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ABSTRACT

This detailed review on ‘Polymeric nanocarriers’, aims to provide an in-depth understanding of polymeric nano entities as a novel and efficient
platform for drug delivery, with a focus on improving therapeutic precision and minimizing side effects. The study examines the design principles,
drug loading capabilities, and release profiles of polymeric nanoparticles, along with their mechanisms for passive and active targeting. It also
highlights their current applications in areas such as cancer therapy, gene delivery, and vaccination, while addressing the key challenges, including
biocompatibility, scalability, and regulatory approval. Future trends such as stimuli-responsive systems and integration with artificial intelligence
are also discussed. Polymeric nanoparticles offer versatile and highly tunable systems for controlled and targeted drug delivery. With continued
advancements in material science and nanotechnology, they hold significant promise for transforming conventional therapies and advancing the
field of personalized medicine, despite existing barriers that must still be addressed for widespread clinical use.
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INTRODUCTION

Polymeric nanoparticles (PNPs) are an emerging tool in drug
delivery systems (DDS), designed to address various challenges
associated with traditional drug delivery, particularly in the context
of cancer therapy [1]. Their primary advantage lies in overcoming
obstacles related to the precise delivery of drugs to tumor cells while
minimizing side effects on surrounding healthy tissue. This targeted
approach can improve the therapeutic efficacy of drugs while
reducing toxicity. PNPs typically range in size from 1 nm to 1000 nm
[2]. Their small size is crucial in allowing efficient penetration into
tissues and enhanced interaction with cellular structures. In
nanocapsule, the drug is enclosed within a core that is surrounded
by a polymeric shell. This arrangement can protect the drug from
degradation before it reaches its target site. In some cases, the core
itself may serve as the drug, with the polymer layer serving as a
protective barrier. These are made from a network of cross-linked
polymers, within which the drug is embedded. The drug is uniformly
distributed throughout the polymer matrix [3, 4].

In both types of nanoparticles, the drug may be either encapsulated
inside the particle (in the case of nanocapsules) or embedded within
the polymer matrix (in the case of nanospheres). Additionally, drugs
can also be adsorbed onto the surface of the nanoparticle, which can
affect the release profile and interaction with cells [5].

Polymeric nanocarriers can be engineered to target specific cells or
tissues, such as cancer cells, by modifying their surface properties (e.
g., attaching ligands or antibodies). This allows for more localized drug
release, improving efficacy and reducing off-target effects. Due to their
size and surface properties, polymeric nanoparticles can exploit the
Enhanced Permeability and Retention (EPR) effect, where they
accumulate in tumor tissues with leaky vasculature and poor
lymphatic drainage. By targeting drugs directly to diseased cells,
polymeric nanocarriers reduce the exposure of healthy tissues to the
drug, which can significantly reduce adverse side effects commonly
associated with chemotherapy and other treatments. The rate of drug
release can be precisely controlled, preventing the rapid release of
high concentrations of drug, which could cause systemic toxicity [6].

Polymeric nanoparticles can improve the solubility and
bioavailability of poorly water-soluble drugs by encapsulating them

