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Highlights
* The use of NPs in nanomedicine reveals new developments.
« Organic and inorganic nanoparticles reveal tremendous opportunities for nanomedicine.
« The use of NPs in Nanomedicine in lung, heart, brain, and kidney treatments gives positive results.

Article Info Abstract

Nanomedicine encompasses a wide range of utilizations, including medical biological devices,
Received: 11 July 2023 nanoparticles (NPs), nanoelectronic biosensors, and possible future applications of molecular
Accepted: 24 Apr 2024 nanotechnologies, such as biological machines. Understanding toxicity and environmental impact

problems is a current challenge in nanomedicine. The advancement of NPs in nanomedicine
foresees emerging opportunities that may change healthcare by enhancing pharmaceutical

Keywords effectiveness. This review may reveal novel and improved biomedical significance by delving
Nanomedicine deeper into advanced growth methodologies and NP applications in nanomedicine. NPs'
Nanoparticles outstanding physical and chemical characteristics have advanced medical, diagnostic, and
Drug delivery screening techniques. The present review offers a current overview of organic and inorganic
Imaging nanoparticles, highlighting recent advancements, obstacles, and potential applications for
Diagnostics nanomedicine. Also, the focus of this review is on a fundamental concept that underlies the

creation of novel and successful therapies using NPs in the field of nanomedicine for the human
body's lungs, heart, brain, and kidneys. This extensive and insightful information source would
be beneficial to the advancement of nanomedicine.

1. INTRODUCTION

Nanomedicine hopes to provide a useful selection of equipment for clinical use and research in the near
future [1]. According to the national nanotechnology initiative, innovative commercial uses for the
pharmaceutical industry will include in vivo imaging, novel therapeutics, and enhanced drug delivery
systems [2]. The economy is anticipated to be significantly impacted by the nanomedicine sector's
continued growth. Through the use of NPs, nanotechnology enables the targeted delivery of medications to
particular cells. By simply applying the active ingredient to the diseased area and using the smallest dose
necessary, the overall amount of medication consumed, and adverse effects can be considerably reduced.

Targeted drug distribution aims to reduce therapeutic side effects while concurrently reducing drug intake
and treatment costs [3]. The goal of drug delivery is to increase bioavailability at particular locations and
sustain it for a specified period of time. This may be accomplished by the use of nanoengineered devices
that target certain molecules. Smaller, less intrusive devices that may be embedded throughout the body
and faster times for biological reactions are two advantages of adopting nanotechnology for medical
technologies [4]. Compared to standard medication delivery methods, these technologies are swifter and
more perceptive. The successful delivery of the drug to the desired area of the body, the efficient
encapsulation of the drug, and the successful release of the drug all contribute to the efficacy of drug
delivery by nanomedicine [5].
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Nanomedicine is the application of NPs in medicine [6]. It can be given new functions by interacting with
biological molecules or structures. NPs, being comparable in size to various biological molecules and
structures, can find application in both in vivo and in vitro biomedical research [7]. The combination of
biology and NPs has produced a variety of useful technologies, including analytical instruments, contrast
agents, diagnostic tools, physical therapy applications, and medication delivery systems. NPs offer a
cutting-edge platform [8] for existing engineering disciplines like chemistry, physics, biology, medicine,
neurology, and information and communication engineering, resulting in a new multidisciplinary study
field. It’s aroused a lot of interest in various synthesis techniques, and they've got a number of uses in
energy, the environment, electronics, and medicine [9]. Despite significant progress and the introduction
of many marketed NPs, nanoscience, and technology-based commaodities in these fields, they continue to
face a slew of new challenges in areas critical to basic public needs.

Day by day, gold is becoming increasingly interesting in the chemistry, biochemistry, biophysics, radiation
medicine, and nanoscience communities [10]. Some of the metal dioxide materials have several advantages
over the comparable ultraviolet protection properties of bulk materials [11, 12]. As the particle dimension
decreases, it gains cosmetically desirable whitening. A nanofiber can make clothes wrinkle-free or stain-
resistant. In the textile industry, cleaning at low temperatures is less common. It can be utilized to
incorporate carbon into the membrane, providing the wearer with full-body conservation from electrostatic
charges. Analog instruments are replaced by digital optoelectronic devices with enormous bandwidth and
capacity, such as photonic crystals and quantum dots. It offers the propagation of a certain wavelength of
photons instead of electrons.

Quantum phenomena can be used to perform different operations in advanced computation [13]. The
essential utilization of NPs in photocatalytic devices within catalysis ranges between fuel cells and catalytic
converters. It is very crucial for the production of chemicals. Platinum has been considered for the next
generation of converters. In the industrial sector [14], TiO2 nanotubes are potentially utilized as
photocatalytic materials. Agriculture is the backbone of developing nations; the majority of the population
depends on it for a living. The nanomaterial can help understand the biological structure of various crops.
Thus, it potentially enhances yields or nutritional values as well as provides appropriate conditions for
monitoring environmental conditions that deliver nutrients.

