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Abstract:

Nanochemistry and nanomedicine have emerged as pivotal interdisciplinary fields that explore and exploit
matter at the nanoscale to address fundamental scientific challenges and practical applications, particularly
in healthcare. Originating from early conceptual foundations proposed by Richard P. Feynman and later
enabled by advances in nanotechnology and analytical tools, nanochemistry focuses on the controlled
synthesis, characterization and functionalization of nanomaterials. These developments have led to the
discovery of novel nanostructures such as nanoparticles, carbon nanotubes, nanoshells, quantum dots and
two-dimensional materials with unique optical, electronic and catalytic properties. The convergence of
nanochemistry with medicine has given rise to nanomedicine, which aims to improve drug delivery,
diagnostic imaging and therapeutic efficacy while minimizing toxicity and enhancing target specificity.
Despite remarkable progress and promising applications, challenges related to biocompatibility, toxicity,
pharmacokinetics and regulatory validation remain significant. Continued interdisciplinary research and
sustainable design strategies are essential for the safe and effective translation of nanochemical innovations
into clinical and industrial practice.
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I INTRODUCTION

Nanoscience and nanotechnology represent
transformative areas of modern science that have
reshaped our understanding of matter at the atomic
and molecular scales. Rooted in early conceptual
ideas proposed by pioneers such as Richard P.
Feynman the field has evolved rapidly with the
development of advanced analytical and fabrication
techniques that allow precise control over materials
at the nanoscale. Nanochemistry, as a distinct
discipline, plays a central role in this evolution by
enabling the rational design, synthesis and
functionalization of nanomaterials with tailored
properties. The integration of nanochemistry with
biology and medicine has further given rise to
nanomedicine, an interdisciplinary field aimed at
improving diagnosis, treatment and prevention of
diseases. = Through innovations such as
nanoparticles, carbon nanotubes, nanoshells and
multifunctional nanocarriers, nanomedicine offers
novel solutions to longstanding challenges in drug
delivery, imaging, and personalized therapy.

II EARLY CONCEPTUAL FOUNDATIONS

The conceptual origin of nanoscience can be traced
to the famous lecture delivered by physicist
Richard P. Feynman in 1959 titled “There’s
Plenty of Room at the Bottom.” In this lecture,
Feynman proposed the possibility of manipulating
matter at the atomic and molecular levels. Although
the term “nanochemistry” was not used at the time,
his ideas laid the foundation for nanoscale research
by emphasizing atomic-level control and
miniaturization.

Traditional chemistry had long dealt with atoms
and molecules, but the ability to intentionally
design and manipulate structures at the nanoscale
was not technologically feasible during this period.
Nevertheless, Feynman’s vision inspired future
researchers to explore the chemical implications of
nanoscale materials.

I DEVELOPMENT OF NANOTECHNOLOGY
AND CHEMICAL CONTROL

The term “nanotechnology” was introduced in
1974 by Norio Taniguchi, referring to precision
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engineering at the nanometer scale. During the late
20th century, advancements in analytical and
imaging tools played a crucial role in transforming
theoretical ideas into practical applications. The
invention of the Scanning Tunneling Microscope
(STM) in 1981 and the Atomic Force Microscope
(AFM) in 1986 enabled scientists to visualize and
manipulate atoms and molecules directly.

These developments marked a turning point for
chemistry, as researchers could now synthesize and
characterize nanomaterials with controlled size,
shape, and surface properties. This period
witnessed the emergence of nanochemistry as a
distinct discipline focusing on nanoscale synthesis,
self-assembly, and molecular interactions.
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Fig. 1 Development of Nanotechnology and Chemical Control

IV GROWTH OF NANOCHEMISTRY AS A
SCIENTIFIC DISCIPLINE

During the 1990s, nanochemistry gained
recognition as an independent field. The discovery
of fullerenes (Cso) by Kroto, Curl, and Smalley in
1985, followed by carbon nanotubes and later
graphene, demonstrated the extraordinary
properties of nanoscale materials. Chemists began
exploring nanoparticles, quantum dots,
nanoclusters, and nanocomposites, emphasizing
bottom-up synthetic approaches based on chemical
principles.

Nanochemistry expanded into areas such as
colloidal chemistry, surface chemistry, catalysis,
and supramolecular chemistry.  Controlled
chemical synthesis enabled the development of

nanomaterials for applications in electronics,
medicine, energy storage, and environmental
remediation.
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V MODERN ADVANCES AND APPLICATIONS
In the 21st century, nanochemistry has become
integral to advanced research and industrial
innovation. Modern nanochemical research focuses
on green synthesis methods, functional
nanomaterials, and biocompatible nanoparticles.
Nanochemistry plays a vital role in drug delivery
systems, biosensors, renewable energy
technologies, and advanced catalysts.

