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e nanostructures are distinguished by their exploratory use in a variety of

biomedical and bio-engineering applications. It is anticipated that these
applications will greatly enhance the therapeutic and diagnostic aspects
of numerous illnesses. The materials have been investigated and

documented as highly effective drug delivery platforms and as parts of

biosensors. There have been reports of a small number of clinically

RCaiiesnondingfutios useful nanomaterials; however they are not consistently effective. This
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Pune, MH, India. nanostructure for biomedical applications over time, including new

might be as a result of nontoxicity, a possible drawback to its

application in biological systems. A brief review of the development of

materials and our knowledge of their interactions with the body, may
lead to better biocompatible nanostructures.
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INTRODUCTION

At the moment, nanotechnology and the science of nanomaterials are rapidly expanding and
developing scientific fields that offer appropriate potential in material engineering. The study
of regulating, modifying, and constructing systems according to their atomic or molecular
specifications is its definition.! The core of nanotechnology, according to the US National
Science and Technology Council'?, is the capacity to modify matter at the atomic, molecular,
and supramolecular levels in order to produce newer structures and devices. This field of
study often deals with structures that are at least one dimension in size and involves the

manufacture and modification of nanomaterials and nanodevices. It has persisted as a subject
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of considerable scientific investigation in a number of domains, including biological, optical,
and electrical. Nanoparticles like viruses (75-100 nm), proteins (5-50 nm), nucleic acids (2
nm wide), and atoms (0.1 nm) can be easily absorbed or internalized by bacterial, plant, and
mammalian cells that are larger than 100 nm. A 1000 nm nanofiber is 50,000 times smaller
below a single human hair, resulting in a diameter of 50 pm.B! In 1959, the brilliant late

Nobel scientist Richard P. Feynman came up with the concept of molecular manufacturing.

This growth path is unavoidable, according to the renowned scientist who first proposed that
materials and technology would one day have atomic requirements.l” For years, researchers

have been examining the incredibly unique physico-chemical properties of nanoparticles.
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Perspectives of Nanotechnology

Applications in Medicine and Health

The way an illness is diagnosed and treated could be significantly impacted by
nanotechnology. Nanomaterials' unmatched sensitivity and performance, increased durability
and flexibility, and special physicochemical characteristics have been used in target-assisted
clinical therapy (Table 2), regenerative medicine (Table 2), and medical diagnosis (Table 1)

for the early detection of diseases.

Medical diagnostics
The global revolution in biosensors toward point-of-care testing by glucometer for blood
glucose monitoring has been a remarkable phenomenon. It evolved from an extremely basic

enzyme-based technique to a principle based on amperometry and an extension of the reverse

www.wijpr.net | Vol 14, Issue 14,2025. | 1SO 9001: 2015 Certified Journal | 342



Palve et al. World Journal of Pharmaceutical Research

iontophoresis technique. From in vitro diagnosis to in-vivo blood glucose monitoring, the

method has changed from invasive to non-invasive monitoring.

Comparable to this, a variety of nanodevices and nanobiosensors have been created to
monitor biomolecules at incredibly low concentrations, allowing for the early detection of
disease. They have the potential to be an innovative and effective cancer detection system
tool. Conventional diagnostic methods are less accurate in distinguishing between benign and
malignant stages of cancers and cannot identify them in their early stages. Unlike
conventional methods, novel nanoparticles (NPs) can generate targeted imaging of affected

areas.

Clinical therapy and drug delivery systems

In addition to serving as effective imaging tools for locating diseased tissues, the novel NPs
are perfect delivery systems for anticancer medications and other therapeutic medications,
ensuring that they reach the target spot with maximum effectiveness and no harm to nearby
healthy tissues. Nowadays, intracellular molecular targets rather than the cell itself are the
focus of the therapeutic approach. Biocompatible packing materials can be used to transfer
gene-encoding DNAs, gene-silenncing short interfering RNAs, or recombinant proteins
intracellularly. Liposomes, bacterial toxins, or viral NPs are the most often employed
packaging scaffolds; however, they are typically broken down and removed from circulation
early, or they might not reach the possible target site. Because bioreducible polymers can be
molecularly programmed using sensors that can react to changes in ion concentrations in the
microenvironment and distinguish between extracellular and intracellular regions, recent

advancements in this field have drawn increased attention.??