in the nanoparticle matrix, allowing for more efficient absorption in
the body. Encapsulation within polymeric nanocarriers can protect
sensitive drugs (e. g, proteins, peptides, and nucleic acids) from
enzymatic degradation and premature metabolism in the body.
Polymeric nanoparticles can be designed to release their payload
gradually over an extended period, ensuring prolonged therapeutic
action with fewer doses. This reduces the need for frequent
administration and improves patient compliance. Polymeric
nanoparticles can be engineered to respond to specific stimuli in the
body, such as changes in pH, temperature, or enzyme activity. This
allows for on-demand release of the drug at the target site (e. g,
within a tumor environment). Polymeric nanocarriers are suitable
for a broad range of therapeutic agents, including small-molecule
drugs, proteins, peptides, nucleic acids (DNA, RNA), and even
vaccines [7-9]. Nanocarriers can be designed as nanocapsules or
nanospheres, offering flexibility in drug loading and release
mechanisms. Additionally, the surface of these nanoparticles can be
modified to improve biocompatibility and functionalize them for
specific targeting. Many polymeric materials used for nanoparticles
(e. g, PLGA, chitosan, poly(ethylene glycol) (PEG)) are biocompatible
and biodegradable. These polymers break down into non-toxic
byproducts, reducing the risk of long-term accumulation in the body
and minimizing adverse reactions. Surface modifications (such as
PEGylation) can help reduce the immune system’s recognition of the
nanoparticles, thus increasing their circulation time in the
bloodstream and improving therapeutic efficiency. Encapsulation in
polymeric nanocarriers can protect drugs from environmental
factors such as oxidation, moisture, and light. This is especially
important for biologics like proteins and vaccines, which are prone
to instability in their native forms [10].

The enhanced stability of drug formulations within nanoparticles
can improve their shelf life, making them more suitable for storage
and transportation. For cancer treatments, polymeric nanocarriers
can help overcome drug resistance mechanisms. The nanoparticles
can alter the drug's pharmacokinetics and biodistribution, bypassing
cellular efflux pumps or other resistance mechanisms commonly
found in tumor cells. Polymeric nanocarriers can be designed to
deliver multiple agents (e. g.,, a combination of chemotherapy drugs
and siRNA or other biologics), which can work synergistically to
counteract resistance and improve treatment outcomes [11]. Due to
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controlled and sustained release, polymeric nanocarriers can reduce
the need for frequent drug administration, leading to greater patient
convenience and adherence to treatment regimens. nanocarriers can
be formulated for oral, transdermal, or even inhalation delivery,
offering  non-invasive  alternatives to intravenous drug
administration. Polymeric nanoparticles can be designed not only to
deliver drugs but also to carry imaging agents. This creates the
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potential for theranostic applications, where the nanoparticle can
both treat the disease and monitor its progress in real-time using
imaging techniques like MRI or fluorescence. Many polymeric
nanoparticles can be synthesized using scalable and cost-effective
methods, which makes them viable for large-scale pharmaceutical
production. Additionally, the materials used for fabrication can be
relatively inexpensive compared to other nanomaterials [12, 13].

POLYMERIC
NANOGELS

DENDRIMERS

NANOPARTICLES FROM
BIODEGRADABLE POLYMER

Fig. 1: Types of polymeric nanocarriers

Polymeric micelles

Polymeric micelles are a class of polymer-based nanoparticles that
are being widely explored in nanomedicine, especially for drug
delivery. These micelles are typically formed from amphiphilic block
copolymers, which contain both hydrophilic (water-attracting) and
hydrophobic (water-repelling) blocks. In an aqueous solution, the
hydrophobic blocks aggregate to form a core, while the hydrophilic
blocks extend outward to form a stabilizing shell. This unique core-
shell structure allows the micelles to encapsulate hydrophobic drugs
in the core while the shell stabilizes the structure in aqueous
environments and enhances biocompatibility [14].

The formation of polymeric micelles is driven by the hydrophobic
interactions between the copolymer blocks. When amphiphilic block
copolymers are introduced into water, the hydrophobic segments tend
to aggregate, minimizing exposure to water, while the hydrophilic
segments interact with the surrounding aqueous medium. The size
and stability of the micelles can be influenced by factors such as the
polymer composition (length of the hydrophilic and hydrophobic
blocks), concentration, and solvent conditions like temperature, pH,
and ionic strength. These factors allow for the fine-tuning of micelle
characteristics, making them adaptable for different applications [15].

