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Abstract

nanoparticles are tiny structures under 100 nm with a high surface-to-volume ratio, making them highly
versatile for various applications. their performance is primarily driven by their synthesis method, size,
shape, and especially the base materials used. these materials categorize nps into organic, inorganic, and
carbon-based groups, including polymers, lipids, and metal ions. each material offers unique chemical
attributes that determine how effectively the np functions in a specific field. because efficiency and safety
are paramount, certain materials are preferred for their high performance and low toxicity. this review
examines these classifications and maps specific materials to their ideal practical uses. by understanding
these base components, researchers can better predict the activity and safety of nps in therapeutic and
industrial settings. ultimately, the choice of material is the most critical factor in successful nanoparticle
design. this study provides a concise overview of how these classifications guide modern nanotechnology
research. it serves as a roadmap for selecting the right nanoparticle for the right application.
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1.Introduction:-

Feynman was the first physicist to propose the idea of nanotechnology in 1959 in the "There's Plenty of
room at the Bottom" lecture. This idea started outstanding advancements in the field of nanotechnology[1].
Since then, nanotechnology has developed quickly and is now regarded as one of the 21st century's most
revolutionary scientific discoveries, particularly in the area of medicine. The potential of nanotechnology to
transform healthcare has drawn more attention in recent decades, leading to substantial investment and
research worldwide. Because governments and organizations see nanotechnology as a driver of innovation,

economic growth, and societal well-being, they have increased funding initiatives[2].

Nanoparticles (NPs) are defined as materials with dimensions smaller than 100 nm and presenting various
shapes, i.e., spheres, rods, dendritic shapes, etc. . This definition is accepted by the European Union
Commission[3]. Research in the multidisciplinary field of nanotechnology encompasses chemistry, biology,
engineering, andmedicine, and it holds enormous promise for early symptom diagnosis and clinical
treatment and studies on the environment. Recently,In the biological sciences, nanoparticles (NPs), primarily
metal NPs such as gold,silver, copper[4], iron[5],metal oxide[6] etc. have grown to beutilized for both
therapeutic and diagnostic purposes. That expansion in the applications and usage ofNPs can be explained
by their unusually small size and massive surface area.stability at high temperatures, high responsiveness to
living tissues, and to-volume ratio,and the transport of cells[7]. Nanotechnology has gained popularity

recently and had a beneficial impact on preclinical shipping in the new field of nanomedicine and medical
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advancement in medicine. Today,Drug delivery to the target site is facilitated by nanomaterials, which
create nano-systems and nanocarriers. According to how nanoparticles (NPs) are used and applied at the
nanoscale, there are numerous advantages and uses, such as medication delivery and
bioimaging[8].Nanoparticles (NPs)have the precise delivery of therapeutic agents to targeted tissues, which
reduces total dosage and potential toxic effects, the improved stability and bioavailability of active
pharmaceutical ingredients post-administration, the ability to exhibit superior safety and efficacy profiles,
the ability to release drugs in controlled timeframes, the ability to facilitate passive targeting and drug
accumulation in malignant tumors and other pathological sites via the enhanced permeability and retention
(EPR) effect, and the potential for nanopharmaceutical products to be more cost-effective than their
traditional counterparts are just a few of the many benefits of using nanoparticles (NPs) in drug
manufacturing[9]. However, NPs face various biological barriers upon administration, depending on the
route of administration (e.g., i.m., s.c., i.v., oral, intravitreal, pulmonary, nasal).Oral delivery is difficult due
to the acidic stomach environment and the mucus layer in the gastrointestinal (Gl) tract, which can trap and
remove the NPs. Pulmonary delivery (inhalation) is challenged by respiratory barriers like mucus, ciliated

cells, and clearance by macrophages [10].

Pharmacology has changed as a result of nanomaterials' introduction of innovative drug delivery and
therapeutic intervention platforms. They are great options for tackling issues in targeted therapy, controlled
release, and biocompatibility because of their unique physicochemical characteristics, which include high
surface-to-volume ratios, tuneable sizes, and functionalizable surfaces. These nanomaterials' interactions
with biological systems, including pharmacokinetics, biodistribution, and cellular uptake, are controlled by
their biophysical chemistry[11]. An outline of the different kinds of nanomaterials utilized in

pharmacological application is provided below, with an emphasis on their biophysical chemisty (fig.1).
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2 Classification of nanoparticles platform :

The synthesis methods, shape, and size of the NPs can significantly change the efficiency and activity of the
particle. Considering all these factors, the chosen material is also a primary variable that determines the role,
and especially the type, of NP. Based on the material, NPs are classified into three main types—inorganic,
carbon-based, and organic—and subdivided into different kinds such as metallic,ceramic, polymeric, and

lipid-based due to their distinct characteristics, size, and shape[12] (fig.2).
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fig .2Classification of Nanoparticles