Table 1: nanomaterials that are utilized in analyte biosensing to diagnose some diseases

early.
Nanomaterial Use and its Principle References
Mansoori GA, Soelaiman TAF, and Soelaiman TAF
Graphene oxide (2005) very few cancer cells (three to five per Yoon et al.”!

milliliter of blood)

In inflammatory illnesses, keep an eye on the blood

Single-walled Carbon nanotubes nitric oxide level. It makes use of the fluorescent Iv?er]son et
(SWNT) . . al.
signal idea.

gaNngr?ﬂrzlgn%rzﬁiifggfeddwnh Focuses on particular illness indicators. makes use Wang et al.7?

Y of the surface-enhanced Raman Scattering (SERS) g '
nanoparticles
The first genetically based technique | Concept to detect intracellular mMRNA in living Halo et al."”!
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for detecting cancer cells in blood is
known as nanoflares.

cells. Its foundation is the fluorescence principle.

Protease-coated iron oxide nanoworm
particles (matrixmetalloproteases,
cathepsins) for early detection of
cancer

It may harbor a tumor and interact with cancer
proteins to create thousands of biomarkers that mass
spectrometry can identify in a patient's urine.

Kwong et
al.”!

Target specific magnetic nanoparticles

It makes it possible to track glioblastoma
multiforme microvesicles in blood in real time.
They are picked up by a handheld, miniature gadget.

Shao et al.™!

Silicon nanowires wrapped in
polydimethylsiloxane and covered
with an anti-EpCAM antibody
compose the structure of the
NanoVelcro chip.

To identify and separate the tumor cells that is in
circulation. It makes use of the laser micro-
dissection (LMD) principle.

Lu et al.[!¥

Silver nanorod array substrate

Biological agents such as bacteria and viruses in
food, urine, saliva, and blood can be separated and
detected on-chip. It makes use of the surface
enhanced Raman spectroscopy (SERS) principle.

Negri et al.l*?

To identify the influenza virus present in the

Go!d na_nopartlc_:lt_as coyered n specimen. The dynamic light scattering (DLS) Dr['f;’gl](e” et
antibodies specific to influenza A. g X ) al.
principle serves as its foundation.
Gold nanopartlgles modlflec_i W'th To identify influenza A blood virus. It makes use of : [14]
monoclonal anti-hemagglutinin the colorimetric immunosensing principle Liuetal.
antibody (mAD) '
To identify the presence of viral indicators such as de la Rica et
Nanoparticles that form clumps p24 in low HIV viral load and cancer biomarkers 4 18]
such as prostate specific antigen. '
Myelopeoxidase (MPQO) nanomolar concentration is
UQLIDA (microfabricated Quantum detected using an in vitro diagnostic test. It is a cost-
dot-linked immune- effective and quick immunofluorescence sensor that | Yu et al.®
diagnostic assay) can detect nanomolar concentrations of MPO or
other analytes in 2 ul of analyte solution.
These luminous nanoprobes are extremely stable,
Silicon quantum dots and fluorescent | biocompatible, and nontoxic. In addition to beinga | Montalti et
nanodiamonds non-toxic drug delivery vector, it may be the perfect | al.l”
diagnostic tool for long-term bioimaging.
To identify clusters of malignant cells during
Peptide-coated iron-oxide magnetic photothermal cancer treatment with near-infrared Wu et al 281

nanoparticles (poly-dopamine)

laser irradiation and magnetic resonance imaging
(MRI).

[18F]-FAC family of imaging agents
for positron emission tomography

On PET scans, tumors that respond to chemotherapy
medications show up as bright pictures.

Braas et al.l**!