The emergence of nanotechnology as an enabling NP has opened avenues for innovative applications in the
biomedical sector [15]. The five qualities of the principle—long blood circulation, effective tumor
accumulation, deep matrix penetration, increased cell internalization, and accurate drug release—offer a
viable platform for improving modification properties such as size, surface charge, ligand receptors, and
stability. The working framework is advancing a toxicology technology characterization technique for
determining toxicity phenomena in this arena [16]. Due to their biocompatibility, oxide NPs is widely used
in the biomedical sector. The requirements for the materials utilized in different biomedical instruments are
increasing with the continuous aging of the population. The copper oxide may restrict development,
enhance oxidative stress, and cause potential cancer cells to die off, thus acting as an antibacterial agent
[17]. Early diagnosis is an important idea in the treatment of devastating diseases and potentially prevents
them [18]. The novel treatment option is dominated by a new imaging agent for diagnosis. Nanomedicine
is allowing for new possibilities in implantable delivery techniques that are superior to current medication
delivery methods. A comprehensive summary of the most thoroughly studied NP is due to the enormous
quantity of research papers and the speed with which the published data is continuously updated [19]. The
review addresses the developments, difficulties, and future prospects of the most innovative and
challenging uses of NPs in contemporary nanomedicine. Finally, a summary of food and drug
administration (FDA) approved and commercialized nanomedicine is covered. NP toxicity studies are
crucial for the efficient use of NPs; nevertheless, this subject is outside the scope of the research and calls
for explanations in future reviews. This review updates readers on regularly used organic and inorganic
NPs while highlighting current advancements, difficulties, and potential utilization.
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2. DEVELOPMENT OF NANOPARTICLES

The broad range of synthesis processes, extraction from various sources, production from different elements
within nontoxic environments, simple handling, physicochemical modification, and development of their
compounds with multiple specimens have led to their large-scale production and applications in various
sectors [20]. Thermodynamic and kinetic equilibrium approaches are used to carry out physical and
chemical processes. The development rates of NPs are very important in physical and chemical synthesis
processes, and they are used for different purposes [21]. Metal NPs and their oxides can be created using
specific physical and chemical techniques. These techniques have been refined through extensive research
and testing, allowing for exceptional control and customization of the physiochemical properties of the
nanostructures. However, these processes have a number of drawbacks since they consume hazardous
chemicals, create dangerous byproducts, and demand a lot of energy [22]. It is crucial for the continued
advancement of an environmentally benign method of producing metal and metal oxide NPs. Any
nanostructured material is formed in one of two ways. The top-down strategy is one of them, while the
bottom-up approach is the other [23]. The term "top-down approach™ describes the process of gradually
reducing a material's mass to the nanoscale. It also goes by the name of lithography. This method for
creating semiconductor nanostructures is a direct result of improvements in standard microelectronics
manufacturing's spatial resolution. It entails systematically removing every nearby unmasked specimen
while masking selective nanoscale portions of a semiconductor thin film with a different large lateral extent.
Semiconductor nanostructure materials now have minimum feature dimensions below 100 nm as a result
of the application of photolithography and electron or x-ray beam lithography together. The production of
10 nm diameter quantum wires and a dot is still limited by the capabilities of a lithographic process. On the
other hand, the bottom-up approach starts at the atomic or molecular level and involves the self-assembly
of devices. The mechanisms of spontaneous self-assembly are another term for it. Using this method, there
is an impressive amount of research being done on semiconductor nanostructure development. Early in the
1990s, semiconductor quantum dots (QDs) were created by using spontaneous formation [24]. At first, this
outcome was thought to be the product of a flawed film advancement strategy. By adopting this method to
create the QDs, various pathways for the growth of atomic-scale clusters of semiconductor components
have recently been discovered. Each of these methods directly contributes to stress. Considerable research
has focused on understanding the external uncertainties caused by stress that may result in the development
of nanostructures in semiconductor materials. The Stranski-Krastanov growth mode [25] has been
identified as the process responsible for the creation of QDs.

The periodic morphology gradually replaces the flat structure that originally characterized the formation of
strained thin films. Following that, the capacity to release tension outperforms the additional surface power
needed to cause QDs to develop. The bottom-up technique has recently become more noticeable in technical
applications, while the top-down strategy is quickly becoming out of date. By adopting a straightforward
chemical solution technique, the bottom-up strategy is able to create device-quality material that is far more
affordable than the top-down approach. Moreover, it offers a technique for uniformly ascending chemical
mixtures. The chemical synthesis process will yield a novel whose self-assembly will enable power and
time-saving strategies, which is a fundamental aspect of NPs research [26, 27]. The hydro- and solvothermal
reactions are primarily involved in the chemical solution pathway [28]. These procedures are essential in a
variety of scientific fields where fundamental or applied material research is conducted. These processes
have advanced more recently, especially with the development of nanostructured materials. The relative
amount of precursor consumed throughout the nucleation and growth stages for a specific amount of
precursor added to the reaction medium will determine the ultimate NP size [29]. Particle growth is limited
to the point when the molecular precursor has been fully consumed. The slow nucleation leads to the
creation of a population of relatively larger particles due to the low concentration of embryonic seeds it
produces. Although slow nucleation consumes the same amount of precursor as fast nucleation, it ultimately
results in the production of small particles.

