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ABSTRACT

This paper examines the impact of nanotechnology as a multidisciplinary field that bridges life
sciences. By focusing on the manipulation of matter at the nanoscale, nanotechnology has opened new
pathways for innovation in material design and functional systems. There has been special attention
given to its applications in medicine, where nanoscale tools are driving advances in diagnostics, targeted
drug delivery, and therapeutic techniques. The research also explores various synthesis methods and
classification frameworks, providing a broad foundation for understanding nanotechnology’s expanding

role in science and healthcare.
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INTRODUCTION

Nanotechnology refers to the manipulation and
application of technology at the nanoscale, a range
typically defined as 1 to 100 nanometers (1). This field
involves creating and using systems and materials
with structural features at the nanoscale, including the
integration of the nanostructures into larger systems.
Essentially, nanotechnology focuses on working with
materials and devices at atomic and molecular precision,
resulting in innovative and significantly enhanced
properties and processes (2, 3).

The concept of nanotechnology was first introduced
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in 1959 by physicist Richard Feynman during his
famous lecture, “There’s Plenty of Room at the Bottom.”
Although he did not use the term “nanotechnology,”
Feynman proposed that it would eventually become
possible to manipulate atoms and molecules with high
precision. He also envisioned the creation of “nano-
scale” machines through a series of increasingly smaller
factories, each one a miniature version of machine
hands and tools (4). Feynman also discussed how
unique factors at the nanoscale could influence these
machines. He noted that as objects shrink, gravity
becomes less significant, while Van der Waals forces
and surface tension become more prominent. Feynman’s
lecture is now recognized as a pioneering discussion
of key principles in nanotechnology, particularly the
direct manipulation of individual atoms and molecular
manufacturing (5).

A fundamental understanding of nanotechnology
involves recognizing its core nanoscale, in which
structures range from individual atoms and molecules
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to submicron dimensions (2,3). The field includes the
design, characterization, manufacture, and precise
manipulation of materials at this scale to develop new
properties and functions that are not achievable with
large-scale technology (6).

In practical terms, nanotechnology involves
engineering with atomic precision and finds applications
across various scientific areas such as colloidal science,
chemistry, physics, and biology. This interdisciplinary
approach facilitates the development of advanced
materials and systems with improved characteristics due
to their nanoscale dimensions (7).

Nanotechnology is set to revolutionize numerous
aspects of the medical field. By crafting nanomaterials
and devices that engage with cells and tissues at
the molecular (subcellular) level, we can achieve an
unprecedented integration of technology with biological
systems. These nanomaterials are applicable in both
diagnostic and therapeutic contexts.

It’s essential to understand that nanotechnology is not
an isolated scientific discipline; it represents a fusion of
established fields such as chemistry, physics, materials
science, and biology. This collaborative approach
harnesses diverse expertise to create innovative
technologies that enhance healthcare.

This study provides a comprehensive overview of
nanotechnology, including its classification, synthesis
techniques, and applications in various domains. It
also emphasizes the impact of nanotechnology on
healthcare, focusing on the design of advanced materials
and the enhancement of medical devices for improved
diagnostics and therapies.

CLASSIFICATION OF NANOMATERIALS

Nanoparticles can be classified based on their
dimensionality into 0D, 1D, 2D, and 3D categories.
Zero-dimensional (0D) nanoparticles, such as quantum
dots, are characterized by their confinement in all three
spatial dimensions in nanoscale, resulting in unique
optical properties. One-dimensional (1D) nanoparticles,
including nanowires and nanotubes, have significant
lengths but constrained diameters, which can affect
their electronic and mechanical characteristics. Two-
dimensional (2D) nanoparticles, like graphene sheets,
have a significant length and width but negligible
thickness, leading to distinctive electrical and thermal
conductivity, while three-dimensional (3D) nanoparticles
encompass structures such as nanospheres or nanocubes,
where all dimensions are significant.
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OD nanomaterials are confined to the nanometer
scale in all three dimensions, typically having tens
of thousands of atoms ranging from 2 to 100 nm.
These materials include fullerenes, quantum dots,
nanoclusters, and nanoparticles (8). Fullerenes, such
as buckminsterfullerene, have a spherical shape
with a diameter of about 1 nm and feature a carbon
atom arrangement in a cage-like structure with sp?
hybridization, resulting in a high surface-to-volume
ratio. Likewise, quantum dots are semiconductor
nanomaterials sized between 2 and 10 nm, and their
optical properties vary with size, allowing them to
emit different colors of light (9, 10). Nanoparticles,
including both metal and metal oxide varieties, exhibit
size-dependent optical properties known as surface
plasmon resonance (SPR) (11, 12). This effect enhances
light absorption and scattering, useful in applications
such as medical diagnostics, sensors, and renewable
energy technologies (13, 14). For instance, silver
nanoparticles are recognized for their antibacterial
properties, while metal oxide nanoparticles like ZnO and
TiO2 have valuable applications in energy and medical
fields (15-17).

