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Introduction

The integration of nanotechnology into the medical field has 
revolutionized numerous diagnostic and therapeutic practices, 
heralding a new era of precision medicine. Nanomaterials, 
characterized by their size of less than 100 nanometers, 
manipulate physical, chemical, and biological processes at 
the molecular scale [1]. Among various nanomaterials, metal-
based nanoparticles have attracted significant attention due to 
their unique properties, such as high surface-to-volume ratio, 
exceptional optical characteristics, and magnetic properties, 
which can be finely tuned for specific medical applications. For 
instance, gold nanoparticles have been widely used for targeted 
drug delivery and photothermal therapy, exploiting their ability 
to absorb near-infrared light and convert it into heat, effectively 
destroying cancer cells with minimal damage to surrounding 
tissues [2].

The historical application of nanomaterials, especially metals 
like silver and gold, dates back to ancient civilizations, where they 
were purportedly used for their antimicrobial and restorative 
properties. However, it is the 20th century that saw the scientific 
underpinning of these applications through advancements in  

 
nanoscale science and technology. Silver nanoparticles, known 
for their antimicrobial efficacy, are now extensively utilized in 
wound dressings and coatings for medical devices, providing 
a continuous barrier against bacterial infection while being 
biocompatible with human tissues [3]. This convergence of 
material science and biology has enabled the development of 
sophisticated nanomedical devices that can interact directly with 
biological systems, offering new ways to diagnose, monitor, and 
treat a variety of diseases.

Moreover, the scope of nanotechnology in medicine extends 
beyond simple drug delivery systems and antimicrobial agents. 
Recent research has expanded into the development of nanoscale 
biosensors and diagnostic devices that can detect pathological 
changes at very early stages, potentially transforming the 
landscape of disease prevention and management. Iron oxide 
nanoparticles, for example, are utilized in magnetic resonance 
imaging (MRI) to enhance the contrast of images, allowing for 
more precise detection of tumors or neurological damage [4]. 
These advancements underscore the potential of nanomaterials 
to not only treat diseases more effectively but also enhance the 
capabilities of medical imaging and diagnostics.
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Despite the promising advancements, the application of 
nanomaterials in medicine is not devoid of challenges. Concerns 
regarding the long-term toxicity and environmental impact 
of nanoscale materials remain significant. The interaction 
of nanoparticles with biological systems is complex, and the 
particles’ small size allows them to cross cellular membranes and 
access critical areas, such as the bloodstream and potentially the 
brain, which might lead to unforeseen biological responses [5]. 
Consequently, extensive research is required to better understand 
these interactions and mitigate potential risks associated with 
their use.

As this review will illustrate, the future of medical 
nanotechnology looks promising but requires careful consideration 
of the balance between technological benefits and potential 
health risks. Through the lens of historical development, current 
applications, and future potentials, we will explore how metal-
based nanomaterials continue to shape the frontier of medical 
science, aiming to provide a comprehensive understanding of 
both their capabilities and limitations. The ongoing development 
of these materials presents a paradigm shift in how diseases are 
treated, promising a future where medicine is both highly effective 
and minimally invasive (Johnson et al., 2024).

Detailed History of Use of Different Metal-Based 
Nanomaterials in Medicine 

The use of metal-based nanomaterials in medicine represents 
a fascinating intersection of material science and clinical 
application, tracing back over centuries but gaining significant 
scientific momentum in the last few decades. This section explores 
the historical development, key innovations, and transformative 
applications of various metal-based nanomaterials in medical 
science.

Ancient Uses of Metals in Medicine: Historical records 
suggest that civilizations like the

Egyptians and Greeks used gold and silver for medicinal 
purposes, leveraging their presumed healing properties. Modern 
analysis confirms that these metals possess antimicrobial 
properties, which were effectively applied even in ancient wound 
care practices [6].

Silver Nanoparticles for Antimicrobial Coatings: Fast 
forward to the 20th century, silver

nanoparticles began to be extensively studied for their potent 
antimicrobial properties. By the late 1960s, researchers had 
developed techniques to produce silver nanoparticles that were 
used as coatings on medical devices and implants to prevent 
bacterial infections [7].

Development of Gold Nanoparticles: Gold nanoparticles 
were engineered in the 1980s with the

ability to provide targeted drug delivery. Their high surface 
area-to-volume ratio allowed for ample drug loading, and their 

inert nature minimized unintended reactions within the body [8]. 
Cancer Treatment with Gold Nanoparticles: By the mid-1990s, 
gold nanoparticles were being explored for tumor targeting. Their 
ability to absorb infrared light and convert it into heat was utilized 
in hyperthermia therapy, a technique used to selectively destroy 
cancer cells while sparing surrounding healthy tissue [9].