Polymeric micelles have several important properties that make them
well-suited for drug delivery. First, they are typically small, ranging from
10 to 100 nm in diameter, which allows them to navigate through the
bloodstream and reach target sites. Their small size also helps them
evade rapid clearance by the immune system, enhancing their circulation
time. Additionally, the micelles' core-shell structure enables them to
solubilize hydrophobic drugs, which are typically poorly soluble in
water, improving the bioavailability of these compounds. Furthermore,
polymeric micelles can provide controlled drug release through
diffusion, polymer degradation, or stimuli-responsive mechanisms (e. g,
pH or temperature changes), allowing for more precise and prolonged
therapeutic effects. Finally, since they are made from biocompatible and
biodegradable polymers, polymeric micelles are generally safe for use in
vivo, minimizing the risk of toxicity [16-18].

There are different types of polymeric micelles based on the
composition and design of the copolymers used. The most common

type consists of block copolymer micelles, where two or more
different polymer blocks form the core and shell. For instance, the
hydrophilic block might be polyethylene glycol (PEG) or
poly(ethylene oxide), while the hydrophobic block could be
polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), or
polycaprolactone (PCL). In some cases, polymeric micelles are also
designed with drug conjugates, where the therapeutic agent is
covalently attached to the polymer chain, allowing for a more
controlled release. Furthermore, stimuli-responsive micelles have
been developed that release their cargo in response to specific
triggers such as changes in pH, temperature, or enzymatic activity,
enhancing the precision of drug delivery [19].

Polymeric micelles offer a range of applications, particularly in the
field of drug delivery. One of the primary uses is in the delivery of
poorly water-soluble drugs, such as many anticancer agents (e. g,
paclitaxel, doxorubicin), which can be encapsulated within the
hydrophobic core of the micelles. This increases their solubility,
bioavailability, and therapeutic efficacy while reducing side effects
associated with systemic administration. Polymeric micelles are also
being used for gene therapy, where they serve as carriers for genetic
materials such as DNA, RNA, or siRNA. The micelles protect these
sensitive molecules from degradation in the bloodstream and deliver
them efficiently to target cells. Additionally, polymeric micelles are
useful for delivering proteins, peptides, and other biologics by
protecting them from enzymatic degradation, improving their
stability and bioavailability. For targeted drug delivery, micelles can
be functionalized with targeting ligands such as antibodies or
peptides, which specifically bind to receptors on target cells,
ensuring that the drug is delivered to the intended site, minimizing
off-target effects [20].

The advantages of polymeric micelles as drug delivery systems are
numerous. Their small size and stability help prolong circulation
time in the bloodstream and evade the immune system, while their
core-shell structure enables the solubilization of hydrophobic drugs
and controlled release profiles. The use of biocompatible and
biodegradable materials ensures that these micelles are safe for in
vivo use. Additionally, their ability to deliver a wide variety of
therapeutic agents, from small-molecule drugs to genetic materials,
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makes them versatile carriers for various treatment modalities.
Moreover, the surface can be easily modified with ligands for
targeted delivery, enhancing therapeutic efficacy and reducing side
effects [21].

Despite their promise, several challenges remain in the development
and application of polymeric micelles. The synthesis of the block
copolymers required for micelle formation can be complex and
costly, and standardizing the production process is critical for
ensuring consistency. Moreover, scaling up the production of
polymeric micelles for clinical use is still a challenge, requiring
optimized methods that maintain quality while reducing costs.
Additionally, the release kinetics of drugs from polymeric micelles
need to be carefully controlled to ensure effective treatment. This is
particularly challenging when designing micelles for different types
of drugs or disease conditions, as the release rate must be tailored to
each specific case. Finally, the in vivo performance of polymeric
micelles can be influenced by factors such as polymer degradation
rates, stability in circulation, and interactions with the immune
system, which must be optimized to achieve the desired therapeutic
outcomes [22, 23].