By analyzing the effects of various parameters, the electrochemical process for developing NPs is a critical
strategy for achieving high performance and stability in energy devices [30, 31]. To create ZnO NP, a
number of biological synthesis techniques have been employed. Waste materials were used to carry out
these processes. The mediation of plant parts like roots, shoots, leaves, and stems as well as the mediation
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of microbes including fungi, algae, viruses, actinomyces, and bacteria [32]. It is vital to create
environmentally safe NPs that don't release hazardous substances. The intracellular or extracellular
processes of many microbes, including fungi, algae, viruses, actinomyces, and bacteria, can be exploited to
synthesize various nanostructured materials. This sort of synthesis procedure appears to be a beneficial
method for biological nature that is also environmentally friendly and green. Examples of organisms that
engage in biological synthesis processes include bacteria, algae, fungi, and plants. Large-scale NP
generation by plants results in the discovery of additional pollutants. Plant materials like fruits, seeds, stems,
leaves, and roots, among others, are used to make nanostructures [33]. Metal ions are involved in the
process, and depending on the biological medium used, they either undergo oxidation or reduction. Due to
the fact that each autotrophy comprises a different set of molecules that are responsible for the reaction, the
precise mechanisms underlying the process of biologically synthesizing NPs have not been extensively
explored yet. It is understood that the metallic substance's nucleation starts the process, and then NP
development starts in the mixture, where it forms the precipitate.

Plant extracts are commonly used as reducing and stabilizing agents in the production of NPs. Low toxicity,
low cost, and environmental friendliness are only a few advantages of using plant extracts in the
manufacturing of NPs [34]. Plant extracts contain various phytochemicals such as flavonoids, phenols,
terpenoids, alkaloids, and tannins that can act as both reducing agents and stabilizers during the synthesis
process. These phytochemicals can reduce metal ions, leading to the formation of NPs, while
simultaneously preventing their agglomeration. The creation of nanostructures from these extracts involves
the reduction of metal ions in the solution. The plant extracts are added to the metal ion solution, and the
reduction reaction occurs in their presence. The extract functions as a reducing agent to reduce metal ions
and simultaneously stabilizes the resulting NP. By altering the concentration of the extract, the
concentration of the metal ion solution, and the duration of the reaction, the size, shape, and morphology
of the NP can be regulated. For the creation of nanostructured materials, plant extracts from numerous
plants, including green tea, ginger, neem, turmeric, and grapefruit, have been employed. One instance is
the utilization of neem extract to synthesize ZnO NPs [35] that fall within a size of 25.51 nm and the use
of green tea extract to create Ag NPs [36] with a size range of 8-68 nm. Many uses for the resultant NP in
industries like medicine, catalysis, and electronics have been discovered. Furthermore, the organic
substances in plants and microbes play a role in stabilizing, or capping, the NP as they attach to the surface
of the nanostructures. This prevents aggregation and eliminates the need for additional stabilizing chemicals
[37]. Plant extracts appear to be the superior biological media for reproducing this process in a lab setting
because they are more stable, decrease metal ions more quickly, and are simpler to scale up than
microorganisms [38, 39]. As they have demonstrated greater efficacy in synthesizing NPs than microbes,
plants have been the primary focus of research on the biosynthesis process [40].

3. TYPES OF NANOPARTICLES

The different types of NPs have played a significant role in the advancement of nanotechnologies [41]. For
improvements in drug delivery that can save lives as well as increasing productivity across a variety of
fields. As nanotechnology develops, more useful NPs will be created and produced for application in the
engineering and medicinal industries. The capacity to adapt their functions for a variety of applications,
high surface energy, and large surface areas are just a few of the characteristics that set nanostructures apart
from bulk materials. The classification of NPs can be based on several factors, such as their size,
morphology, physical characteristics, and chemical properties [42]. Often, the classification of these
materials determines their function.

3.1. Organic Nanoparticles

Polymeric nanostructure: Depending on the technique used for preparation, polymeric nanostructure
materials have an organic base. Its structures resemble nanospheres or nanocapsules. Nanocapsules possess
a core-shell configuration, while nanospheres exhibit a matrix-like structure. In polymeric nanocapsules,
active substances are enclosed within a polymer shell, while in polymeric nanospheres, they are evenly
dispersed throughout the structure. Polymeric nanostructures have a number of benefits, including
controlled release, drug molecule protection both inside and outside the body, and the potential for precision
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targeting, imaging, and therapy combined. Medication administration and diagnostics are two uses for
polymeric nanostructures. Drug delivery techniques based on polymeric nanostructures are also
exceptionally biocompatible and biodegradable [43].

Lipid nanostructure: Lipid nanostructures typically have a diameter between 10 and 100 nm and are
spherical in shape. They have a matrix of lipophilic compounds that are soluble and a solid lipid core, and
the exterior core is stabilized by emulsifiers and surfactants. The biomedical industry employs lipid
nanostructures, which are used in the biomedical industry as drug carriers and to release ribonucleic acid
during the treatment of cancer [44].

Viral-based nanostructure: The term "viral-based nanostructures™ refers to a broad category of naturally
occurring NPs generated from mammalian, plant, and bacteriophage viruses. The use and advancement of
viral nanostructures and their genome-free equivalents, virus-like particles (VLPs), is a swiftly growing
field of study. To achieve tissue selectivity, VLPs can be genetically attached to target ligands as well as
incorporate a variety of active components. VLPs are produced using biocompatible, biodegradable
ingredients by scalable fermentation or molecular farming. These features have resulted in numerous
applications, such as imaging and theranostics, cancer treatments, immunotherapies, vaccines,
antimicrobial therapy, cardiovascular therapies, and gene therapies [45]. To bring these treatments to the
clinic, enough research must be done consistently as the utilization of VLPs as instruments for drug delivery
evolves. This review highlights some of the cutting-edge studies being conducted in the field of VNP
medication delivery that are working toward this larger objective.