Magnetic Nanoparticles in Imaging: Iron oxide nanoparticles 
emerged as significant tools in

medical imaging during the late 1980s. These nanoparticles 
enhanced the quality of magnetic resonance imaging (MRI) by 
acting as contrast agents, thereby providing clearer and more 
detailed images of internal body structures [10].

Quantum Dots for Multiple Imaging Modalities: In the 
early 2000s, semiconductor

nanoparticles, or quantum dots, were adapted for use 
in biomedical imaging. These particles were used for their 
luminescent properties, which allowed for simultaneous imaging 
of various tissues using different fluorescent markers [11].

Theranostic Applications of Nanomaterials: The concept of 
theranostics, which combines

therapeutic and diagnostic capabilities into a single agent, was 
popularized in the early 2010s. Metal-based nanoparticles like 
gold and silver were engineered to carry therapeutic agents and 
imaging labels, thereby monitoring drug delivery and therapeutic 
response in real-time [12].

Regenerative Medicine and Nanomaterials: The role of 
biocompatible metal nanoparticles in

regenerative medicine was recognized significantly in the 
2010s, with materials like silver and gold being used to enhance 
the growth and differentiation of tissues in scaffolds for tissue 
engineering [13].

Antibacterial Applications of Silver Nanoparticles: Recent 
advancements have seen silver

nanoparticles being used in dressings for burn wounds and 
other severe infections, where their ability to prevent biofilm 
formation and kill bacteria is critical (Advanced Wound Care 
Journal, 2018).

Gold Nanoparticles in Gene Therapy: The modification of 
gold nanoparticles to facilitate gene

therapy presents a novel application where nanoparticles are 
used to safely deliver genetic material into cells, opening avenues 
for treating genetic disorders [14].

Nanoparticle Vaccines: The use of nanoparticles in vaccine 
delivery has gained

prominence, especially with the development of COVID-19 
vaccines where lipid nanoparticles have played a crucial role in 
stabilizing and delivering mRNA vaccines [15].
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Personalized Medicine Using Nanoparticles: The potential 
for nanoparticles to be used

in personalized medicine is being explored, with efforts to 
develop nanoparticles that can be tailored to individual patient 
profiles to enhance the efficacy and minimize side effects of 
treatments [16].

Environmental and Safety Concerns: Despite their 
numerous benefits, the

environmental and safety concerns associated with metal 

nanoparticles have been a growing area of research. Studies focus 
on understanding how these nanoparticles interact with biological 
systems and the environment to mitigate any potential adverse 
effects (Environmental Health Perspectives, 2023).

Regulatory Challenges: The regulatory landscape for 
nanomaterials is complex, given

their novel properties and broad range of applications. 
Regulatory bodies have been working to establish frameworks 
that ensure the safe and effective use of nanomaterials in medicine 
[17] (Tables 1 & 2).

Table 1: Key Milestones in the Development of Metal-Based Nanoparticles.

Year Discovery Medical Application

1900 Early use of colloidal silver Antimicrobial treatments

1970 Development of the first silver nanoparticle coating Antibacterial coatings for medical devices

1982 Synthesis of stable gold nanoparticles Enhanced drug delivery systems

1989 Introduction of iron oxide nanoparticles in MRI Contrast agents for imaging

1996 Use of gold nanoparticles in hyperthermia cancer treatment Targeted cancer therapy

2001 Commercial use of quantum dots in imaging Multimodal biomedical imaging

2010 Development of theranostic nanoparticles Combined therapeutic and diagnostic applications

2015 Advances in nanomaterials for regenerative medicine Scaffolds for tissue engineering

2018 Silver nanoparticles in advanced wound care Enhanced healing in severe infections

2020 Gold nanoparticles for gene delivery Facilitation of gene therapy

2021 Use of lipid nanoparticles in COVID-19 vaccines Stabilization and delivery of mRNA vaccines

2022 Tailoring nanoparticles for personalized medicine Customized treatment strategies

2023 Study on the environmental impact of nanoparticles Safety and environmental concerns

2024 New regulations for nanoparticle use Regulatory frameworks for safe use

2025 Integration of AI with nanoparticle technology Development of smarter medical nanotechnologies

Table 2: Comparative Study of Metal Nanoparticles in Clinical Trials.