Nano-MRI agent Attach 'to the s_urfac&_a of freshly formed blood Liu et al.[2%
vessels' avB3-integrin.
Gold nanoparticle based molecular FDA-_appro_ved nanosensor f(_)r warfarin sensm\_/lty Lefferts et
g . genetic testing. It allows testing for other genetic 21]
diagnostic platform al.
targets
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Table 2: Nanomaterials have been used in clinical treatment for a number of illnesses.

Nanomaterial Use and its Principle References
Biomimetic nanosponge For the treatment of detoxification Hu et al.*”!
For ultrasonic treatment that is non-invasive. It
e disrupts cells by turning light into sound and
Nano-composite film of carbon o e [24]
producing high-pressure sound waves. "Invisible Baac et al.
nanotubes (CNTSs) . . ) -
knife for non-invasive therapy" is another name
for it.
Gold/Bismuth based nanoparticles To target cancerous t.umors with radiation therapy Co[g]er et
by concentrating radiation. al.
Poly (ethylene oxylated) single-walled Keeps the blood flowing through the brain, AI[ g]thaml et
carbon nanotubes al.
SWNT functionalized with HER2 - Bobadilla et
antibody To destroy breast cancer cells specifically 4l 27

GRGDS-NPs are polyethylene glycol
copolymers comprising poly (lactic-
co-glycolic acid) and poly-g-L-lysin
targeting ligands that are ended with
arginine, glycine, and aspartic acid.

In order to encourage coagulation and reduce
trauma-related bleeding, these novel hemostatic
NPs are administered intravenously.

Xiao et al.?8

Fidgetin-like 2 (FL2) small
interfering RNA (siRNA)
nanoparticles

To encourage wound closure and regeneration, the
siRNA contained in nanoparticles targets FL2, the
regulator of cell migration.

Shoffstall et
al.[?!

Charafeddine

Fullerene nanoparticles Minimize allergic responses ot a
Carbon nanotube based nanofiber Engineering cardiac tissue Ryan et al.*%
scaffold '
Following any cardiac event, the coated
Thymosin B4 coated poly (e- nanoscaffolds have the ability to replace the heart
ca yrr(;llactone) nanoscg ffgl ds because they promote the proliferation and Oh et al.B?
P differentiation of cardiomyocytes into functional
cardiac tissue.
BIND-014, a prostate specific Used to treat chemotherapy-naive metastatic Kumar et
membrane antigen (PSMA)-targeted | i v resistant solid cancers. al.¥

NP containing docetaxel

SiRNA encapsulated in a cyclodextrin
based nanoparticle

To prevent cancer cells from producing essential
enzymes

Mita et al.4

Gelatin nanoparticles as acarrier for
osteopontin (OPN)

Administered intravenously to treat ischemic
stroke

Davis et al.F]

Nanoparticles poly (D,L-Lactitide- Insulin delivery carrier for individuals with Kanasty et
co-glycolide)-(PLGA-) based polymer | diabetes al.®
Monodisperse microgels consist of a In individuals with type 1 diabetes, the enzyme Joachim et
chitosan matrix, enzyme nanocapsules, | nanocapsule-containing microgels track insulin ol 7]
and recombinant human insulin secretion and baseline blood sugar levels. '
Nanocrystalline silver Antimicrobial compound with endosomal ;’Ie[gé? aet
Bioreducible polycations-polymer of . . [39]
Polyethylenimine (PEI) Escape activity for wound therapy pDNA carrier Guetal.
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Tissue growth and regenerative medicine

The goal of tissue regenerative medicine research is to create scaffolds or implants that can
administer hormones, growth factors, and medications to promote tissue healing. In order to
support cell survival, invasion, and proliferation for tissue engineering, they offer sustained
administration of bioactive chemicals. Complete tissue replacement and functional recovery
are the anticipated results of this type of treatment. The use of CNT, nanowires, and
nanoparticles improves the development of extracellular matrix. To speed up bone repair,
growth factors are delivered via regulated biomolecules using biomimetic hydrogels.*#4

Comparing to standard composite microparticles, the nanofilled composites demonstrate
higher compressibility, tensile strength, and flexure strength. A new scaffold for
osteochondral repairing might be a crosslink agent consisting of nanocrystalline
hydroxyapatite ("HAp) along with partially hydrolyzed polyacrylamide (HPAM).!*3!