3.2. Inorganic Nanoparticles

Carbon-based nanostructure: There are two main types of carbon-based nanostructures; fullerenes and
carbon nanotubes (CNTS). Their strength, which is 100 times greater than steel, makes them suitable for
structural reinforcement applications. Carbon nanotubes come in two varieties: single-walled (SWCNTS)
and multi-walled (MWCNTS). Because they are non-conductive across the tube yet thermally conductive
along its length, CNTSs are special in a way. Fullerenes are a type of carbon allotrope characterized by their
hollow cage structures comprising sixty or more carbon atoms. Buckminster fullerenes, which form the
structure of C60, resemble a hollow football and consist of carbon units shaped like pentagons and
hexagons. These carbon-based NPs possess desirable commercial properties, including electrical
conductivity, high strength, structure, and electron affinity [46].

Ceramic nanostructure: Phosphates, carbonates, oxides, and carbides make up the inorganic solids that
make up these nanostructures. Ceramic NPs are used in biological imaging, drug administration,
photocatalysis, and dye photodegradation because of their great heat resistance and chemical inertness [47].
Nanostructure materials serve as efficient drug delivery systems due to their precise properties, including
controllable size, surface area, porosity, and surface-to-volume ratio. Ceramic nanostructure materials have
been successfully utilized to transport medications for several illnesses, including cancer, glaucoma, and
bacterial infections.

Metal nanostructure: Metal precursors are used in the production of the metal nanostructure, which can
then be produced chemically, electrochemically, or photochemically. Chemical reducing agents are used in
chemical procedures to reduce metal-ion precursors in solution and produce metal nanostructure materials.
These resulting nanostructures possess a high surface energy and can adsorb small molecules. The detection
and imaging of biomolecules, as well as applications in the environment and bioanalysis, all make use of
metal nanostructure material [48]. Au nanostructures are used to coat the sample before scanning electron
microscopy (SEM) examination, thereby enhancing SEM and producing exceptional electron microscopy
images.

Semiconductor nanostructure: Groups 11-VI1, 111-V, or IV-VI of the periodic table contain semiconductor
nanostructure materials and have characteristics similar to those of metals and non-metals. These feature
broad bandgaps that, when tuned, exhibit various characteristics. Semiconductor nanostructures are made
of a variety of substances, including Si and Ge from group 1V, as well as GaN, GaP, InP, and InAs from
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groups -V, and Zn0O, ZnS, CdS, CdSe, and CdTe from groups 11-VI. Applications for semiconductor
nanostructures include photocatalysis, electronics, nanophotonics, and water splitting [49].

4. NANOPARTICLES IN NANOMEDICINE

NPs are under investigation in the field of nanomedicine for a range of purposes such as drug delivery,
imaging, and diagnostics [50]. NPs have the potential to be extremely useful in nanomedicine [51]. They
can adroitly bear and convey biological materials to targeted sites through imaging probes and therapeutic
agents. They can influence a specific tissue, organ, or hidden cell. One of the key advantages of using NPs
in medicine is their ability to target specific cells or tissues. By attaching molecules to the surface of the
NPs that bind to specific cells, such as cancer cells, the NPs can be directed to those cells and deliver drugs
or other therapeutic agents directly to the site of the disease. This can increase the effectiveness of the
treatment while reducing side effects. The utilization of NPs for drug delivery has a tremendous influence
on different areas of nanomedicine [52]. Nanomedicine refers to the use of NPs for medical purposes. It is
defined as the use of engineered nanocarriers to diagnose, screen, monitor, prevent, and cure diseases
starting at the molecular level. We will eventually achieve this phenomenon for medical purposes [53, 54].
Drug delivery and imaging have both utilized a variety of materials. NPs have the ability to penetrate
biological barriers, including the blood-brain barrier, which is an added benefit of using them in medicine.
It can be a significant obstacle to delivering drugs to the brain. NPs can be designed to pass through these
barriers and deliver drugs or other agents directly to the brain. In addition to drug delivery, NPs are also
being investigated for use in medical imaging and diagnostics. It can be designed to interact with magnetic
fields or emit/absorb certain wavelengths of light, enabling their use in imaging modalities such as optical
imaging and magnetic resonance imaging (MRI) [55]. However, there are still many challenges to
overcome before NPs can be widely used in medicine. These include ensuring the safety of the NPs and
their long-term effects on the body, as well as developing methods for large-scale production of the NPs.
Despite these challenges, the potential benefits of using NPs in medicine make them an exciting area of
research with the potential to revolutionize the field of healthcare. Liposome, dendrimer, nanotube, micelle,
nanogel, quantum dot, nanocrystal, polymer, and polymer-metal are the types of NPs. Reduced toxicity,
high specificity, controlled drug release, enhanced delivery, diverse routes of administration, and dose
reduction are benefits of NPs [56].

