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Abstract

Nanotechnology in Medicine employs materials with sizes ranging from 1 to 100 nm and devices to revolutionize healthcare. It
offers precise drug delivery, advanced disease detection, and innovative treatments, leveraging nanoparticles and nanodevices
for targeted therapy and diagnosis. Nanotechnology in Medicine has also enabled rapid disease diagnosis via biosensors
and lab-on-a-chip devices. Therefore, Nanomedicine is the application of Nanotechnology in healthcare and medicine. This
paper discusses the applications of nanotechnology in the medical field and presents the size and characteristics of the global
nanomaterials market in medicine. It explains why the nanomaterials market is considered highly competitive due to the
presence of many large-scale manufacturers.
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Abbreviations:

(CAGR): Compound Annual Growth Rate; (POC): Point-
of-Care.

Introduction
Fundamentals

In recent years, research involving materials on a
nanometric scale, known as nanomaterials, has become very
popular in various fields of chemistry, physics and materials
science. Nanotechnology works with matter at dimensions
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in the nanometer scale (1-100 nm) and thus can be used for
a broad range of applications and the creation of various
types of nanomaterials and nanodevices [1]. The synthesis
of nanostructured materials consists of the treatment of
individual atoms, molecules, or compounds into structures
to produce materials and devices with special properties.
Basically involves the work from top down, i.e., reducing the
size oflarge structurestothe smalleststructure,e.g., photonics
applications in Nano electronics and Nano engineering, top-
down or bottom-up, which involves changing individual
atoms and molecules into nanostructures and more closely
resembles chemistry, biology [2].
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The properties of nanomaterials are considerably
superior to those of conventional products, as they do not
have any adverse health effects if used in various biomedical
applications, such as Nanogadolinium in magnetic resonance
imaging as a substitute for conventional products [3].
Another example, we can cite titanium nanoparticles used to
inhibit bacterial growth, protecting the cell structure [4].

There has been considerable discussion about the trend
towards miniaturization, which encompasses everything
from computers and peripherals to machines responsible
for producing a wide range of items. However, one aspect
that has been troubling the academic community is related
to miniaturization in a surprisingly different way, no longer
restricted to miniaturizing machines and equipment, but
rather to manufacturing them on an atomic scale, or more
specifically, on a nanometric scale. The reason for this is due
to the chemical and physical properties of nanomaterials,
which can differ significantly from the characteristics of
the same material at a macroscopic level or an atomic and
molecular level. As the physical and chemical properties
of a nanomaterial differ drastically from those of the same
material as an extended solid, this nanomaterial has potential
applications in several technological fields [5].

Advances in the field of nanotechnology and their
applications in medicine and pharmaceuticals have
revolutionized the twentieth century. Nanotechnology is the
study of extremely small structures.

Therefore, we can consider that nanotechnology
is undoubtedly our century’s leading scientific and
technological breakthrough since it encounters applications
in several fields, but we can say that in medicine it is an
expanding and promising field. Therefore, we can consider
that nanotechnology is undoubtedly our century’s
leading scientific and technological breakthrough since
it encounters applications in several fields, but we can
say that in medicine, it is an expanding and promising
field. Nanotechnology in medicine is an expanding and
promising field. The advances brought about by this type of
technology have been encouraging for doctors and patients.
We like to emphasize that, according to research conducted
by Grand View Research nanotechnology in medicine has
transformative potential, offering new possibilities in areas
such as diagnosis, treatment, and prevention of diseases

[6].

It is no secret that the challenges facing medicine have
only increased, with new diseases without a defined cure,
such as cancer and Alzheimer’s, in addition to logistical
difficulties in delivering health services, surgeries, and
health emergencies, as was the case with the recent
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COVID-19 pandemic caused by the SARS-CoV-2 virus. To
face this, medicine has always needed to innovate in its
solutions, seeking alternatives to overcome these difficulties
by offering more precise diagnoses and more effective
treatments. One of these solutions is the application of
nanotechnology to health, which enables new types of
interventions and more sophisticated and precise diagnoses
in everyday medical practice. Before understanding how
the field of nanotechnology intersected with the knowledge
of medicine, it is crucial to form a general overview of
this field, which has already accumulated several decades
of history. Ever since the discovery of the existence of
atoms, invisible particles that make up all the materials
we manipulate, humanity has dreamed of controlling these
elements on a subatomic scale. However, it was only in
the 1960s that nanotechnology began to take shape as an
independent field. From lectures to books on the subject,
the concept of nanotechnology began to emerge as an area
ofstudy and manipulation of matter at the atomic level, that
is, invisible to the naked eye [1].