1D nanomaterials are characterized by solely having
one dimension outside of the nanoscale range. This
category includes nanotubes, nanofibers, and nanowires,
which are especially promising for use in thin film-
based devices (18-20). A prominent example is carbon
nanotubes—or CNTs—which extend the concept of
fullerenes into a cylindrical shape with lengths ranging
from micrometers to millimeters and diameters in the
nanometer range. The physical properties of CNTs,
such as their bandgap, vary with their diameter; smaller
diameters tend to result in larger band gaps. CNTs
are noted for their remarkable mechanical properties,
with steel paling in comparison, a Young’s modulus
is approximately five times greater. There are two
distinct types of CNTs: single-walled CNTs (SWCNTs)
and multi-walled CNTs (MWCNTs), with the latter
having an interlayer distance similar to graphite (21,
22). Additionally, 1D nanomaterials based on metal
chalcogenides and boron nitride are also recognized for
their unique physical properties and diverse applications,
influenced by their size and length (23).

2D nanomaterials are distinguished by their planar
structures, with singularly one dimension in the
nanometer range. This category includes materials
such as graphene, graphene oxide, transition metal
dichalcogenides and oxides, boron nitride, pnictides,
group-IV chalcogenides, and MXenes. These 2D

Vol. 3 No. 4 American Journal of Student Research www.ajosr.org 439



materials offer promising applications in electronics,
optoelectronics, sensing devices, energy, environmental
technologies, and biomedicine, thanks to their
exceptional physical properties. These properties
include high mechanical strength, electronic and optical
tunability, and structural flexibility (24, 25).

3D nanomaterials—or rather known as bulk
nanomaterials—are not restricted to the nanoscale in any
dimension. Instead, electrons are able to move freely in
all directions. These materials, often referred to as bulk
materials, consist of tiny grains typically larger than
100 nanometers. Due to their high absorption capacity
and large surface area, these nanomaterials are valuable
in research and practical applications, particularly for
transporting molecules or drugs. This category includes
materials such as bulk power, dispersion of nanoparticles,
and arrays of nanowires and nanotubes (26-30) (Table 1).

SYNTHESIS TECHNIQUES FOR
NANOMATERIALS

Nanoparticles can be synthesized using either top-
down or bottom-up methods, each offering distinct
approaches. Top-down techniques, such as mechanical
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milling, electrospinning, and lithography, involve
breaking down larger materials or structuring surfaces
to produce nanoparticles. Mechanical milling grinds
bulk materials into fine particles, electrospinning
creates nanofibers through a high-voltage electric field,
and lithography patterns nanoparticles onto surfaces
using light or other forms of radiation. In contrast,
bottom-up methods, like chemical vapor deposition and
hydrothermal synthesis, build nanoparticles from atomic
or molecular precursors. Chemical vapor deposition
(CVD) forms nanoparticles by chemically reacting
gaseous precursors on a substrate, while hydrothermal
synthesis involves growing nanoparticles in a high-
pressure, high-temperature aqueous environment.

The Top-Down approach primarily relies on solid
state processing, in which bulk materials are broken
down into smaller particles through physical processes
like crushing, milling, and grinding. However, it is
principally unsuitable for producing uniformly shaped
nanomaterials, and achieving very small nanoparticles
is challenging even with high energy input. A significant
drawback of this approach is that it often results in
considerable crystallographic damage to processed
materials. Additionally, there is the potential loss of

Table 1. Summary of nanomaterials classified by dimensionality (0D, 1D, 2D, 3D)

Nanomaterial Type Structure

Properties Applications

0D Confined to nanoscale in
all three dimensions (2-100
nm); includes fullerenes,
quantum dots, nanoclusters,
nanoparticles.

1D Only one dimension outside
nanoscale; includes nanotubes,
nanofibers, nanowires.

2D Planar structure with one
dimension in nanoscale;
includes graphene, graphene

Diameter-dependent bandgap (CNTs);
remarkable mechanical properties;
properties influenced by size/length.

High mechanical strength; electronic/
optical tunability; structural flexibility.

Spherical or cage-like (fullerenes); size- Medical diagnostics,
dependent optical properties (quantum
dots); surface plasmon resonance
(metal/metal oxide nanoparticles); high
surface-to-volume ratio.

sensors, renewable energy,
antibacterial agents, energy/
medical applications.

Thin film-based divides,
diverse applications
depending on size/length.