Recent developments emphasize sustainable and
eco-friendly approaches, aligning nanochemistry
with the principles of green chemistry. The field
continues to evolve through interdisciplinary
collaboration, computational —modeling, and
advanced characterization techniques.

Modern Advances and Applications in Nanochemistry

. -3
=F‘lg 4. Modern Advances and Applications in Nanochemistfy“
VI RECENT TRENDS IN NANOCHEMISTRY
In the last decade, nanochemistry has transitioned
from primarily synthesis-oriented research to a
highly interdisciplinary domain, integrating
insights from materials science, biology, physics,
and computational chemistry. One of the most
significant recent trends is the development of
precise, controlled synthesis techniques that allow
chemists to tailor nanoparticles with specific sizes,
shapes, and surface chemistries. This precision
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enables fine-tuning of optical, electronic, and
catalytic properties for targeted applications.

A major focus has been the advancement of green
and sustainable synthesis methods. Traditional
nanomaterial synthesis often relies on hazardous
chemicals, high energy inputs, and solvents that are
harmful to the environment. Recent research
prioritizes eco-friendly approaches such as plant—
mediated synthesis, microbial synthesis, and
solvent-free techniques, which reduce
environmental impact while maintaining high
material ~ quality.  These  methods  align
nanochemistry with the broader principles of green

chemistry, promoting sustainability — without
compromising performance.
Another important trend is the rise of

biocompatible and multifunctional nanomaterials,
particularly  for  biomedical  applications.
Nanoparticles are being engineered for targeted
drug delivery, diagnostic imaging, and theranostics
(combined therapy and diagnostics). Surface
functionalization with ligands, antibodies, or
polymers enhances specificity and reduces toxicity.
For example, lipid-coated iron oxide nanoparticles
are used for both magnetic resonance imaging
(MRI) and controlled drug release, demonstrating
the convergence of nanochemistry and medical
science.

Perovskite nanocrystals have emerged as a
breakthrough class of materials, particularly for
optoelectronic  applications including light-
emitting diodes (LEDs), photovoltaics, and lasers.
Their tunable bandgaps and high quantum yields
make them attractive for next-generation energy
and display technologies. Nanochemistry is critical
for stabilizing perovskite structures and controlling
defects that affect performance and durability.
Two-dimensional (2D) nanomaterials, such as
graphene, transition metal dichalcogenides
(TMDCs), and MXenes, continue to be active
research areas. These materials exhibit exceptional
electronic, mechanical, and catalytic properties due
to their high surface-to-volume ratios and unique
electronic structures. Efforts in nanochemistry
focus on scalable synthesis, defect engineering, and
hybridization with other nanomaterials to realize
multifunctional composites for energy storage,
sensing, and catalysis.

In the realm of energy and sustainability,
nanochemistry has enabled significant
improvements in catalysis and energy conversion
systems. Nanostructured catalysts with engineered
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active sites have demonstrated enhanced efficiency
for processes such as water splitting for hydrogen
production, carbon dioxide reduction, and fuel cell
reactions. Nanostructured electrodes in batteries
and supercapacitors offer higher charge capacities,
faster ion transport, and improved cycling stability.
Computational nanochemistry and machine
learning (ML) are increasingly influential in
guiding experimental design. By integrating
density functional theory (DFT) calculations,
molecular dynamics, and ML algorithms,
researchers can predict stable nanoparticle
structures, reaction pathways, and property trends
without extensive trial-and-error synthesis. This in
silico approach accelerates material discovery and
reduces resource consumption.

Finally, environmental nanochemistry has gained
prominence as concerns about pollution and
climate change intensify. Nanomaterials are being
developed for water purification, air filtration, and
pollutant degradation, including photocatalytic
systems that use nanostructured semiconductors to
break down organic contaminants under sunlight.
These applications highlight the potential of
nanochemistry to deliver technological solutions to
global environmental challenges.

Recent Trends in Nanochemistry

Precise Nanoparticle Synthesis

Fig 4. Recent Trends in Nanochemistry

VII WHAT IS NANOMEDICINE?