Nanomedicine has the potential to completely transform healthcare by offering better, more individualized,
accurate, and effective therapies for a variety of medical diseases. The development of many types of NPs
with a variety of uses has been assisted by advancements in materials engineering and characterization
methods. The use of nanotechnology in illness prevention, diagnosis, and treatment has various advantages
over traditional pharmacological therapy [57]. Nanotherapeutics have the ability to administer more
focused and precise therapies, reduce side effects, and improve patient outcomes, which has the potential
to transform the field of medicine. NPs have the capacity to target therapeutic molecules and improve
medication selectivity, which results in increased bioavailability, better patient adherence, and, eventually,
lower drug doses. Moreover, nanotechnology makes it possible for poorly soluble chemicals to be
administered effectively through the right pathways, which lowers their toxicity and increases their
effectiveness. Due to their multimodality, nanocarriers are particularly notable for their capacity to
simultaneously transport numerous therapeutic and diagnostic substances. Targeted drug delivery, imaging,
sensing, and therapy are all possible uses for NPs in nanomedicine [58].

4.1. Drug Delivery

NPs have surfaced as a hopeful drug delivery platform in the field of nanomedicine [59]. It can be
engineered to carry drugs and other therapeutic agents directly to the site of the disease, improving the
efficacy and reducing the toxicity of the drugs. NPs can be designed to possess particular qualities that
enable interaction with biological systems in a controlled manner. For example, the NP's exterior can be
coated with molecules that target specific cells or tissues, allowing the NPs to selectively deliver drugs to
those cells. The extent, shape, and charge of the NP can also be carefully controlled to optimize its
interaction with the body and the drug being delivered. The capacity of NPs to shield drugs from
degradation or clearance is one of their main benefits for medication delivery by the body before it reaches
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the site of action. The NPs can also increase the bioavailability of the drug, allowing for lower doses to be
used while still achieving the same therapeutic effect [60]. In addition, NPs can offer sustained drug release
for an extended duration, minimizing the requirement for frequent dosing and enhancing patient adherence.
Chronic conditions can especially benefit from this, such as cancer, where long-term treatment is often
required. Regardless of NPs potential benefits as a drug delivery system, there are still challenges that need
to be addressed. For example, the safety and biocompatibility of the NPs need to be thoroughly evaluated,
and the manufacturing process must be scalable and cost-effective. Nevertheless, the utilization of NPs in
drug delivery exhibits significant potential for enhancing the treatment of various diseases. Figure 1
illustrates drug delivery systems for diagnosing and treating different diseases.
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Figure 1. Drug delivery systems for diagnosis and/or therapy across different diseases [61], Reprinted
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Chronic obstructive pulmonary disease (COPD) and asthma are the two most common respiratory diseases.
As pollution levels rise and air quality declines, the prevalence of these diseases increases in the population.
As a result of this growing burden, researchers are attempting to create new medications and diagnostics
for better illness management. Research is being scaled down to the nanoscale in order to advance an
acceptable approach for treating and curing respiratory disorders. These respiratory disorders affect a vast
population, including people of all ages, from newborns to the elderly. Recently, significant progress has
been made in the advancement of NPs for the medication of chronic obstructive lung infections such as
asthma [62]. Antibiotic-conjugated particles accumulate in the lumens of macrophages and neutrophils in
the alveoli. Drugs can be released into the airways through antibiotic-conjugated NPs with sizes ranging
from 1to 5 nm [63, 64].

To treat respiratory conditions like cystic fibrosis, chronic obstructive pulmonary disease (COPD), and
asthma, pulmonary drug administration is a way to give drugs directly to the lungs [65]. The medication is
inhaled using this mode of drug administration, whether it is an aerosol, powder, or gas. The possibility of
inhaler overuse, the challenges of synchronizing inhaler use with breathing, and the risk of lung irritation
or allergic reactions are a few drawbacks to the administration of pulmonary drugs. To guarantee the safe
and efficient use of pulmonary drug administration for the treatment of respiratory disorders, it is crucial to
cooperate closely with a healthcare professional.

Researchers have turned to NPs in nanomedicine as a result of the expansion of nucleic acid-based
therapies, which have needed better delivery. Day by day, formation into NPs has been the favored
technique for distribution to the necessary biological compartments in diverse treatments [66]. The
backbone of approved nucleic acid delivery medications has been lipid NPs (LNPs), which are made up of
lipids in addition to their nucleic acid payload. Different functions in nucleic acid delivery are played by
cationic or ionizable groups included in NPs. Complex negatively charged nucleic acids for effective
encapsulation, particle formation, and cellular absorption are all made possible by their interaction with the
negatively charged head groups of the endosomal lipid membrane. Since cationic groups cause immune
activation and toxicity, it contains ionizable lipids that are primarily neutral at physiological pH but
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positively charged at acidic pH. Lower endosomal pH causes the lipids to become charged, which
encourages endosomal disruption. Throughout the coronavirus disease pandemic of 2019 (COVID-19), the
use of lipid NPs for RNA delivery has greatly increased [67]. While there have been several successful
attempts at integrating NPs into clinical practice, past failures, such as Bind Therapeutics’ use of PEGylated
Polylactic Acid (PLA-PEG) NPs [68] to encapsulate docetaxel chemotherapy, underscore the need to
address outstanding issues. A tiny molecule was added to the PEG surface to enable it to bind to a membrane
antigen unique to the prostate, allowing for selective accumulation in cancer tissues. Incorporating precision
medicine principles, like utilizing NP imaging agents to showcase enhanced permeability and retention or
considering susceptibility as a criterion for therapy selection in nanomedicine, could aid forthcoming
endeavors. Because NP treatments need purity and homogeneity not just of their constituent chemicals but
also of how these molecules are organized at the nanoscale, clinical scale utilization of NPs can present
unique manufacturing issues. The utilization of self-assembling molecules to accomplish bottom-up NP
synthesis instead of top-down, and the employment of microfluidics to ensure efficient mixing and
continuous production are two instances of techniques that facilitate more scalable and consistent
manufacturing. These processes must be used in the production of developing NP therapeutics in order to
guarantee clinical success. The use of nanotechnology to augment the delivery of drugs to specific sites is
referred to as nano-drug delivery [69], which is a relatively novel field that has witnessed numerous
breakthroughs in recent years [70].

