
extended for the treatment of tumors in Swiss albino mice induced due to skin epidermoid
cancer cell line (A253) and di-methyl benzo anthracene (DMBA). The microparticle system
showed an enhanced survival rate of PLGA-POH ~80%, while free POH~40%. The incre-
ment in survival efficiency can be attributed to circumventing the associated stumbling
blocks of POH along with bestowing other desirable features [60].
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The use of inorganic nanoparticle-based systems has spiked developments, especially
for designing nanostructured materials with cohesive features of physical properties to
enhance delivery both in the case of diagnosis and medication modalities [61]. Their tai-
lored features include functionalization options, safer carrier capabilities, high surface
area, and amphiphilicity, with examples of AuNP-based enticing scaffolds for drug de-
livery [62–65]. The prerequisite for the spatio-temporal release of AuNPs is triggered
by internal and extra stimuli-based systems (glutathione (GSH), pH, light, temperature,
etc.) [66–68]. Different attributes of their complexation, distribution, and delivery can be
monitored using surface plasmon resonance (SPR). Integral properties have made it a
potential resource to be harnessed in the near future. Ironically, these nanoformulations
of Au have been extended for phase I and II clinical trials for cancer therapy due to their
embedded variable traits of synthesis protocol offering distinct morphological features
and functionalities like nanostars, nanospheres, nanocages, nanorods, etc. [69]. Different
methods of synthesis involve the generation of distinct morphology and properties as
chemical reduction leads to spherical (monodispersity), biomimetic and physical reduc-
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tion leads to hollow Au, photochemical reduction to cubic shape, solvent evaporation to
2D Au superlattice, and so on [70]. There have been tremendous efforts to revolutionize
cancer therapeutics and support recent scenario systems. In 2009, Eric Dreaden et al. sug-
gested tamoxifen-PEG-thiol-AuNP conjugates for medication against breast cancer, wherein
2.7 times enhanced potency was accounted for in vivo selective targeting of estrogen re-
ceptor alpha [71]. Later, in 2011, Duncan et al. initiated nanoAu-drug formulations as
water-hating agglomerates for effective cancer therapy. Functionalization of agglomerates
using a water-hating alkenethiol interior and water-loving tetra (ethylene glycol) (TEG)
shell makes the whole as a zwitter-ion system that reduces non-specific bindings with other
macromolecular entities [72]. In addition, the size constraints enhanced facile circulation
and accumulation in targeted organs using the EPR spin-trapping method. Later, in 2009,
Asmaa Elbakry et al. suggested monodisperse AuNPs scaffolds used as layer-by-layer into
siRNA-AuNP conjugates, comprising (polyethylene-imine) PEI/siRNA/PEI-AuNPs [73].
The PEI renders opportunities for well-defined and homogenously distributed nanocarriers
for mediation of endosomal escape with a net negative charge of siRNA-AuNP formulation
that evokes cellular uptake due to decreased repulsion from the cell membrane. Similarly,
in 2010, Song et al. reported a small interfering RNA (siRNA) for clinical applications of
PEI-capped gold nanoparticles with invariable shapes and sizes, used as an efficient and
safe PEI (reductant and stabilizer). Complications related to cytotoxicity, cell apoptosis,
and systematic knockdown of oncogene (PLK-1) were not accounted for. Hence, a suitable
carrier was later involved for intracellular siRNA delivery [74]. But the major downside of
using PEI is its toxicity, which has evoked a search for other excipients (mainly cationic) for
modulation of the platform with other functionalities and lower toxicity. In 2012, Han et al.
initiated an AuNP-CS core (gold nanoparticle chitosan stabilized) for electro-deposition
of (cis-aconitic anhydride-functionalized poly(allylamine) PAH-Cit/PEI and siRNA. The
well-defined fabricated platform owed negligible cytotoxicity against the HeLa cell line
contemporary to efficient protection after nuclease degradation and triggered siRNA re-
lease [75]. In continuation, in 2011, Ghosh et al. introduced a robust method for delivering
the microRNA using cysteamine-functionalized AuNPs as the best formulation [66]. These
nanoformulations led to the targeted delivery of chemically unmodified miRNAs in living
cells after inculcating the optical properties due to strong SPR absorption wavelengths,
parallel to photo-thermal effects that endeavors myriads of biological manifestations.