The convergence of nanotechnology and medicine
has led to the interdisciplinary field of
nanomedicine. Advances in genetics, proteomics,
molecular and cellular biology, material science,
and bioengineering have all contributed to this
developing field, which deals with physiological
processes on the nanoscale level. Many of the inner
workings of a cell naturally occur on the nanoscale
level, since the dimensions of many biologically
significant molecules like water, glucose,
antibodies, proteins, enzymes, receptors, and
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hemoglobin are already within the nanoscale
range Many researchers are currently working on
medical treatments, devices, and instruments that
use nanotechnology to increase efficacy, safety,
sensitivity, and personalization. Potentially
beneficial properties of nanotherapeutics include
improved bioavailability, reduced toxicity, greater
dose response, and enhanced solubility compared
with conventional medicines.

VIII CARBON NANOTUBES

Carbon nanotubes are composed of a distinct
molecular form of carbon atoms that give them
unusual thermal, mechanical, and electrical
properties. For example, they are 100 times

stronger than six times their weight in
steel.> Carbon nanotubes modified  with
polyethylene glycol (PEG) are surprisingly

stable in vivo, with long circulation times and low
uptake by the reticuloendothelial system
(RES). Carbon nanotubes have been used for the
delivery of imaging and therapeutic agents and in
the transport of DNA molecules into cells. The
nanoscale dimensions of single-walled and
multiwalled carbon nanotubes, along with their
electrocatalytic properties and high surface area,
have compelled researchers to utilize them as
nanoelectrodes.

IX CARBON NANOSHELLS

Carbon nanoshells are composed of a silica core
that is covered by a thin metallic shell, usually
composed of gold. Carbon nanoshells have an
ability to scatter light, a feature that is useful for
cancer imaging. However, their primary use
continues to be in  thermal ablation
therapy. Alternatively, focused lasers have been
useful for cancer thermotherapy, but they cannot
discriminate between diseased and healthy
tissue. However, when carbon nanoshells are used
for targeting in thermal ablation therapy, thermal
energy passes through healthy tissue without
causing harm, killing only the targeted tumor
cells. In mice, carbon nanoshells and near-infrared
spectroscopy (NIRS) thermal ablation therapy
completely eliminated colon carcinoma cell
tumors in vivo.
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X POTENTIAL ADVANTAGES OF
NANOMEDICINE

Nanomedicines might someday provide answers to
longstanding problems in medical research,
ranging from poor drug solubility to a lack of target
specificity for therapeutic
compounds. Nanomedicine also has tremendous
promise as a noninvasive tool for diagnostic
imaging, tumor detection, and drug delivery
because of the unique optical, magnetic, and
structural properties of NPs that other tools do not
possess.

Nanomedicine presents new opportunities to
improve the safety and efficacy of conventional
therapeutics. Drugs with low bioavailability can
now be targeted directly to the site required. The
large surface area and greater reactivity of NPs may
allow dose reduction of a drug, which can improve
toxicity profiles and patient compliance. The large
surface area of NPs can also increase the
dissolution rate, saturation solubility, and
intracellular uptake of drugs, improving in
vivo performance. Combining encapsulation,
release modalities, and surface modifications to
improve therapeutic targeting or bioavailability
could improve the efficacy of NP formulations
several-fold compared with bulk
counterparts. Targeted NPs can also transport large
doses of therapeutic agents into malignant cells
while sparing normal, healthy cells.

One of the most exciting applications of
nanomedicine is the use of multifunctional NP
complexes for simultaneous non-invasive targeting,
imaging, and treatment. Multifunctional NPs for
cancer treatment can potentially include a variety
of tumor targeting ligands as well as imaging and
therapeutic agents that allow noninvasive
monitoring and treatment. Multifunctional NPs that
include fluorescent dyes can also provide in
vivo imaging of biologic events during drug
administration as well as potential diagnostic labels
for the early detection and localization of tumors.
Recent research efforts are also focused on
developing magnetic NPs for the targeted delivery
of various therapeutic or diagnostic agents. Interest
in magnetic NP targeting applications is inspired by
the possibility of detecting the particles by MRI and
then correlating the results with histologic findings
after treatment. Polymer/SPIO composites are the
most common NPs wused for theranostics
(diagnostics). More than one cancer drug can also
be incorporated on a polymer/IO conjugate
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backbone. The drugs can be released at the tumor
site, allowing them to act together synergistically,
potentially achieving higher efficacy. Because
SPIO NPs generate heat when exposed to an
alternating field, electromagnetic fields can also be
applied externally for remote activation of SPIO
NPs for thermal ablation therapy.
Nanotechnologies have already transformed
genetic and biological analysis through devices that
examine molecular biomarkers. Compared with
conventional modalities, these tests can be
conducted more rapidly, reliably, and cost
effectively viain vitroand in vivo diagnostic
technologies that, for example, might use
nanochips or QDs. Nanotechnologies can also
produce diagnostic devices that are more sensitive
and can detect earlier signs of metabolic
imbalances, which can assist in the prevention of
diseases like diabetes and obesity. The continued
application of nanotechnologies to produce better
and more cost-effective means of detecting
molecular biomarkers will also open the way to the
more routine practice of personalized medicine.

