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ABSTRACT

Recent advancements in nanotechnology have significantly influenced biomedical science, facilitating substantial
progress in the fields of diagnostics, therapeutics, and regenerative medicine. This review comprehensively explores
the application of nanotechnology in biomedical applications, emphasizing the research initiatives in Asia, a region
that has been recognized for its rapid advancements and innovations in nanoscience. Nanomedicine, defined as the
intersection of nanotechnology, pharmaceutical, and biomedical sciences, has emerged as a vital field. It offers novel
solutions for disease diagnosis, targeted drug delivery, and theranostic approaches. This review article presents a
comprehensive bibliometric analysis to evaluate the evolution, distribution, and impact of research related to
nanotechnology-based biomedical applications in major Asian countries such as China, Japan, South Korea, India,
Iran, Singapore, and Taiwan. The analysis identifies leading contributors, influential publications, and collaborative
networks, while also uncovering research trends and gaps. Furthermore, this review highlights the current challenges
and limitations that impede the complete realization on the potential of nanotechnology in medical field. The
objective of this findings is to provide a strategic foundation for guiding future research, fostering regional
collaboration, and accelerating innovation in hanomedicine across Asia.

Keywords: Nanotechnology, biomedical application, Asian countries, bibliometric study.

INTRODUCTION
Recent advancements in nanomedicine have facilitated regeneration and reconstruction of

damaged human tissues and organs, thereby establishing new avenues for the treatment of incurable
disease [1]. It is acknowledged that there are several ways to define nanotechnology. Furthermore, it has
been identified as an invaluable tool across a diverse array of scientific and industrial disciplines,
particularly in the field of biomedical applications [2, 3]. All definitions, however, emphasize the design
and development of highly ordered, bottom-up nanostructured materials that exhibit specific responses
when exposed to certain stimuli [4]. The field of nanotechnology is focused on the precise manipulation
of individual atoms, molecules, molecular clusters, or surfaces to construct novel materials and devices
with distinctive properties, then applied in biomedical applications, which are known as nanomedicine [5-
7]. The convergence of nanotechnology, pharmaceutical, and biomedical science has led to the rapid
development of nanomedicine with new nanoformulations designed for therapeutic purposes, imaging
agents, and theragnostic applications. In the past decade, nanomedicine has been investigated for its
potential to treat a variety of diseases [8] and the main goal is to design and develop materials,
instruments and systems that demonstrate essential properties alongside novel functionalities. Nowadays,
nanomedicine offers enormous potential for the development of disease diagnosis, drug development, and
targeted drug delivery [9].

Asia is the leading continent in the development and establishment of nanodistricts. A
nanodistrict is defined as a regional hub in which nanotechnology research institutions and companies are
concentrated, thereby facilitating collaboration in research, development and commercialization. The
main objective of this concentration is to utilize common scientific and technical knowledge [10]. Several
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Asian countries, including Japan, China, South Korea, Singapore, India, Iran, and Taiwan showed
remarkable progress in the field of nanotechnology. These nations have become pioneers in the global
advancement of nanotechnology, demonstrated by substantial investments, high numbers of patent
registrations, and productive scientific publications in top-tier academic journals. Among numerous fields
of nanotechnology research, the biomedical sector holds the highest commercial value and demand. This
is driven by the urgent need for precise and rapid diagnostic and therapeutic solutions in healthcare,
where nanotechnology-based innovations offer promising advancements to address complex medical
challenges.

This review highlights the advancements made in nanotechnology research for biomedical cases
and provides an overview of the development of research related to nanotechnology as a biomedical
application in Asian countries, with a bibliometric analysis of research in the Asian. This approach
enables the systematic identification of research trends, patterns of scientific collaboration, and the
evolving contributions of Asian countries to the development of nanomedicine. Moreover, we assessed
in-depth bibliometric analysis in terms of “Nanotechnology as a biomedical application around Asian
countries” to serve a range of functions. (1) To assess the frequency and spatial distribution of scholarly
publications within the field to gain insights into the evolution of research trends. (2) To characterize the
research landscape by determining key authors and nations involved in the scholarly discourse, thereby
highlighting areas of expertise and potential opportunities for collaboration. (3) To evaluate the impact of
research through citation analysis, determining which studies have significantly influenced the
development of the field. (4) To identify existing research gaps that may present opportunities for future
investigations. (5) To quantify the overall research output related to the application of nanotechnology in
biomedical sciences. Furthermore, this study identifies the main obstacles which impede the advancement
of nanotechnology in biomedical applications, offering current insights that can serve as a valuable
foundation for future research endeavors in this domain.