The versatile features of gold nanoparticles enable several advantages. The spheri-
cal AuNP is an ideal delivery system, while nanorods and spheres provide strong SPR
tenability, etc. Braun and the group exploited this shape-characteristic in the formulation
of spatio-temporal siRNA cargo release using a NIR laser. Upon excitation, AuNS (gold
nanospheres) liberated the siRNAs, which eliminated the chances of toxicity and intro-
duced power-dependent bond cleavage (at low-power excitation) while escaping from the
endosome (high-power irradiation). Han et. al., in 2012, initiated a AuNS-NAs (nucleic
acid)-based spatio-temporal system for poly-Lysine peptide (PLL) epilayer delivery plat-
form using PLL inclusion for electrostatic nucleic acid capture and NIR excitation-induced
delivery using NA-PLL for down-regulation of the targeted GFP expression in H1299 lung
cancer cells by 50% [75]. These nanoformulations have great potential for drug delivery,
bio-imaging, and biosensing based on their anatomical structures, interaction counterparts
with biological media, and many physiological functions/behaviors. The functionalization
of these nanoformulations leads to association/interaction with blood components, mainly
albumin, insulin, fibrinogen proteins, etc. As serum albumin transfers other components
from one part of the body to another, they mediate the trafficking of such nanoparticles
across the endothelium membrane along with steroids, peptides, drugs, and so on [76].
Papasani et al., in 2012, reported that serum albumin-AuNP conjugates internalization
by transcytosis and fluid-phase endocytosis by 90% and 10%, respectively [62]. Obozina
et al. reported genetically engineered self-assembled protein nanoparticles for in vivo and
in vitro targeted delivery [77]. Further research is ongoing for drug delivery implications
based on the specific interaction of AuNP on the surface of serum albumin and other
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proteins. Moreover, complications regarding the permeability of such exogenous NPs
through the astrocytes (blood–brain barrier) are observed due to the high selectivity of
such moieties as they have to breach the barrier junction. In 2009, Bonoiu et al. suggested
siRNA-AuNPs complex (termed nanoplexes) delivery to the brain for modulation of the
dopaminergic neuron signaling pathway in an in vitro model [78]. In this regard, later, they
were decorated with different homing ligands, such as folic acid, cholesterol, epidermal
growth factor, transferrin, etc., that ferry them to selective destinations [79,80]. In addition,
AuNRs and AuNSs have distinct NIR absorbing characteristics, and elevated tempera-
ture upon irradiation helps to cause enhanced apoptosis of cancerous cells [78]. Different
inorganic-NP composites (CNTs, graphene, CB, CNF, etc.) consist of physicochemical and
optoelectronic properties with variable options of structures and size that bestow attributes
ensuring multiple bindings of drugs and effective conjugation to cells. But constraints of
insolubility and toxicity concerns limit their therapeutic applicability [81]. While proper
functionalization using covalent and non-covalent interactions facilitates their solubility
and prevents them from non-specific interactions ensuring biocompatibility [82]. The ex-
ploration of this aspect of functionalization holds potential in the fields of gene therapy and
biodistribution. A new domain of calcium carbonate nanoparticles for biomedical applica-
tions has been elaborately studied by Zhao et al. in 2022 and Popola et al. in 2023 [83,84].
Magnetic nanoparticles are a promising tool with a whole set of unique features providing
widespread applications. They have attributes of target-specific delivery with customiza-
tion of biocompatible versions for in vivo applications with high solubility and low toxicity.
The good magnetic core surface protection and low interaction with solvent make them
a good match. One of them is calcium carbonate, which is one of the cheapest inorganic
coatings [84]. One review has been presented for the study of labile nanomaterials and
their development in the synthesis and applications in biomedicine [85]. Moreover, a mind
map has been given in Figure 5 to illustrate the reasons why nanoparticles are best suited
for drug delivery applications.

Electrochem 2023, 4, FOR PEER REVIEW 11 
 

decreasing drug resistance, and economic factors favor it. Thus, the appropriate nanofor-
mulations help to ensure combinational therapy. 

NIH (National Institute of Health) and the National Cancer Institute have contrib-
uted about USD 144.3 million to the Nanotech in Cancer program initiated in 2005 [87]. 
These small initiatives have led to nanotechnological application at a faster pace [88] with 
a promising outlook in the medical field. 

Nanotechnological characterizations have also developed over the years. These new 
imaging technologies play a significant role in breast cancer detection with better contrast 
for biological imaging. Magnetic Resonance Imaging (MRI) is usually used to produce 
efficient and excellent anatomical images. Gadofullerenes and Gadonanotubes have been 
shown to increase efficiency 100 times more than usual clinical contrast agents (CAs) 
[89,90]. CAs are chemical contrast enhancement products used for better disease diagnos-
tic sensitivity. These gadofullerenes and gadonanotubes have superior features compared 
to chelate-based agents, being biologically stable and less toxic with longer retention time 
in vivo and in case of blood-pool imaging. NPs are much more hemocompatible and en-
zymatically mobilized with Gd ions relative to their bulk. 