Organic nanoparticles (NPs), including micelles, liposomes, and dendrimers, are excellent drug delivery
systems due to their biodegradable and non-toxic nature. Key types, such as nanocapsules and nanospheres,
are often labeled as polymeric nanoparticles. Some, like micelles and liposomes, have a hollow sphere for
drug encapsulation, while matrix particles have a solid core that adsorbs molecules on its surface. Their
properties make them ideal for targeted pharmaceutical transportation[13].Inorganic nanoparticles lack
carbon, are non-toxic, biocompatible, hydrophilic, and highly stable compared to organic types. They're
classified into metal and metal oxide nanoparticles. Metal nanoparticles (e.g., gold, silver, iron) are
synthesized from metal precursors, exhibiting unique optoelectrical properties due to plasma resonance.
Their properties are size-dependent (10-100 nm), involving surface area, charge, and shape.Metal oxide
nanoparticles (e.g., zinc oxide, iron oxide) are made to increase reactivity and efficiency compared to their
pure metal counterparts.Ceramic nanoparticles (nonmetallic solids) are synthesized via heating/cooling and
used in applications like photocatalysis and imaging.[14]Carbon-based nanomaterials have seen a rise in
new materials and synthesis methods. They are typically classified by their spatial dimensions (0D, 1D, 2D)
[7]. A more concise classification divides them into carbon nanotubes, carbon nanofibers (both 1D), and
carbon nanospheres (0D), based on physical and chemical properties. Other 0D materials include carbon
dots. This chapter will use this latter, simpler classification, also detailing the synthesis methods and

discussing specific stimuli-responsive nanomaterials relevant to cutting-edge research.[15]
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3.Targeted Drug Delivery Strategies:

Drug Delivery Systems (DDS) are advanced technologies designed for controlled and targeted drug release
to specific tissues. Recent innovations include nanoparticles, molecularly imprinted polymers, and 3D
printing. DDS significantly enhances drug stability, optimizes distribution, and allows for precise
localization and timing of release, even across barriers like the blood-brain barrier. This approach decreases
required therapeutic dosage and reduces toxicity, thereby elevating the therapeutic index. The core functions
of DDS are drug targeting, controlled release, enhanced absorption, and improved stability, meeting critical
clinical demands and improving patient. The primary need for Targeted Drug Delivery (TDD) over
conventional systems (DSs) is the poor performance of traditional methods across pharmacodynamic,
pharmacokinetic, pharmaceutical, and pharmacotherapeutic features. TDD is vital to enhance therapeutic
effectiveness and reduce toxicity by precisely directing drugs, overcoming the inherent flaws of
conventional methods like the invasiveness of parenteral delivery, the limitation of oral routes for certain
drugs, and the localized scope of topical applications.Drug effectiveness is compromised unless delivered to
the site of action at an optimal dosage and rate to maximize benefits while minimizing side
effects.UIltimately, drug targeting improves outcomes through increased efficacy, modulated
pharmacokinetics, controlled biodistribution, increased specificity of localization, decreased toxicity,

reduced dose, and improved patient compliance.[16]
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3.1.Nanobased drug delivery system:

Nanotechnology, proposed in 1959, is rapidly advancing the life sciences by integrating with biotechnology,
IT, and cognitive science.lt creates nanoformulations with unique physical, chemical, and biological
properties for vast biomedical applications.In Nanodrug Delivery Systems (NDDSs), it enhances drug
solubility, stability, and tumor targeting.This application also helps to mitigate toxic side effects of
drugs.Common materials for NDDSs include liposomes, nanodrugs, polymer micelles, hydrogels, and

inorganic systems.[17]

3.1.1.Liposomes:

Liposomes are enclosed vesicles (201000 nm) formed by ordered lipid bilayers, featuring a hydrophobic
shell and a hydrophilic core.Their unique composition offers excellent biocompatibility and normal
metabolism.This structure allows liposomes to enhance drug solubility and mitigate drug toxicity.Crucially,
liposomes can encapsulate both hydrophilic and hydrophobic drugs .By encapsulating drugs, liposomes
protect them from degradation and prevent off-target accumulation in tissues and organs.The integration of
liposome drug delivery systems into clinical practice took nearly fifty years.This nanotechnology-based
advancement has significantly propelled the development of new treatments.Liposome systems have enabled
a "quantum leap™ for anti-tumor, anti-bacterial infection drugs, and vaccines.For example, using solid lipid
nanoparticles (a type of liposome system) to deliver the anticancer agent resveratrol was highly effective.lt
led to significantly higher brain concentration and high penetration into brain tumors in Wistar rats, while
showing minimal systemic toxicity [18].
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Fig. hydrophilic and hydrophobic structure of liposome drug delivery system

Liposomes are vital in tumor therapy by augmenting X-ray radiationand promoting immunotherapy (e.g.,
ACSL capturing TAAs to boost T cell response). They significantly reduce the cardiotoxicity and side
effects (like alopecia and nausea) of anticancer drugs like doxorubicin .Liposomes also improve treatment
for infections, shown by the augmented anticoccidial activity of DQNLs , and the enhanced antibacterial
effect of lichenin liposomes + rifampicin for drug-resistant tuberculosis .Liposomes facilitate drug transport

across the blood-brain barrier (e.g., transferrin-modified liposomes for glioma regression) and improve
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antifungal efficacy (e.g., AmB targeting DC-SIGN receptor) .Lipid Nanoparticles (LNPs) are a specialized,
pivotal technology, forming multilayer cores to safeguard and deliver oligonucleotidesfor gene
therapy.Innovative LNP strategies include Selective Organ Targeting (SORT) for precise delivery to
extrahepatic tissues and the use of iPLNPs with novel phospholipids for organ-selective delivery .Recent
LNP successes include restoring cardiac function in heart failure mice and delivering mRNA to the
placenta without crossing into the fetus for pregnancy complications.LNPs are the delivery vector for
COVID-19 mRNA vaccines and are used in advanced cancer therapy to create CAR T cells by delivering
the CAR gene into the nucleus. Nanoprimer technology enhances LNP bioavailability by reducing uptake by
the reticuloendothelial system (RES) .Liposomes are also used in microbiota transplantation, with Lipid
Membrane-Coated Bacteria (LCB) enhancing microbial survival and therapeutic efficacy in colitis models
.Despite their success, liposomes suffer from low drug loading, poor stability, and high production costs.The
future of LNP systems focuses on enhancing targeting and responsiveness to stimuli (temperature, enzymes)

for precise treatment[19] .