1. Nanotechnology Development
Nanotechnology, which involves the manipulation of matter at the atomic or nanoscale level

(approximately 10~ meters), has achieved notable advancements in recent years, driven by its vast
potential applications across various sectors such as medicine, electronics, and energy (Figure 1).
The fundamental concept of nanotechnology was initially introduced by a pioneering physicist
Richard Feynman in his seminal 1959 lecture, "There’s Plenty of Room at the Bottom," where he
envisioned the possibility of manipulating and controlling individual atoms and molecules to
construct novel materials and devices [11]. Regarding on this foundation, Eric Drexler wrote
“Engines of Creation: The Coming Era of Nanotechnology” in 1986, indicating that molecular
manufacturing could be used to create novel materials, machinery, and complex structure at
molecular level. Since its conceptual inception, nanotechnology has advanced considerably, marked
by continuous discoveries and technological innovations. A significant milestone in this progression
was achieved in 1996 when Richard Smalley received the Nobel Prize in Chemistry for his
pioneering work on fullerenes—spherical carbon-based molecules that have become fundamental to
nanoscience. These development collectively underscore the capacity of nanotechnology to drive
transformative change in science and engineering [12]. Since then, extensive research in
nanotechnology has shown that working at the nanoscale frequently requires natural process mimics.
It includes the development of self-cleaning surfaces, artificial photosynthesis, and the enhancement
of material properties, such as tensile strength and elasticity, as well as the replication of complex
biological mechanisms within the human body. Nanotechnology, particularly through the application
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of engineered nanoparticles, facilitates the encapsulation and targeted delivery of therapeutic agents
in a controlled manner. These nanoparticles are capable in mimicking cellular functions, such as
overcoming the biological barriers which react to specific physiological stimuli, thereby improving
the precision and effectiveness of drug delivery systems. Accordingly, it enable more targeted and
efficient therapies, reducing adverse side effects and enhancing overall treatment outcomes [12].
These insights demonstrate that nanotechnology has become a pivotal instrument in tackling global
challenges and promoting sustainable development.
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Figure 1. Nanotechnology development timeline

2. Implication of Nanotechnology Development in Multiple Biomedical Application
2.1Nanotechnology as drug delivery platforms, therapeutics and vaccines

The development of vaccines is one of the most remarkable accomplishments in medical
research and a vital component of worldwide public health. The pharmaceutical formulations
are engineered to stimulate an adaptive immune response through the introduction of specific
antigens, thereby conferring protection against targeted pathogens. Approximately 2 to 3 million
live are saved worldwide annually thanks to vaccines which perform a significant role in
preventing disease and effectively reduce the incidence of many infectious diseases [13, 14].
Despite the significant benefits of vaccines, developing an effective vaccines for certain
diseases remains challenging due to limited understanding of disease pathogenesis, a lack of
suitable animal models, and the complexity of inducing both antibody-mediated (humoral) and
cell-mediated immune responses [15].

Biotechnological developments, including recombinant DNA technology, have led to the
significant advance vaccine’s technology. Notably, nucleic acid-based vaccines—such as DNA
and mRNA vaccines—have emerged, with mRNA technology serve as a critical platform for
several authorized COVID-19 vaccines. This platform is now being expanded to target diseases
beyond COVID-19 [5, 16-18]. This technology offers several advantages, including high
efficacy in preventing severe disease, the ability to provoke both cellular and humoral immune
mechanisms, and a strong safety profile with a low risk of mutagenesis. Additionally, mRNA
vaccines enable simpler, faster, and scalable production processes, reducing the risk of cross-
contamination compared to traditional vaccine manufacturing methods [18, 19]. In contrast,
DNA vaccines, which function by delivering a gene of interest via plasmid vectors to transfect
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immune cells for subsequent antigen expression, encounter challenges such as relatively low
immunogenicity and the theoretical risk of genomic integration. Therapeutic vaccines for cancer
offer a novel paradigm that differs from conventional preventive vaccines, as they are designed
to treat established tumors rather than prevent disease onset. Other promising strategy involves
the encapsulation and delivery of tumor-associated antigens along with adjuvants using the
special benefits of nanocarriers to improve the effectiveness of cancer immunotherapy [20, 21].
The effective mMRNA delivery systems employed in lipid nanoparticles (LNPs) for some
COVID-19 vaccines are now being repurposed for cancer vaccine development, wherein mMRNA
sequences encoding tumor-specific antigens are delivered to elicit targeted anti-tumor immune
responses.

2.2Nanosized vaccine delivery systems

Nanoparticles represent the most extensively used nanometric platforms in vaccine
development. The use of nanotechnology has significantly propelled the field forward, resulting
to the commercialization of multiple nanotechnology-based vaccines, alongside numerous
candidates undergo clinical evaluation. These nanoplatforms are specifically designed to
augment antigen immunogenicity, enhance vaccine stability, and facilitate controlled delivery
and sustained release of both antigens and adjuvants [22]. Nanoparticles exhibit dimensions like
those of biological entities, such as proteins and vesicles, that naturally interact with immune
cell membranes. Due to their similar sizes, nanoparticles can penetrate cells more effectively
and enhance the delivery of antigen via endocytic pathways [23]. Many nanoparticles are
characterized by additional benefits, including reduced toxicity, biodegradability, and
biocompatibility [13]. These attributes make nanoparticles apart from traditional adjuvants,
which are often associated with inflammatory reactions at injection site, such as pain, erythema,
and swelling commonly caused by aluminum salts and mineral oil emulsions [24, 25].
Traditional adjuvants present challenges in terms of stability, bioavailability, size and surface
charge. Nanoparticle-based systems overcome these challenges by offering more stable and
efficient platforms for the delivery of antigens and adjuvants, thus enhancing vaccine efficacy
[26].