 
Figure 5. Illustration of the reasons behind the usage of nanoformulations. 

4. Nanomaterial Characterization Techniques 
With the growing demand for the application of NPs, the synthesis of new nanofor-

mulations is the need of the hour. The synthesized systems are characterized using vari-
ous technologies that demand the requirement of the progress of more reliable and precise 
protocols. Nevertheless, such techniques do not account for complete characterization. 
This is related to the inherent glitches of nanoscale substances to be appropriate for anal-
ysis, compared to the bulkier versions (such as minute quantities, nano-size structures, 
etc.). The multidisciplinary credentials of nanoscience do not permit all individuals in the 
research domain to have easy access to all the characterization facilities. In fact, a wider 
window for the characterization of NPs after combining techniques helps to account for 
the limitations and strengths of the different techniques with reliable information. Figure 
6 mentions different analysis parameters for studying particular and combined properties 
that are analyzed in depth for information about structure, optical, physical property, el-
emental composition, etc. There are microscopy-based techniques (e.g., TEM 

Figure 5. Illustration of the reasons behind the usage of nanoformulations.

The dimensions of NPs help in directionalizing the traits of nanosystems, such as
SWCNTs cylinders that have strong absorbance in the NIR domain, which is opposite
to the case of biological mediums and further accounts for optical imaging and PTT. Liu
et al., in 2007, highlighted CNT-drug-based-nanoconjugate for effective tumor therapy
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based on the EPR effect. Especially, the SWCNT–paclitaxel-based nanoconjugate helped in
reducing tumor growth in murine 4T1 breast cancer cells [86]. In continuation, McCarroll
et al. reported SWCNTs functionalized with lysine-based dendrimers covalently attached
to lipid chains to mask the water-loving characteristic of siRNAs for specific cell-binding
while the dendrimer (positively charged) condenses the siRNA into discrete particles [63].
These SWCNTs functionalized with lysine-based dendrimer conjugate have been extended
to anti-ApoB siRNA delivery. But their fibrillary structures lead to cytotoxic manifestations,
inflammation, and DNA damage [63]. On the contrary, CNTs lead to platelet aggregation,
ROS-free radical generation, lipid peroxidation, mitochondrial dysfunction, and oxidative
stress leading to cell lysis. Complications of chronic lung inflammation, toxicity, interstitial
fibrosis, and granuloma formation, that limit their applications [64]. A specific route of
administration is considered with minimal after-effects. Even though these novel carri-
ers are undoubtedly attractive, it would be too early to initiate clinical settings without
further investigations. Hence, combination protocol therapy is one such alternative for
such treatments with ensured efficacy directed against different targets. Further investiga-
tions can be worked on altering the therapeutic modalities, simultaneous administration
of nanodrugs via synergism, decreasing toxicity variables, free drug and subduing drug
resistance, etc., to initiate other benefits to make them promising agents for the future.
On this account, these systems have been deployed for higher efficacy for in vivo cells.
Eldar et al., in 2013, suggested a book on nanomaterials for various drug delivery sys-
tems and combinational therapy [3]. Although combination therapy is quite complicated
compared to monotherapy, nevertheless, traits of reduced case-fatality, decreasing drug
resistance, and economic factors favor it. Thus, the appropriate nanoformulations help to
ensure combinational therapy.

NIH (National Institute of Health) and the National Cancer Institute have contributed
about USD 144.3 million to the Nanotech in Cancer program initiated in 2005 [87]. These
small initiatives have led to nanotechnological application at a faster pace [88] with a
promising outlook in the medical field.

Nanotechnological characterizations have also developed over the years. These
new imaging technologies play a significant role in breast cancer detection with better
contrast for biological imaging. Magnetic Resonance Imaging (MRI) is usually used to
produce efficient and excellent anatomical images. Gadofullerenes and Gadonanotubes
have been shown to increase efficiency 100 times more than usual clinical contrast agents
(CAs) [89,90]. CAs are chemical contrast enhancement products used for better disease
diagnostic sensitivity. These gadofullerenes and gadonanotubes have superior features
compared to chelate-based agents, being biologically stable and less toxic with longer reten-
tion time in vivo and in case of blood-pool imaging. NPs are much more hemocompatible
and enzymatically mobilized with Gd ions relative to their bulk.