Since its creation at the end of the 20th century,
nanotechnology has profoundly revolutionized several areas,
especially those that depend on and interact with particles,
molecules, and tiny beings, such as the influence of viruses
and bacteria. Since it is a relatively new science, which has
only been in practical application for a few years and can
even be considered a field of knowledge for the 21st century,
it is challenging to predict the direction this technology will
take, or even what phase we are currently in. However, it is
possible to understand the main advantages of its use. For
example, it is possible to achieve greater precision in exams
and diagnoses, as well as increased agility in treatments and
enhanced sophistication in procedures such as surgeries and
other types of medical interventions.

Check out in detail why each of these topics represents
a great benefit to the health area. As you have seen, the
emergence of nanotechnology has been ongoing for several
decades, accumulating knowledge, hypotheses, and literature
in the field. However, when we discuss nanomedicine,
another term for the application of nanoscience in the
medical sciences, we are referring to much more recent
advances.

The history of nanomedicine practices can be traced
back to the 1990s, when the first innovations emerged
from the leading laboratories of the time. It was only in
1990, for example, that the Italian laboratory Sigma-Tau
Pharmaceuticals launched the drug “Adagen”, which helped
combat immunodeficiency diseases through synthetic
nanoparticles [7].
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Since this milestone, other laboratories have been able
to launch drugs that act through similar mechanisms, such
as those encapsulated in liposomes and those involving the
association between nanoparticles and substances. In the
current scenario, several doctors, researchers, and other
health professionals state that nanotechnology is one of
the most essential and promising components in the field.
Thus, the so-called wet nanotechnology, which can interact
with cells and biological materials, has greatly facilitated
medical work in cases such as the removal of endometriosis
and cancer lesions, providing a significant advantage.
Continue reading to discover additional benefits of applying
nanotechnology to the healthcare field [6,8-10].

Nanomaterials Market & Trends and

Considerations

The global nanomaterials market size was estimated
at US$ 12.42 billion in 2023 and is projected to grow at
a compound annual growth rate (CAGR) of 15% (Figure
1) from 2024 to 2030 [6]. The market is expected to be
driven by increasing demand for the product in electronic
applications, but the application of nanomaterials is also
varied in the medical industry on account of the utilization
of products in various in-vitro and in-vivo applications
[7-9]. The rising investment by multiple laboratories and
biomedical industries for increasing product penetration in
targeted drug delivery, “gene therapy [11] and treatment of
malignant tumors is expected to boost the market growth.

Figure 1: General illustration of the Market size of nanomaterials. Adapted from [6].

The medical application segment accounted for a major
share of around 31,2% of the global revenue in 2023 on
account of the high penetration of the product for use in the
treatment of cancer or other malignant tumors.

Moreover, nanoparticles are used as gene carriers for gene
therapy and gene repair, as well as nano-biosensors. Finally,
Nanotechnology in Medicine employs minuscule materials
and devices to revolutionize healthcare. Certainly, define that
the Nanomedicine is the application of nanotechnology in
healthcare and medicine [9]. It involves the use of nanoscale
materials and devices for diagnosis, drug delivery, and tissue
regeneration. The nanoscale materials have unique physical,
chemical and biological properties that allow for novel
medical applications.
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The medical application segment accounted for a
significant share of around 30.4% of the global revenue in
2021 and is also the fastest-growing market on account of
the high penetration of the product for use in the treatment
of cancer and other malignant tumors [10,11].