Electronics, optoelectronics,
sensing devices, energy,
environmental technologies,

oxide, boron nitride, pnictides, biomedicine.
group-1V chalcogenides,
MXenes.
3D Not restricted to nanoscale High absorption capacity; large surface  Research/practical
in any dimension; includes area. applications, particularly

bulk powders, nanoparticle
dispersions, arrays of
nanowires/nanotubes.

transporting molecules/drugs.

Each category is described in terms of structure, key properties, and typical applications, highlighting how nanoscale confinement

influence their behavior and purpose.
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surface structure, which critically affects the physical
properties and surface chemistry of the nanomaterials
(3D).

A common cost-effective technique for reducing bulk
material to the nanoscale level would be mechanical
milling. Evidently, it is effective for producing blends
of different phases and is widely used in the creation of
nanocomposites (32). This method is particularly helpful
to produce oxide- and carbide- strengthened aluminum
alloys, wear-resistant spray coatings, and nanoalloys
based on aluminum, nickel, magnesium, and copper,
among other nanocomposite materials (33). Notably,
ball-milled carbon nanomaterials are emerging, offering
promising solutions for environmental remediations,
energy storage, and energy conversion (34).

Electrospinning is a straightforward method
used to develop nanostructured materials, primarily
producing nanofibers from a wide range of materials,
typically polymers (35). This method is effective for
producing core-shell ultrathin fibers on a large scale,
with lengths extending to several centimeters. This is
due to a significant advancement in this field of coaxial
electrospinning, where the spinneret contains two
coaxial capillaries—allowing for formation of core-shell
nano-architectures by using two viscous liquids, or a
viscous liquid as shell and a non-viscous liquid as the
core, within an electric field. Coaxial electrospinning
has been employed to create core-shell and hollow
structures in polymer, inorganic, organic, and hybrid
materials (36).

A valuable technique for creating nanoarchitectures
using focused beams of light or electrons is lithography.
It is categorized into two main types, maskless and
masked (37). In the case of the first one, it involves
writing arbitrary nanopatterns without a mask, with
techniques like scanning probe lithography, focused ion
beam lithography, and electron beam lithography (38-
40). In masked lithography, nanopatterns are imprinted
across a large surface area using a specific mask or
template. This category includes photolithography,
nanoimprint lithography, and soft lithography (41, 42).

In the bottom-up approach, materials are created
with an addition of atoms or molecules to produce large
quantities of nanomaterials. This approach is widely
used for manufacturing most nanomaterials as it can
consistently produce particles of uniform size, shape,
and distribution. It is able to prevent particle growth,
ensuring better particle size distribution and improved
morphology, by precisely controlling the chemical
synthesis process. This method is also attractive owing
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to its environmentally friendly and cost-effective nature,
but lacks the ability to complete tasks quickly (43).

CVD methods are highly significant for producing
carbon-based nanomaterials. Essentially, a chemical
reaction of vapor-phase precursors results in a thin film
created on the substrate surface. For a precursor to be
suitable for CVD, it must have adequate volatility, high
chemical purity, good stability during evaporation,
low cost, a non-hazardous nature, and a long shelf-life,
while its decomposition should not leave behind residual
impurities (44). For example, in the production of carbon
nanotubes through CVD, a substrate is placed in an oven
and heated to high temperatures. A carbon-containing
gas, such as hydrocarbons, is then introduced into the
system as a precursor. At high temperatures, the gas
decomposes, releasing carbon atoms that recombine to
form carbon nanotubes on the substrate (45). The choice
of catalyst is crucial in the type of nanomaterial produced
and determining the morphology. For instance, Ni and
Co catalysts yield multilayer graphene, while a Cu
catalyst produces monolayer graphene in CVD-based
graphene preparation (46). To be concise, CVD is an
ideal method for producing high-quality nanomaterials
and is particularly renowned for the production of two-
dimensional nanomaterials (47).

Toproducenanostructuredmaterials, thehydrothermal
process is a widely used and well-established method.
This technique involves a heterogeneous reaction in
an aqueous medium, conducted at high pressure and
temperature, typically around the critical point, within
a sealed vessel to achieve nanostructures (48, 49). A
similar approach, known as the solvothermal method, is
carried out in a non-aqueous medium. Both hydrothermal
and solvothermal methods are generally performed in
closed systems (50). Recently, the microwave-assisted
hydrothermal method has gained significant attention
as it combines the advantages of both hydrothermal and
microwave techniques (51). These methods are effective
for producing a variety of nanomaterials, including
nanowires, nanorods, nanosheets, and nanospheres (52,
53).

APPLICATIONS IN VARIOUS FIELDS

Nanotechnology serves as a bridge between classical
and quantum mechanics through a domain known as
mesoscopic systems. These systems are instrumental in
creating nanoassemblies that mimic natural processes,
leading to advancements in fields such as agricultural
products, nanomedicine, and nanotools for medical
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diagnostics and treatments (54). This technology has
enabled the treatment of diseases that were previously
incurable with the aid of nano-based drugs and diagnostic
devices.