Conventionally, vaccines have been administered via parenteral routes, mainly through
intramuscular (IM) and subcutaneous (SC) injections [19]. The SC immunization route shows
more efficient vaccine drainage to the lymph nodes and elicit stronger immunogenicity
compared to the IM route. Nevertheless, IM administration is associated with fewer and less
severe local side effects than SC immunization, even when adjuvants are included in the vaccine
formulation [27]. Intravenous (IV) administration of nanoparticles offers advantages such as
efficient delivery through widespread systemic distribution and rapid therapeutic response.
Additionally, 1V delivery circumvents degradation by proteolytic enzymes and avoids first-pass
metabolism [28]. Recent progress in nanotechnology has allowed for the design of next-
generation vaccines that employ nanoparticles to enhance vaccine delivery and efficacy. These
nanoparticles, defined as nanoscale particles that replicate the structural characteristics of
viruses, are well-suited as platforms for developing innovative vaccines [29]. Vaccines can be
delivered using nanocarriers through various approaches, including antigen encapsulation within
the nanocarriers or conjugation of antigens onto their surfaces. Encapsulation protects antigens
from enzymatic degradation, while surface conjugation enhances antigen uptake by targeting
specific immune cells. Beyond their role in delivery, nanocarriers also exhibit intrinsic adjuvant

Plant Nanomater J., 1(2), 61-82 (2025) http://doi.org/10.26740/pnj.v1i2.53113



65

properties by activating immune cells, thereby contributing to the development of more
effective vaccines [30].

In recent years, the FDA’s approval of multiple adjuvanted vaccines has contributed to the
growing incorporation of nanosized delivery systems (NS-DS) in immunization approaches
(Figure 2). Nanostructures can act as delivery vehicles for antigens and/or immunostimulants or
function as intrinsic adjuvants themselves. To achieve both effective and safe vaccination, it
requires incorporation of antigen with adequate immunogenicity, immunostimulants to boost the
immune response, and, when necessary, a delivery system tailored to the desired outcomes.
Modern vaccine development aims to closely emulate the features of natural pathogens to
enhance immunogenicity while minimizing the limitations of traditional vaccines. Prominent
examples of this approach include liposomes, lipid polymer nanoparticles (LPNSs), virus-like
particles (VLPs), and viral vectors. These nanosystems not only mimic pathogen characteristics
but also serve as efficient delivery platforms for antigens and immunostimulants.
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Figure 2. Comparative Analysis of the Presence and Absence of Nanoscale Delivery Systems
(NS-DS) in FDA-approved adjuvanted vaccines over the years. Note: Vaccines based on Virus-
Like Particles (VLPs), introduced in the 1980s, were excluded from this timeline. Reproduced
with permission from ref [13]. Copyright 2024, Elsevier.

In order to achieve the efficacy and safety in vaccination necessitates, the addition of
antigen with adequate immunogenic potential, immunostimulatory agents to potentiate the
immune response, and a delivery system tailored to fulfill a specific immunological objective
might be required. To improve the immunogenicity and diminish the drawbacks of conventional
vaccination platforms, modern vaccine was design to mimic the structural and functional of
natural pathogens, such as liposomes, LPNs, VLPs, and viral vectors. These nanostructured
systems not only mimic pathogen-associated features but also act as efficient carriers for
antigens and/or immunostimulants, thus it enables to optimize the vaccine performance.
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As depicted in (Figure 3), nanovaccines activate both innate and adaptive immune
responses primarily by facilitating antigen uptake and presentation to antigen-presenting cells
(APCs) such as dendritic cells (DCs), macrophages, and B lymphocytes, the latter via B-cell
receptors (BCRs). This process is essential to elicit robust humoral and cellular immunity.
Antigens distributed through nanoparticles are internalized by APCs either at the injection site
or within lymph nodes, contingent upon the nanoparticles exhibiting suitable size parameters.
This uptake predominantly occurs through endocytic pathways. The endocytic material creates
vesicles in an exogeneous antigen pathway, which then merge with lysosomes to degrade
antigens and nanoparticles. The immunogenic effectiveness of particulate nanosystems is
largely determined by their physicochemical attributes, including size, shape, surface charge,
hydrophobicity, and biodegradability, which collectively modulate antigen [13]
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Figure 3. Uptake and antigenic presentation by nanoparticles to elicit humoral or cellular

immune responses. Reproduced with permission from ref [13]. Copyright 2024, Elsevier.
Particle hydrodynamic size serves as a key determinant of vaccine development
effectiveness [13, 31, 32]. The particle size range employed in vaccines is highly variable, with
peptides, proteins, and viral subunits generally measuring up to 10 nm. In contrast, viruses, viral
vectors, VLPs, and ISCOMs ranged from tens to hundreds of nanometers (until ~200 nm).
Liposomes, virosomes, and emulsions can span from 100 nm to thousands of nanometers, and
materials like mineral salts achieve 10 um. The dimensions and morphology of nanoparticles
play a vital role in mediating APC uptake, whereas these characteristics are less critical for the
uptake of larger bacteria and microparticles [33]. The immune response is chiefly orchestrated
in secondary lymphoid organs, where particle size is integral to optimizing antigen presentation
and movement through lymphatic vessels. For example, particles sized 10-200 nm are ideal for
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APC recognition and processing and for traversing the lymphatic network in a manner similar to
viral particles. In contrast, larger particles require DCs to entry the lymphatic system, slowing
the immune response. Soluble antigens smaller than 10 nm can pass through endothelial clefts
too easily, reducing their functional concentration in lymphoid organs [33, 34].

Nanoparticles within the 10-200 nm size range exploit both major transport mechanisms
for delivery to secondary lymphoid organs. Studies show that 25 nm Pluronic-stabilized
polypropylene sulfide (PPS) nanoparticles achieve superior infiltration and transport within the
lymphatic system, leading to elevated uptake by DCs in lymph nodes compared to 100 nm
nanoparticles [35]. This targeted delivery approach enhances antigen interaction with follicular
B cells within lymphoid organs, thereby strengthening the antibody response. The activation of
T helper cells by DCs is also crucial, facilitating antibody class switching and the generation of
long-lived plasma cells for sustained immunity [34].