The production of nanomaterials requires varying raw
materials depending of the manufacturing processes applied.
We can highlight that the market growth stage is high and
the pace of growth is accelerating; however, the degree of
innovation is currently moderate. Several companies are
continuously engaged in R&D activities and implementing
new technologies to gain a competitive advantage. Therefore,
a wide variety of processes is used to synthesize Nano
products, such as precipitation or co-precipitation reactions,
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which is why the nanomaterials market is considered highly
competitive on account of the presence of many large-scale
manufacturers.

The rising investment by various research laboratories
and biomedical industries in increasing product penetration
for targeted drug delivery, gene therapy, and the treatment
of malignant tumors is expected to boost the growth of the
nanomaterials market [11]. Nanotechnology in medicine
is a very targeted field. It is no wonder that, in 2020, the
US National Institute of Health invested approximately
US$ 445 million in nanomedicine, and the expectation is
that its potential in health will only grow: it is expected
that in 2026 the medical nanotechnology market should
reach US$461,252 million, according to data gathered by
Seed Scientific [10]. Furthermore, nanomaterials are used
for various specific tasks in the medical sector, including
imaging, targeted drug delivery, Nano-robots for surgery,
nano-diagnostics, cell repair, and nano-biosensors. Bhuiyan
MTH, etal. [12] describes studies for different nanomaterials
and their physical chemistry properties, which are used in
modern medicine.

The increase in research and development in the
medical field for cancer treatment using nanoparticles has
a considerable growth prospect.

According to the executive summary of Grand View
Research [6] and Business Research Insights [13], the
demand for nanomaterials is expected to grow at a CAGR of
14.1% from 2020 to 2028 in the biomedical industry.

Nanotechnology in Medicine: Innovations and
Advances for the Future

Nanotechnology is revolutionizing medicine, with
trends focused on accurate diagnosis, more -effective
treatments, and personalized care. It utilizes nanomaterials
to deliver targeted drugs, optimize diagnostic systems, and
even regenerate tissue, offering great potential to transform
medicine through advances in diagnosis, treatment, and
prevention of diseases. However, it is essential that research
and applications are carried out with scientific rigor
and ethics to ensure the safety and effectiveness of new
treatments. Nanotechnology in medicine is a highly targeted
field.

It is no wonder that, in 2020, the United States
National Institute of Health invested around US$445
million in Nanomedicine. And the expectation is that its
potential in health will only grow: by 2026, the medical
nanotechnology market is expected to reach US$461,252
million, according to data gathered by SeedScientific [13].
However, studies themselves have demonstrated the
role of Nanomedicine, as seen in this 2022 report, which
examines the current and projected market potential for the
sector. Among its conclusions, it notes that the main areas
in which Nanomedicine products have had an impact are
CNS diseases, cancer, cardiovascular diseases and infection
control. However, its potential is much greater. Therefore,
nanotechnology has opened up a range of possibilities in
health-related topics.

Figure 2: General presentation of applications of nanoparticles in Medicine.
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Nanotechnology is revolutionizing medicine, with trends
focused on accurate diagnosis, more effective treatments, and
personalized care. It uses nanomaterials to deliver targeted
drugs, optimize diagnostic systems, and even regenerate
tissue, and offers great potential to transform medicine,
with advances in diagnosis, treatment, and prevention of
diseases (Figure 2). However, it is essential that research and
applications are carried out with scientific rigor and ethics,
to ensure the safety and effectiveness of new treatments.
Nanotechnology in medicine is a highly targeted field. It is
no wonder that, in 2020, the United States National Institute
of Health invested around US$445 million in Nanomedicine.

And the expectation is that its potential in health will
only grow: by 2026, the medical nanotechnology market
is expected to reach US$ 461.25 billion, according to data
gathered by SeedScientific [13].

However, beyond the numbers, studies themselves have
demonstrated the role of Nanomedicine, as seen in this 2022
report, which examines the current and projected market
potential for the sector. Among its conclusions, it notes that
the main areas in which Nanomedicine products have had
an impact are CNS diseases, cancer, cardiovascular diseases,
and infection control. However, its potential is much greater.
Therefore, nanotechnology has opened up a range of
possibilities in health-related topics.