Furthermore, nanotechnology has revolutionized
industrial manufacturing by moving away from
traditional methods that involve removing large amounts
of material. Instead, it employs a reverse engineering
approach, akin to natural processes, to construct products
at the nanoscale. This involves starting with individual
atoms and developing products with functionalities at a
more intricate level (55).

The unique properties of nanoparticles, such as
high surface area, high reactivity, and tunable pore
sizes, make them ideal for enhancing plant nutrition.
Direct applications of nanotechnology in agriculture
include the delivery of various agrochemicals, studying
plant disease mechanisms, and genome enhancement.
These advancements hold promise for better resource
management and conservation in plant and animal
production, potentially transforming agricultural
practices to meet the needs of a growing population (56).

Additionally, nanotechnology holds significant
potential for pollution remediation, offering enhanced
efficiency in removing contaminants, especially when
used in combination with traditional treatments.
Studies show that nanoparticles, like iron nanoparticles,
are highly effective in transforming and detoxifying
environmental pollutants such as chlorinated organic
solvents and pesticides (57).

Within tissue engineering, cells are typically
placed onto biomimetic scaffolds that offer adhesive
surfaces, allowing cells to deposit proteins and enhance
biocompatibility (58). However, several challenges suchas
inadequate vascularization, functional cell deficiencies,
low mechanical strength, poor immunological
compatibility, and nutrient limitations remain prevalent.
Advances in nanotechnology, and complementary tools,
are improving the precision of cell positioning, viability,
and interaction. These technologies provide simpler
substrates for cell adhesion and proliferation, and active
agents for growth, while nanofabrication techniques and
micro-nano-patterning enhance the microenvironment
for optimal cell development (59).

Many commercial applications of nanotechnology
in medicine currently focus on improving medication
delivery. Nanotechnology offers the potential for new
modes of action, improving targeting and bioavailability
of existing medicinal compounds. Advances include
the development of nanoprobes, integrated sensory
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nanoelectronic systems, and multifunctional chemical
structures for precise pharmaceutical delivery and
disease targeting (60-62). Significant progress has
already been made in enhancing medication delivery,
with specific compounds improving drug targeting,
imaging, intracellular delivery, and controlled release
of therapeutic genes. This allows clinicians to better
detect and treat sick cells and tumors. Additionally,
nanotechnology can be customized for personalized
treatment, focusing on individual patient needs to
minimize adverse effects and tissue damage, with early
successes seen in promoting cell development for spinal
cord injury treatment (63, 64).

ROLE OF NANOTECHNOLOGY IN
HEALTHCARE:

Diagnostics

Nanosensors. Electrochemical sensors are versatile
tools used to detect a wide range of analytes. This rapidly
growing field is characterized by advancements in
fundamental research and cost-effective manufacturing
techniques (65). Numerous devices based on
electrochemical principles are now available, targeting
everything from pathogens to toxins. The popularity
of electrochemical detection is due to its exceptional
attributes, such as high sensitivity, affordability,
compatibility with miniaturized lab-on-chip systems,
minimal power requirements, and the ability to bypass
sample preparation challenges like turbidity and color
interference (66).

The fundamental operation of electrochemical
nanosensors involves a chemical reaction where
electrons are either released, accepted, or consumed.
This reaction occurs between a specific ligand and the
analyte of interest, affecting the transduced signal, such
as electrical current or voltage (67). The electrochemical
signal generated is then directly measured and correlated
with the analyte concentration in the sample.

Electrochemical detection techniques can be
classified into various types, including potentiometry,

voltammetry, amperometry, and electrochemical
impedance spectroscopy. In some cases, these
measurements are combined with immunoassays

to create immunosensors, which rely on the signal
amplification produced by these interactions (68).
Nanosensors designed for electrical signal detection
often utilize nano field-effect transistors (FETs), known
for their tunable properties and ease of quantitative
measurement. These chemical nanosensors utilize rod-
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shaped nanomaterials, such as nanowires, nanorods,
nanoribbons, nano towers, and nanotubes. When analytes
interact with these materials, they induce changes in
impedance, generating a measurable signal (69).

Optical nanosensors offer high sensitivity through
their interactions with light, though this sensitivity
depends on the specific optical phenomenon used (70).
These sensors are applied in various spectrographic
analyses, including fluorescence, Raman spectroscopy,
and surface-enhanced Raman scattering (SERS). For
example, gold nanoparticles (AuNPs) can quench
fluorescence from fluorescein isothiocyanate (FITC)
when they are in close proximity, making the fluorescence
signal disappear. However, FITC near AuNPs can also
show enhanced Raman scattering (71).