2.3Integration of Nanotechnology in Tissue Engineering and Biomedical Implant Fabrication

Nanomaterials and nanostructures including nanoparticles, nanosurfaces, nanofibres,

nanocoatings, and nanocomposites have been explored for a wide range applications in

orthopedics and traumatology fields [9]. Existing nanotechnology-based strategies for

enhancing tissue formation can be broadly categorized into two main approaches:

nanotechnology-enabled surface engineering of biomaterials and the utilization of nanomaterials

for next-generation implants.

2.3.1 Nanotechnology-Based Modification of biomaterial surfaces

Biomaterials are generally defined as non-living substances that interact with
biological systems and are used in biomedical and pharmaceutical applications, such as
drug delivery and tissue repair [36]. The implantation of biomaterials into the human
body holds significant importance in the medical field and various biological
applications. However, several critical challenges remain, including extending the
lifespan of biomaterial implants, minimizing immune rejection responses, and reducing
the risk of post-implantation infections. Thus, addressing these issues is essential to
improve the efficacy and safety of implantable medical devices [37]. Modifying the
surface of biomaterials can effectively change their inherent physical, chemical, and
biological attributes, resulting in improved functionality and performance.

Surface modification of biomaterials enables control and customize its surface
properties. It gives specific physical or chemical characteristics that enhance the
compatibility of implanted biomaterials in human body [38]. One of the key advantages is
that surface modification of implanted biomaterials constitutes a highly effective
approach for enhancing biocompatibility and minimizing implant-associated infections
[39]. It is a common practice to modify the surface of biomaterials without changing the
properties of the substrates on a micro or nanoscale [40].

2.3.2 Nanotechnology for novel implants
A growing need for artificial implantable devices has emerged due to marked changes in
the global population’s age distribution. The percentage of the population comprising
the age group of 60 years and above is increasing significantly, leads to a rise in demand
for artificial medical implants [41]. Biomaterial implants and devices have become
integral to contemporary medicine, serving to replace a wide range of vital organ and
tissue functions when natural healing processes are insufficient [42]. Nanotechnology

Plant Nanomater J., 1(2), 61-82 (2025) http://doi.org/10.26740/pnj.v1i2.53113



68

has introduced a wide array of innovative tools for use in orthopedic applications, one
of them through osteochondral implant materials. Employing implant coating materials,
surface modification techniques, bone substitutes, and tissue engineering approaches
represents essential strategies for minimizing implant failure, avoiding complications,
and prolonging implant longevity [43]. Nanostructured implant coatings offer thermal
insulation, preventing wear, corrosion, and erosion. Yang and coworkers[44] explored
gold nanoparticles (GNPs) on the differentiation of mesenchymal stem cells (MSCs)
and the associated molecular mechanisms due to GNPs showed good biocompatibility
and surface specificity, thus it can use as osteogenic agents for bone regeneration
(Figure 4).
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Figure 4. GNPs acts as an osteogenic agent for bone regeneration. Adapted with
permission from ref [45], with permission 2020 Elsevier.

2.4Nanotechnology for Control Infections such as Antibacterial Technology

Antibiotics have transformed modern medicine by effectively treating bacterial infections.
Nonetheless, their indiscriminate use, misuse, and frequent abuse over time have contributed to

the swift emergence of pathogenic strains exhibiting antimicrobial resistance (AMR) [46].
Surface modification of biomaterials is the most effective preventive measure before the
maturation of bacteria adhered to a biofilm. Nanoscale materials exhibiting antimicrobial
activity hold substantial promise in the treatment of highly pathogenic organisms. These
materials possess unique properties that enable effective disruption of bacterial systems and
enhance biofilms penetration. Most importantly, the core substance, surface chemistry, shape,

and size of nanomaterials define their efficacy while avoiding the development of AMR.
Nanomaterials facilitate access to antibacterial approaches that are novel for bacteria and not

part of their intrinsic defense systems. The therapeutic benefits of nanomaterials are chiefly
attributed to their nanoscale confinement, multivalent interactions, and increased surface-to-
volume ratio. Nanosized metals, metal oxides, organic nanoparticles (NPs), and nanocomposites
with potent antibacterial activities provide significant strategic benefits in safely managing
superficial infections and infectious diseases. Inorganic NPs are made up of inorganic oxides of

Si, Ag, Au, Zn, Mg, Mn, Cu, Se, Al, or Ti, hence they differ in shape, size, solubility, and
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stability. Their characteristics are defined by pH, temperature, reduction time, concentration of
the reducing agent, and aggregation behavior that impact their antimicrobial potency [47, 48].

Nanomaterials benefit from their controllable and nanosized structures in comparison to
those of bacterial components [49]. A high surface area-to-volume ratio ensures strong surface
chemistry in terms of multivalent interactions with bacterial cells or functionalization for a
specific charge or targeted delivery. The primary forces that govern the nano-bio interface
include van der Waals forces, electrostatic interactions, hydrophobic interactions, and receptor-
ligand binding. Through electrostatic interactions, nanomaterials anchor to bacterial envelopes,
induce changes in membrane potential, and cause depolarization accompanied by loss of
membrane integrity. As the physical barricade is disrupted, transport discrepancy, respiration
impairment, and intrusion in metabolic pathways are followed, resulting in cell death [50].