In the healthcare area, nanotechnology opens new
limits in the life sciences industry. Nanotechnology holds
great promise in manipulating materials at the atomic
level to transform various aspects of medical treatment,
including diagnosis, disease monitoring, medical equipment,
regenerative medicine, vaccine development, and medication
delivery. It also opens the way through sophisticated research
instruments to develop drugs to improve treatments for
various ailments. Nanotechnology can be utilized to target
medication to specific cells in the body, thereby reducing
the risks of failure and rejection [14-16]. Several sectors
are impacted daily by this technology, but one of the most
committed to promoting innovation is the health sector [12-
21]. This is why the list of applications of nanotechnology in
medicine is so long. Among these uses, we can highlight:

Better Diagnostic Techniques: Diagnosis is the
foundation for effective treatment of any disease. Therefore,
nanomaterials have been investigated as a means to enhance
this process. With Nanotechnology/ Nanomedicine, doctors
can make more accurate diagnoses, mainly by collecting
information at the molecular level in greater quantities.
Thus, nanomaterials can detect diseases in their early stages.
This means that the treatment time can be shorter and the
chances of success are higher. An example of this application
of Nanomedicine is the nanoparticle-based diagnostic kit
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that works under the Point-of-Care (POC) concept. POC is
based on being a simple, fast, and easy form of diagnosis,
which has even had an impact on the COVID-19 test.

Development of Medicines: Nanomedicine is also well-
known for developing drugs to combat various diseases.
Also known as nanomedicine or nanopharmaceuticals, they
are encapsulated on a microscopic scale. In this scenario, it is
essential to explain that we are talking about artificial drugs,
as the goal is to create drugs that do not depend on elements
from our body to exist. From this, it is possible to transform
how drugs are created and also how they act on the human
body. They can, for example, offer fewer side effects and
ensure a faster recovery. Nanomedicine is also being studied
to more strongly combat problems such as diabetes and
hypertension.

Microprobes in the Bloodstream: Among the applications
of nanotechnology in medicine is the possibility of using
microprobes in the bloodstream. They can be administered
intravenously. Among their uses, they can be used to observe
the conditions of red blood cells, leukocytes, plasma, and
platelets, for example. The microprobe is capable of quickly
identifying the type and quantity of cells, which helps in the
diagnostic process. This will help in the repair of cells within
the blood, in addition to generating faster and less invasive
diagnoses.

Use of Drug Delivery: Research and scientific studies
showed that the application of structures such as polymeric,
inorganic, and dendrimer nanoparticles, for example, can
release drugs in a controlled manner or have a more selective
application. As a result, Nanomedicine has a more efficient
impact on treatment, as the drugs are directed to where they
are needed [22-26].

Decontamination of Environments: Continuing with the
applications of nanotechnology in medicine, it also serves to
promote the decontamination of environments. This process
occurs through nanofibers, which are planted on surfaces.
This is an interesting way to prevent diseases, including
those in hospital, surgical, and outpatient environments,
which are naturally part of medical practice.

Regarding this topic, the study on nanomaterials and the
environmental issue in 2010 discovered that it is the most
effective material for commercial purposes of disinfecting
the environment [27].

Reconstruction of Synthetic Tissues: For example, it is
possible to nanofabricate cells for this purpose. This strategy
has been employed to treat burns and damage resulting
from diabetes, among other conditions. Nanotechnology
can also be used to make implants that are safer and more
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adherent to the patient’s tissue. Since nanoparticles enable
the creation of biological tissues based on the analysis of a
patient’s own DNA, this will reduce the chances of rejection
and the recovery time for patients [28-34].

Unblocking Veins and Arteries: Nanodevices will also be
able to help unclog veins and arteries. Nanotechnology is
being studied to create Nano-robots that can move around
inside our bodies and perform this type of procedure [35].
With nanorobotics and the simultaneous use of anticoagulant
agents, it will be possible to open a small channel in the
affected regions [36]. This use is essential for the treatment
of problems such as stroke, in which it is necessary to unclog
blood clots located in the brain. Once again, this solution will
help speed up treatment, reducing recovery time and the
chances of complications.