XI CHALLENGES FOR NANOMEDICINE
Despite the benefits that nanomedicine has to offer,
much research is still required to evaluate the safety
and toxicity associated with many NPs. Much of
nanomedical research has concentrated on drug
delivery, with relatively few studies focusing on the
pharmacokinetics or toxicity of NPs. Investigating
NP pharmacokinetics, pharmacodynamics, and
potential long-term toxicity in vivo is essential to
monitoring the effects of NPs on patient
populations. Validating every nanotherapeutic
agent for safety and efficacy, whether drug, device,
biologic, or combination product, presents an
enormous challenge for researchers and the FDA,
which is currently struggling to formulate testing
criteria and accumulate safety data.

Studies are also needed to assess the
immunogenicity of NPs. Nanotherapeutics and
diagnostics may present unexpected toxic effects
because of increased reactivity compared with their
bulk counterparts. The most frequently reported
side effect after injection of a nanotherapeutic agent
seems to be a hypersensitivity reaction, which may
be caused by activation of the immune complement
system. The main molecular mechanism for in
vivo NP toxicity is thought to be the induction of
oxidative stress through the formation of free
radicals. In excess, free radicals can cause damage
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to lipids, protein, DNA, and other biological
components through oxidation. Several authors
have reported that intrinsic characteristics of NPs,
such as aspect ratio and surface area, can be pro-
oxidant and pro-inflammatory. However, the
formation of free radicals in response to an NP can
also have other causes, such as the reaction of
phagocytic cells to foreign material, insufficient
antioxidants, the presence of transition metals,
environmental factors, and other intrinsic chemical
or physical properties.

Research to evaluate the size and surface properties
of NPs may also help to identify the critical
dimensions at which they tend to significantly
accumulate in the body. NPs have an increased
ability to cross biological barriers and therefore
have the potential to accumulate in tissues and cells
because of their small size. The possible tissue
accumulation, storage, and slow clearance of these
potentially free radical-producing particles, as well
as the prevalence of numerous phagocytes in the
RES, may make organs such as the liver and spleen
the main targets of oxidative stress.

This lack of data about potential toxicity issues
forces  nanomedical research to  focus
predominantly on polymer NPs, for which safety
and efficacy data already exist. In fact, several
nanomedicines containing polymer NPs are already
approved by FDA. Unlike other materials that may
become toxic in NP form, the lipid NPs are also
considered to  be  biocompatible  and
tolerable. Consequently, biodegradable, soluble,
nontoxic NPs, such as polymers, liposomes, and IO
particles, are much more desirable to use in
nanomedicines than biopersistent components
are. The use of NPs like carbon nanotubes, QDs,
and some metallic nanocarriers that are not
biodegradable might be more problematic. This
characteristic need not discourage nanomedical
research with these NPs but should reinforce efforts
to identify additional biodegradable shapes,
materials, and surface treatments.

XII CONCLUSION

In conclusion, nanochemistry and nanomedicine
have emerged as powerful and dynamic fields with
significant scientific, technological and societal
impact. Advances in nanoscale synthesis,
characterization and functionalization have enabled
the development of materials with unprecedented
properties and applications, particularly in
healthcare. Nanomedicine holds immense promise
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in enhancing therapeutic efficacy, reducing toxicity,
enabling targeted drug delivery and advancing
diagnostic and theranostic technologies. However,
despite these advantages, critical challenges related
to safety, toxicity, immunogenicity and long-term
environmental and biological effects remain.
Addressing these challenges requires rigorous
interdisciplinary research, standardized regulatory
frameworks and a strong emphasis on
biocompatible and sustainable nanomaterials. With
continued innovation and responsible development,
nanochemistry and nanomedicine are poised to
play a crucial role in the future of science, medicine
and sustainable technology.

REFERENCES

1. Feynman, R. P. (1960). There’s plenty of room
at the bottom. Engineering and Science,
23(5), 22-36.

2. Taniguchi, N. (1974). On the basic concept of
nanotechnology.  Proceedings of the
International Conference on Production
Engineering, Tokyo, Japan.

3. Kroto, H. W., Heath, J. R., O’Brien, S. C., Curl,
R. F., & Smalley, R. E. (1985). Ceo:
Buckminsterfullerene. Nature, 318(6042),
162-163.
https://doi.org/10.1038/318162a0

4. Rao, C. N. R., Miiller, A., & Cheetham, A. K.
(2004). The Chemistry of Nanomaterials:
Synthesis, Properties and Applications.
Wiley-VCH.