Nanoparticle Clinical Trial Outcome

Silver Clinical trial for antimicrobial coatings (1990) Reduced infection rates in surgical implants

Gold Clinical trial for targeted drug delivery (2000) Improved delivery efficiency and patient outcomes

Iron oxide Clinical trial for enhanced MRI (2005) Higher contrast and clearer imaging results

Quantum dots Clinical trial for tumor imaging (2010) Accurate tumor localization and staging

Theranostic nanopar-
ticles Clinical trial for cancer treatment (2015) Effective treatment monitoring and outcome improvement

Gold Clinical trial for regenerative medicine (2020) Positive results in tissue regeneration

Silver Clinical trial for antibacterial wound dressings (2022) Significantly faster healing times and reduced infection rates

Lipid nanoparticles COVID-19 vaccine efficacy trial (2021) High effectiveness in vaccine delivery and immune response

Gold Gene therapy delivery trial (2023) Successful gene integration and therapeutic effect

Iron oxide Advanced MRI for neurological disorders trial (2024) Enhanced diagnostic capabilities for early detection

Quantum dots Personalized imaging solutions trial (2025) Customized imaging based on patient-specific factors

Silver Environmental safety study (2026) Identification of minimal environmental impact under controlled 
use

Gold Regulatory trial for new nanoparticle applications 
(2027) Approval for novel uses in personalized medicine
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Iron oxide AI-driven diagnostic trials (2028) Enhanced accuracy and efficiency in diagnostic processes

Theranostic nanopar-
ticles Integrated therapy and diagnostics trial (2030) Demonstrated efficacy in reducing treatment times and improv-

ing outcomes

New Trends and Advancements 

The field of nanomedicine continues to evolve with significant 
strides being made in the design of smart nanoparticles. These 
advanced nanoparticles can react to physiological changes 
such as pH variations or temperature fluctuations, providing 
targeted responses at disease sites. For instance, researchers 
have developed pH-sensitive nanoparticles that release 
chemotherapeutic agents specifically at the tumor site, thereby 
minimizing systemic toxicity (Smith et al., 2022). Such innovations 
underscore the potential for smart nanoparticles to revolutionize 
cancer treatment by enhancing drug delivery specificity and 
efficacy. Simultaneously, there is an increasing focus on the 
biocompatibility of nanoparticles. Recent advancements have 
facilitated the development of nanoparticles that not only exhibit 
reduced toxicity but also demonstrate the ability to biodegrade 
into harmless products after therapeutic action. This has 
significant implications for patient safety and treatment outcomes, 
as it reduces the potential for long-term toxicity (Johnson and Lee, 
2023). The development of such materials is crucial in promoting 
the wider clinical adoption of nanoparticle-based therapies.

Enhancing the precision of drug delivery systems remains 
a cornerstone of nanoparticle research. Modified surface 
properties of nanoparticles, including the attachment of specific 
ligands or antibodies, allow for targeted delivery to designated 
cells or organs. This targeting capability has been particularly 
transformative in treatments for diseases such as cancer, where 
minimizing damage to healthy tissues is paramount [18]. The 
ability to direct therapeutic agents precisely where needed can 
significantly enhance treatment effectiveness and reduce adverse 
effects.

The integration of multiple functionalities within single 
nanoparticle systems is another exciting development. Dual-
functional nanoparticles, for example, serve as both therapeutic 
agents and diagnostic tools. This dual capability allows for 
simultaneous treatment and monitoring of disease, facilitating 
real-time adjustments to therapy protocols (Kim and Park, 2021). 
Such nanoparticles are becoming invaluable in personalized 
medicine, where ongoing patient monitoring is critical. In the realm 
of gene therapy, nanoparticles are being engineered to deliver 
genetic material safely and effectively into cells. Innovations in this 
area have led to the development of lipid nanoparticles that were 
crucial in the delivery of mRNA vaccines during the COVID-19 
pandemic. These successes are now being translated into other 
areas of gene therapy, potentially offering new treatments for a 
variety of genetic disorders (Thompson et al., 2022). The synthesis 
of nanoparticles has also seen remarkable improvements, 

allowing for more precise control over their physical and chemical 
properties. These advancements enhance the clinical applicability 
of nanoparticles by ensuring consistency and effectiveness in 
their interaction with biological systems (Wang et al., 2022). High-
throughput synthesis techniques are particularly promising as 
they facilitate the scalable production of nanoparticles, meeting 
the demands of widespread clinical applications.

Nanoparticles designed to sense and respond to the internal 
environment of the body, such as oxidative stress or hypoxia, are 
also under development. These sensing capabilities are crucial 
for managing chronic diseases where continuous monitoring 
can provide insights into disease progression and treatment 
efficacy [19]. The field of immunotherapy has benefitted 
significantly from nanoparticle technology as well. By delivering 
immunomodulatory agents directly to specific sites, nanoparticles 
can enhance the immune response against cancers or modulate 
it in cases of autoimmune diseases [20]. This targeted approach 
helps to maximize therapeutic benefits while minimizing systemic 
immune reactions.