Doxil (doxorubicin hydrochloride liposome injection), a liposome-based drug delivery system [71], was
initially accepted by the Food and Drug Administration (FDA) for the treatment of ovarian cancer.
Ultimately, Vyxeos, a liposome-based medication for the treatment of acute myeloid leukemia (AML),
received FDA approval. It simultaneously administers two chemotherapeutic medicines using liposomes.
Since the initial liposome-based drug delivery device was approved in 1995, nano-drug delivery has
advanced significantly. Researchers are continually coming up with novel and inventive ways to employ
nanotechnology to enhance medicine delivery, and the area is constantly changing. Below is a timeline of
some of the important occasions and developments in the development of legal nano-drug delivery systems.
Designing NPs for better targeting and overcoming biological barriers has dominated cardiovascular
nanomedicine research. In order to overcome problems with traditional pharmaceutical distribution, such
as unfavorable systemic side effects, NPs are routinely injected into specific vessels for cardiac conditions
like atherosclerosis, hypertension, and myocardial infarction. New nano-drug carriers can also be taken up
preferentially by immune cells, aiming to control localized inflammatory processes and deliver a
therapeutic payload to plagque. Innovative NP composition, formulation, and fictionalization design have
improved the field in order to achieve therapeutic effectiveness [72]. This point of view seeks to assess
these changes and provide fresh perspectives on how nanotechnology might most effectively help treat
cardiovascular disease. Diverse researchers can provide their opinions on nanocomposites and nano
coatings, as well as vascular, implantable, and wearable device technologies, which are new fields of
technological inclusion and integration, in order to start conversations about where the field of study should
focus. Furthermore, the researcher suggests that research should prioritize technological solutions for
medication to aid in the prevention and treatment of cardiovascular diseases (CVD), which are responsible
for a rising number of deaths globally [73]. Since many risk factors for CVD are avoidable, such as diets
rich in saturated and trans fats and cholesterol, sedentary lifestyles, and the consumption of alcohol and
tobacco, scientists should emphasize technological approaches for the early detection and management of
these risk factors [74].

Nanotechnology-enabled advancements, such as enhanced wearable trackers that simultaneously monitor
multiple heart parameters and track physical activity, sleep, and diet; portable exam Kits that detect heart
sound anomalies in patients; and sensors that aid in medication adherence, could all play a part in achieving
this objective. Nanotechnology may have a huge impact on the advancement of technology and sensitivity
because of its exclusive capacity to change the structure at the nanoscale. Advanced NP-based sensors [75]
will aid in earlier disease detection and ongoing symptom monitoring, while remote-controlled nanoscale
switches or manipulation will aid in disease prevention. Sustained and controlled release of molecules or
agents with targeted activities can be advantageous for the treatment and restoration of damaged heart
tissue. It is thought that treating CVDs is the most expensive condition to treat because it requires
developing and making available all the technologies and devices.
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The generation, characterization, and use of NP in the human immune system have made considerable
scientific strides [76]. Traditional medicine, which was the only feasible option for treating sick individuals,
offered better advantages by addressing the many problems caused by traditional therapy. Lower dosages,
enhanced pharmacokinetics, and better-targeted effectiveness are a few of these. A few of these
formulations have reached clinics and demonstrated promise in raising the survival rates of patients with
terminal illnesses. The relationship between NPs and the innate and adaptive immune systems is still
unknown and under investigation. The lymphatic system guides NPs within an identifiable size range that
is taken up by the innate immune system to these sites [77]. NPs interact as immunostimulation and
immunosuppression in the immune system [78].

Two TCR (T-cell receptor) approaches are identity cell immunostimulation followed by T-cell priming,
which causes antigen-presenting cell (APC) immunosuppression [79], which raises T and B-cell counts and
activity, and medication release into tumor cells. Murine models exhibit negative effects in these regions
in vivo, which can inhibit natural killer cells. These cells were inhibited by negatively charged SiO2, which
also decreased the release of proinflammatory cytokines and the activity of natural killer cells, which
prevented the inflammatory responses seen in these mice. In addition to controlling cellular immunity, ZnO
NPs also promote antioxidant and anti-inflammatory agents [80]. Having enough zinc in the human diet is
essential for maintaining good health and optimal immune system operation. Seafood, steak, pig, poultry,
beans, nuts, and whole grains are excellent sources of zinc.