5. Whitesides, G. M. (2005). Nanoscience,
nanotechnology, and chemistry. Small, 1(2),
172-179.
https://doi.org/10.1002/smll.200400130

6. Xia, Y., Xiong, Y., Lim, B., & Skrabalak, S.
E. (2009). Shape-controlled synthesis of
metal nanocrystals. Angewandte Chemie
International Edition, 48(1), 60-103.
https://doi.org/10.1002/anie.200802248

7. Kharissova, O. V., Dias, H. V. R., Kharisov,
B. 1., Pérez, B. O., & Pérez, V. M. J. (2013).
The greener synthesis of nanoparticles.
Trends in Biotechnology, 31(4), 240-248.

8. Geim, A. K., & Novoselov, K. S. (2007). The
rise of graphene. Nature Materials, 6(3),
183-191.

. Wang, Y., Li, Z., Wang, J., Li, J., & Lin, Y.
(2011). Graphene and graphene oxide:
Biofunctionalization and applications in

Ne)

10.

11.

12.

13.

14.

15.

16.

17.

Available at www.ijsred.com

biotechnology. Trends in Biotechnology,
29(5), 205-212.

Ahmed, S., Ahmad, M., Swami, B. L., &
Ikram, S. (2016). Green synthesis of silver
nanoparticles using plant extracts. Journal of
Advanced Research, 7(1), 17-28.

Poirot-Mazeres 1. Legal aspects of the risks
raised by nanotechnologies in the field of
medicine. J Int Bioethique. 2011;22(1):99—
118. 212. doi: 10.3917/jib.221.0099. [DOI]
[PubMed] [Google Scholar]

Bawa R. Regulating nanomedicine—can the
FDA handle it? Curr Drug Deliv.
2011;8(3):227-234. doi:
10.2174/156720111795256156. [DOI]
[PubMed] [Google Scholar]

Galvin P, Thompson D, Ryan KB, et al.
Nanoparticle-based drug delivery: Case
studies for cancer and cardiovascular
applications. Cell Mol Life Sci.
2012;69(3):389—404. doi: 10.1007/s00018-

011-0856-6. [DOI] [PMC free article]
[PubMed] [Google Scholar]
Bharali DJ, Mousa SA. Emerging

nanomedicines for early cancer detection
and improved treatment: Current perspective
and future promise. Pharmacol Ther.
2010;128(2):324-335. doi:
10.1016/j.pharmthera.2010.07.007. [DOI]
[PubMed] [Google Scholar]

Sajja HK, East MP, Mao H, et al
Development of multifunctional
nanoparticles for targeted drug delivery and
noninvasive imaging of therapeutic effect.
Curr Drug Discov Technol. 2009;6(1):43-51.
doi: 10.2174/157016309787581066. [DOI]
[PMC free article] [PubMed] [Google
Scholar]

Seigneuric R, Markey L, Nuyten DS, et al.
From nanotechnology to nanomedicine:
Applications to cancer research. Curr Mol
Med. 2010;10(7):640-652. doi:
10.2174/156652410792630634. [DOI]
[PubMed] [Google Scholar]

Bhaskar S, Tian F, Stoeger T, et al.
Multifunctional Nanocarriers for diagnostics,
drug delivery and targeted treatment across
blood-brain  barrier:  Perspectives on
tracking and neuroimaging. Part Fibre
Toxicol. 2010;7:3. doi: 10.1186/1743-8977-

ISSN: 2581-7175

©IJSRED: All Rights are Reserved

Page 11



International Journal of Scientific Research and Engineering Development-— Volume 9 Issue 1, Jan-Feb 2026
Available at www.ijsred.com

7-3. 3. [DOI] [PMC free article] [PubMed]
[Google Scholar]

18. What’s so special about the nanoscale?
National Nanotechnology Initiative.
Available at: www.nano.gov/nanotech-
101/special. Accessed June 7, 2012.

19. Nanotechnology. FDA Science & Research.
Available
at: www.fda.gov/ScienceResearch/Special T
opics/Nanotechnology/default.htm.
Accessed June 7, 2012.

20. Vaddiraju S, Tomazos I, Burgess DJ, et al.
Emerging synergy between nanotechnology
and implantable biosensors: A review.
Biosens Bioelectron. 2010;25(7):1553-1565.
doi: 10.1016/j.b10s.2009.12.001. [DOI]
[PMC free article] [PubMed] [Google
Scholar]

ISSN: 2581-7175 ©I1JSRED: All Rights are Reserved Page 12