4. Nanomaterial Characterization Techniques

With the growing demand for the application of NPs, the synthesis of new nanofor-
mulations is the need of the hour. The synthesized systems are characterized using various
technologies that demand the requirement of the progress of more reliable and precise
protocols. Nevertheless, such techniques do not account for complete characterization. This
is related to the inherent glitches of nanoscale substances to be appropriate for analysis,
compared to the bulkier versions (such as minute quantities, nano-size structures, etc.). The
multidisciplinary credentials of nanoscience do not permit all individuals in the research
domain to have easy access to all the characterization facilities. In fact, a wider window for
the characterization of NPs after combining techniques helps to account for the limitations
and strengths of the different techniques with reliable information. Figure 6 mentions differ-
ent analysis parameters for studying particular and combined properties that are analyzed
in depth for information about structure, optical, physical property, elemental composition,
etc. There are microscopy-based techniques (e.g., TEM (Transmission Electron Microscope),
HRTEM (High Resolution-TEM), and AFM (Atomic Force Microscope), which provide
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information on the size, morphology, and crystal structure of the nanomaterials [91]. Other
techniques are specialized for certain groups of materials, such as magnetic ones. Examples
of these techniques are SQUID (Superconducting Quantum Interference Device), VSM
(Vibrating Sample Magnetometer), and FMR (Ferromagnetic Resonance). These techniques
are based on scattering, X-rays, or spectroscopy, for instance. Au-nanorods have attracted
the attention of biological imaging due to their plasmon-resistant adsorption and scattering
properties at visible and near-IR wavelengths. These nanorods can be further functionalized
with a variety of biological molecules such as biotin, DNA, FA, etc.
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An essential parameter in the context of nanomaterial characterization is to ensure its
‘stability’ and ‘purity’. The quality of nanoparticles is quite an important aspect of basic
research and also in the case of industrial applications, wherein quality is inspected using
stability and purity measurements. Figure 6 shows the various characterization techniques
for their specification studies. Purity is defined as its content ratio to the impurity, while
stability refers to the preservation of a particular nanostructure technology ranging from
aggregation, composition, crystallinity, shape, size, and surface chemistry [92,93]. Stability
has huge concerns in terms of the safety and efficacy of nanosystems. Intravenously
administered nanosuspensions can lead to the formation of larger particles (>5 µm), leading
to capillary blockade and embolism. Hence, the storage of these nanoparticles needs to be
administered, and issues might emerge due to storage and shipping, ruining their stability.
For instance, high temperature or pressure can cause crystallinity change and also bring
sedimentation issues following crystal growth. Hence, a protocol has to be followed to
maintain stability. Similarly, impure nanoparticles can deviate from their actual course of
action in therapeutics and can be very dangerous for humans.

A new tool in healthcare is fluorescent NPs using the MRI technique. Suriamoor-
thy et al. reported preparation, luminescence, and cancer cell-targeting properties of
folic acid CdTe QD conjugates [94]. CdTe QD are water-soluble, which helped in the easy
investigation of efficiency via incubating them with a human nasopharyngeal epidermal car-
cinoma cell line. Their high uptake by cancer cells can be regarded as an effective targeting
molecule for tumor cells with over-expressed folate receptors. Similarly, near-IR frequency
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imaging tools can be worked in parallel with NP labeling and their bio-distribution, clear-
ance, and biocompatibility for in vivo biomedical imaging. Anti-microbial NPs kill or
inhibit the growth of microorganisms.

5. Nanotechnological Applications

Nanotechnology is more frequently used in surgery, medicine, and real-life applica-
tions as developers introduce novel ways to employ these nanoparticle systems for their
profits. Even though there are huge developments in the field of science, researchers are
not confident enough as to what to expect from this new technology or what it is capable
of. A few of the most interesting developments in this field with significant implications
are in the domains of medical care and disease prevention.

The NPs are artificially developed and later attach themselves to living matter and cells
in case of drug delivery or diagnostic system. In the case of dyes, direct drug transportation
is seen wherein the main particle is protected with materials such as silica to keep them
intact until delivery. Once the outermost layers are adsorbed, particles do their job. One
such application is protein detection using NPs, dyes, etc. Proteins are an important
part of a cell’s language, machinery, and structure, understanding their functionalities.
AuNPs are used in immuno-histo-chemistry to identify protein−protein interactions. One
such recognized technique for dye molecule identification is Surface-enhanced Raman
Scattering spectroscopy (SERS). Combining the NPs and SERS, the multiplexing capabilities
of protein probes can be drastically enhanced. These together bind to offending cells and
are later viewed in the scans. They are extended to determine the purity of the concerned
nanomaterials too. Nanotechnology can increase the efficiency of using nanorobots or
probes that ensures accurate targeting of amino acid chains, dispensing NPs, dyes, and, in
some cases, both. Yet, new achievements are yet to be made in this domain. Dr. Mirkin has
come up with a refined multifunctional probe with 13 nm gold nanoparticles [95,96].