Nano-robots in the Fight Against Cancer: Another great
advantage of Nanomedicine is its potential to combat cancer
through Nano-robots, which target cancer cells directly,
rather than attacking the entire body.

Another example is the discovery made by researchers
at Arizona State University in the United States [37]. They
created nanodevices that surgically eliminate tumors by
blocking their blood supply. When they introduced the Nano-
robots into the bloodstream of test subjects, they noticed
that the diseased tissues were eliminated, while the healthy
ones remained intact. Therefore, the treatment only affects
the primary tumor, in addition to preventing the formation
of metastases. For now, this technique has only been tested
on laboratory rats suffering from melanoma, but it is already
showing encouraging results.

Better Medical Equipment: The applications of
nanotechnology in medicine can also impact the development
of medical devices [38]. With nanomaterials, it is possible to
create more sensitive and precise devices. One example of
this is the replacement of chemotherapy and radiotherapy
equipment, which causes a lot of pain to patients, with
innovative devices that have alower impact. Additionally, it is
possible to develop safer equipment. For example, syringes,
scalpels, and other instruments used in the daily lives of
health professionals are less susceptible to the proliferation
of microorganisms. Science is also seeking to give more
autonomy to medical equipment. For example, nanosensors
for the automatic detection of diseases, combined with
artificial intelligence, will enable the early diagnosis of
certain illnesses without human involvement.

Fighting the Coronavirus Pandemic: Finally, it is worth
noting that nanotechnology has also been used to combat
the coronavirus pandemic. Many researchers have begun
to investigate the development of technological fabrics with

Riella HG. Nanotechnology in Health Chemistry and Medicine: Current Challenges and Future

Directions. Nanomed Nanotechnol 2025, 10(4): 000348.

antimicrobial properties that can be reused and sterilized
quickly and efficiently. The idea is to make it possible to
inactivate not only viruses, butalso bacteria and fungi [39,40].
The results themselves demonstrate that nanomaterials
adhere to fabric fibers and inhibit bacterial growth.

In addition, nanoparticles were also used in the vaccine
study, which are capable of inducing significant immune
responses in in vivo tests.

We also identified important and vital sector in
Nanomedicine, which is nanoparticles that were found useful
in delivering myelin antigens, inducing immune tolerance
in a mouse model with relapsing multiple sclerosis. In this
technique, biodegradable polystyrene micro particles coated
with myelin sheath peptides will reset the mouse’s immune
system, thereby preventing the recurrence of disease and
reducing symptoms as the protective myelin sheath forms
a coating on the nerve fibers of the central nervous system.
This method of treatment can potentially be used in the
treatment of various other autoimmune diseases [41,42].

Final Considerations

Nanomaterials have increased surface area and
nanoscale effects, hence used as a promising tool for the
advancement of drug and gene delivery, biomedical imaging,
and diagnostic biosensors. Nanomaterials have unique
physicochemical and biological properties as compared to
their larger counterparts. The properties of Nano materials
can greatly influence their interactions with biomolecules and
cells, due to their peculiar size, shape, chemical composition,
surface structure, charge, and solubility.

As a result of these properties the medical practices
have become increasingly advanced and driven by new
technologies, manystillbelieve thatNanomedicineisaconcept
reserved for the distant future. The healthcare revolution
is driven by Nanotechnology that emphasizes preventive
population health management. Nanotechnology helps
resolve the problem of focused treatment administration,
reduces the danger of side effects and maximizes therapeutic
effectiveness. This technology offers enormous potential
markets and benefits, whole classes of current drugs.

Conceived in the 1970s and developed in Japan,
nanotechnology has advanced exponentially in recent years,
offering solutions that already benefit specialists today and
are poised to revolutionize the medical sector even further.

Among the most Promising Practices in the area are
those related to:
¢ Decontamination of environments;
« Fighting bacteria and viruses;
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» Development of more efficient medicines;
e Tissue regeneration.

The regenerative possibilities of nanotechnology already
bring promising prospects for the cure of diseases such as
Alzheimer’s and cancer.