4.2. Imaging

NPs have emerged as a useful tool in a variety of applications in nanomedicine, including imaging and
biosensing [81]. NPs possess distinct biophysical properties that enable contrast enhancement in biomedical
imaging, and their customization at the molecular level allows for tissue-specific diagnosis. Subtle
variations in the size or composition of NPs can significantly alter their optical, magnetic, or electrical
properties, providing a unique method of multiplexing. Figure 2 demonstrates the integration of imaging
and nanomedicine in atherosclerosis.
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Figure 2. Integration of imaging and nanomedicine in atherosclerosis [82], Reprinted with permission;
© 2011 Macmillan Publishers Limited, https://doi.org/10.1038/nrd3578

The real-time monitoring of the drug delivery process and therapeutic effects using a variety of imaging
modalities, such as fluorescent (FL) imaging, magnetic resonance imaging (MRI), computed tomography
(CT), photoacoustic imaging (PAI), positron emission tomography (PET), and electron microscopy, is
crucial to ensuring the best performance of the proposed nanomedicine [83]. Moreover, it is crucial to
develop nanomedicines that effectively fulfill drug delivery requirements. Cancer remains a leading cause
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of mortality worldwide, causing millions of deaths annually. According to global cancer observatory
(GLOBOCAN) 2020 estimates by the International Agency for Research on Cancer, approximately 19.3
million new cancer cases and nearly 10.0 million cancer-related deaths are expected in the near future. The
role of imaging in the targeted delivery of nanomedicine for cancer therapy was discussed in detail by P.
Li et al. [84].

NPs are also being explored as imaging agents in nanomedicine. Because of their small size, NPs can
possess distinct optical and magnetic characteristics, making them advantageous for imaging purposes.
Moreover, NPs can be customized to interact with particular biological molecules or tissues, allowing them
to be used to target specific targets in the human body. For example, NPs can be coated with molecules that
bind to cancer cells, making them useful for cancer imaging. NPs can also be tailored to emit or absorb
light of precise wavelengths, enabling their application in optical imaging methods such as FL imaging,
photoacoustic imaging, and two-photon microscopy. Conversely, magnetic NPs can be utilized for
magnetic resonance imaging (MRI) [85]. Magnetic NPs can be coated with molecules that bind to specific
tissues or cells, making them useful for targeted imaging. Magnetic NPs can also be used to image
biological processes such as blood flow and protein-protein interactions. Another advantage of using NPs
for imaging is their ability to enhance contrast. By altering the size and surface properties of the NPs, the
contrast between different tissues or structures can be improved, allowing for better resolution and a more
accurate diagnosis. Despite the potential benefits of using NPs for imaging, there are still challenges that
need to be addressed. For example, the safety and biocompatibility of the NPs need to be thoroughly
evaluated, and the imaging performance of the NPs needs to be optimized. However, utilizing NPs as
imaging agents presents significant potential for enhancing the diagnosis and treatment of various diseases.
Many supramolecular nanomedicines are in clinical use, and a considerable number are making steady
progress in human research, indicating their promise for identifying and treating brain cancer [86, 87].

By utilizing their distinctive qualities, such as improved payload bioavailability via controlled
pharmacokinetics and pharmacodynamics and superior distribution at the site of two problems,
nanomaterials are rapidly showing promise to solve our brain tumor features and tumor-specific drug
activity. One of the toughest obstacles in treating these tumors is getting medications to the brain tumor site
with therapeutic concentration while avoiding the blood-brain (tumor) barrier. Recent research has linked
the injection of drug-loaded NPs to magnetic resonance imaging and near-infrared imaging, allowing for
target imaging with these novel theranostics.

4.3. Diagnostics

The goal of early diagnosis has been to arrest and manage these health conditions as soon as possible.
Despite the challenges we face, recent scientific progress has greatly improved our diagnostic capabilities.
The emergence of nano-diagnostics as a new branch of laboratory medicine has enabled the early detection
of diseases before symptoms arise, enhanced imaging of internal body structures, and simplified diagnostic
procedures [88]. Ongoing research in nano-diagnostics includes the development of microchips, biosensors,
nano robots, single-cell structure identification, and micro electromechanical systems. J. Gomez-Marquez
et. al. [89] illustrates a comprehensive overview of current nanotechnological advances in medical
diagnosis and explores the potential for improved healthcare delivery in the future. Deconstructing
nanotechnology into toolkits and protocols instead of more traditional, fully integrated devices has the
potential to have a greater impact. R. Khademi et. al. [90] reviewed preclinical research on nanotechnology-
based diagnostics and therapies for acute lymphoblastic leukemia in their study.

In response to specific triggers, different types of nanogates can release pharmacological agents into
particular environments; some of these compounds can be employed on both tumor and normal cells due
to minute variations. Targeting or sensing ligands are advantageous in this situation because they can
specifically bind to malignant cells that overexpress particular receptors. Small drugs that are free can enter
malignant cells via passive transmission across the cell membrane, where they interact with membrane
proteins like drug efflux pumps, resulting in suboptimal levels in the target cell [91]. On the other hand,
NPs can get around this resistance mechanism by delivering therapeutic agents directly into cancer cells
without relying on specific receptors or channels. Increased membrane fluidity implies increased drug
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permeability, which can be influenced by lipid packing density and velocity. Specific micro-environmental
factors in the target region, such as changes in pH and enzyme activity, as well as external stimuli like heat,
light, electric or magnetic fields, or ultrasound, can promote the release of drug content from carriers.
Targeted gene therapy boosted the stability and concentration of targeted gene therapy drugs, which
improved their anti-leukemic potency. Ruolin Wu et. al. [92] discuss the use of nanomedicine for the
treatment of renal cell carcinoma (RCC), with a focus on exploring the potential of nanotechnologies in
RCC management and their translation into clinical practice. With the increasing knowledge and
application of nanotechnologies, there is a promising potential for the development of new and effective
treatments for renal cancer.