New developments are in the screening for treatment options for cancers or
cancer therapy. Photodynamic cancer therapy leads to the destruction of cells via atomic
oxygen, which is obtained using a laser and is cytotoxic. Quite a considerable amount of
dye is needed to generate atomic oxygen when compared to healthy tissue. The leftover
excess dye migrates to the skin and the eye, thereby creating side effects. The purpose
is to boost the potential of photodynamic cancer therapy by highlighting the target cells
using a laser. The more accurate the detection rate, the more effective the treatment using a
hydrophobic version of dye enclosed inside a porous nanoparticle [97]. Using nanotechnol-
ogy, we can increase the chances of NP reaching targeting cells by greater detection rates,
making it easier to establish a diagnosis and foster treatment, thereby lowering cancer
mortality rates.

Artificial implants are currently being used in tissue engineering with wide options
for joint, bone, and other body structures. Recent developments are with regard to natural
bone surfaces which often contain features that are about 100 nm across. If the surface of an
artificial bone is left smooth, the body will reject it. The smooth surface produces fibrous
tissue wrapped outside the implant. It causes a reduction in the contact between the bone
and the implant leading to inflammation. This decreases the chances of acceptance and
produces osteoblasts. At present, titanium is used due to its defined features of ductility,
high fracture resistance, weight-to-strength ratio, and superb inherent features. Yet, it
suffers from a lack of bioactivity, thickness, non-uniformity, and poor adhesion leading to
its easy rejection by the body as a foreign object, which is a major drawback. Hence, new
NMs are included in the list with a porous structure to support nutrient transport through
the cell. NP tissue engineering could create a new tissue surface that would allow new
bone or tissue to fuse [98–100]. This shows the biomimetic approach to stimulate body
fluid with strong adhesion and uniform nanoporous layer.

Multicolor optical coding is an important part of genetics in order to determine a par-
ticular sequence. It provides a usual map of genes and proteins that aid in the identification
of sequences, defects, and abnormalities. Old conventional systems require dyes and incor-
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porate numerous colors in a series. Over the years, new technology has brought a series of
compound semiconductors to manipulate better and associate themselves to form patterns,
allowing fluorescent options with different tones and visibility. In total, more than a million
coding combinations with 99.9% identification accuracy have been observed [101].

The beauty of human-made or cell-manipulated nanoparticles is that they are crafted
from the best material with the right properties [102]. Some use capsules to transport and
dispense items to a particular area, while others use magnetism to use these particles and
manipulate the shape of cells. This impact of particles, their shape, surface chemistry, and
magnetic forces can be fine-tuned using different ranges and metal thicknesses which are
adaptive and mobile. It allows dealing differently with all cases, rather than a one-size-
fits-all approach to healthcare, as shown in the case of liposomal targeted drug delivery
(Figure 7).
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The next generation of nanotechnology will focus on commercial exploration. It ac-
counts for more than basic medicines, drug delivery, and biomaterials which are the
major focus areas of developers. One of the latest creations is Band-Aid and dressing with
NPs of colloidal silver and anti-microbial elements. Several companies have been involved
in this commercialization, which has been listed in Table 1. These companies utilize their
quantum size effects in semiconductor nanocrystals for labeling bio-molecules and use
bio-conjugated nanoparticles for tagging. Enhanced activity to destroy dangerous toxins
and other organic constituents can be accomplished via nanoceramics and noble metals
like platinum.

Application in Sensor Technology

Water filtration systems have potential applications using NPs involving nanoceramic
sand metals that are being tried at experimental levels due to effective anti-microbial
efficiency [104].

Proteomics and genomics generate an escalating number of sequences through screen-
ing. Various array technologies need multicolor coding for biological assays based on “bar
coding” of polymer particles in solution, limited by the number of unique tags that are reli-
able to detect. Single quantum dots of compound semiconductors are effectively involved
as a replacement for organic dyes via bio-tagging [105].

