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Summary

Advancements in nanotechnology, microelectronics, bioengineering, biotechnology, and
biomedical engineering have brought together various disciplines, enabling the develop-
ment of new technologies and original devices. However, there are many gaps in practical
applications based on theoretical knowledge. Taking this reality into account, the aim of
this book is to provide a wide range of information in the field of biosensors, from basic
to advanced levels, contribute to establishing at least a fundamental understanding among
different disciplines, and explain the impact of nanotechnology on the development of
biosensors.

This book will provide an opportunity for the formation and contemporary examina-
tion of various sensor platforms, ranging from microfluidic microbial fuel cell technologies
to cancer and microbial-origin diseases, and even to the detection of bioterrorism agents.
Aimed at providing a comprehensive approach from the synthesis of smart nanomaterials,
which contribute significantly to sensitivity in biosensors, to their applications, as well as
to existing characterization methods and application areas, our book aims to offer detailed
information on these topics. It also aims to effectively detail the place, connection, and
fundamental building blocks that disciplines need to know about each other in the inte-
gration of biosensors into life. Thus, it will be possible to appropriately convey the current
knowledge of the basic principles and applications of the most innovative technologies.
This book has been created by 15 different researchers who are experts actively working
in the fields of Microelectromechanical Systems (MEMS), electronics, chemistry, mate-
rials science, molecular biology, microbiology, and biotechnology. The book consists of
four main sections: Section 1 will provide information on biosensors, recognition recep-
tors, biomarkers, MIP-based biosensors, biyomolecular interactions, and surface chemis-
try for biosensors. Section 2 will discuss the applications of nanomaterials in biosensors
and diagnostics, along with the latest trends such as quantum dots, carbon nanotubes,
metal nanoparticles, molecularly imprinted nanostructures, magnetic nanomaterials, and
graphene applications. The impact of smart nanomaterials on biosensors, the ultra-sen-
sitivity of boron materials in biosensors with many unknowns, and the characterization
and analysis of biosensors will be covered in this section. Section 3 will provide extensive
information on MEMS from proof of concept to production, design and simulations for
diagnosis, and microfluidic microbial fuel cell technology in biosensor research.
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In the 4th section, detailed information will be shared about the development of optical
sensors, factors influencing their sensitivity, optical measurement methods and applica-
tion areas. The final section will be completed by providing information about applications
developed for the rapid detection of cancer, agriculture, as well as future biosensor studies,
deficiencies, and expectations. The primary audience targeted is undergraduate and grad-
uate students, researchers, scientists, regulators, consultants, and engineers. Additionally,
contributors to the book have been requested to use a pedagogical tone to accommodate
the needs of novice researchers such as doctoral students and postdoctoral researchers.
It is possible to find the answer to how to develop the best biosensor by examining the
processes carried out by the fundamental disciplines that constitute the biosensor field.
All relevant and important subtopics have been presented in a single book to provide a
comprehensive and understandable handbook in the field. Educational purposes have also
been considered during the creation of this book; therefore, it has the potential to be used
as a textbook in universities and research institutes. The complexity and flow of the book
are suitable for all students interested and engaged in the field.
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Preface

One of the biggest gaps in diagnosing diseases ranging from infectious diseases to cancer
is early diagnosis. Today, biosensor technology has the potential to revolutionize early di-
agnosis of many diseases in a cost-effective, fast, and reliable manner. Biosensor technol-
ogy has been shaped by contributions from various disciplines such as chemistry, physics,
engineering, biology, medicine, and pharmacy, from the design and production to the op-
timization of biosensors. Therefore, this book provides answers to the question of which
stages are involved in developing a biosensor and what its final application areas are. The
aim of this book is to provide a broad range of information, from basic knowledge to
applications in the field of biosensors. Today, from biomedical engineering to materials
engineering, and from medicine to pharmacy, this book serves as a fundamental resource
for all courses related to biosensors in master’s and doctoral programs at various institutes
in Turkey and around the world. Especially for higher education candidates, researchers,
and those new to biosensors, this source book will help them easily understand the con-
tributions and impacts of different disciplines in the development of biosensors and their
applications. It aims to convey the fundamentals and applications of innovative technol-
ogies accurately. Composed of 10 separate chapters written by 15 active and experienced
researchers in the field, this book covers all related subtopics and serves as an easily un-
derstandable handbook for anyone interested in this field. It is hoped that this book will
provide endless contributions to everyone interested in the field of biosensors.