The kidney is a key organ that is essential to keeping the body balanced [93]. RCC, a common cancer of
the urinary system, poses a serious threat to people’s health. Cancer diagnosis and management have come
a long way, but there are still several factors that might lead to treatment failure. First off, prompt diagnosis
is hampered by the lack of readily available biomarkers. Second, it can be difficult to detect RCC early due
to its diverse imaging appearance. Lastly, because kidney cancer has built-in drug resistance, chemotherapy
has been ruled useless for treating it in clinical settings. The treatment of Kidney cancer has changed
dramatically in recent years, thanks to the development of nanotechnological techniques in
pharmaceuticals.

Many advantages of nanotechnology over traditional techniques have led to a wide range of biological
applications, including medication delivery, prevention, diagnostics, and treatment. Nanomedicine relies
heavily on diagnostics for the early detection and diagnosis of diseases to improve patient outcomes. NPs
can be designed to interact with specific cells or tissues and detect disease biomarkers or abnormalities,
making imaging one of the most common diagnostic applications of NPs. Targeting ligands, such as
antibodies or peptides, can be coated on NPs to bind specifically to cancer cells or diseased tissues. This
enables the targeted delivery of contrast agents, which can improve the visibility of these tissues in imaging
modalities such as MRI, CT, or fluorescence imaging [94]. Although whole-body imaging methods like
MRI and CT have shown great clinical success due to their imaging depth and high resolution, they also
have limitations, such as high and prolonged radiation exposure, which limits their applicability in real-
time monitoring. NPs can also be functionalized with probes for biosensing applications to detect disease
biomarkers or pathogens. The presence of the target molecule or pathogen causes a change in the NP’s
properties, such as their size, shape, or surface charge, which can be detected using various techniques,
including colorimetry, fluorescence, or electrochemistry. Overall, the use of NPs in diagnostics in
nanomedicine is a rapidly growing field, with many promising applications. By providing accurate and
sensitive detection of diseases and biomolecules, NPs are helping to revolutionize the field of nanomedicine
and improve patient outcomes. Table 1 contains a list of NPs that are increasingly being utilized in the field
of nanomedicine, which involves the use of nanotechnology for medical purposes. The unique physical and
chemical properties of NPs make them highly suitable for various medical applications.

Table 1. A list of nanoparticle that are utilized in nanomedicine

Nanoparticles Treatment Active Drug Commercial Name References
Liposome Fungal infections | Amphotericin B | AmBisome® [95]
PEGylated liposome Breast cancer Doxorubicin Doxil®, Caelyx® [96]

Lipid NPs Fungal infections | Amphotericin B | Amphotec®, Abelcet® | [97]
Protein-based NPs Viral infections Paclitaxel Abraxane® [98]
Nanoemulsion Eye inflammation | Difluprednat Durezol® [99]
Polymeric NPs Kidney disease Sevelamer Renagel® [100]
Nanocarrier Cancer therapy Pembrolizumab | Keytruda® [101]

Au NPs, quantum dots (Q-dots), carbon nanotubes (CNTSs), and dendrimers are some of the other most
common NPs used in nanomedicine. Au is a biocompatible, highly stable particle that can be used for
imaging, diagnostics, and targeted drug delivery. Q-dots are semiconductor NPs that can be used for
imaging, diagnosis, and targeted drug delivery. CNTs are carbon-based cylindrical NPs that can be used
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for drug delivery, imaging, and biosensors. Figure 3 demonstrates the use of gold-based nanoparticles in
nanomedicine.

9 & 5
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Figure 3. Utilization of gold-based nanoparticles in nanomedicine [102], Reprinted with permission;
Copyright and Licensing are available via the following link: https://www.frontiersin.org/articles/10.
3389/fchem.2020

Dendrimers are NPs that resemble heavily branched trees and can be employed as biosensors, imaging
agents, and drug delivery systems. Targeted medication delivery, imaging, and diagnostics are just a few
of the uses for NPs in nanomedicine. They are also being researched for their potential role in tissue
engineering and regenerative medicine. To completely comprehend the effectiveness and safety of NPs in
medical applications, however, more research is required.

5. CONCLUSIONS

The social acceptance of innovative nanotechnology in nanostructured materials is NPs’ biggest hurdle.
Long-term investments in commercial acceptability will be critical for material scientists and engineers in
this area. The commercial aspect is posing several challenges to bringing in significant investment for the
industry’s progress. Incorporating cutting-edge items will be the most significant future trend for NPs.
These will be critical for industry stakeholders, academics, scientists, and engineers to tackle complicated
issues to meet the goal. According to the review study, plant extracts are recommended as the best biological
medium for the formation of NPs because they are more stable, reduce metal ions more quickly, and scale
up more easily than the microorganisms prevalent in the human body. Biocompatibility, stability, size,
surface qualities, and targeting capabilities are a few of the many considerations when selecting the best
NP for a given application in nanomedicine. NPs hold promise in nanomedicine, serving various roles in
drug delivery, imaging, and diagnostics. Their unique properties enable targeted delivery, enhanced
imaging, and sensitive diagnostics, offering the potential to revolutionize healthcare. Continued research
may lead to more efficient treatments, precise diagnoses, and improved patient outcomes in medicine. It is
advised to carry out more research on additional key NP kinds that might have application potential. The
creation of NPs for diverse uses in the nanomedicine sector is the focus of this review. The reviews
assembled here will address emerging opportunities for NPs in nanomedicine.
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