Additionally, ROS are intracellularly originated secondary metabolites of oxidative
metabolic activity of a bacterial cell. The maintenance of cellular ROS levels is mediated by the
endogenous antioxidant defense mechanisms. Nanomaterials produce four different types of
ROS with diverse levels of dynamics and activity, including hydrogen peroxide (H20>), singlet
oxygen (*02), superoxide radical (O2°), and hydroxyl radical (OH). Nanomaterials, such as
carbon nanotubes (CNT), fullerenes, TiO2, ZnO, C.O, and AgNPs, induce oxidative stress as a
major mechanism of their bactericidal property. Major causes for ROS development are (i) pro-
oxidant functional groups on the ultra-reactive surface, (ii) multivalent surface of NPs due to
involvement of transition metal ions in active redox cycling involving Fenton-type or Haber—
Weiss reactions, and (iii) cellular internalization of NPs leading to activation of NADPH
oxidase or mitochondrial respiration [51, 52].

2.5Nanotechnology in Wound Healing

The human body is enveloped by skin, the largest organ, covering approximately 2mz2 of
an adult’s surface area [53]. The skin serves as a protective barrier between the human body and
the external environment. It performs multiple functions, including moisture retention, sensory
perception, temperature regulation, maintenance of humoral balance, and defense against
external pathogens [54]. With prolonged exposure, the skin tolerates the impact of numerous
exterior stimuli, Injuries triggered by the destruction of the skin’s integrity led to ailments. The
self-healing property of an organism results in wounds healing within three months, depending
upon the injury’s severity. The biological activity and behavior of nanoparticles have garnered
significant interest among researchers, leading to the development of an increasing number of
nanotechnology-based products designed to enhance and accelerate the healing process [43].
Nanotechnology is an emerging and promising field with numerous applications in skin
regeneration. Wound healing management is becoming progressively more complex for
clinicians, underscoring the urgent requirement for new materials and therapeutic approaches.
Advances in nanotechnology, particularly in the areas of nanochemistry and
nanomanufacturing, have led to transformative changes in the pharmaceutical and
biotechnology sectors. Owing to their exceptional adsorption capacity, antimicrobial properties,
and drug-loading capabilities, nanomaterials have recently been widely employed in wound
healing [54-56]. Recent discoveries regarding nanomaterial-wound microenvironment
interactions have illuminated the mechanisms that account for their therapeutic benefits. Yang
and co-workers [57] developed a nanofibrous biomimetic scaffold containing nanoparticles
functionalized for the controlled release of two different growth factors in a relayed manner
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(fast and sustained release at various phases) (Figure 5). The nanofibrous mesh facilitated
fibroblast growth and displayed antibacterial effects in vitro. With the designed quick releasing
of VEGF and slow expelling of PDGF-BB, accelerated wound healing was achieved on a full-
thickness rat skin wound model. VEGF helped angiogenesis in an early stage of the healing
process, while PDGF-BB improved epithelium regeneration, collagen deposition, and functional
tissue remodeling.
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Figure 5. (a) Schematic representation of the nanoparticle-embedded electrospun
nanofibers loaded with two growth factors VEGF and PDGF-BB for the wound healing and (b)
representative macroscopic view of wound closure after treatment of rat wounds with control,
2:1 chitosan/PEO (CS/PEO) without growth factor, and 2:1 CS/PEO-NPs with nanoparticles
and growth factors. Reproduced with permission from ref [58]. Copyright 2023, Elsevier.

The model dressing must penetrate the extracellular matrix (ECM) for a wet milieu,
possess antimicrobial properties, and allow the proliferation of cells and angiogenesis, therefore,
needing unique constituents with outstanding properties. Due to their structural similarity to the
extracellular matrix, nanofibers have attracted significant attention in skin regeneration as
scaffolds. Several types of polymeric nanofibers with unique properties have been developed
and extensively studied for this purpose. Nanofibrous materials act as delivery systems for
medicines, proteins, growth factors, and other compounds in addition to supporting tissue
healing [59].

In recent years, a variety of biocompatible self-assembling nanoparticles (NPs) have been
developed [60-62]. NPs involves the expansion of materials in the range of nanometers or in the
molecular range [63]. Decreasing the size of a material to the nanoscale significantly increases
its surface area and surface area to volume ratio, resulting in progressive physiochemical
properties. Metal NPs, including silver, gold, and zinc, have shown advantageous properties,
including the promotion of wound healing and antibacterial activity [54, 64]. It has been
reported that the use of silver NPs shows a good release of anti-inflammatory cytokines in a
rapid wound closure with small scare. They promote keratinocyte proliferation, which is
essential for epidermal re-epithelization [65]. In the case of gold (Au) NPs, at low
concentrations, Au NPs boost keratinocyte growth and healing, and inhibit microbial
colonization, where this physiology plays a key role in the wound healing process.
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2.6 Emerging nanotechnology applications in cancer therapy and diagnosis

Nano diagnostics refers to the utilization of nanoparticles in clinical diagnostic
procedures, aiming to enhance the sensitivity, specificity, and speed of disease detection
(Figure 6). Nanotechnology offers promising and advantageous approaches for cancer
treatment and diagnostic evaluation. NPs have been used to assist traditional cancer which
results in easier and faster process. It possess unigque properties such as a large surface area, high
volume proportion, and excellent targeting capabilities [4]. The integration of nanotechnology
with conventional tumor therapies enhances the efficacy of chemoradiotherapy agents while
simultaneously reducing the incidence of toxicity and other adverse effects [8, 66-69]. One of
the primary benefits is its capacity to elevate the concentration of anti-tumor agents at the tumor
site via the enhanced permeability and retention (EPR) effect. Additionally, NPs can target the
tumor cell actively by functionalizing their surfaces with various ligands, including antibodies,
aptamers, and sugars. It is noteworthy that nanotechnology improves the stability and solubility
of antitumor drugs, enhancing their pharmacokinetics and resulting in better therapeutic
outcomes. Their low toxicity toward healthy cells improves bioavailability and half-life by
enabling effective penetration through epithelial fenestrations and tissue structures [4].