Chodritin sulfate nanoparticles (CSnps) have been utilized to treat wounds by forming a
scaffold of chitin mixed with poly (butylene succinate).**! Because it is biodegradable,
biocompatible, and forms a porous layer for improved nutrient exchange, it offers a greater
aesthetic sense. Hydrogel scaffolds based on polyethylene glycol help transplanted cardiac
cells develop and stay in place after myocardial infarction.*®! Garphene oxide-coated glass
slides promote human adipose-derived stem cell adhesion and osteogenic differentiation.!®! It
is currently demonstrated that the components of the laminin matrix, chitosan, collagen, and
chondroitin-6-sulfate support islet function in vitro and help with islet survival and
vascularization following transplantation.””! A comprehensive understanding of the nanoscale
interactions between cells and the in vivo environment can help in the design and

manufacturing of biomimetic scaffolds.

Toxic Outcomes of Nanostructures

Nowadays, nanotechnology is seen as a two-edged sword. Potential health benefits are
represented by one edge, while potential health concerns are shown by the other. Among the
many benefits of nanotechnology are its high performance, decreased mass, size, and power
consumption, POC testing, and enhanced robustness and dependability. In order to examine
the unique physicochemical properties of these nanostructures, the toxicity component is
ignored. Because of their adjustable characteristics, they produce distinct and erratic

biological reactions, as will be covered below.
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Size, shape and surface area of the nanomaterial

These particles can readily enter important cells and organs due to their tiny size. They
engage with the host cell and either stay attached to the surface or internalize by receptor-
mediated endocytosis or translocation. By interacting with the subcellular organelles, they
can also change the metabolism of the cell intracellularly. As the particles size decreases, its
surface area "0" rises and the ratio to its surface to total atoms or molecules increases
exponentially. The "size-dependent biological effects of silver NPs" were described by Ivask
et al. Due to their higher intracellular bioavailability, silver nanoparticles smaller than 10 nm
were found to be more hazardous than those larger than 10 nm in his study.!®!

Numerous researches based on carbon nanotubes, nanorods, nanospheres, silicas, copper,
gold, and many other materials have also shown shape-dependent toxicity. Results from a
study by Kennedy et al. comparing CuO nanorods to CuO nanospheres showed that the
nanorods' larger surface area released more ions, making them more hazardous.™®! However,
by improving the synthetic process, special qualities could be improved with few negative
effects. In their research, Almodarresiyeh et al. developed a novel technique for creating rod-
shaped zinc oxide (ZnO) nanoparticles when polymers (polyethylenimine and
hexamethylenetetramine) were present. These ZnO nanoparticles are well suited for usage in
optoelectronic devices due to their substantial excitation energy and wide band gap

semiconductor.>® 52

Solubility of NPs in the biological media

The solubility of nanomaterials in a medium is influenced by their size and surface ratio,
which also affects their particle dispersion and aggregation state. Therefore, another element
that determines the toxicity of NPs is the reciprocal action between the particle and its
solvent. Longer TiO, nanofibers (15 mm) have a larger harmful effect than shorter ones, as
demonstrated by Hamilton et al. This is because the longer fibers are insoluble in lung fluids
and stay in the lungs longer, which causes the alveolar macrophages to mount an
inflammatory response.®® In their investigation, Yang et al. found that silver nanoparticles
dissolved in a lower ionic strength were more hazardous than those dissolved in a higher
ionic strength.®™ Because TiO, and ZnO have varying diameters in various biological

environments, their toxicity varies as well.
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Surface chemistry (charge/surface coatings)