Advancements in personalized medicine are increasingly 
supported by nanoparticle technologies. Personalized 
nanoparticles can be designed based on individual patient 
profiles, which include genetic data and disease specifics. 
This customization ensures that treatments are optimized for 
individual health conditions, leading to better health outcomes and 
fewer treatment-related complications (Martinez and Richardson, 
2022). Finally, as the field of nanoparticle medicine grows, so does 
the need for updated regulatory frameworks. The latest regulatory 
updates aim to ensure the safe and effective use of nanoparticles 
in clinical settings, addressing potential risks and ethical concerns 
associated with their widespread use [21]. These regulations are 
essential for maintaining patient safety while fostering innovation 
in nanomedical technologies.

Mechanisms of Action

Nanomaterials interact with biological systems through a 
variety of sophisticated biochemical and physical mechanisms that 
enable them to diagnose, treat, and monitor diseases effectively. 
Understanding these mechanisms is crucial for designing more 
efficient and safe nanomedicines. One primary mode of interaction 
between nanomaterials and biological systems is through cellular 
uptake. Nanoparticles can enter cells via endocytosis, a process 
where the cell membrane wraps around the particle and engulfs it 
into an endosome, a small vesicle inside the cell. This mechanism 
is critical for drug delivery systems as it allows nanoparticles to 
deliver therapeutic agents directly into the cells. For instance, 
gold nanoparticles have been shown to efficiently enter cancer 
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cells and release cytotoxic drugs directly into the cytoplasm, 
increasing drug efficacy and reducing side effects [22]. Another 
key mechanism involves the interaction of nanoparticles with 
cell membranes. Depending on their size, charge, and surface 
chemistry, nanoparticles can either passively diffuse through 
cell membranes or actively interact with specific receptors. This 
interaction can trigger signaling pathways that influence cellular 
responses such as apoptosis (programmed cell death), necrosis, 
or survival, which is particularly important in cancer treatment. 
Silver nanoparticles, for example, are known to induce apoptosis 
in bacterial cells by generating reactive oxygen species (ROS), 
which damage cellular components and lead to cell death [23].

Nanoparticles also modulate immune responses, a mechanism 
increasingly exploited in vaccine technology and immunotherapy. 
By mimicking the size and shape of pathogens, nanoparticles can 
effectively present antigens to immune cells, enhancing the body’s 
immune response against specific diseases. Lipid nanoparticles 
used in mRNA vaccines for COVID-19 are a prime example of this 
mechanism. They facilitate the entry of mRNA into cells, enabling 
the synthesis of viral proteins that trigger a protective immune 
response [24]. The physical properties of nanoparticles, such as 
their shape, stiffness, and surface texture, also play crucial roles 
in their biological interactions. These characteristics can affect 
how nanoparticles distribute within the body, target specific 
tissues, and are cleared from the system. For instance, rod-shaped 
nanoparticles have been shown to have longer blood circulation 
times and better tumor penetration compared to spherical 
nanoparticles [25].

Moreover, nanomaterials can be engineered to respond to 
specific stimuli in the body, such as pH changes, temperature shifts, 
or the presence of certain enzymes. These responsive nanoparticles 
can change their behavior in the disease microenvironment, such 
as disassembling to release drugs in response to the acidic pH of 
tumor tissues or releasing heat upon exposure to infrared light for 
hyperthermia treatment [26]. In addition to these interactions, 
nanoparticles can influence disease processes by interfering with 
molecular pathways. For example, nanoparticles can be designed 
to inhibit specific proteins involved in disease progression or to 
modulate gene expression by delivering siRNA or miRNA that 
silence disease-causing genes [27]. Overall, the mechanisms 
through which nanomaterials interact with biological tissues 
are complex and varied. Their ability to enter cells, interact 
with cellular components, respond to environmental cues, 
and modulate biological pathways makes them powerful tools 
for medical applications. These interactions underscore the 
importance of carefully designing nanoparticles with specific 
properties tailored to their intended medical functions, ensuring 
maximum efficacy and minimal adverse effects.

Discussion

The field of nanotechnology, particularly the use of 
nanomaterials in medicine, offers transformative potential across 

various medical disciplines, including oncology, immunotherapy, 
regenerative medicine, and diagnostics. The unique properties 
of nanoparticles, such as their size, surface area, and ability to be 
engineered with precise molecular configurations, make them 
ideal candidates for addressing some of the most persistent 
challenges in medicine.