Another very interesting field is the manipulation of cells and bio-molecules, allow-
ing the use of functionalized magnetic nanoparticles for cell separation and probing. The
magnetic nanoparticles are usually spherical, which limits their functions. Cylindrical-
shaped nanoparticles are a better choice allowing metal electro-deposition with tuned
properties. Different ligands can be linked to different segments, like in the case of gold
and nickel, used to produce spatially segregated fluorescent parts.
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Table 1. Tabulation of the various companies employing the use of specific nanomaterials and their
work interests.

Companies Work of Interest Nanoparticles Used Technological B

Advectus Life Science, Inc., West
Vancouver, BC, Canada Drug Delivery Approach

poly
(D,L-lactide-co-glycolide)

(PLGA)

Polymeric nanoparticles engineered to
carry anti-tumor drugs across the

blood–brain barrier

Alnis Biosciences, Inc., Bancroft,
Berkeley, CA, USA Bio-Pharmaceutical - Biodegradable nanoparticles for drug

delivery

Argonide, Sanford, FL, USA Membrane Filtration -

Nanoporous ceramic material for
endotoxin filtration, orthopedics and

dental implants, DNA and protein
separation

Biophan Technologies, Inc., NY,
USA MRI shielding - Nanomagnetic/carbon composite material

to shield medical devices from RF field

BASF, Ludwigshafen, Germany Toothpaste Hydroxyapatite NPs Hydroxyapatite NPs improve dental
surface

Capsulation Nanoscience AG,
Berlin, Germany Improve drug solubility - Layer-by-layer poly-electrolyte coating,

8–50 nm

Eiffel Biotech, Taiwan, ROC Drug delivery - Size reduction of drug particles to
50–100 nm

Enviro Systems, Inc., OK, USA Surface disinfection - Nano-emulsions

Dynal Biotech, Carlsbad, CA,
USA - Magnetic beads

Immunicon, PA, USA Tracking and separation of
different cell types -

Magnetic core surrounded by a polymeric
layer coated with antibody for capturing

cells

KES Science and Technology, Inc.,
USA Airocide Filters Nano-TiO2 To destroy airborne pathogens

Evident Technologies, NY, USA Luminescent biomarkers -
Semiconductor QDs with amine, carboxyl
functional groups having emissions from

350–2500 nm

Nanobio corporation, USA Pharmaceutical - Antimicrobial nano-emulsion

Nanocarrier Co., Ltd., Tokyo,
Japan Drug delivery - Micellar NPs for encapsulation of drugs,

proteins, and DNA

NanoPharma AG, Czech Republic Drug delivery Polybutylcyanoacrylate NPs NP coated with drugs and later with
surfactant to go across blood–brain barrier

Nanoplex Technologies, Inc., CA,
USA Nanobar codes for bioanalysis -

Nanoprobes, Inc., Yaphank, NY,
USA Biological Markers AuNPs Bio-conjugates for TEM and fluorescent

microscopy

Nanosphere, Inc., Northbrook, IL,
USA Gold biomarkers Au and Ag NPs

DNA barcode attached to nanoprobe for
identification purposes; PCR to amplify
the signal; catalytic silver deposition to
amplify signal using surface plasmon

resonance

Nanomed Pharmaceutical, Inc.,
MI, USA Drug delivery - NP for drug delivery

Oxonica Ltd., UK Sunscreens - Doped transparent NPs to absorb harmful
UV and convert to heat

PSi Vida Ltd., MA, USA
Tissue engineering, implants,

drug and gene delivery,
bio-filtration

- Exploiting material properties of
nanostructures porous silicone

Smith & Nephew, Watford, UK Acticoatbandages Ag nanocrystal Nanocrystal silver is highly toxic to
pathogens

Quantum Dot corporation, CA,
USA Luminescent biomarkers - Bio-conjugated semiconductor QD
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To conclude the application section, numerous and diverse applications have been
observed for nanoparticles and are used as fluorescent biological labels [106], drug/ gene
delivery [51], bio-detection of pathogens [107,108], protein detection [109], probing of DNA
structure [110,111], tissue engineering [99], tumor detection via heating or hyperthermia,
separation, and purification of biological molecules [112], MRI contrast enhancement,
phago-kinetic studies [113]. All these technological innovations evolve towards integrating
new synthetic patterning and material synthesis into a collection of synthetic biological
parts and tools.