November 2024

Stimeyra SAVAS§

Department of Clinical Microbiology of Medical School

Bandirma Onyedi Eyliil University, Bandirma-Balikesir, TURKIYE
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CHAPTER 1

General Introduction of Biosensors

Murat CEVEN', Siimeyra SAVAS ?

ABSTRACT

Biosensors are devices designed to detect a specific biological analyte, essentially con-
verting a biological entity (e.g., protein, DNA, RNA) into an electrical or optical signal
for detection and analysis. Binding with high-affinity biomolecules enables the precise
and selective detection of various analytes. This article provides a general introduction
to biosensors and biosensing technologies, offering a brief overview of key developments
in the field, the diversity of biomolecular sensing strategies, and the expansion of nano-
technological approaches that are now available. Biosensors are widely used today not
only in biomedical diagnostics but also in areas such as real-time monitoring of treatment
and disease progression, environmental monitoring, food control, drug discovery, foren-
sic science, and biomedical research. Recent studies suggest that biosensors or sensors
based on biological materials hold great promise for rapid and on-site analyte detection
in various fields.

Electronics and Communication Engineer, ZETA Defense Inc. Istanbul, Tiirkiye
murat.ceven@zetasavunma.com, ORCID iD: 0009-0001-0405-9056

Assoc.Prof.Dr. Bandirma Onyedi Eyliil University,Medical School, Clinical Microbiology Department.
Bandirma, Balikesir, Tiirkiye ssavas@bandirma.edu.tr, ORCID iD: 0000-0003-0731-200X
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CHAPTER 2

Design, Fabrication of Optical
Sensors and Applications

Faruk TAKAOGLU !

ABSTRACT

As is known, semiconductor materials can be categorized according to whether they have
direct or indirect energy bands. It is known that materials with direct band gaps can be
used as both illumination and sensing sources. Indirect bandgap materials are mostly used
in the production of sensor products. Innovative methods used in designing and pro-
ducing sensors require integrating the relevant materials into the electronic interface and
creating a communication infrastructure to the desired standards. These requirements
bring innovations in housing, guiding, electronic connection, and integration. The lim-
its of Moore’s law, developing photonics-based technologies and fiber technologies offer
different solutions in the field of imaging and sensing. In the future, hybrid systems that
may emerge with the development of quantum technologies will offer different sensitivity,
different detection, and different types of examination in many fields.

This chapter will discuss the capabilities of direct and indirect materials with the coat-
ing technologies used today, their working principles, and the differences in their usage
areas. The areas of use of the developed and to be developed in the future sensor systems
will be informed and their potential application areas will be mentioned.

' Dr, The Scientific and Technological Research Council of Tiirkiye (TUBITAK), BILGEM, UEKAE, Kocaeli,
Tiirkiye, faruk.takaoglu@tubitak.gov.tr, ORCID iD: 0000-0003-0828-2017
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rather than deterministic leads to the need to minimize the noise factor of the relevant
technology. After the problem is overcome, photonic integrated circuit designs will have
quantum properties, and quantum task computers with precise, fast, and low energy con-
sumption will be used in many sectors soon.

Today, the widespread use of fiber optics and fiber sensors is a visible fact. In addition,
with the development of technology, developments such as sensor laboratories can be
expected where the measurement result will be detailed and interpreted on the sensor
and produce results. In the future, optical sensors and fiber sensors can be integrated
with measurement devices and smartphones, and combined with IoT. Depending on the
type of sensor used, the information obtained during the measurement can be interpreted
instantly and the laboratories can be moved to the field with the opportunity to make
analyses during the inspection by offering highly mobile systems after the measurement.
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CHAPTER 3

From Proof-of-Concept to Product:
Design and Simulation of MEMS for
Diagnosis

Sinan YIGIT!