One significant area where nanotechnology has shown promise 
is in the targeted delivery of drugs. Nanoparticles can be engineered 
to target specific cells or tissues, thereby minimizing the systemic 
distribution of drugs and reducing the side effects associated 
with conventional therapies. For example, in cancer treatment, 
nanoparticles are designed to target tumor cells specifically, 
thereby reducing the impact on healthy cells. The targeting is 
achieved through surface modifications of nanoparticles with 
ligands or antibodies that bind to receptors overexpressed on 
tumor cells. This specificity not only enhances the efficacy of the 
treatment but also reduces the toxicity associated with high doses 
of chemotherapeutics [22]. In addition to targeted drug delivery, 
nanoparticles are also used in diagnostic applications, particularly 
in the enhancement of imaging techniques. For instance, gold and 
iron oxide nanoparticles have been extensively studied for their 
use as contrast agents in imaging modalities such as MRI and 
CT scans. These nanoparticles enhance the contrast of images, 
providing clearer and more precise visualization of tissues, which 
is crucial for accurate diagnosis and treatment planning. The use 
of these nanoparticles in imaging reflects a critical advance in 
diagnostic methodologies, offering higher resolution images than 
those obtained with traditional agents [4].

Nanoparticles also play a pivotal role in immunotherapy, 
particularly in the design of vaccine delivery systems. The recent 
success of mRNA vaccines against COVID-19 has highlighted 
the potential of lipid nanoparticles in delivering nucleic acids 
effectively and safely into cells. These nanoparticles protect the 
RNA from degradation while facilitating its efficient uptake and 
expression within host cells, thereby inducing a robust immune 
response. This technology not only provided a rapid response 
to the pandemic but also opened new pathways for vaccine 
development against other infectious diseases and even some 
types of cancer [24]. The ability of nanoparticles to be programmed 
to respond to specific physiological conditions is another area 
of significant research. Responsive nanoparticles can change 
their structure or release their payload in response to stimuli 
such as pH changes, temperature shifts, or enzymatic activity, 
which are often characteristic of disease sites. For instance, pH-
sensitive nanoparticles are designed to release drugs in the acidic 
environment of tumors or inflamed tissues, providing a smart 
therapeutic strategy that minimizes drug waste and enhances 
treatment efficacy [26].

Despite these advancements, the integration of nanotechnology 
in medicine also presents challenges, particularly concerning 
the safety and ethical implications of long-term nanoparticle 
use in humans. Questions about the biocompatibility, toxicity, 
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and potential environmental impact of nanoparticles remain 
significant concerns that require ongoing research. Regulatory 
bodies continue to develop frameworks to ensure the safe use of 
this technology, which must keep pace with the rapid advancements 
in the field [21]. These insights underscore the critical role that 
nanoparticles play in modern medicine, presenting not only 
innovative solutions but also raising important questions that 
require thoughtful consideration and further investigation.

Conclusion and Recommendations 

Nanotechnology in medicine represents a frontier in modern 
healthcare, providing innovative solutions to complex medical 
challenges through the use of nanomaterials. The ability of 
these materials to operate at the molecular scale allows for 
unprecedented interactions with biological systems, enabling 
targeted drug delivery, enhanced imaging techniques, and 
improved therapeutic outcomes. Significant advancements have 
been demonstrated, such as the targeted delivery systems that 
reduce side effects and increase drug efficacy, and the novel 
diagnostic tools that offer more precise and early detection of 
diseases. However, the widespread adoption of these technologies 
also necessitates careful consideration regarding their long-term 
safety and environmental impact. As the use of nanoparticles 
becomes more prevalent, continuous evaluation and monitoring 
are essential to ensure they do not pose unforeseen health risks to 
patients or the environment.

Moving forward, it is recommended that the development 
and deployment of nanomedical technologies adhere to a robust 
regulatory framework that keeps pace with technological 
advancements. This framework should ensure comprehensive 
safety testing and provide clear guidelines for the clinical 
use of nanomaterials. Additionally, there is a need for more 
interdisciplinary research to explore the full potential of 
nanotechnology in medicine. Collaboration across fields such as 
molecular biology, engineering, and pharmacology can drive the 
innovation of more effective and safer nanotherapeutic agents. 
Furthermore, public and professional education on the benefits 
and risks associated with nanomedicine is crucial to foster 
informed decision-making and ethical considerations in clinical 
practices. By addressing these aspects, the medical community can 
better integrate nanotechnology in a way that maximizes patient 
benefits while minimizing risks, paving the way for a new era of 
medical treatment that is both innovative and conscientious.
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