6. Drawbacks/Limitations

Currently, nano-research has a wide range of applications that offer numerous ad-
vantages for daily use in various fields, such as food, packaging, accessories, storage,
transportation, and more. Even electronics, medical surgery, lighting, clothes, etc., all
have uses for these nano-based systems. Despite the potential good uses accompanying
these technologies, the potential for evil is tremendously high. A crucial system of checks
and balances should be maintained to prevent the mishandling of scientific research and
capabilities. Regardless of their growth and advancement, several critical considerations on
the prevalence of nanotechnology in the world form the basis of ongoing debates. There are
anticipated risks and issues that are concerning with several disadvantages. It has evolved
the standard of living parallel to increasing the pollution levels (air, soil, water, food),
commonly termed nano-pollution. It is quite hazardous for the biotic components [114]. A
few bottlenecks of nanoworld have been listed:

• A major shortcoming is the lack of work opportunities in the arenas of traditional
farming with the manufacturing and engineering sector. These nanorobots and sophis-
ticated machines have lessened the prominence of manpower but guarantee fast and
accurate output;

• This technology has invoked an opportunity for atomic-scale evaluation devices,
which would have been virtually impossible. Moreover, since they are very minute,
they can be weaponized in due course. These nano-sized weapons would be com-
paratively easier to create, and therefore novel systems can be initiated. One of the
likely prospective is a ‘smart-bullet’, a computerized bullet to facilitate the aim in a
controlled and accurate manner. Such kinds of innovations might be a boon for the
military, but if not produced thoughtfully and carefully, the consequences could be
dire. These kinds of atomic weapon systems are much more powerful and destructive.
The potential toxic effect due to industrial-scale manufacturing on human health
is unforeseen;

• Mass production of nano-size formulations might not be possible. Such nanotechno-
logical-based procurement for honest and true molecular-sized manufacturing might
not be possible;

• There is the probable scope of mass poisoning over the time frame that could eventually
lead to health complications for those who consume them, i.e., health deterioration.
Inhaled nanoparticulates settle in the brain and lungs, which will lead to an increase
in biomarkers causing inflammation and stress;

• Roughly more extravagant negative future scenarios are debunked by experts in nan-
otechnology. One such example is the so-called ‘gray go’ scenario. This concept was a
hypothetical catastrophic scenario that involves molecular nanotechnology wherein
self-replicating nanobots consume all the biomass on the Earth while replicating them-
selves. It was assumed that machines might somehow gain the capability of eating the
habitation and self-replicating by accident. It might be due to potential new toxins
and pollutants;

• The absence of complete understanding regarding nanotechnology makes it a rather
challenging subject for manufacturers. The proper and essential impact of these
products needs to be considered equally;
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• This technological innovation is quite uneconomical for the generation and assembly
of particles in various models and needs expertise. Moreover, technological advances
prior to it had caused alterations in many ways with the trend of luxury products,
thereby making the system obsolete and expensive. Change in the industrial sector
had resulted in huge job losses;

• With the advancements and performance initiatives, certain markets like diamond and
oil have fallen due to the introduction of various alternatives. These alternatives are
better off with faster production, robustness and do not require fossil fuels as starting
materials. This is one of the major reasons for the fall in the market value of diamonds,
as quite massive amounts can be used as potential alternates;

• The risk factor involved in manufacturing accounts for huge money investments with
upscaling of nanoplants and customer satisfaction risk could make them bear surplus
losses. Maintaining such products is equally costly;

• Issues of practicality, including production from masses such as fossil fuels (like
coal and petroleum), have led to the crashing of small-scale industrial sectors as
nanotechnology does not leave a single particle unfurnished.

Continuing on the mentioned downsides, many researchers have documented the
adversities of toxicological responses over the decades. However, various changes in the
behavior of nanoparticulate entities can help us in building a safe environment, and it
is foreseen that even minute deviations in the physicochemical features lead to substan-
tial changes in the behavioral patterns, compelling predictivity on toxicity concerns [85].
Our lab has initiated some low-cost carbon-based systems for the electrochemical im-
munosensor fabrications further used for biomimetic catalysis of bioanalytes [107,115–120].
The rationale behind such advancements could be a pioneering platform that could be
highly beneficial. The basic scientific challenges encountered during their authorization are
described in Figure 8.
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In continuing the discussion on low-cost nanosystems for biomimetic applications,
we are working towards the exploration of opportunities such as novel systems against
acute diseases. Astonishingly, global efforts for computational modeling and screening
are essential to explore the requisites of such atomic scale materials viz a viz, dimensions,
homing material characteristics, water-loving/hating properties, stability, and surface
characteristics for precise and effective therapeutic applications.
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7. Future of Nanomaterials

Nanotech opens a wonderful window into the upcoming era of bio-mechanics and
bio-medicine. All the applications mentioned in this review are functional and in con-
tinuation of developmental processes. Further, there is plenty of room to be unveiled
for prospective ventures with drug delivery systems and cell targeting, which makes
them even more competent and effective [121]. A few of the reported nanoparticles used
in company-manufactured products are listed in Table 1. The real future of nanomate-
rials will be determined by their rationale design, new instrumentations, and medical
purposes expansion.