Lab-On-Chip Technology. A lab-on-a-chip (LOC)
is a compact device, often just a few millimeters or
centimeters in size, that integrates various laboratory
functions into a single platform. Essentially, it features
a network of wells and channels etched into polymer or
silicon substrates, enhanced with specialized surfaces
that can detect specific biological targets from samples
like serum. The broader field encompassing these
devices is known as microfluidics (72).

The LOC device simplifies numerous laboratory
tasks such as sample dilution, mixing, handling,
electrophoresis, and chromatographic detection all
within a single integrated system. The primary benefits of
its automation include rapid analysis, user-friendliness,
minimal use of reagents and samples, high-throughput
capabilities, and consistent reproducibility.

Typically, an LOC system comprises several key
components: sample input, reagent supply, pumps, sensor
readout, waste output, mixing channels, and storage for
liquid reagents. The design of these elements tends to
be stable and requires no frequent modifications as the
system evolves (73-75).

Rather than sending samples to distant laboratories for
analysis, healthcare providers canutilize LOC technology
to conduct tests directly at the point of care, even in
remote or under-resourced areas. This advancement
significantly reduces diagnostic time, decreasing it from
days to mere minutes. Quick results are essential in
critical medical situations, such as identifying biological
threats in exposed soldiers, diagnosing viral infections
in elderly patients with weakened immune systems, and
enabling early treatment to prevent complications (76).

LOC technology is effective for detecting and
monitoring harmful organisms like viruses and bacteria.
It is also used for nucleic acid immunoassays, which
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help identify and measure specific substances, such
as hormones, by analyzing the binding of antibodies
to antigens. Additionally, LOC devices are crucial for
clinical diagnostics, enabling the detection of diseases
and allowing both quantitative and qualitative analysis of
chemical substances or proteins, such as cancer markers
in blood samples (76, 77).

Current limitations of LOC technology include
challenges with multiplexing, difficulties in identifying
and quantifying low concentration levels (especially
in the submicromolar range), and the complex
and costly processes required for fabrication and
biofunctionalization. A significant issue is the inability
to perform most tests directly in complex media such as
serum or blood, necessitating extensive sample cleanup
and purification before analysis on the chip.

To advance the widespread commercialization
of LOCs, key design questions regarding signal
quantification, sample preparation, and overall LOC
architecture need to be resolved. A shift in the design
approach is essential to tackle the unique challenges
posed by nanotechnology. Researchers are actively
working on new strategies for detecting and quantifying
bioagents, along with mobile sample preparation
techniques that can operate within the sample solution
itself. This innovation aims to enhance throughput and
simplify the fabrication of LOC devices (78).

Therapeutics

Targeted Drug Delivery. Passive targeting refers to
the accumulation of nanoparticles at disease sites where
the microvasculature is more permeable, such as tumors
and inflamed tissues. This increased permeability is
often due to heightened angiogenesis and the presence
of cytokines and other vasoactive substances that make
blood vessels leaky (79).

Recent advancements have introduced additional
strategies to boost local microvascular permeability,
thereby enhancing the delivery of treatments to solid
tumors and specific tissues. Techniques such as
hyperthermia and ultrasound are being explored to
further increase this permeability. Additionally, a novel
approach using genetic algorithms for robotic path
planning has been developed, enabling devices like
microrobots to navigate around obstacles, such as blood
barriers and critical organs, optimizing their routes for
efficient drug delivery (80, 81).

For passive targeting to be effective, nanoparticles
must remain in circulation for longer periods, providing
multiple opportunities to reach the target site. However,
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these particles often have short circulation half-lives
due to the body’s natural defense mechanisms, which
eliminate them after they are marked by the mononuclear
phagocytic system (MPS). To counteract this, the
surfaces of nanoparticles need to be modified to evade
detection and opsonization (process by which pathogens
are marked for destruction by immune cells through the
binding of antibodies or complement proteins) (82).

Moreover, drug molecules and imaging agents
attached to nanocarriers can also reach disease
sites with compromised barrier functions and
increased permeability resulting from underlying
pathophysiological conditions. Nanotechnology holds
promise for delivering therapeutic agents across the
blood-brain barrier, which is often compromised in
certain neurological conditions (83).

Diseases localized in specific areas, such as cancer
or inflammation, not only exhibit leaky blood vessels
but also frequently have elevated levels of certain
receptors or epitopes that can be targeted for treatment.
This allows for the active targeting of nanomedicines to
these sites, improving their distribution within the tumor
interstitium fluid. Recent research has focused on using
active targeting to deliver drugs directly to resistant
cancer cells.

Active targeting offers several advantages for
nanocarriers. First, it allows for the delivery of high
concentrations of drugs to target cells when ligands bind
to their corresponding receptors, enabling large amounts
of therapeutic agents to be loaded relative to the number
of binding sites available. This approach is particularly
beneficial for enhancing the tumor-to-background ratio
in imaging applications (84).