3.1.2. Tocosomes:

Tocosomes are sophisticated, vesicular bioactive carrier systems composed predominantly of alpha-
tocopherol phosphate (TP), a biologically active derivative of Vitamin E. Similar to liposomes, they are
made of amphiphilic molecules forming bilayer colloidal structures, which gives them analogous drug
delivery and release characteristics. TP's unique properties, including narrow particle size distribution, high
encapsulation efficiency, exceptional biocompatibility, and low immunogenicity, contribute to its prolonged
stability and make it highly adaptable for drug delivery engineering. Clinically, TP is recognized for its
health benefits, such as cardioprotection, anti-inflammatory effects, and inhibition of tumor
metastasis.[20]In drug delivery, Tocopherol formulations (TP, phospholipids, cholesterol) are used for the
controlled release of anticancer agents like 5-fluorouracil. For targeted therapy, a temperature-sensitive
coated tocosome (blending Chitosan and poly(N-isopropylacrylamide)) was developed for metastatic kidney
cancer drugs, sunitinib malate and sorafenib tosylate, demonstrating enhanced stability and scalabilit.
Furthermore, the FDA-approved Vitamin E polymer, Tocophersolan (TPGS), is utilized to overcome drug
resistance. Modified TPGS (TPGS-CHMC) delivered docetaxel (DTX), significantly enhancing the
antitumor efficacyand reducing toxicity against paclitaxel-resistant ovarian cancer in mouse models
.Tocopherols, known for their exceptional antioxidant properties and biocompatibility, are highly suitable
for developing nanocarriers like tocosomes for the nutraceutical and pharmaceutical sectors. The main
advantages of using tocosomes are two-fold: they enhance the therapeutic effects of encapsulated agents by
directly delivering them to cells, which allows for reduced dosages and minimizes potential side-effects.
Additionally, tocosomes benefit from being manufacturable using safe ingredients obtained from natural
sources [21].
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3.1.3 Polymer nanoparticles:

Polymer nanoparticles (PNPs) are colloidal drug carriers (10-1000 nm) that can more readily traverse
biological barriers (like the blood-brain barrier) than larger liposomes. PNPs use materials ranging from
synthetic polymers (e.g., PLGA) to natural polymers (e.g., chitosan, gelatin). These systems are
biodegradable and offer several advantages: reducing systemic toxicity, delaying drug degradation,
improving release kinetics, and enhancing overall safety and efficacy .Surface PEGylation extends
circulation and enhances the EPR effect; one sophisticated strategy uses NIR light-triggered dePEGylation
to achieve synergistic photothermal chemotherapy, resulting in pulsated drug release [47].For example,
PLGA-based PNPs have shown a good safety profile and antifungal effects with minimal hemolytic toxicity
in vitro[22].The small size of PNPs makes them a vital strategy for overcoming the blood-brain barrier
(BBB), a key challenge in drug delivery for brain disorders.Dendrimers are tree-like macromolecules shown
to cross the blood-brain barrier (BBB).Hydroxy polyamidoamine (PAMAM) dendrimers effectively deliver
small drugs to injured brain tissue by crossing both the BBB and blood-cerebrospinal fluid barriers. Size is a
factor: 6.7 nm PAMAM dendrimers show longer blood circulation and greater brain accumulation than 4.3
nm versions.Additionally, dendrimers with cationic surface properties can cross the BBB and localize
specifically in neurons and glial cells.This makes dendrimers promising carriers for drug delivery to the
brain[23].

Carrier-mediated Adsorptive-mediated Receptor-mediated Paracellular

transport transport transport transport
Py
e v
oA '+
Blood - ot ¥ e
& oe

O

=

Pe—
P
\
(S

A
@
v
O]

®

Ban @ ®

Fig. Nanomedicine crossing blood brain barrier

Fucoidan-Based Nanocarriers have been developed to target endothelial P-selectin, allowing them to
penetrate the challenging blood-brain barrier (BBB) . This strategy effectively delivered the anti-tumor agent
vismodegib to brain tumors via P-selectin-mediated transport, leading to a significant enhancement of
therapeutic efficacy.Molecularly Imprinted Polymers (MIPs), known as "synthetic antibodies,” use
molecular imprinting technology (MIT) to create binding cavities that precisely match a template molecule
in size and affinity, enabling sustained drug release . A specific type, the Magnetic MIP (MMIP) nanogel,
was synthesized to address the poor bioavailability of the anticancer agent Quercetin (QC). This MMIP is

biocompatible and specifically recognizes QC, making MIPs promising for both rapid drug separation and
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delivery[24].Polysaccharide Nanoparticles (PNPs) have shown advancements in their mechanisms and
composite material development, but research is incomplete regarding their potential toxicity, polymer
stability, and precise drug delivery mechanisms . Therefore, future research must focus on a meticulous
analysis of the pharmacokinetics, safety profiles, and immunogenicity of these polymer nanodrug delivery

systems to bridge the existing gaps [25].