Furthermore, minimally invasive methods with a deeper
capacity for interaction with the human body tend to speed
up diagnoses, such as HIV, which can be performed in less
than an hour, and non-invasive clot removal to prevent
strokes, among many other possibilities. As with all other
innovations in the healthcare field, nanotechnology still has
along way to go before it can be fully developed. The greatest
concern is linked to the field of genetic alterations, as it is
a relatively new field with possible adverse effects that are
still unknown in the long term. In addition, poor guidance
or incorrect medical conduct can also pose risks, as the
action of microdevices can end up damaging healthy cells
or altering biological processes. Nanotechnology applied
to medicine is very promising, but it depends on caution
and full attention to ethical and safety standards, so that it
can continue to bring benefits and new possibilities for the
health of the population. Among all the health technologies,
nanotechnology is the area that promises to bring the most
profound transformations to the entire medical sector,
generating significant advantages for patients and expanding
the possibilities of work for specialists.

Its applications and benefits are still in the process
of development and expansion, but all the possibilities
presented throughout the article prove that it is a reality that
is here to stay.

Nanomedicine is an upcoming medical field that uses
Nano technological expertise to prevent and treat severe
conditions, including cancer, cardiovascular disease, and
other illnesses. The latest advancements in nanotechnology
have allowed doctors to sensitize the action goals in
a live body by using nanoscale components, including
the biocompatibility of nanoparticles and Nano-robots.
Researchers are also using Nanomedicine to stimulate
immunotherapy. There have been extensive advancements in
nanomedicine in recent years that have expanded the market
for Nanomedicine. The applications in Nanomedicine, such
as Nano machine diagnostics, offer the capacity to monitor
the interior chemistry of the organ and allow direct access
to sick regions.

There is a very bright future for nanotechnology, by
its merging with other technologies and the subsequent
emergence of complex and innovative hybrid technologies.
Biology-based  technologies are intertwined with
nanotechnology; nanotechnology is already wused to
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manipulate genetic material, and nanomaterials are
already being built using biological components. The
ability of nanotechnology to engineer matter at the scale
is revolutionizing areas such as information technology,
cognitive science, and biotechnology, and is leading to new
and interlinking these and other fields. Further research in
nanotechnology can be helpful for every aspect of human
life. Medicine, regenerative medicine, stem cell research
and nutraceuticals are among the leading sectors that
nanotechnology innovations will modify. For example,
Nano particles can be used to produce exceptional images
of tumor sites; single-walled carbon nanotubes, have
been used as high-efficiency delivery transporters for
biomolecules into cells. There is a very bright future to Nano
technology, by its merging with other technologies and the
subsequent emergence of complex and innovative hybrid
technologies. Biology-based technologies are intertwined
with nanotechnology-nanotechnology is already used
to manipulate genetic material, and Nano materials are
already being built using biological components. The ability
of nanotechnology to engineer matter at the smallest scale
is revolutionizing areas such as information technology
cognitive science and biotechnology and is leading to new
and interlinking these and other fields. By further research
in nanotechnology, it can be useful for every aspect of human
life. Medicine, regenerative medicine, stem cell research and
nutraceuticals are among the leading sectors that will be
modified by nanotechnology innovations. This means that,
in the near future, nanotechnology will be a constant in
hospitals, offices, clinics, operating rooms, diagnostic centers,
among many other healthcare facilities! To prepare for this
new reality, specialists need more than ever to stay alert to
advances and innovations related to medical technologies.

What today seems distant and restricted to only a few
researchers will soon become indispensable for medicine as
a whole and also to meet the standards of health, well-being
and quality of life that will dictate the societies of the future!

Nanomedicine has Attracted Public Interest, Yet Sparks
about Safety and Health Risks:
Targeting Difficulties: more research is needed to improve
targeting and controlled release of nanoparticles in complex
fluids and tissues;
Regulatory Uncertainty: Food and drugs Administration
approval pathways for many nanotech-based therapies are
still being developed;
Manufacturing Complications: Controlling the synthesis
Delivery across the Blood-Brain Barrier: Most
nanoparticles have difficulty crossing the blood-brain
barrier;
Cost Barriers: High costs due to complex production
requirements and uncertainty about insurance coverage
restrict access and mainstream use
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