Recent advancements in nanomedicine indicate that nanotechnology-based drug delivery
systems hold significant promise for cancer diagnosis, offering the benefit of reduced side
effects [70, 71]. Although nanoparticles (NPs) are much smaller than cells, they are nonetheless
large enough to encapsulate multiple small-molecule compounds. At the same time, the
substantial surface area of nanoparticles enables effective functionalization with ligands (i.e.,
small molecules, DNA or RNA strands, and peptides). Such modifications can influence factors
including blood half-life, biodistribution, interactions within the circulatory system, and reduced
toxicity [72]. Several nanoparticle-based platforms are currently available for cancer treatment,
including liposomes, polymeric micelles, and human albumin nanoparticles.

The advancement of polymeric nanocarriers to enhance chemotherapeutic efficacy and
facilitate intracellular delivery for cancer treatment has generated considerable interest within
contemporary pharmaceutical technology [73]. Cheng and co-workers developed multiple
hydrogen-bonded supramolecular nanocarriers to enhance the effectiveness of cancer therapy
[74]. The results demonstrate that following the drug encapsulation process, a series of in vitro
experiments confirmed that the hydrogen-bonded supramolecular nanocarrier material
selectively induced apoptotic cell death in cancer cells without significant cytotoxicity toward
healthy cells, while exhibiting nonselective cytotoxic effects on both cancerous and normal cells
under certain conditions. This suggests that strengthening hydrogen bonding within nanogels is
critical for improving the selective cellular uptake and cytotoxicity of drugs, thereby promoting
apoptosis in cancer cells [74, 75].

Nanoparticles (NPs) exhibited considerable promises for cancer diagnosis and treatment
owing to their capacity to selectively target the specific cells and tissues. NPs have been utilized
as drug delivery systems targeting the central nervous system (CNS), where a major challenge
owing to the presence of the blood-brain barrier (BBB) which effectively restricts therapeutic
agents' penetration into brain tissue. Through precise engineering, NPs can be modified to cross
the BBB and deliver drugs directly to the brain, thereby opening new avenues for developing
therapeutic strategies against various CNS diseases and brain tumors [76, 77]. Progress in this
field has led to one of the most promising applications of nanotechnology in cancer treatment,
called nanotheranostics, a unified strategy that merges diagnostic and therapeutic functionalities
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into a single platform to improve the effectiveness of cancer management. Nanotheranostics,
which integrates imaging and therapeutic agents within a single nanostructure, offers significant
advantages over conventional nanomedicine approaches. It enables non-invasive assessment of
nanocarrier accumulation at target sites prior to drug release, facilitating patient stratification
and enabling personalized nanotherapy based on real-time monitoring [78, 79]. Real-time
monitoring and prediction of therapeutic outcomes at delivery site, high-density loading of
agents to enhance imaging quality, and controllable activation triggered by biological stimuli or
external energy sources collectively underscore the efficacy of nanotheranostics technology.
Moreover, the system’s intrinsic ability to directly report drug release events further enhances
precision and control in cancer treatment strategies [70, 80]. Nanotheranostics has
revolutionized cancer therapy by providing non-invasive assessment of nanocarrier
accumulation in the absence of therapeutic payloads. This capability enables personalized
interventions based on real-time monitoring and efficient delivery of both therapeutic agents and
imaging components, thereby significantly improving the sensitivity and efficacy in cancer
treatment [80].

Owing to their diverse biological applications, nanoparticles are categorized into various
types—such as metallic, magnetic, polymeric, metal oxide, quantum dots, graphene, fullerenes,
liposomes, carbon nanotubes, and dendrimers—which are extensively employed in cancer
detection and imaging [81]. The distinctive chemical, optical, magnetic, and physical
characteristics of these nanomaterials facilitate the development of imaging probes with
enhanced contrast, increased sensitivity, controlled biodistribution, and superior spatial
resolution across diverse imaging modalities, including MRI, PET, SPECT, and ultrasound (6).
Imaging plays a fundamental role as an initial step in cancer diagnosis and therapy,
consequently imaging technology continues to be developed to enable more effective detection
of various cancer types.

Table 1. Application of nanoparticles in cancer diagnosis [4]

Type of Application of Properties Example of Cancer
Nanoparticles Nanoparticles Diagnosis

Carbon-based Used for cancer Excellent physio- Both in vivo and in

nanoparticles detection and diagnosis ~ chemical properties, vitro studies show

including high-level that nanoparticles are
penetration into the an effective contrast
cell membrane, high material for both
surface area, and photoacoustic  and
high capacity for ultrasound imaging.

drug loading
Ceramic For Dbetter drug delivery High Clinical studies on
nanoparticles and cancer imaging biocompatibility gold NS-based
photothermal therapy
are under

consideration for
ablating  repetitive
head and neck
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tumors, as well as
cancer imaging.