3.1.4. polymer micelle:

Polymer micelles (PMs) are widely used colloidal aggregates (10-100 nm) formed by amphiphilic block
copolymers in water.Their small size allows them to evade the immune system (RES), thus extending
systemic circulation time .The hydrophilic shell prevents drug loss and resists complement system
activation, overcoming common drug clearance issues .PMs are extensively used as carriers for highly
potent, toxic, and poorly soluble small molecule drugs. They show promise in antifungal therapy (acid-base
responsive micelles for itraconazole) and can be loaded with multiple agents for targeted tumor delivery,
improving patient survival and quality of life .Structurally, PMs feature a hydrophobic core for drug
encapsulation and a hydrophilic core for structural stability in aqueous environments.Specific ligands on the
corona enable them to traverse the blood-brain barrier (BBB) via transcytosis for effective brain delivery .
For instance, PLA-PEG micelles modified with t-Lypl ligand inhibited glioma progression in animal
models.Advanced wormlike micelles (e.g., mPEG-b-PDPA) can be engineered to degrade in response to the
brain tumor microenvironment for targeted drug release .They are also used to precisely control particle size
and release kinetics for compounds in traditional Chinese medicine (e.g., curcumin, paclitaxel). Despite
some limitations in long-term safety data, PMs are a key focus for future development and broad application
in delivering hydrophobic drugs, with some formulations already authorized internationally[26].

3.1.5. Hydrogel :

Hydrogels are polymer networks that swell in water, offering biocompatibility, biodegradability, and low
toxicity for sustained and targeted drug release .Innovative designs include anear-infrared light-activated
hydrogel nanomotor that penetrates tumors to release drugs and immune adjuvants, achieving a synergistic
phototherapy, chemotherapy, and immunotherapy effect .Hydrogels are excellent for tissue repair; for
instance, anti-swelling nanofiber hydrogels accelerate fibroblast migration and angiogenesis for wound
healing .A novel system uses hydrogels to carry ligands that competitively bind tumor-released ATP,
promoting the release of immune adjuvants to enhance the synergistic therapeutic effect of oxaliplatin or X-
ray irradiation .In veterinary medicine, thermosensitive gel vaccines (e.g., for Newcastle disease) provide
sustained release, eliciting a robust and prolonged humoral and cellular immune response[17].Recently, an
antimicrobial peptide-loaded supramolecular nanofiber hydrogel (Hydrogel RL) showed sustained release,
biocompatibility, and potent antibacterial activity against MRSA, promising a solution for chronic wound
infections .Hydrogels can resist gastrointestinal degradation, like calcium alginate beads, which remain

intact in the stomach and are released in the intestine, benefiting from strong mucosal adhesion.
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However,oral hydrogel systems face the clinical challenge of rapid disintegration upon contact with large
intestinal fluids, which requires future focus .Despite advantages in modulating release kinetics and enabling
remote/controlled targeting, clinical application is limited by the challenge of assessing their response
characteristics after in vivo implantation .Future research must focus on achieving more precise control over

the carrier properties and release kinetics under various internal and external trigger conditions[27].

3.1.6 Metal and inorganic nanoparticles:

Metal and inorganic nanoparticles (NPs) form a promising and diverse category in nanomedicine, valued for
their high specific surface area, enhanced bioavailability, and low toxicity, leading to extensive use in
combined tumor treatments. Significant carriers include gold, copper, mesoporous silica, and carbon-based
nanomaterials. In therapy, NPs like copper ions in oxidative stress amplifiers are used to sensitize
immunotherapy and reverse the tumor microenvironment [80], while a phosphorus/nitrogen-doped hollow
carbon quantum dot enhances the intranuclear delivery of DOX. Multifunctional CuS nanocomposites
combine drug delivery with photothermal/photodynamic therapies to promote T-cell infiltration. In the
veterinary field, gold NPs treat canine cancer , and nanosilver NPs (AgNPs) exhibit enhanced antibacterial
effects by disrupting bacterial components; additionally, nanoscale zero-valent iron (nZVI) is used to
mitigate antibiotic resistance genes in manure [. To address the NPs' reactivity, surface modification is
necessary, with gold nanoparticles being the most utilized due to their high biocompatibility and ability to
cross the blood-brain barrier (BBB) via cleavable bonds. Advanced systems include transferrin/RVG-
peptide-conjugated liposomes (RVG-Tf) for efficient BBB transport, and transferrin-modified liposomes
(Tf-PL) that successfully target liver cancer. A convertible liquid metal system has even been engineered to
release doxorubicin in acidic endosomes, enhancing chemotherapy. While inorganic NPs are highly
tailorable, a complete understanding of their toxicity, biodistribution, and clearance in vivo is lacking,
making the investigation of drug retention and the enhancement of clearance processes critical for future

clinical application organic nanoparticles[28].