ABSTRACT

Microelectromechanical systems (MEMS) combine mechanical and electronic compo-
nents on a microscopic scale which are fabricated by the help of semiconductor fabrica-
tion techniques. These devices include sensors (gyroscopes, inertial measurement units,
accelerometers, etc. ) and actuators (micro-pumps, valves, micro-motors, etc.) and have
applications in automotive, consumer electronics, healthcare, and aerospace. On the oth-
er hand, MEMS technology is significantly essential in biological detection and analysis,
facilitating rapid identification of bacterial and viral infections through sensitive sensors
that analyze physical, biological, chemical phenomena by transducing electrical or me-
chanical changes. As being one type of MEMS technology, lab-on-a-chip devices enable
real-time testing, while microfluidic MEMS assist in precise biomolecular detection for
medical diagnostics and environmental monitoring. Besides that, MEMS are being re-
searched for their use in studying neurodegenerative diseases by measuring neural activi-
ty. In cardiovascular health, MEMS sensors in wearable devices monitor vital parameters
such as heart and breath rate, providing early detection and timely intervention of car-
diovascular diseases. Overall, MEMS technology yields compact, sensitive, and efficient
devices that enhance diagnostics and treatments across various medical fields.
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devices. By linking the modified properties of a device to its faulty behaviors through elec-
tromechanical simulation, DFT (Design for Testability) techniques can be developed to
mitigate defects, make them more manageable, and enhance detectability. This approach
also assists in problem diagnosis by pinpointing faulty processing steps.

This methodology can be advantageous for commercial uses since biosensor sector is
rapidly developing because of the developments in micro and nanofabrication (25).

CONCLUSION

MEMS technology experienced substantial growth in the 1980s and 1990s due to im-
provements in semiconductor manufacturing. However, it now faces challenges such as
the need for better performance, functionality, size, energy consumption, and cost-effec-
tiveness. To enable commercialization and cost reduction, manufacturing processes need
to advance. 3D printing offers potential solutions to traditional lithographic manufactur-
ing challenges, though it still encounters issues like lack of size consistency and thermal
shrinkage.

This chapter reviewed significant MEMS-based biosensors, including those based on
research and those commercially available, that can be used in medical equipment for de-
tecting various pathogens or recognizing different diseases. The shift in MEMS is moving
towards nanoelectromechanical systems (NEMS), which are more compact, lightweight,
and higher performing, but they face hurdles in assembly and packaging. Despite these
obstacles, the field is progressing, with potential applications such as faster disease diag-
nosis and IoT (internet of things) healthcare solutions.
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CHAPTER 4

Biomolecular Interactions and Surface
Chemistry for Biosensors

Canan Buse ABDUL !, Giinseli GUNEY 2, Ilke GUROL?

ABSTRACT

Biosensors gain more importance after covid-19 pandemic thanks to their highly selective
and sensitive measurements against for the designed molecule with quite short response
times comparing to modern molecular biological techniques that are used for diagnosis.
Moreover, a well-designed biosensor can perform measurements that can distinguish the
concentrations of the detected target molecules. Here, the importance of well-modified sur-
face of a sensor comes to play. To be able to modify a sensor’s electrode surface it is impor-
tant to know the aspects of the surface material and its probable interactions. In this chapter,
strategies for immobilizing the biorecognition molecules, and minimizing the non-specific
interactions to enhance the signal transduction will be mentioned. To improve the stability
and the reusability of the sensors there are various modification techniques that can be per-
fomed; however, self-assembled monolayers, also known as SAMs, take the functionality of
the biosensors next level by offering controlable compositions and customizable surfaces at
molecular level. Thic chapter also examines the principles from SAM formation on sensor
surface to SAM modifications for biorecognition element immobilizations.
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Whole-Cell Sensors

Microbial whole-cell biosensors (MWCBs) are type of a sensor that uses a whole cell as
the reporter spontaneously, such as the production of reporter protein in response of an
environmental variable (38). Thanks to well-controlled mechanism of cells, false-positive
response chance is quite low with a well-designed cellular pathways. MWCBs are mostly
used in environmental and agricultural monitoring of heavy metals, pesticides, organic
compounds, and microbiome interactions (38).

For bioremediation purposes, Kumari and their team with use of resistance and re-
moval of lead, copper, and cadmium properties of Bacillus megaterium were investigated,
and the genes that are responsible for appointed (39). Studies showed that B. megaterium
has a potential for multiple metal removal for industrial residues (39).

In the study, Reyes and their team developed a photoluminescence assay for the de-
tection for the most common pathogens of urinary tract infections Candida albicans, Es-
cherichia coli, Staphylococcus aureus, and Proteus mirabilis via Photobacterium leiognathid
(40). Normally, to detect the pathogen culturing techniques would take about 2 days; how-
ever, with this biosensor pathogen and their concentration above the infection threshold
can be detected (40). This biosensor has the potential for reducing antimicrobial resist-
ance due to wrong diagnosis, too.