Metallic
nanoparticle

Detection and imaging
of cancer cells/ tissues

Magnetic
nanoparticles are
crucial for metastatic

Cancer imaging

breast cancer
detection and
protection
Polymeric Drug delivery and Surrounded by a Block  copolymer-
nanoparticles diagnostics polymer shell coated nanoparticles
(TPIONPS)
connected with RGD
peptides and dye
molecules to target
tumors.
Lipid-based Use as a drug delivery Better Conjugation of anti-

nanoparticles

carrier and drug delivery
system  for  cancer
diagnosis

biocompatibility and
low toxicity in
comparison with
inorganic
nanoparticles

HER2 antibodies on
phospholipid-coated

QDs revealed the
ability to target
HER2-positive
tumors.

The primary method to detect cancer cells relies on the binding of nanoparticle-
conjugated probes to surface markers on cancer cells as well as to cells capable of internalizing
the probes to detect genetic content wherein they are linked to specific targeting molecules such

as proteins, short peptides, antibodies, or oligonucleotide aptamers [82].

Plant Nanomater J., 1(2), 61-82 (2025)

http://doi.org/10.26740/pnj.v1i2.53113



‘ Drug Delivery System

Overcoming Biological Barriers

74

& Targeted Delivery 2
@
Glioblastoma
Nasopharngeal '? !'
® = = cancer
C’J’ Esophageal cancer
= @ Thyroid
£, . -
Gl
o ® L4
Nano as Lung cancer
partlcl © W Pancreal tic cancer
_— D
® Hematological malignancy
lwnle &
Gallbladder cancer
<o \ 4
v |
© Bone tumor .
Colon cancer
‘é ----- >
Liveromnoe Bladder cancer
=]
Gene Therapy

CT b '

Chemothsrapy
Radiotherapy

D \ e | Radiotherapy |
/ B V s .9
_} \.. e.
Trea tment
@) b 3 — 1
| lmmunotherapx | Photothermal Therapy

Figure 6. Applications of nanomedicine in cancer detection and therapy. CT computed
tomography, MRI magnetic resonance imaging, PET positron emission tomography, SPECT
single-photon emission tomography, US ultrasound, FI fluorescence imaging. Reproduced with
permission from ref [8]. Copyright 2024, Nature.

3. Biblometric Analysis of Nanotechnology as Biomedical Application in Asian Region

Nanotechnology presents opportunities for the development of revolutionary new products.
The market potential for nanomaterial-based products is substantial, encompassing diverse industries
such as environmental management, energy, healthcare, construction, textiles, automotive,
household, and personal care. Various technological and business forecasts consistently affirm that
nanotechnology will be a key driver and determinant of the future. Consequently, numerous
countries, enterprises, and research institutions worldwide have taken these forecasts seriously and,
after evaluating the prospects of nanotechnology, have invested significant financial resources. These
projections have further intensified competition among research institutions, companies,
governments, and other stakeholders. UNESCO has identified ten key nanotechnology applications
aligned with the United Nations Millennium Development Goals (UN MDGs) - (a) Energy storage,
production, and conversion; (b) Optimization of agricultural productivity; (c) Water treatment and
reuse; (d) Diagnostic and screening procedures for diseases; () Drug delivery systems; (f) Food
production and storage management; (g) Air pollution control and remediation; (h) Construction; (i)
Health monitoring; and (j) Vector and pest detection and control. From these findings, it can be
concluded that nanotechnology possesses limitless potential and can be applied across all fields of
human needs. This has driven rapid advancements in nanotechnology, particularly in biomedical
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applications such as disease diagnosis and screening as well as drug delivery systems, including in
Asian countries. According to Scopus data from 2015 to 2025, there has been a significant increase
in research output related to nanotechnology in biomedical engineering, as summarized in Figure 7.
Figure 7a illustrates the annual growth trend of research documents on nanotechnology in
biomedical engineering in Asia, Figure 7b shows the distribution of sources of these research
documents over the same period, Figure 7c presents the types of research documents published, and
Figure 7d depicts the main research topics within this field during the timeframe. These data
demonstrate the substantial influence and pivotal role of nanotechnology in advancing various
scientific disciplines in the future.
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Figure 7. Summarized of nanotechnology in biomedical applications research around Asian region
by Scopus 2015-2025

Furthermore, we conducted a bibliometric analysis on “nanotechnology as a biomedical
application in the Asian region” using VOS viewer software (version 1.6.18, Liden University Center
for Science and Technology), as illustrated in Figure 8. This software provides mapping tools to
facilitate data analysis with a focus on the application of nanotechnology in biomedical fields. The
data source was extracted from the Scopus database through a keyword search with the following
Boolean operators TITLE-ABS-KEY: (“nanotechnology” OR ‘“nanomaterial” OR “nanomedicine”
AND “biomedical application” OR “biomedicine”). Scopus was chosen because of its extensive
coverage of peer-reviewed journals in nanotechnology and the biomedical sciences. Our analysis
included 8,813 Scopus documents from 2015-2025, concentrating on Asian countries and restricting
subject areas to materials science (4,507 documents), chemistry (3,165 documents), engineering
(3,473 documents), biochemistry, genetics, and molecular biology (2,628 documents), chemical
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engineering (2,190 documents), pharmacology, toxicology, and pharmacy (1,422 documents),
medicine (1,208 documents), environmental science (657 documents), and immunology and
microbiology (316 documents). The bibliometric analysis incorporated data aggregation by
microbiology (316 documents). A total of 8,813 Scopus documents were analyzed in this study. A
bibliometric analysis was conducted using VOS viewer to visualize collaboration networks between
countries based on Scopus publication data. In the visualization, node size represents the number of
publications, whilst the connecting lines indicate the strength of collaborative links between
countries. The countries are grouped into several clusters based on the closeness of their
collaborative relationships. The bibliometric analysis incorporated data aggregation by country
(Figure 8a), international co-authorship by country (Figure 8b), co-citation by country (Figure 8c),
and co-occurrence of keyword indices (Figure 8d).
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Figure 8. Bibliometric analysis of nanotechnology in biomedical applications research around Asian
region by Scopus 2015-2025.