Nanoparticles

Nanoparticles are minuscule particles with a size range typically
between 1 and 100 nanometers. Due to their extremely small size
and high surface area-to-volume ratio, they exhibit unique physical
and chemical properties that make them ideal for applications in
medicine, especially in drug delivery. Among the different types of
nanoparticles used in therapeutics, polymeric nanocarriers are
particularly promising. These are nanoparticles composed of natural
or synthetic polymers that can carry drugs, genes, or other bioactive
molecules to targeted areas in the body. Their design allows for
protection of the therapeutic agent, controlled release, and often
targeted delivery, which enhances the efficacy of treatment and
reduces side effects [24].

Polymeric nanocarriers are primarily made using biodegradable and
biocompatible polymers. Common polymers include PLGA (poly
lactic-co-glycolic acid), PLA (polylactic acid), PEG (polyethylene
glycol), chitosan, alginate, and poloxamers. These materials are
chosen for their ability to safely degrade within the body into non-
toxic byproducts. Polymeric nanoparticles generally exist in two
forms, nanospheres, where the drug is dispersed throughout the
polymer matrix [25]. Nanocapsules which consist of a core (often
liquid or solid) surrounded by a polymeric shell. The drug can be
loaded through physical entrapment, adsorption, or chemical
bonding. The design depends on the nature of the drug, the intended
release profile, and the site of action.

Polymeric nanocarriers can deliver drugs in a controlled and
targeted manner. After administration, these nanoparticles circulate
in the bloodstream and can reach the target site through two main
mechanisms. Passive targeting, where the nanoparticles accumulate
in the target tissues (like tumors) due to the enhanced permeability
and retention (EPR) effect, which is common in cancerous tissues
with leaky vasculature. Active targeting, which involves surface
modification of nanoparticles with ligands such as antibodies,
peptides, or small molecules that can recognize and bind to specific
receptors overexpressed on the target cells. Once at the target site,
the drug is released via various mechanisms: polymer degradation,
pH sensitivity, enzymatic cleavage, or external stimuli like heat or
magnetic fields [26].

Despite their promising features, polymeric nanocarriers face
several scientific and regulatory challenges, one of the most notable
advantages of nanoparticles is their ability to enhance the
bioavailability of drugs, particularly those that are poorly soluble or
unstable in aqueous environments. The small size of nanoparticles
allows them to penetrate biological barriers (such as the blood-brain
barrier or cellular membranes), improving the distribution of drugs
in the body. Nanoparticles can also be engineered to improve the
solubility and stability of hydrophobic drugs, making them more
effective when delivered to target tissues. Nanoparticles provide the
ability for controlled drug release, which helps reduce dosing
frequency and improve patient compliance. Furthermore, they can
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be designed for targeted delivery to specific sites in the body, such as
tumors, by using surface modifications like ligands or antibodies
that recognize specific receptors on diseased cells. This minimizes
the side effects associated with systemic drug distribution and
maximizes therapeutic efficacy at the site of action [27, 28].

Many nanoparticles, especially those made from biodegradable and
biocompatible polymers, degrade naturally into non-toxic products
once they have fulfilled their purpose in the body. This reduces the
risk of accumulation in tissues and organs, leading to safer drug
delivery systems. The natural biodegradability of materials like
PLGA (poly(lactic-co-glycolic acid)) ensures that there is no long-
term toxic buildup [29].

Nanoparticles can be engineered for multiple functions. They can
carry both hydrophobic and hydrophilic drugs, proteins, nucleic
acids, and other bioactive molecules. Additionally, they can serve
dual purposes, such as delivering therapeutic agents and acting as
diagnostic tools (i. e., theranostics). This versatility opens a wide
range of applications, from cancer therapy to gene delivery and
vaccine development [30].

Since nanoparticles can be specifically directed to the targeted
tissues or organs, they often reduce the exposure of healthy tissues
to toxic drugs. This targeted delivery helps minimize the toxic side
effects often seen with conventional therapies, such as
chemotherapy, which affects both cancerous and healthy cells.
Moreover, the protective coating of nanoparticles ensures that drugs
are released only in the desired area. Even though nanoparticles are
laced with multiple merits, there are also some challenges associated
with it. One of the significant challenges associated with
nanoparticles is ensuring their physical and chemical stability
during storage and circulation in the body [31].