3.2 Intelligent drug delivery system:

3.2.1 Stimulation responsive:

Targeted and controlled drug release is key to maximizing therapeutic efficiency and minimizing side
effects.Controlled release nanoplatforms allow loaded drugs to act "smart."Research into stimuli-responsive
polymeric gels was boosted after Tanaka's observation of polyacrylamide gel phase transition in
1978.Around the same time, thermal-sensitive liposomes were first reported for drug delivery.This led to the
wide development and use of various stimuli-responsive biomaterials for controlled drug delivery systems
(DDSs).The advancement of nanotechnology now allows drugs to be conjugated with nanoparticles.With
their superior size and surface properties, nanomaterials are now considered highly promising smart

DDSs."Smart DDSs" (Drug Delivery Systems) are defined as nanoplatforms that prevent drug release until
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they reach the target site, where drugs are released at a proper rate.This primarily focuses on
nanotechnology-based smart DDSs designed to carry drug molecules.The smart nanoplatforms ensure drugs
do not freely leak during circulation but release only upon accumulation at targets via active or passive
targeting. These systems are stimuli-responsive, triggered by endogenous or exogenous. (as illustrated in
Figure ). Endogenous triggers relate to disease pathology (e.g., pH, enzymes, redox gradient).Exogenous
triggers include external stimuli (e.g., temperature, magnetic field, light, ultrasound, electric pulse) used to

initiate or enhance drug release[29].
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3.2.2 Nanobots :

Nanobots are minuscule robots, just several nanometers wide, designed to execute a specific function,
particularly in drug delivery. Traditionally, drugs circulate throughout the body, but nanobots can target a
precise location, making treatment much more effective and reducing side-effects. Advocates believe this
could revolutionize medicine, using devices like Computational Genes to repair or detect damages and
infections (nanomedicine).According to Robert Freitas, typical medical nanorobots in the bloodstream
would be 0.5-3 micrometers in size, constrained by the need to pass through capillaries. They would be
primarily constructed from carbon (diamond/fullerene composites) due to its strength, fabricated in
specialized desktop nanofactories. Doctors could monitor the nanodevices inside the body using MRI,
especially if they were built with the isotope (which has a nonzero nuclear magnetic moment) instead of the
natural . After injection, the nanobots would travel to a specific organ or tissue mass. The doctor would track
their progress and scan the body to visually confirm that the nanodevices have successfully congregated
around the target (e.g., a tumor mass), ensuring the procedure's success [30].

1.2.3. DNA Origami Technology

The controlled delivery of pharmaceuticals to targeted diseased tissues or cells is a significant medical
challenge. While no carrier can improve a subpar drug, a well-designed drug delivery system is crucial to
amplify the effectiveness and precision of a high-quality drug, aiming to maximize therapeutic benefits

while minimizing harmful off-target side effects.Nanocarriers offer key advantages by aiding the
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administration of hydrophobic or insoluble pharmaceuticals, improving drug stability, enabling selective
delivery routes, increasing drug safety, enhancing drug transport across biological barriers, and improving
the bioavailability and pharmacokinetics of medications.[17]A fascinating advancement is the use of DNA
origami, which leverages the molecular recognition capabilities of programmed DNA hybridization to
construct precise nanostructures. This technique fabricates homogeneous nanostructures (50 to 400 nm)
suitable for delivery to tumor regions benefiting from the Enhanced Permeability and Retention (EPR)
effect. The addressable nature of DNA origami allows it to act as a "drawing board" to precisely localize
multiple functional moieties (like therapeutic agents and tumor-targeting ligands). These structures can also
serve as 3D containers with internal docking sites to protect their molecular cargo. Furthermore, their ability
to undergo stimuli-triggered reconfiguration allows for the precise control of drug release at specific sites.In
gene editing, the CRISPR/Cas9 system relies on the Cas9 protein and a single-guide RNA (sgRNA)to
recognize target DNA via a protospacer-adjacent motif (PAM). However, the large size of the Cas9 protein
complicates effective delivery. To solve this, Ding et al. developed a DNA origami-based CRISPR/Cas9
gene editing system for in vivo therapy. They created a PAM-rich structure called DOPAM via a one-pot
assembly to easily load the sgRNA/Cas9 complex. The loaded complex, DOPAMRC, was compacted (L-
DOPAMRC) with a disulfide bond and enhanced with a DNA aptamer and a hyaluronic acid (HA) peptide
for targeted delivery and endosomal escape. Once escaped, the structure is opened by a glutathione (GSH)
reduction process, triggering the release of the complex upon Rasa H-induced cleavage. This innovative
platform successfully edited tumor-associated genes (e.g., PLK1) in invivo gene therapy, showing promise

for editing and repairing multiple genes[31].

3.2.4 Three-dimensional printing technology:

Three-dimensional (3D) printing is a fabrication technique that uses a layer-by-layer deposition method, and
the techniques used in smart drug delivery devices are classified into three main categories based on how the
material is deposited: extrusion-based, droplet-based, and vat-based printing.In extrusion-based 3D printing,
material is forced out through a nozzle using mechanical force (like pneumatics, screws, or pistons).
Materials that exhibit shear thinning properties are preferred, as their viscosity decreases under the high
shear forces at the nozzle for easy extrusion, but then immediately increases after leaving the nozzle to retain
the printed shape. Alternatively, heat can be applied at the nozzle to soften the material, which then hardens
as the heat is removed.Droplet-based printing jets micro-droplets of the printing or binding material onto a
substrate or powder bed. This includes techniques like microvalve, acoustic wave jetting, thermal, and
piezoelectric inkjet. In binder-based droplet printing, a binding material is dropped onto a powder bed of the
desired final material. In material-based droplet printing, the material droplets are deposited and then
subsequently crosslinked, either by being deposited into a crosslinking pool or through UV light, which
allows for higher resolution designs. However, this method requires a lower viscosity, limiting the types of
materials that can be used and resulting in a lower initial mechanical strength, making immediate

crosslinking necessary to hold the shape.Vat-based 3D printing involves the selective curing of a vat of
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liquid crosslinkable material. A printing platform is repeatedly lowered into the vat, and light (lasers or
patterned light) is shone onto the surface to crosslink and solidify the material layer by layer. Examples
include stereolithography, digital light processing, and two-photon polymerization (TPP). TPP achieves
nanometer-scale resolution by curing material only at the focal point of a high-power pulse laser, though this
process is not easily scalable for larger objects. The final product's quality in vat-based methods is sensitive
to the optical properties of the material, which dictates the interaction with the lasers and the degree of
crosslinking. These methods are primarily used to fabricate the non-electronic parts of smart drug delivery

devices; the techniques for 3D-printed electronics are distinct and will be described separately[32].