CONCLUSIONS

The SAM structures and biosensors mentioned above highlight the importance of the
use of the self-assembled monolayer formation technique in terms of controlled sensing
surface formation for biosensor structures. Each SAM method has its own advantages and
disadvantages on sensor surfaces. Maintaining the structural integrity of the substrates is
important for achieving the desired orientation and optimizing the layer thickness and
choosing a logical methodology for the immobilization of biomolecules onto the sensor
surface.
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CHAPTERS

Crafting Tomorrow’s Diagnostics: Metal
Nanoparticles in Biosensors — Types,
Synthesis, and Future Frontiers in
Health, Environment, and Food Safety

Melike SARICAM !

ABSTRACT

This chapter offers an in-depth exploration of the incorporation of metal nanoparticles
(MNPs) into biosensors, showcasing their pivotal role in revolutionizing diagnostic tech-
nologies across a range of sectors, including healthcare, environmental monitoring, and
food safety. The unique physicochemical properties of MNPs such as their high surface
area-to-volume ratio, distinctive optical and electrical behaviors, and catalytic potential
have made them indispensable in developing highly sensitive and specific biosensing plat-
forms. The chapter systematically categorizes the various types of nanomaterials used in
biosensors, including gold, silver, palladium, platinum, copper, nickel, iron oxide, zinc
oxide and titanium oxide nanoparticles, and highlights their applications in critical areas
such as real-time disease detection, pollutant monitoring, and foodborne pathogen iden-
tification. It also delves into the synthesis methods as chemical reduction, green synthesis,
polyol process, sol-gel method, microwave-assisted, laser ablation, seed-mediated growth,
photochemical reduction, electrochemical reduction, sonochemical reduction, hydro-
thermal and solvothermal, Moreover, the chapter examines the technical, regulatory, and
commercialization challenges that hinder the broader adoption of these technologies, par-
ticularly in ensuring reproducibility, stability, and scalability. Looking forward, the chap-
ter discusses emerging trends, including innovations in point-of-care diagnostics and the
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CHAPTER 6

Empowering Biosensors: The Surface
Functionalization Strategies of Metal
Nanoparticles for Enhanced Diagnostics

Melike SARICAM ', Siimeyra SAVAS ?

ABSTRACT

This chapter delves into the critical role of metal nanoparticles (MNPs) in biosensor ap-
plications, where their unique properties, including high surface area-to-volume ratios,
distinctive electronic and optical behaviors, and customizable surfaces, have positioned
them as valuable tools across healthcare, environmental monitoring, and food safety di-
agnostics. The chapter comprehensively explores both chemical and physical methods for
surface functionalization, highlighting how these techniques improve MNP stability, reac-
tivity, and biocompatibility. Specific chemical approaches, such as thiol-metal chemistry,
silane coupling, carbodiimide chemistry, and maleimide-thiol interactions, enable the ro-
bust attachment of biomolecules to nanoparticle surfaces. Physical methods like electro-
static forces, Van der Waals interactions, and polymer coatings offer additional versatility.
Advanced techniques, including bioconjugation through the biotin-streptavidin system,
aptamer functionalization, and innovative approaches such as Layer-by-Layer assembly
and click chemistry, provide enhanced specificity and stability essential for high-perfor-
mance biosensors. The chapter also examines the technical, regulatory, and scalability
challenges that must be addressed to broaden MNP-based biosensor applications, par-
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safety. However, for MNP-based biosensors to reach their full potential, overcoming

challenges in reproducibility, stability, and scalability is critical. Continued innovation

in functionalization strategies and biosensor design, combined with regulatory efforts to

standardize and validate methods, will facilitate broader adoption and integration into re-

al-world diagnostics. As research progresses, particularly in point-of-care and Al-driven

applications, MNP-based biosensors are poised to make a transformative impact on global

health and sustainability, offering robust solutions for a safer and more efficient future in

diagnostics.
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CHAPTER 7

Boron Effects Ultra-Sensitive Detection
of Biosensor

Mirag KAMISLIOGLU ', Biilent BUYUK ?