Cancer _ Treatment. Gold nanoparticles are
excellent contrast agents due to their small size, high
biocompatibility, and substantial atomic number. They
enhance imaging through both passive and active
targeting methods. Passive targeting relies on the
enhanced permeability and retention (EPR) effect in
tumor tissues, where the nanoparticles accumulate and
improve imaging contrast (85). Active targeting involves
attaching the nanoparticles to tumor-specific drugs,
such as EGFR monoclonal antibodies, allowing precise
targeting of cancer cells.

At energies above 80 keV, gold exhibits a higher
mass attenuation coefficient compared to other
elements like iodine, making it a promising material for
imaging applications (86). Research has been done that
demonstrated that when AuNPs were combined with
liver cancer cells and imaged with X-rays, the contrast of
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the tumor clusters was significantly enhanced compared
to imaging liver cancer cells alone. This improvement
in imaging sensitivity is crucial for early diagnosis,
enabling the detection of tumors as small as a few
millimeters in diameter (87).

Liposomes, nanoscale spheres with phospholipid
bilayers and an aqueous core, are extensively studied
for drug delivery. Their amphiphilic (having both
hydrophilic and hydrophobic parts) nature allows
hydrophilic drugs to be encapsulated in the core and
hydrophobic drugs to integrate into the lipid layers
(88, 89). Drugs can be incorporated into liposomes via
various methods, such as transferring between buffers or
using organic solvents. Liposomes can penetrate tumors
due to the enhanced permeability and retention (EPR)
effect, with sizes around 500 nm enabling them to pass
through gaps in tumor blood vessels. Inside tumors,
liposomes release their payload through mechanisms
like fusion with cell membranes or endocytosis, and
drug release can be triggered by factors such as pH or
electromagnetic fields (90).

The effectiveness of liposomal drug delivery
depends on liposome size. Smaller liposomes (up to 100
nanometers) penetrate tumors more efficiently and have
a longer half-life, while larger liposomes are quickly
cleared by the immune system (91). Liposome-bound
antibodies can target tumor-specific antigens for precise
drug delivery. Some liposomal drugs, such as liposomal
adriamycin, are clinically approved and show significant
benefits, including in the treatment of metastatic ovarian
cancer (92).

Microneedles (MN5) offer an effective and minimally
invasive method for drug delivery. By penetrating the
skin, MNs bypass the stratum corneum (SC) and access
the skin’s microcirculation, allowing administration of
medications. This delivery route has distinct advantages
over other methods, such as simplicity, lack of pain,
and the ability to transport a wide range of substances,
including DNA, metformin, antibodies, and proteins.
MNs also ensure good repeatability and are widely
applicable (93).

Furthermore, MNs have been integrated with various
therapeutic strategies, including photodynamic therapy
(PDT) and photothermal therapy (PTT), to treat numerous
diseases. These light-mediated phototherapies benefit
from enhanced selectivity and minimal invasiveness,
with fewer side effects.

Nanosecond pulsed lasers used for photothermal
therapy (PTT) offer high selectivity and allow for
precise control over localized damage, ranging from a
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few nanometers to tens of micrometers, depending on
factors like laser pulse duration and particle size (94).
This precision makes it effective for targeting individual
metastatic cells and eradicating small tumors. However,
the heating efficiency is relatively low due to heat
dissipation during a single pulse.

In contrast, continuous wave (CW) lasers are more
effective for heat accumulation, which facilitates mild
cell killing over larger areas through hyperthermia, and
potentially coagulation and vaporization, depending on
the heat applied. Although CW lasers are more efficient
for inducing widespread heat, they require longer
treatment times—often several minutes—compared to
the brief exposure of pulsed lasers. Applications of CW
lasers in PTT include selective cancer cell destruction
and targeted macrophage elimination (95, 96).

Regenerative Medicine. Regenerative medicine
primarily focuses on human cells, including somatic,
adult stem, and embryo-derived cells. Recent
advancements involve reprogramming adult cells into
pluripotent cells (capable of developing into various
types of cells), which offers a practical alternative to
the limited availability of specialist somatic cells and
the challenges associated with expanding adult stem
cells, such as those from bone marrow. Embryos, while
a potential source, present technical, ethical, and moral
concerns. Thus, finding ways to obtain pluripotent cells
without these issues is particularly appealing and could
bring regenerative medicine and gene therapy closer
together (97-99).

Despite initial setbacks, regenerative medicine now
offers successful commercial treatments for conditions
like skin ulcers, cartilage damage resulting from sports
injuries, and bladder dysfunction. These therapies
often use either autologous or allogeneic somatic cells
and they may also incorporate biomaterials. While the
use of adult stem cells is still under debate regarding
their efficacy, ongoing research and clinical outcomes
will ultimately determine their value in regenerative
medicine (100, 101).