3.3 Biomimetic drug delivery system:

3.3.1Cell membrane delivery carrier:

Cell membrane biomimetic nanomedicine delivery systems represent a new approach to overcome
challenges in drug delivery by leveraging the distinct and remarkable abilities of natural cells. Cells such as
Red Blood Cells (RBCs), which circulate for extended periods, platelets, which adhere to matrices and play
a role in coagulation, and cancer cells, which possess homologous targeting abilities, retain their specific
functions through biomacromolecules present on their membranes. The concept was pioneered by Zhang et
al. in 2011, who developed the first system by coating polymer cores with RBC membranes. This
camouflage allowed the nanoparticles to exploit the RBC's prolonged circulation capabilities and ability to
avoid clearance by macrophages in the bloodstream, resulting in the nanoparticles remaining in circulation
for approximately 40 hours and achieving remarkable therapeutic effects. The success of this erythrocyte
membrane system has spurred the development of biomimetic delivery systems using membranes from a
variety of other cells, including platelets, leukocytes, cancer cells, and stem cells. Significant ongoing
research is focused on utilizing these carriers, as well as developing genetically engineered and hybrid
membranes, to further enhance their biocompatibility and tumor-targeting for improved cancer therapy
efficacy[33].

3.3.2Extracellular vesicle delivery carrier:

Extracellular Vesicles (EVs) are lipid-bilayer enclosed nanovesicles released by virtually all cell types and
found throughout the body's biofluids (including blood, saliva, and cerebrospinal fluid), encompassing three
main subtypes: exosomes, microvesicles, and apoptotic bodies. As effective drug delivery carriers, EVs
exhibit high stability in the circulation and can traverse significant biological barriers. Their function is
uniquely biomimetic: they naturally protect their enclosed cargo and deliver it to target cells via ligand—
receptor interactions. Proteins on the EV surface are crucial for this process, notably by enhancing
membrane fusion with target cells and preventing their premature removal by the immune system through
the inhibition of CD47-mediated phagocytic clearance (the "don't eat me™ signal), thereby prolonging their

circulatory half-life. Cellular entry often depends on surface ligands, such as heparin sulfate proteoglycans
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(HSPGs), or recipient cell receptors like scavenger receptor class B, type 1 (SR-B1). Furthermore, recent
research suggests that EVs possess an intrinsic tropism (predisposition) for certain organs, a characteristic
that can be finely tuned and utilized for the highly efficient, targeted deliver of therapeutic agents.The
clinical translation of Extracellular Vesicles (EVS) is progressing rapidly, driven by their potential as
targeted therapeutic carriers, biomarkers, and immunological modulators. Key advantages supporting this
progress include the EVs' natural ability to cross biological barriers, their reduced immunogenicity
compared to synthetic nanoparticles, and the opportunity to engineer their surface for improved tissue-
specific delivery. However, significant hurdles remain, notably scalable production, variability in isolation,
batch-to-batch reproducibility, and establishing a clear regulatory categorization. Addressing these
challenges has become a primary focus for global biotech and academic innovators, particularly in Far East
countries like Japan, South Korea (e.g., Eutilex, Curocell, focusing on immunotherapies), Singapore (e.g.,
Paragraf Therapeutics, focusing on diagnostics), and China (investing in scalable production). Beyond drug
delivery, EVs are integral to numerous biological processes, including tumorigenesis, inflammation, and
tissue repair. Their composition reflects the parental cell status, making them excellent candidates for liquid
biopsies in disease monitoring. Furthermore, stem cell-derived EVs are considered a potentially safer
alternative to cell transplantation in regenerative medicine, as they overcome limitations like immune
rejection and tumorigenic potential. These intrinsic characteristics-high cellular selectivity, protection of
cargo, and potential for use as a theranostic platform (combining therapy and diagnostics)—highlight the
translational readiness of EVs for next-generation medicine, an application being thoroughly validated in

ongoing preclinical and clinical studies[34].

3.3.3 Virus delivery carrier:

Conventional drug carriers, developed over the past three decades from materials like lipids, polymers, and
proteins, must be biocompatible, biodegradable, and efficient for clinical viability, with protein-based
nanomaterials showing particular promise. Among these, Virus-Like Particles (VLPs) stand out as non-
infectious, self-assembling, virus-derived structures that mimic the shape and size of a virus but lack the
genetic material for host cell invasion. These attractive properties stem from their ability to self-assemble
into specific, spatially stable configurations, with responsive amino acid sidechains that enable the
conjugation of therapeutic molecules. VLPs are highly valued in preventive medicine, demonstrating
significant success in the creation of highly immunogenic VVLP-based vaccines (including candidates for
SARS-CoV-2) that elicit both antibody- and cell-mediated immune responses. Beyond vaccines, Viral
Nanoparticles (VNPs) and VLPs are rapidly advancing in nanomedicine, with promising applications in
selective drug delivery and gene therapy. The use of plant viruses as a source for VLPs minimizes potential
safety risks, making them especially attractive. Production can be scaled up using molecular farming or
fermentation, resulting in biocompatible and biodegradable products suitable for carrying diverse payloads
in cancer therapies, immunotherapies, and theranostics. Furthermore, VLPs can serve as nanoscale container