Nanoparticles may aggregate, lose their surface characteristics, or
degrade, particularly in complex biological environments. These
issues can affect their performance, the release profile of drugs, and
the overall safety of the system. While many nanoparticles are
designed to be biocompatible, there is still concern about their
potential to provoke an immune response. The body’s immune
system might recognize nanoparticles as foreign objects and initiate
an immune reaction, leading to rapid clearance of the particles or, in
some cases, inflammatory responses. Additionally, the long-term
effects of nanoparticle accumulation in the body remain an area of
active research, as certain nanoparticles may pose risks if they do
not degrade as expected [32].

The large-scale production of nanoparticles with consistent size,
shape, and surface characteristics is a challenging task. The methods
used to synthesize nanoparticles often have limitations in terms of
reproducibility, and scaling up these processes from the laboratory
to industrial production requires overcoming technical and cost-
related hurdles. Additionally, ensuring uniformity and batch-to-
batch reproducibility is critical for regulatory approval and market
readiness [33].

The regulatory approval process for nanoparticle-based drug delivery
systems can be lengthy and complex. Regulatory bodies, such as the FDA,
require extensive preclinical and clinical testing to ensure the safety and
efficacy of nanomedicines. However, since nanoparticles are a relatively
new class of drug delivery vehicles, regulatory guidelines are still
evolving, and comprehensive safety assessments are required to
evaluate their long-term effects on human health [34].

Nanoparticles may encounter biological barriers such as the
reticuloendothelial system (RES), liver, or spleen, which can lead to the
rapid clearance of the nanoparticles from the bloodstream before they
reach the target tissue. Additionally, nanoparticles must be designed to
evade immune cells and avoid recognition by the mononuclear
phagocyte system (MPS). If nanoparticles are cleared too quickly, they
will not have sufficient time to release their therapeutic cargo at the
intended site, thus diminishing their efficacy [35].

Polymeric nanogels

Polymeric nanogels are a class of nanocarriers composed of cross-
linked polymer networks, designed to deliver drugs, proteins,
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nucleic acids, and other bioactive agents. These nanogels are
typically characterized by their ability to absorb large amounts of
water, making them highly swollen, soft, and flexible. This unique
feature enables them to encapsulate both hydrophobic and
hydrophilic molecules, which is beneficial in enhancing the solubility
and stability of therapeutic agents that would otherwise be difficult
to deliver through conventional means [36].

The cross-linked structure of polymeric nanogels provides them
with exceptional stability under physiological conditions, preventing
premature drug release before they reach their intended target.
Moreover, the polymer chains forming the nanogel network can be
tailored to respond to various stimuli, such as pH, temperature, ionic
strength, or specific enzymes, making them highly versatile for
controlled drug release. This "smart" feature allows the nanogels to
release their payload in response to environmental changes in the
body, such as the acidic microenvironment of tumors, providing an
effective method for targeted drug delivery.

One of the significant advantages of polymeric nanogels is their
ability to protect sensitive drugs, like proteins or genes, from
degradation or denaturation. The gel-like structure acts as a shield,
preventing the degradation of bioactive compounds during
circulation in the bloodstream. Additionally, their small size and
biocompatibility enable them to avoid rapid clearance by the
immune system and accumulate in diseased tissues through
mechanisms such as the enhanced permeability and retention (EPR)
effect [37, 38].

Polymeric nanogels are particularly promising in the treatment of
cancers, where they can be engineered to deliver chemotherapeutic
agents directly to tumors, thereby minimizing the exposure of
healthy tissues to toxic drugs. Their ability to encapsulate a variety
of bioactive agents also makes them suitable for gene therapy,
vaccine delivery, and wound healing applications. Furthermore, the
flexibility of the polymeric network allows the inclusion of targeting
ligands on their surface, enhancing their specificity for certain cell
types, such as cancer cells or specific immune cells.