Recent research has focused heavily on using
nanomaterials to influence stem cell growth and
development  for regenerative medicine. Gold
nanoparticles (AuNPs), with their unique properties,
biocompatibility, and low toxicity, are particularly
promising for guiding stem cell behavior and tissue
repair. For example, AuNPs have been shown to help
mouse embryonic stem cells (mESCs) develop into
dopamine-producing neurons by activating a specific
cell signaling pathway (102). In addition, a combination

August 2025

Nanotechnology in Healthcare

of AuNPs with electrospun nanofiber scaffolds has been
found to increase the length of nerve fibers and the growth
of axons. This suggests that AuNP-based scaffolds could
be effective in repairing damaged nerves (103).

Antimicrobial Treatment. Antimicrobial treatment
is considered inadequate if it fails to effectively target
the identified pathogen. Recently, inadequate treatment
has been defined in clinical research as follows: when
an infection is documented with a positive culture result
but is not treated effectively; when there is no specific
antimicrobial agent targeting the identified pathogen
(such as when a Candida albicans infection is not
treated); or when an antimicrobial is ineffective because
the pathogen is resistant. Additionally, failing to use any
antimicrobial treatment for a confirmed infection is also
deemed inadequate (104).

The concept of inadequate treatment can be more
comprehensive. Clinicians must ensure that antibiotics
are administered correctly, including proper dosing,
timely intervals, monitoring drug levels when necessary,
and avoiding harmful drug interactions. Failing to
meet these basic requirements can lead to suboptimal
antibiotic levels, thereby increasing the risk of antibiotic
resistance and ineffective treatment.

More and more patients are being admitted to
hospitals with infections caused by antibiotic-resistant
bacteria, which raises the chance that they will receive
inadequate antimicrobial treatment (105).

LIMITATIONS AND CONCERNS

Potential Risks

The risks associated with the use of nanotechnologies
arise from specific characteristics of nanomaterials,
such as their reactive surfaces and ability to penetrate
cell membranes. The toxicity of nanoparticles and
nanotubes cannot be directly inferred from the toxicity
of the larger chemical forms (106). However, the
chemical composition plays a crucial role in determining
nanoparticle toxicity.

When materials are reduced to the nanoscale, their
physical properties can change significantly, resulting in
behaviors that differ from those of larger particles. This
size reduction typically alters their chemical reactivity,
which may, in turn, affect toxicity levels. Some altered
nanoparticles can exhibit greater toxicity per unit
mass than their larger counterparts, likely due to their
increased surface area.

In addition to their inherent toxicity, factors such as
dosage, uptake, metabolism, and distribution are critical
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for evaluating whether exposure to nanoparticles will
lead to harmful effects (107).

Inhalation is the most common route of exposure to
nanomaterials, but these particles can also enter the body
through the skin, digestive tract, or via injections. After
inhalation, nanoparticles can reach the distal airways and
penetrate the respiratory epithelium, passing through
the pores of the alveolar-capillary membrane. This
allows them to move into the interstitium and then enter
systemic circulation via the bloodstream and lymphatic
system. Particles smaller than 0.1 um are particularly
effective at this process and are thought to play a role
in the development of various diseases by affecting the
lungs and other systems through distinct pathogenic
mechanisms. Experiments in mice have demonstrated
that nanoparticles introduced into the trachea can
successfully enter systemic circulation in this way (108,
109).

It is essential to raise awareness about environmental
protection, assessing potential contaminants, and
investigating the effects of discarded nanoparticles.
The rapid increase in the use of nanoparticles has led to
their release into the environment, where photochemical
reactions significantly influence their behavior and
stability.

So, while nanomaterials offer distinct benefits and
applications across domestic and industrial settings, their
use has raised safety concerns for workers, consumers,
and the environment.

Challenges

A significant challenge lies in the stark disparity
between the sizes of production facilities and the
functional nanodevices. Currently, integrated solid-
state devices are manufactured in large cleanroom
environments, and as lithographic structures have shrunk
in size over the years, the scale and investment required
for these facilities have increased. This trend needs to
be reversed. To address this, new strategies must be
developed to create production facilities for nanodevices
that can be scaled down to smaller dimensions. Future
advancements in nanotechnology should not only focus
on producing nanoscale objects but also on employing
nanoscale manufacturing tools. It is essential to create
plans that allow manufacturing systems to match the
scale of the products being created (110).

Additionally, there remains uncertainty about
how nanotechnology can contribute to sustainable
industrial production. Many nanotechnological devices
and materials are produced using methods that are
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not sustainable, often relying on non-renewable
resources and generating toxic byproducts and waste.
A fundamental shift is required, emphasizing the need
to replace most inorganic components with organic or,
ideally, biological materials that can be easily recycled
through natural processes (111).