ABSTRACT

This chapter will demonstrate the tangible benefits of boron-doped biosensors in achiev-
ing high sensitivity in biosensing applications. Biosensors are analytical devices used to
collaborate with biological components to determine the presence, concentration, or ac-
tivity of these components. These instruments discern physical or chemical alterations
through interaction with biological components such as proteins, enzymes, or cells. Such
alterations manifest as a consequence of environmental interaction with biological mate-
rial and are typically discerned as electrical, optical, or mass-based signals. A pronounced
necessity exists for cost-effective, highly sensitive, discriminative electrode configura-
tions to enhance human health standards. Biosensors emerge as pivotal instruments in
addressing this demand, offering manifold advantages across health, environmental, and
industrial domains, including expedited results, heightened sensitivity, early diagnostic
potential, and economic feasibility. Literary investigations underscore the augmentation
of sensor sensitivity, selectivity, and signal-to-noise ratio by integrating boron as a coating
in electrodes and ancillary components, geared explicitly towards ultra-trace biomole-
cule detection. An analysis of the literature reveals that boron constitutes a fundamental
component in the design of biosensors, enabling empathetic biosensing capabilities and
demonstrating significant potential for multifaceted applications.
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In particular, Boron-doped diamond (BDD) electrodes appear to have an enormous
potential window that allows high-density nanomaterial deposition on the electrode
surface, which increases sensitivity in electrochemical analysis. Studies indicate that the
properties of BDD electrodes, such as high electrical conductivity, chemical inertness, and
low background current, contribute to their increased sensitivity in detecting pollutants
and toxic substances. High-density deposition of nanomaterials such as gold nanoparti-
cles (AuNPs) on BDD electrodes has provided a larger surface area for analyte interaction,
leading to greater sensitivity in contaminant detection. The combination of boron-doped
diamond electrodes and Cu@Au nanoparticle modification improved the sensitivity in
oxygen sensors by enhancing electrochemical activity, increasing gold plating, and pro-
viding long-term stability. The use of BDD electrodes in oxygen sensors is promising for
various applications, including oxygen sensing and biochemical oxygen demand (BOD)
sensing, by allowing the detection of oxygen levels with good linearity and comparable
detection limits.

In conclusion, recent studies suggest that boron may play an essential role in biosensor
technologies in the future. Furthermore, the biocompatibility of boron compounds and
their ability to detect biomolecules on the sensor surface is thought to contribute to the
development of medical devices and biosensors.
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CHAPTER 8

MIP Based Biosensors

Giinseli GUNEY !, Canan Buse ABDUL 2 Ilke GUROL?

ABSTRACT

Molecularly imprinted polymers (MIPs) are polymeric synthetic materials that offer
significant advantages in biosensor technologies. Remarkable features of biosensors are
their easy fabrication, low cost, robust desisn, and great selectivity and sensitivity. These
polymeric structures offer innovative solutions in biosensor applications owing to their
unique structures that provide selective recognition of target molecules called molecular
templates. In this section, the definition of MIP structures, their history and development
process, synthesis and characterization, use and integration in biosensors, use of these
biosensors in different application areas, comparison of MIP-based biosensors with tra-
ditional methods, advantages, difficulties and future directions, and multiple topics about
MIP-based biosensors are discussed. Thanks to these innovative platforms offered by
MIPs, their use in different application areas can be expanded and they have the potential
to revolutionize biosensor technology.
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CHAPTER 9

Applications, Tools and Techniques
for Characterization and Analysis of
Biosensors

Gamze YESILAY *?

ABSTRACT

The characterization and analysis of biosensors are essential for understanding their per-
formance and optimizing their design for various applications. This chapter provides in-
formation on the calibration and standardization protocols, evaluation of performance
parameters, data analysis techniques, and analytical tools and techniques utilized in bio-

sensor characterization.

Calibration and standardization protocols ensure accuracy and reproducibility, while
the evaluation of performance parameters such as sensitivity, selectivity, and dynamic range
is critical for assessing biosensor effectiveness. Data analysis techniques, including chemo-

metrics and machine learning algorithms, aid in interpreting complex biosensor data.