for templated inorganic synthesis (like iron oxide in the ferritin cage) or polymerization, and their
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modifiable internal and external surfaces allow for increased payload efficiency, where a single nanoparticle
can deliver numerous drug molecules to a target cell. This ability to be genetically and chemically modified,
combined with their natural tropism, is crucial for future development toward tissue-specific targeting and

extended circulation half-lives [35].

3.4 Extracorporeal device :

3.4.1 Microneedles

Polymeric Microneedles (PMNs) as a preferred type of extracorporeal device for drug delivery, often in
conjunction with nanocarriers. PMNSs, which are micron-sized (25-1500 pm) needles organized on a tiny
patch, are favored due to their low cost, flexibility, efficient skin permeability, and biocompatibility. They
function by creating reversible, transient microchannels that bypass the stratum corneum (SC) and deposit
the drug into the dermal microcirculation without causing the pain associated with deeper hypodermic
needles. Research indicates that the penetration depth is directly correlated with needle length, and that
using sharp tips (e.g., 5 um diameter) and certain shapes (triangular and square) is essential for proper,
controlled insertion. While their self-dissolving nature eliminates biohazardous sharp waste, PMNs have
limitations, including a struggle in loading capacity for lipophilic drugs and an unmanageable rate of drug
release. The emerging strategy of integrating nanocarriers with PMNs aims to overcome these drawbacks,
opening new horizons for therapeutic and diagnostic applications by mediating enhanced transdermal drug
delivery, with future research focusing on optimization of formulation, sterilization, and stability.[36]

3.4.2 Needle free injection:

Needle-free jet injection systems (NFJISs) are vital for effective drug delivery, especially to the dermis,
where dendritic and Langerhans cells boost immune response with small vaccine doses. This need for small,
variable, and repeatable doses for subcutaneous/transdermal delivery drove the development of a novel
hybrid NFJIS.This system combines compressed air and spring force to achieve variable injection volumes
with high repeatability. A key feature is its movability, designed for the mass immunization of animal herds
or field use. The NFJIS is specifically engineered to deliver doses in the 0.2 to 0.5 mL range for young farm
animals and humans. It primarily targets the subcutaneous layer at relatively low pressures. Higher pressures
allow for the flexibility of reaching the intramuscular layer when required for deeper penetration. The inlet
compressed air pressure is identified as the key determining parameter to control injection depth and
intensification. The paper details the design, fabrication, and experimental evaluation of this small-volume
NFJIS.The developed Needle-Free Jet Injection System (NFJIS) was designed to deliver an injection volume
of 0.1-0.6 mL (targeting 0.2-0.5 mL + 0.1 mL safety margin) using an inlet compressed air pressure of
0.20-0.50 MPa. The system features a piston-plunger assembly where a low-pressure piston, driven by
pneumatic pressure, is mechanically linked to the high-pressureplunger in contact with the drug. This setup

creates a pressure intensification ratio of approximately 90 times, due to the cross-sectional area ratio
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between the piston and plunger.The drug delivery capability and injection volume control of the final NFJIS
were successfully validated through ex vivo experiments on porcine tissue[37].

Encrgy Sourcc Drug Drug Nozzle Tissue
M cchv'mu.‘ul Plunger Volume Ormnifice

Electrical =

Pnecumatic

Fig.Model of a needle free jet injector

3.5 Coupling targeted drug delivery system :

3.5.1Site directed coupling of the cysteine:

Opening the interchain disulfide bonds of an antibody using a reducing agent (like TCEP or DTT) vyields
reactive cysteine residues. The reduced antibody can then be coupled with small molecule toxins linked to
disulfonates or dibromobimane for site-specific Antibody-Drug Conjugate (ADC) coupling. Alternatively,
phage display is used to introduce reactive cysteine mutations (e.g., LC-V110, HC-A114 in Trastuzumab) on
the Fab surface. The interchain bonds are first selectively reduced and restored (using CuSO4), leaving only
the mutated free thiols. These specific free thiols then react with drug linkers to achieve precise, site-specific
ADC conjugation.[38,39]

3.5.2 Site specific coupling of non—natural amino acid:

Non-natural amino acids (NNAAs) offer a site-specific coupling approach for Antibody-Drug Conjugates
(ADCs), surpassing the limited reactivity of natural lysine and cysteine. This method uses modified
tRNA/aminoacyl-tRNA synthetase pairs to integrate NNAAs (like acetyl phenylalanine) into recombinant
antibodies during ribosomal protein synthesis. The NNAAs introduce specific functional groups: ketone
groups form stable oxime bonds with hydroxylamines, while azide groups react with alkynes (via copper-
catalyzed or copper-free cycloaddition). This strategy ensures site-specific, quantitative coupling, resulting
in ADCs with uniform Drug-to-Antibody Ratio (DAR), enhancing efficacy and safety[38, 40].