However, while polymeric nanogels offer significant promise in drug
delivery, challenges remain. Their large-scale production and
reproducibility are not without difficulties, as precise control over
the gelation process is required to ensure consistent drug loading
and release profiles. Additionally, there are concerns regarding the
long-term fate of nanogels within the body, including their potential
accumulation in organs like the liver or spleen, which warrants
thorough evaluation of their biocompatibility and biodegradability.
Despite these challenges, ongoing research continues to explore
innovative solutions to optimize polymeric nanogels for clinical
applications, and they are increasingly viewed as a valuable tool in
the development of next-generation drug delivery systems [39, 40].

Dendrimers

Dendrimers are highly branched, nanoscale macromolecules that
possess a distinct, tree-like structure. They are composed of a
central core surrounded by successive layers of repeating branching
units, known as generations. Each generation adds additional
branches that radiate outward from the core, creating a highly
symmetric and well-defined structure. The branching nature of
dendrimers creates a large surface area with numerous available
functional groups. This wunique architecture contrasts with
traditional linear polymers, where the structure is more uniform and
lacks the degree of branching that dendrimers possess. The size,
shape, and surface functionality of dendrimers can be precisely
controlled during synthesis, making them highly customizable for a
wide variety of applications, particularly in the biomedical and
pharmaceutical fields [41].

One of the most significant advantages of dendrimers is their ability
to carry a substantial payload of therapeutic agents, such as drugs,
nucleic acids, or proteins, within their highly branched interior
cavities. These cavities, also referred to as the dendrimer's core-shell
structure, can encapsulate both hydrophilic and hydrophobic
molecules. This versatility makes dendrimers ideal for delivering a
wide range of drug types that may otherwise be challenging to
deliver using conventional systems. Additionally, the surface of
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dendrimers can be functionalized with various chemical groups,
including targeting ligands, to enhance the specificity of drug
delivery. This allows for targeted therapy, where drugs are delivered
directly to the site of action (e. g, a tumor or infected tissue),
reducing the potential for systemic side effects and improving
therapeutic outcomes [42, 43].

Dendrimers exhibit a phenomenon known as multivalency, where
the numerous functional groups on their surface enable multiple
simultaneous interactions with biological targets. This can be
particularly useful for achieving highly specific binding to cell
receptors, antibodies, or other biomolecules. For example,
dendrimers can be functionalized with ligands that specifically
recognize cancer cell receptors, allowing for selective drug delivery
to tumour sites. Moreover, dendrimers can also be used in
combination with imaging agents, providing a powerful platform for
theranostics, the combination of therapy and diagnostics in a single
system. This ability to carry both therapeutic and diagnostic agents
makes dendrimers an essential tool in personalized medicine, where
therapies can be tailored to the individual patient based on their
specific disease markers [44].

The controlled release of drugs from dendrimers is another highly
desirable feature. Drugs encapsulated within dendrimers can be
released in response to specific environmental triggers, such as
changes in pH, temperature, or the presence of enzymes. For
example, in the case of cancer therapy, dendrimers can be
engineered to release their drug payload in the acidic
microenvironment of a tumour, offering a highly localized and
effective treatment strategy. This capability to control the timing and
location of drug release not only enhances the bioavailability of the
drug but also reduces the chances of premature drug release, which
could lead to decreased efficacy or increased toxicity [45, 46].