To effectively characterize biosensors, a diverse array of analytical tools and techniques
are employed. Surface functionalization methods are crucial for enhancing the specificity
and performance of biosensors, allowing for the immobilization of biomolecular recog-
nition elements onto the nanomaterial surface. Spectroscopic and spectrometric tech-
niques provide valuable insights into the physicochemical properties of nanomaterials
and their interactions with biomolecules. Electrochemical characterization methods play
a role in evaluating the electrochemical behavior and performance of biosensors. Micro-
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Future Outlook

Future research in nanomaterial-based biosensor characterization will likely focus on the
development of advanced analytical techniques with enhanced sensitivity and specifici-
ty, as well as the integration of multi-omics approaches for personalized biosensing ap-
plications. Moreover, there is a growing emphasis on sustainable nanomaterial synthesis
and green chemistry principles to address environmental and safety concerns. Overall,
the continued advancement of characterization methods holds great promise for advanc-
ing biosensors and facilitating their widespread application in healthcare, environmental
monitoring, and analytical chemistry.
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CHAPTER 10

Recent Developments on Microfluidic
Microbial Fuel Cells Technologies for
Biosensor Research

Celal ERBAY !

ABSTRACT

Microbial fuel cells (MFCs) have emerged as a promising technology for sustainable
energy production and environmental remediation. In recent years, microfluidic MFCs
(MMECs) have garnered significant attention due to their unique advantages, including
reduced energy consumption and enhanced efficiency compared to traditional MFCs.
MMECs leverage microfluidic technology to achieve efficient electron transfer processes
and facilitate the conversion of organic matter into electrical energy. This chapter provides
a comprehensive overview of MMFCs, including their fabrication techniques, operational
features, recent developments, and potential applications. Challenges such as short op-
erational lifespans and biofilm alterations are discussed, along with future perspectives
for advancing MMFC technology. Furthermore, the integration of MMFCs into various
applications, including implantable medical devices, point-of-care testing, environmental
biosensors, and water quality monitoring, highlights their versatility and potential impact
in diverse fields. Overall, MMFCs hold great promise as a sustainable energy solution
and warrant further research and development efforts to unlock their full potential and
address the growing energy and environmental challenges faced by society.
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CHAPTER T

Nexus of Nanotechnology and Cancer:
Revolutionizing Cancer Treatment

Tahir MAQBOOL ', Awais ALTAF?, Muhammad Abdul Basit ASHRAF 3

ABSTRACT

Cancer is still a major health concern worldwide, and its complexity necessitates the use
of a variety of therapeutic strategies. This abstract explores the complexities of cancer,
explaining the many forms and underlying causes of interdisciplinary synergy between
oncology and nanotechnology. It navigates through the molecular pathways and genetic
abnormalities linked to the onset and development of cancer through thorough examina-
tion. It also illuminates the rapidly developing science of nanotechnology and its potential
to transform cancer detection and therapy. Knowledge of cancer’s various forms, from
carcinoma to sarcoma, each with its own biological origins and clinical characteristics is
essential to understanding the disease. Examining the genesis of cancer reveals a com-
plex picture that includes lifestyle variables, environmental exposures, and genetic predis-
positions. Deciphering these complexities offers vital information for focused treatment
approaches. Nanotechnology is emerging as a paradigm-shifting force in cancer thera-
pies, providing novel approaches to early diagnosis, imaging, and precise medication ad-
ministration. Because of their specific characteristics and surface changes, nanoparticles
have the most promise for getting past biological barriers, increasing the effectiveness of
treatments, and reducing side effects. Furthermore, this abstract provides light on a way
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12. Biomaterials and tissue engineering:

These are the scaffolds for tissue engineering and regenerative medicine in cancer treat-
ment. Nanofibrous scaffolds, hydrogels, and three-dimensional (3D) matrices designed
using nanoscale properties and bioactive cues mimic the structure of natural extracellular
matrix (ECM) and enhance cell adhesion and proliferation. It can provide a microenvi-
ronment favorable for differentiation.

These nanomaterial-based platforms can be used to culture patient-derived tumor
cells, study tumor-stromal interactions, screen drug responses, and model tumor progres-
sion and metastasis in vitro (77, 78).

Additionally, nanomaterials can be functionalized with growth factors, cytokines, or
cell-targeting ligands to promote tissue regeneration, repair damaged organs, and pro-
mote wound healing after surgery or cancer treatment. Thus, Nanotechnology offers a
wide range of innovative solutions to address important cancer detection, imaging, di-
agnosis, and treatment challenges. By harnessing the unique properties of nanomaterials
and creating sophisticated nanoplatforms, researchers and clinicians are advancing the
field of oncology and changing the landscape of cancer treatment. Continued research
efforts and clinical application of nanotechnology-based cancer treatments promise to
improve patient outcomes, reduce treatment-related toxicity, and ultimately defeat cancer.
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