Bibliometric coupling can be used to evaluate whether the analyzed articles share common
references, that is, whether they cite one or more of the same documents. As shown in Figure 8a, the
bibliometric coupling map visualizes 12 countries grouped into four clusters based on cross-country
co-authorship analysis. The countries were selected using a minimum threshold of five documents
per country and a maximum of 25 countries per document. The 5 countries with the highest
bibliometric coupling strength are China, India, South Korea, Singapore, and Taiwan. In addition,
co-authorship analysis plays a crucial role in identifying researchers or countries contributing to the
same field of study. In this analysis, we examined the patterns of collaborative authorship across
countries. As illustrated in Figure 8b, the co-authorship map includes 14 countries selected from 50,
applying the criteria of a minimum of five documents per country, a maximum of 25 countries per
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document, and no minimum citation threshold. The five countries with the highest levels of co-
authorship collaboration were China, India, South Korea, Singapore, and Hong Kong. Furthermore,
we conducted a co-citation analysis to identify documents that are frequently cited together by other
articles. Through this approach, we examined co-citation patterns across countries to determine
which countries are most frequently cited in the context of nanotechnology as a biomedical
application within the Asian region. The 5 countries with the highest co-citation strength are China,
India, Singapore, Malaysia, and Taiwan (Figure 8c). This is influenced by several factors: the
strengthening of infrastructure for nanotechnology development, international cooperation between
countries with research institutions, universities, and the biomedical industry, and a high level of
investment in research and development (R&D). This indicates that global nanomedicine innovation
is advancing in Asia as a major centre for research, particularly in the development of antibacterial
agents, antibiotics, wound healing therapies and tissue engineering (Figure 8d). Additionally, we
performed a keyword co-occurrence analysis to identify emerging research themes in the field of
nanotechnology as a biomedical application across Asian countries. As shown in Figure 8d, the
keyword co-occurrence overlay map visualizes 1,000 keywords organized into 4 major thematic
clusters: medical applications, biomedical applications, nanotechnology, and drug delivery, those
reflecting the dominant areas of research focus. Based on the yellow overlays in the map, it is
evident that since 2021, research on nanotechnology as a biomedical application in the Asian region
has expanded rapidly, encompassing the development of antibacterial agents, antibiotics, wound
healing therapies, tissue engineering, and various other related fields.

4. Curent Challeges and Future Opportunities

The application of nanotechnology in medicine plays a pivotal role in balancing therapeutic
efficacy and toxicity. The integration of chemical, biological, and physical properties within
nanotechnology enables more comprehensive exploration of in vivo behavior. A critical aspect of
translating nanomedicine into clinical applications involves evaluating the biodistribution of
nanocompounds following administration in both preclinical and clinical studies. Each imaging and
monitoring technology possesses distinct characteristics, limitations, and capabilities in assessing
real-time nanoparticle accumulation at the cellular, tissue, and organ levels. While numerous benefits
of nanotechnology for biomedical applications have been extensively discussed, several key
challenges remain to be addressed in their development. One of them is the potential side effects of
nanomedicine, which differ significantly from conventional drugs. The toxicity profile of particulate
matter is distinct from that of chemical substances, which may or may not dissolve within biological
matrices, thereby substantially influencing the possibility of organ exposure. Due to their nanoscale
dimensions, nanoparticles can traverse multiple physiological barriers within the body. One of the
most critical barriers is the blood-brain barrier (BBB), its penetration by nanoparticles can potentially
affect brain function through various mechanisms. Furthermore, the nanoscale size of nanoparticles
allows them to readily permeate cellular membranes, intracellular organelles, and even the nucleus.
Nanomedicine-based drug delivery systems can leverage a wide range of biological substances and
chemical structures, as previously discussed. However, it is important to note that the potential for
nanoparticle-cell interactions that may induce toxicity is highly dependent on the specific structure
and formulation of the nanoparticles. It is noteworthy that the evaluation of nano compound
biodistribution post-administration remains a key factor in the translational assessment of
nanomedicine. Various studies have demonstrated that each technology used in this analysis offers
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unique strengths, limitations, and capabilities in monitoring real-time nanoparticle accumulation
across cellular, tissue, and organ levels.

CONCLUSION

Nanotechnology has emerged as a transformative force in biomedical science, enabling
breakthroughs in diagnostics, targeted drug delivery, vaccines, tissue engineering, wound healing,
infection control, and cancer theranostics. The narrative review highlights how nanoscale materials such
as liposomes, polymeric nanoparticles, metallic nanoparticles, nanofibers, and gold nanoparticles,
enhance therapeutic precision, reduce toxicity and side effects, improve drug bioavailability, and support
tissue regeneration through mechanisms like controlled release and immune modulation. Bibliometric
analysis of 8,813 Scopus documents (2015-2025) confirms Asia's leadership, with China, India, South
Korea, Singapore, and Taiwan dominating publications, citations, and collaborations in key themes like
drug delivery systems, biomedical materials, tissue engineering, and antimicrobial technologies. These
findings reveal an expanding interdisciplinary research ecosystem and identify gaps in toxicity research
addressable through enhanced regional cooperation.
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