3.5.3 Site specific coupling of glycosyl :

Antibody glycan chains in the Fc region can be modified for site-specific conjugation. Enzymes like Gal T
and Sial T transfer sugar residues, which are then oxidized with (NalO4) to introduce aldehyde groups.
These aldehydes react with molecules containing hydrazine or primary amine functionalities, creating
Antibody-Drug Conjugates (ADCs) with uniform DAR. Alternatively, sugar transferases can introduce

azide groups that react with cyclooctyne (a copper-free click chemistry) to form stable ADCs[38,41].
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3.5.4 Site specific coupling of enzyme:

Enzymatic coupling using Transglutaminase (TGase) achieves site-specific ADC conjugation by catalyzing
a reaction with the glutamine residues on the antibody. TGase can target either a natural residue, a mutated
deglycosylated site, or a strategically inserted glutamine-tagged peptide sequence (like LLQGA). Once
internalized via receptor-mediated endocytosis, cleavable ADCs release their cytotoxic payload through
mechanisms like hydrolysis or reduction in endosomes. Non-cleavable ADCs require lysosomal
degradation. The released drug induces cell apoptosis and can also trigger a bystander-killing effect on

adjacent cells, depending on its hydrophobicity [38,42].

4. Tarqgeted delivery therapeutic application of nanoparticles :

Targeted delivery involves successfully directing and accumulating a therapeutic agent at a desired site. For
efficiency, the agent-loaded system must be retained in the body, evade the immune system, target specific
cells/tissue, and release the payload. Nanoparticles are a major focus, especially for cancer treatment (over
20% of clinical therapeutic nanoparticles), with research also extending to conditions like
neurodegenerative, infectious, and autoimmune diseases. The subsequent section provides the application of
therapeutic nanoparticles as targeted drug delivery system .[43]

4.1 cancer :

Current cancer therapies are hindered by nonspecific drug distribution and low tumor concentrations, which
causes complications like multidrug resistance.The primary goals are to achieve better targeting and delivery
efficiency in tumors, moving beyond the limited efficacy of conventional drug conjugates like monoclonal
antibodies.Nanotechnology (nanoparticles from 5—200 nm) offers a solution by enabling materials that can
self-assemble, encapsulate drugs, and selectively interact with cancer at a molecular level. This approach
enhances both drug delivery and noninvasive imaging (CT, MRI, PET), promising a future for personalized

oncology.[44]

4.2 linfectious disease:

The critical rise in multidrug resistance is driving the development of nanoantibiotics and the reformulation
of existing drugs using nano-based delivery platforms. Nanoparticle therapeutics fall into two main
categories: those with intrinsic antimicrobial activity (like AgNPs), and those that act as biodegradable

carriers (like liposomes and nanosuspensions) to deliver antimicrobials effectively.[45]

4.3 Autoimmune disease:

Autoimmune diseases arise from the chronic loss of immune tolerance to self-antigens, leading to tissue
damage (e.g., MS, SLE). The ideal treatment seeks to restore tolerance by specifically eliminating the

autoantigen-specific response. Nanocarrier technology is a promising platform for this goal, as it enhances
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drug delivery and stability. Nanovaccines, in particular, can be engineered by adjusting their properties (size,
surface) to improve APC uptake, enhance targeting, and induce the desired immune modulation needed to

restore tolerance[46].

4.4 Cardiovascular disease:

Nanoscience is advancing disease management by using nanoparticles (1-100nm) as versatile drug carriers
to improve targeting, drug deposition, and reduce toxicity. While early systems like liposomes face
challenges, newer polymeric and inorganic materials (like magnetic iron oxide) offer better solutions for
drug delivery and imaging. This technology is crucial for treating Cardiovascular Disease (CVD)—a leading
cause of death—by addressing issues like inadequate drug accumulation and difficult plaque localization

through improved diagnosis, treatment, and drug delivery methods.[47]

4.5 Neurodegenerative disease:

Nanotechnology is crucial for developing new therapies for Neurodegenerative Disorders (NDs) like AD
and PD, which are currently limited by symptomatic treatments and the major hurdle of the Blood-Brain
Barrier (BBB). Nanoparticles (1-100 nm) offer a solution by providing targeted drug delivery and
enhancing efficacy across the BBB. The most successful in vivo example is PBCA nanoparticles, which are
thought to cross the barrier via receptor-mediated endocytosis, paving the way for safer and more effective
CNS treatments [48].

CONCLUSION:

The design of nanoparticles (NPs) is a revolutionary strategy in medicine, offering significant advantages
like targeted delivery, enhanced drug stability, and reduced toxicity compared to conventional systems.
These materials, classified by composition (organic, inorganic, carbon-based), are crucial as drug carriers in
diverse systems like Nanodrug Delivery Systems (NDDSs) and intelligent formulations. Development of
nanoparticle-based therapeutic agents has been extensively studied, and nano-delivery systems are the area
of prime importance for specifically targeting the desired area in the treatment of many diseases. Although
nanoparticle-based delivery systems contribute significantly to the targeted therapy.This nanoscale
technology will be incorporated in the medical system to diagnose, transport therapeutic drugs, and detect
cancer growth, according to the National Cancer Institute.Nanomedicine will be the future of medicine, and
nanoparticle-based therapeutics lies at the heart of it. However, a long ground should be gained before
prosperity. Most importantly, long-term safety/toxicity of the nanoparticles should be investigated.
Meanwhile, the discoveries on disease mechanisms and new drugs will lead to ways of placing more

efficient and safer nanoparticle-based therapeutics in treatment regimens.
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