Dendrimers can be modified to avoid recognition and rapid
clearance by the immune system. The surface of dendrimers can be
functionalized with stealthing agents like polyethylene glycol (PEG)
to reduce opsonization (coating by immune cells) and prevent early
removal from circulation by the reticuloendothelial system (RES).
This surface modification allows dendrimers to circulate in the
bloodstream for a longer period, increasing the likelihood of
reaching the intended target site. Additionally, dendrimers can be
engineered to improve targeted delivery to specific cells or tissues.
Functional groups on their surface can be conjugated with targeting
ligands, such as antibodies, peptides, or small molecules, that
specifically bind to receptors overexpressed on the target cells. This
level of targeting ensures that the therapeutic agents are delivered
directly to the disease site, enhancing the efficacy of the treatment
and reducing damage to healthy tissues [47].

While dendrimers offer remarkable advantages in drug delivery,
there are concerns regarding their toxicity, especially at higher
concentrations. The highly charged surfaces of dendrimers can
interact with cell membranes, leading to potential cytotoxicity or
immune responses. The functional groups on the dendrimer surface,
particularly those with positive charges, can disrupt cell membranes
or trigger inflammatory responses, which can cause harm to healthy
tissues. Therefore, careful optimization of the surface chemistry and
size of dendrimers is required to minimize these adverse effects.
Additionally, although dendrimers are often designed to be
biodegradable, their long-term fate in the body still requires more
extensive study to understand potential accumulation and toxicity
over time, particularly in organs like the liver or spleen. The
synthesis of dendrimers, although precise and highly customizable,
is often a complex and multi-step process. This complexity can lead
to challenges in scalability for large-scale production, making
dendrimers relatively expensive compared to other drug delivery
systems. The cost of producing dendrimers may limit their
widespread clinical use, especially when compared to other
nanoparticle-based delivery systems that are simpler to
manufacture [48]. Furthermore, the uniformity and reproducibility
of dendrimer production are critical for their consistent
performance, but achieving these qualities on a large scale can be
challenging due to the intricate synthetic pathways required. Despite
the challenges, the future of dendrimers in medicine looks
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promising. Researchers are exploring novel ways to overcome
toxicity concerns, improve their scalability, and enhance their
biodegradability. Advances in dendrimer design, such as the
development of dendrimers with responsive surfaces that can
change their properties in response to the environment, are helping
to further their applications. Dendrimers hold great potential in the
field of gene therapy, where they can be used to deliver nucleic
acids, such as DNA or RNA, to target cells, enabling gene editing or
gene silencing. They also show promise in vaccine development and
wound healing. As new methods for dendrimer synthesis and
surface functionalization are developed, their use in a wide range of
therapeutic areas will continue to expand [49, 50].

Nanoparticles from biodegradable polymer

Polymeric particles made from biodegradable polymers are an
important class of materials used in drug delivery, biomedical
applications, and tissue engineering. These particles, which include
nanoparticles, microparticles, and nanocapsules, are fabricated from
polymers that can break down into non-toxic by-products within the
body. The use of biodegradable polymers for creating these particles
offers significant advantages, particularly in medical and pharmaceutical
applications, because they can safely degrade over time, reducing the
need for removal after their intended purpose is fulfilled [51].

Biodegradable polymeric particles are typically created from materials
like poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA),
polycaprolactone (PCL), chitosan, and gelatin, all of which are known for
their biocompatibility and biodegradability. These materials undergo
hydrolytic degradation in the body, breaking down into simple, non-toxic
molecules like lactic acid or glycolic acid, which are then naturally
eliminated. This property eliminates concerns related to the long-term
accumulation of synthetic materials in the body, a significant challenge
with non-biodegradable systems [52].

One of the primary advantages of using biodegradable polymeric
particles is their controlled release of encapsulated drugs. By
manipulating the polymer's properties, such as the polymer's
molecular weight or the degree of cross-linking, the release rate of
the drug can be controlled. This allows for sustained and targeted
delivery, minimizing the frequency of dosing and reducing side
effects associated with conventional drug delivery systems. For
instance, in cancer therapy, biodegradable polymeric nanoparticles
can deliver chemotherapeutic drugs directly to tumor sites,
increasing efficacy while minimizing damage to healthy tissues [53].