The surface charge of an NP is another important variable determining how it interactions
with the biological environment. According to the Dejaguin-Landau-Verwey-Overbeek
(DLVO) theory, the Van der Waals forces and the particles' net electrostatic surface contacts
determine how stable a particle is. A study by Stebounova et al. showed that in simulated
lung fluid, polymer-coated silver nanoparticles with a greater surface charge were more
stable than silver NPs with unidentified coatings.® Park et al. discovered that silica (SiO,)
nanoparticles with a negative charge were more harmful than those with a weak negative
charge. Because of their improved opsonization by plasma proteins, articles have shown that
positively charged SiO, is significantly absorbed by cells. Additionally, SiO, causes the
production of intracellular reactive oxygen species (ROS) and uses oxidative stress to cause
its harmful effects.’®

Composition and degree of purity

Iron-containing nanomaterials are hazardous to brain cells®™, carbon-based nanomaterials
cause lung cancers®®®, and cadmium selenide (CdSe) nanomaterials are toxic to rat liver and
renal cells.””) In their investigation, Liu et al. demonstrated that cadmium sulfide (CdS) had
cytotoxic and genotoxic effects on spermatozoa, liver cells, renal cells, and other investigated

organs.®”!

Harper et al. evaluated how peptide-capped gold-glutathione (Au-GSH) nanoparticles'
biocompatibility was impacted by the production process and purity. Dialysis-purified Au-
GSH-(Trp)2 showed significant morbidity and death. Although Au-GSH-(Met)2 exhibited
the least amount of toxicity, Au-GSH-(His)2 generated by ultracentrifugation or dialysis also
shown significant toxic effects. NPs with improved biocompatibility and a high degree of

purity can be produced by a meticulous synthesis method.!*%

Aspect ratio dependent toxicity

It is observed that the aspect ratio the ratio of the highest to the lowest dimension when the
particles are of identical size is directly correlated with toxicity. Nanotubes, nanowires, and
nanorods are examples of NPs with a high aspect ratio, while spherical, oval, and cubic
shapes are examples of NPs with a low aspect ratio.®™ Less than 10 micron asbestos fibers
induce lung cancer, 5 micron asbestos fibers produce lung mesothelioma, and 2 micron
asbestos fibers cause asbestosis. The macrophages shorten and eliminate the longer asbestos

fibers by breaking them down perpendicularly. Longitudinal cutting of smaller strands
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produces additional fibers with smaller diameters that are more challenging to remove. Slow
removal of broken-down particles, however, would cause longer fibers to accumulate in the
alveoli, causing inflammatory alterations. When compared to spherical amorphous carbon
black particles, the long aspect ratio of SWCNT has been significantly linked to lung
toxicity.!®?

Aggregation state of NPs

All NPs exhibit aggregation, which facilitates the uptake of biomolecules by cells. Albanese
et al. researched how different types of cells received collections of transferrin-coated gold
nanoparticles. In HeLa and A549 cells, the aggregates decreased uptake by receptor-mediated
endocytosis. On the other hand, through an unidentified mechanism, the aggregates
internalized without the aid of the transferring receptor in MDA-MB-435 cells. According to
the study, NP aggregates cause a variety of biological reactions.[®! Tripathy et al. offered
proof of the influence of ZnO nanoparticle size and aggregation. Smaller aggregates typically
dissolve more quickly and are absorbed by cells more readily, which produces ROS and

triggers cellular death.[

Antigenicity of NPs

The physicochemical characteristics of nanoparticles determine their immunogenicity, and
they may be antigenic in and of themselves. Plasma proteins have the ability to opsonize
them, which activates the complement cascade. When compared to albumin control, nab-
paclitaxel in pigs elicited an immune response, according to Trynda-Limiesz et al.[*”
According to Abrams et al., the liposomal siRNA delivery vehicle LNP201 caused a cytokine

storm, which is a manifestation of an uncontrolled innate immune response.®®

Challenges for Nanotechnology

Even though the field of nanotechnology is expanding quite quickly, there are still several
obstacles at different phases of development that prevent the product from becoming widely
available. If the growth obstacles listed below are removed, the medical and health care

industries could undergo radical transformation.