Ethical Issues

Funding for nanotechnology research is primarily
provided by DARPA (Defense Advanced Research
Projects Agency) and the NSF (National Science
Foundation), indicating that the government largely
influences the research agenda. This raises questions
about how to integrate the principles of various fields
involved in nanotechnology.

Concerns have also emerged regarding potential
surveillance capabilities that could arise from this
technology, posing a threat to the right to privacy.
Nanotechnology’s capacity for ultra-small, networked
devices could enable invisible surveillance via nanoscale
sensors that monitor behaviors or environments without
detection—a concept some scholars have termed “nano-
panopticism” (112). For example, nanosensors are
being developed for highly sensitive detection—even
identifying trace chemicals or pathogens—and can
operate in environmental, medical, or defense contexts.
Unless paired with strict protocols around data handling
and transparency, such capabilities risk undermining
individual privacy (113).

While enforcing strict regulations might slow down
the overall progress of nanotechnology and help mitigate
potential harms, it could also impede technological
advancements and may not prevent rogue entities—such
as independent researchers, corporations, or military
organizations—from pursuing their own developments.
It’s difficult to deny the benefits of nanotechnology,
especially as it continues to make inroads into multiple
research areas. In medical and biomedical contexts,
however, nanotechnology raises unique challenges
for human trials and informed consent. The long-term
interaction between nanomaterials and human biology
remains uncertain as of now, emphasizing the necessity
for informed consent that explicitly addresses unknown
risks and the unpredictability of nanomaterials (114).

At a global level, a division has occurred which
risks deepening inequalities as patents and production
capacity remain concentrated in high income countries.
Patent analysis reveals that most nano-related patents
are held by nations like the United States, China, South
Korea, Germany, and the United Kingdom. Developing-

Vol. 3 No. 4 American Journal of Student Research www.ajosr.org 446



country researchers have warned that without deliberate
effort, nanotechnology could widen social disparities
(115).

However, responsible development of nanotechnology
is achievable through the establishment of ethical
guidelines aimed at minimizing risks. Although it is
impossible to eliminate all potential misuse by well-
funded organizations, creating a framework, such
as Molecular Nanotechnology Guidelines, can help
ensure that research is conducted safely. By following
these principles, we can capitalize on the advantages of
nanotechnology while protecting against its potential
dangers (116).

Interdisciplinary Collaboration

Nanotechnology is a groundbreaking field that
emerges from the collaborative efforts of diverse
professionals who each contribute their unique expertise.
Scientists delve into the fundamental principles of
nanomaterials, unraveling their properties and potential
applications. Engineers then take these discoveries
and develop them into practical systems and devices,
transforming theoretical knowledge into functional
innovations. Meanwhile, healthcare professionals
provide vital insights into how these advancements can
impact patient care, helping to identify specific needs
and potential benefits, such as targeted drug delivery and
improved diagnostic tools. Together, this wave of people
foster a dynamic environment where nanotechnology
can thrive, ultimately enhancing the quality of life and
revolutionizing various industries.

CONCLUSION

Nanotechnology is making significant strides in the
field of diagnostics and therapeutics, fundamentally
changing how healthcare is being approached. By
facilitating the development of targeted drug delivery
systems, nanotechnology allows for treatments that
directly target diseased cells, minimizing side effects and
maximizing efficacy. Additionally, advanced imaging
techniques and biosensors at the nanoscale enhance our
ability to detect diseases at earlier stages, leading to
timely and potentially life-saving interventions. These
innovations are not just improving current medical
practices, they are setting the stage for more personalized
and efficient healthcare solutions.

Looking ahead, the impact of nanotechnology on
future healthcare is immense. As researchers continue
to explore its applications, breakthroughs are anticipated
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to lead to more effective treatments for chronic diseases,
better diagnostic tools, and even regenerative medicine
options. This transformative potential suggests that
healthcare could become more proactive, focusing
on prevention and early detection rather than merely
treatment. By harnessing the power of nanotechnology,
we could witness a shift towards a more integrated
healthcare system that offers tailored solutions for
individual patients.

However, as we embrace the benefits of
nanotechnology, it’s crucial to address the ethical
considerations that come with these advancements.
Ongoing research must prioritize safety, accessibility,
and the societal implications of these advancements.
Ensuring that these technologies are developed
responsibly will help build public trust and guarantee
equitable access for all. We can fully realize the promise
of nanotechnology in healthcare, by prioritizing ethical
frameworks alongside technological innovation, shaping
a future that not only enhances medical outcomes but
also respects the values of our communities.

In summary, harnessing nanotechnology in healthcare
offers immense potential to enhance diagnostics and
therapeutics, paving the way for more effective and
personalized patient care.
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