Nanomaterials are the cornerstone of the rapidly advancing field of nanotechnology,
having the potential to revolutionize diagnostics and therapeutics. The majority of com-
mercially available nanoparticles are geared towards basic medications. Nanoparticles
replacing organic dyes require photo-stability and high multiplexing capabilities. Devel-
opments in directing and remotely controlling the functions of nanoprobes help drive
magnetic nanoparticles to tumor cells, making them release the drug load or heat them in
order to destroy affected cells or cure the diseased cells. Major developments of nonmaterial
are to make them multifunctional and controllable by external signals for turning them
into nano-devices. There are yet new advancements to be worked upon, especially focused
devices with multifunctional operations that can provide medical benefits.

8. Conclusions and Outlook

As the physical parameters change, their properties are influenced drastically. The
most promising platforms, like carbon nanotubes composed of pure carbon (sp2 hybridized
carbons), that has the same composition as that of pencil graphite and have been used as
pencil graphite electrodes (PGE) [122]. Later on, as the carbon is arranged in a layered
tubular structure, the material obtains better mechanical and thermal properties, which
makes the system stiffer compared to steel [123]. AuNPs have the same material com-
position as Au but contribute to various colors similar to that of old jewelry, but this is
due to the various shapes of AuNP, which allows various colors compared to yellow for
bulk gold, the root cause being the interaction of light and further reflectance with AuNPs.
These different colors can be employed as biomarkers and fluorescent inducers for the
diagnosis of health-related conditions. Similarly, as we go towards the nano levels, the
basic characteristics of the material change. For example, many metal-based systems, such
as copper, which is extremely rigid at the nano level, can be ductile wire in bulk metal. In
continuation, the use of magnetic nanoparticles is equally promising, with a unique set of
features ensuring target-specific delivery with customizations. They have been extended for
cell isolation, immunoassays, diagnostic testing, and drug delivery approaches. Moreover,
many inorganic and polymer-based systems have been extended for real-time biomedical
applications in real life, as described in Table 1.

This nano-atomic-scale study involves a vivid imagination that incorporates diverse
streams of engineering, science and technology, biomedical, manufacturing, etc. In the
near future, their effective usage can be broadened from energy storage and biofuel cell
applications to other modes of computing, wearable sensors, storage systems, packaging
of food and consumables, lightweight accessories, and to road and railway transportation
vehicles, thereby creating a safer, satisfactory and effective consumer-oriented end-products.
Many more arenas of exploration are yet to be initiated by the researchers.

Innovative and brainstorming systems for the detection and cure of foreign diseases
are being established for the first counter alert. These are based on the determination of
changes in the vitals, changes in biomarker levels, hormonal misbalance, etc., to enhance
the ability for defined diagnosis and early treatment. With the technological upgradation
in the designing of nanostructures, targeted delivery and healing acceleration are a few
alterations being included.

Scientists are improving diagnostic and therapeutic devices in line with modern
health needs [124,125]. Medicine nanoformulations (coated nanoparticles) for treatment,
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nanorobots for visualization of inbody elements, nanoprobes for monitoring of fatty
plaques, nanofibers for tooth−decay-based detection, and nanoelectrodes being employed
for regaining brain function are being researched. By understanding the current devel-
opment and process of functionalized nanoparticle application in theranostics, they can
directionalize to the most promising study in the future.

Health and safety concerns hold much promise for future prospects; challenging con-
cerns related to issues of safe and sustainable cofactors are on the agenda list of NIH. They
carry out essential research evaluations and add transformations for safety and material
concerns. The national nanotechnology initiative has participated in the national nanotech-
nology initiative (NNI), which co-ordinates the federal government’s implementation of
the 21st-century nanotechnology research and development act. These activities account
for about 1.3 billion annual total government expenditure.

In extension to the drug delivery mediated system, the important roles of the new
armamentarium of therapeutics are pipelines to existing drugs, later improving their effi-
cacy. Various efforts are being put forth to revisit the status of suboptimal but biologically
active molecular systems that follow through conventional sources at a prompt pace. Fasci-
natingly, the attributes of these nano-objects are bestowed to their therapeutic properties,
which might be polluting. Hence, fine-tuning of adversities that might occur needs to be
lessened. So, more elaborate studies in such sectors for a smarter, faster, eco-friendly, and
sustainable system can trounce daunting challenges associated with various platforms.
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