Lack of knowledge NP components and their characteristics
Nanostructures come in a wide variety, each with its own unique composition and properties.
These NPs' physicochemical phenomena in vitro and in vivo are poorly known. Therefore,

finding an appropriate nanomaterial for the specific indication is essential. PEI is becoming
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known as a great cargo for targeting intracellular nucleic acids. However, it is also thought to
be a powerful cytotoxic agent. By attaching low molecular weight PEI to dithiodipropionic
acid di (N-succinimidyl ester), techniques have been developed to lessen its toxicity due to its
greater efficacy in drug delivery./*?

Lack of uniformity of toxicity

Depending on their size, shape, or composition, nanomaterials may be hazardous to different
cell types under various exposure scenarios. Nanoparticles' composition, size, shape, charge,
aggregation, coating, and solubility all have an impact on the toxicity of the target cell and
target moieties. While cell cultures exposed to 3.8 ug/ml show no cytotoxicity, CNTs at 400
ng/ml are harmful to human T-cells and 3.06 pg/cm2 on alveolar macrophages.!

Lack of standardization in model systems and test assay
To precisely explain the physical, chemical, and biological activity, there isn't a good in vivo
model. Validating the results of NPs' interaction with cells is challenging since, even when

test assay conditions are the similar, the results differ depending on the type of cells used.

Lack of standard synthesis protocol

Many harmful synthetic reagents are used in the production of nanomaterials. It is necessary
to design an efficient synthesis process while avoiding the use of hazardous contaminants. A
high-purity and superior biocompatible nanoparticle yield can be guaranteed by using

synthetic materials wisely and according to safety regulations.

Lack of efficient analytical tools

Because nanotechnology works with nanoscale structures, new analytical techniques must be
created in order to accurately describe nanomaterials in terms of their size, surface charge,
chemistry, crystalline state, aggregation state, and dispersion. To forecast how nanoparticles

will behave in biological media, new developments in metrological technology are necessary.

Lack of understanding of impact on biological system

Regarding cellular or organ toxicity, genotoxicity, or carcinogenicity, the impact on health
and safety concerns is still unknown. These substances are sufficiently tiny to be breathed,
and when they build up in the lung alveoli, they can cause inflammation or cancer. Because

the workers will be at risk of occupational hazards, this would be of utmost importance.
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Lack of in-vivo monitoring systems
The main obstacles to optimizing biological activities include the significant infrastructure
required for in-vivo analysis of nanomedicines, the impossibility to monitor many probes,

and the requirement that patients be hospitalized for analysis.

Lack of standardized safety guidelines
It is challenging to specify a specific safety recommendation for a given nanoparticle because
of the complexity of nanomedicines and their multiform toxicity. Extensive pre-clinical

testing and empirical evidence are required to develop a safety protocol.

Lack of well trained workforce

Expensive energy consumption results in extremely expensive manufacturing costs and
limited accessibility for individuals. This is a significant obstacle to achieving the objective
of doing proof-of-concept testing in remote places.

The effective manufacturing of "Safe by Design" nanostructures through green chemistry and
the optimization of conventional synthesis, production, and clinical testing processes are
urgently needed. In order to modify the set of regulations so that the occupational and health
promotion benefits outweigh the cost and risk factors, scientific personnel, government
officials, and representatives from the industry and workforce must contribute and evolve in
the development of "Green Nanotechnology".[*”

CONCLUSION

Nanotechnology has enabled the creation of many very powerful products. The development
of nanomedicines and nanodevices is still in its early phases. The breadth of the development
processes is fairly broad because they are closely linked to information technology and
biology. Products based on nanotechnology can get around the drawbacks of conventional
techniques. However, its toxicity, environmental risks, production cost, and accessibility to

remote and inaccessible regions remain the main obstacles.
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