Additionally, biodegradable polymeric particles can encapsulate a
wide range of bioactive agents, including hydrophobic and
hydrophilic drugs, proteins, and nucleic acids. This makes them
highly versatile and suitable for various therapeutic applications,
from controlled release of small molecules to gene therapy. These
particles can also be surface-modified to target specific tissues or
cells, improving the specificity and effectiveness of treatment.

Despite the many advantages, there are challenges associated with
biodegradable polymeric particles. Manufacturing these particles
with consistent size, uniform drug loading, and desired degradation
profiles remains a challenge, particularly for large-scale production.
The degradation rate of the polymers can also vary depending on the
environmental conditions, which can affect the timing of drug
release. Additionally, ensuring that the degradation products are
safe and do not cause adverse reactions in the body is crucial for the
success of these systems [54].

Concluding, biodegradable polymeric particles represent a
promising technology in drug delivery and other biomedical
applications. Their ability to deliver drugs in a controlled and
targeted manner, combined with their biodegradability and
biocompatibility, makes them an attractive option for treating
various diseases. However, further research is needed to address the
challenges related to their synthesis, scalability, and degradation
behaviour to fully realize their potential in clinical settings [55].

CONCLUSION

In conclusion, polymeric nanocarriers have emerged as a highly
promising and versatile tool in the field of drug delivery. Their
unique properties, including biocompatibility, biodegradability, and
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the ability to encapsulate a wide range of therapeutic agents, have
revolutionized how drugs are delivered and targeted in the body.
Polymeric nanocarriers provide significant improvements in drug
stability, bioavailability, and controlled release, which are critical for
enhancing the efficacy and reducing the side effects of treatments.
These nanocarriers are especially advantageous in the delivery of
chemotherapeutic agents, gene therapies, and vaccines, where
precision in targeting specific cells or tissues is paramount.

The use of polymeric nanocarriers for targeted drug delivery is a
particularly compelling aspect of their application. By
functionalizing the surface of nanoparticles with ligands, such as
antibodies, peptides, or other molecules, drugs can be directed to
tissues or cells, such as tumor cells or diseased tissues, thus
minimizing off-target effects and systemic toxicity. Moreover, the
Enhanced Permeability and Retention (EPR) effect in tumors further
boosts the potential of these carriers for passive targeting.
Additionally, advancements in stimuli-responsive drug delivery
systems, which release drugs in response to specific internal or
external cues (such as pH, temperature, or light), are pushing the
boundaries of precision medicine by allowing for even more tailored
therapeutic interventions.

Despite the many advantages of polymeric nanocarriers, several
challenges remain that need to be addressed for their widespread
clinical adoption. Issues related to the scalability and reproducibility
of nanocarrier production remain significant barriers to their
commercialization. The toxicological safety of these systems,
especially in long-term applications, also requires thorough
investigation to ensure that degradation products do not elicit
adverse effects in patients. Regulatory challenges further complicate
the path toward clinical approval, as rigorous testing is required to
meet safety and efficacy standards.

Looking to the future, the integration of polymeric nanocarriers with
artificial intelligence (AI) and machine learning offers exciting
possibilities for optimizing the design and delivery of therapeutics. These
technologies could enable the development of more sophisticated,
personalized drug delivery systems tailored to individual patient
profiles, thus improving therapeutic outcomes. Moreover, the increasing
focus on combination therapies and gene delivery will expand the range
of conditions that polymeric nanoparticles can treat, including genetic
disorders, cancer, and infectious diseases.

In conclusion, while challenges persist, the ongoing advancements in
the design, production, and application of polymeric nanocarriers
position them as a cornerstone in the future of drug delivery. Their
potential to revolutionize therapeutic treatments through targeted
delivery, controlled release, and customised medicine promises to
improve patient outcomes, reduce side effects, and offer new
avenues for treating a wide range of diseases.
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