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ABSTRACT

and therapeutic applications.

enable their integration into routine medical practice.

Background: Polysaccharide-based nano-drug delivery systems (PNDDS) have gained significant attention due to their
biocompatibility, biodegradability, and ability to improve drug solubility, stability, and targeted delivery. This review systematically
evaluates the current progress, applications, and challenges of PNDDS in pharmaceutical research.

Methods: A systematic search of scientific databases including PubMed, Scopus, Web of Science, and ScienceDirect was conducted
for studies. Articles focusing on the design, synthesis, characterization, and biomedical applications of polysaccharide-based
nanocarriers were included. Data were extracted, analyzed, and categorized based on polysaccharide types, formulation strategies,

Conclusion: PNDDS offer a versatile and sustainable platform for advanced drug delivery, with significant potential for clinical
translation. Future research should focus on addressing production challenges, long-term safety, and regulatory frameworks to

Keywords: Polysaccharides, Nano-drug delivery, Biocompatibility, Targeted therapy, Biodegradable nanocarriers.

INTRODUCTION

Polysaccharide is one important type of natural biopolymers
and has been widely explored as delivery vehicles to realize
targeted cancer therapy with desirable biosafety.
Polysaccharide-based  nanosystems  have  attracted
significant attention as delivery platforms for the treatment
of various diseases 1. Compared with other biopolymers like
protein and nucleic acid, polysaccharide is more widely used
to construct nanomedicine owning to its relative chemistry
stability, large potential for chemical modification and low
cost for processing 2.

CLASSIFICATION
1. Natural Polysaccharide-Based Nanoparticles (NPs)

1.1 Chitosan-Based NPs: CS is a widely available, sustainable
biomaterial for health care product development and tissue
engineering. Polymeric NPs based on chitosan (CS) can act
as excellent drug carriers because of some intrinsic
beneficial properties including biocompatibility,
biodegradability, non-toxicity, bioactivity, easy preparation,
and targeting specificity 3. CSNPs are used for developing
the stimuli-responsive NPs to carry chemo drugs to deliver
specifically at cancer locations without causing any toxicity
to normal cells 4. It is a diagnostic tool for various drug
delivery system such as improve the
pharmacokinetics and pharmacodynamics profile,
Diagnosis of cancer cells/photoimaging, overcome
biological barrier, across intestinal epithelial cell layer, dual-
delivery system, targeting, control release °.

1.2 Alginate-Based NPs: Alginate, a natural anionic
polysaccharide derived from brown algae, has become a
widely used biomaterial in pharmaceutical research for the
development of drug delivery systems 6. The ability of

alginate to form hydrogels through ionic crosslinking with
divalent cations such as Ca?* makes it ideal for encapsulating
bioactive molecules. It is generally derived from three main
species, including Macrocystis pyrifera, Laminaria digitata,
and Laminaria saccharina 7. Hydrogels are valued for their
polymeric nature and for meeting specific criteria, such as
the capacity to retain water, inertness, biocompatibility,
photostability, and sufficient permeability to biological
fluids. Alginates are hydrophilic, linear anionic chains,
composed of two uronic acids encompassing (1-4)-linked-B-
D-mannuronate and a-L-guluronate, and usually found in
marine life such as seaweed or brown algae and could be
collected as sodium salt and/or calcium salt 8.

1.3 Hyaluronic Acid-Based NPs: Hyaluronic acid, a naturally
occurring glycosaminoglycan, has been utilized for the
delivery of anticancer drugs. Hyaluronic acid (HA) plays a
major role in aging, cellular senescence, cancer
development and progression, and tissue homeostasis °. It
exhibits high water retention and can target specific cell
types due to its receptor-mediated endocytosis. It can also
be synthesized using biotechnological processes and
recombinant DNA technologies in bacterial expression
systems such as Lactococcus and Streptococcus °.

2. Modified Polysaccharide Nanoparticles

2.1 Carboxymethylcellulose (CMC) NPs: CMC is a derivative
of cellulose and is widely used in drug delivery due to its
water-soluble nature and the ability to form stable
nanoparticles for controlled drug release 1.

2.2 Dextran Nanoparticles: Dextran, a branched
polysaccharide, can be modified for improved drug delivery
by introducing functional groups that allow for better drug
loading and controlled release 2. Its biocompatibility has
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made it suitable for use in a range of applications, including
cancer treatment. Dextran -based polymer prodrugs linked
by ester bonds could also increase the stability and targeting
of drugs *3.

3. Polysaccharide Micelles and Hydrogels

3.1 Polysaccharide Micelles: Amphiphilic polysaccharide
derivatives (e.g., polysaccharide—PEG conjugates) can form
micelles in aqueous environments that are capable of
solubilizing hydrophobic drugs 4.

3.2 Polysaccharide Hydrogels: Hydrogels formed from
polysaccharides such as alginate or pectin can encapsulate
drugs in their 3D network, providing controlled release over
time. These systems are especially useful for localized and
sustained drug release °. Hydrogels exhibit valuable
properties and advantages, such as low toxicity or swelling.
Over the past decade, these systems have attracted
considerable attention for the development of therapeutic
biomolecule delivery systems, including hormones, growth
factors (GFs), gene vectors, or monoclonal antibodies 6.

PREPARATION METHODS

There are various preparation methods of polysaccharide-
based nanoparticles, which include solvent evaporation,
coacervation, crosslinking, and electrostatic assembly.

1. Solvent Evaporation Method: This is one of the most
common methods for preparing polysaccharide-based
nanoparticles. In this technique, polysaccharide
solutions containing drugs are emulsified in organic
solvents, followed by evaporation of the solvent, leading
to the formation of nanoparticles ’. This method is often
used for encapsulating hydrophobic drugs 2.

Solvent . Coacervatio

Evaporation ” E@ HfPhase-
Separation

E— @ GelationfCr —> @

2. Coacervation/Phase Separation: Coacervation is a
technique based on the separation of liquid phases,
where a polysaccharide solution undergoes phase
separation to form drug-loaded nanoparticles °. The
applications of different HPCCs based on these three
basic proteins are discussed, including the encapsulation
of bioactive molecules, emulsion stabilization, protein
separation and extraction, nanogel formation, and the
development of formulas for infants. This method is
especially useful for forming stable, spherical
nanoparticles 2.

3. lonic Gelation/Crosslinking: lonic gelation is a method
where polysaccharides such as chitosan are crosslinked
with multivalent anions, such as tripolyphosphate, to
form nanoparticles. CS-tripolyphosphate polymers: CS
NPs, produced by ionic gelation with TPP are among the
most intensely studied nanosystems for drug delivery 3.
This method is widely used for preparing chitosan-based
nanoparticles 2%

4. Electrostatic Assembly: This method involves the
electrostatic attraction between polysaccharide-based
materials and drug molecules or other polymers. The
interaction leads to the self-assembly of nanoparticles,
which can then be used for drug delivery 3. The basic
principle of this technique involves the repulsion of
equally charged molecules (induced using
polyelectrolytes) as well as the attraction and adsorption
of oppositely charged molecules to the initial molecule
leading to form well controlled multilayer structured
films after several cycles 2.

Tonic Electrostatic

osslinking ABSEGY)

Figure 1: Preparation Methods of Polysaccharide-Based Nanoparticles

MECHANISM OF DRUG ENCAPSULATION

The encapsulation of drugs in polysaccharide-based NDDS
can occur through several mechanisms, largely driven by the
physicochemical properties of both the drug and the carrier.
The primary mechanisms of drug encapsulation include:

1. Physical Encapsulation: Physical encapsulation refers to
the entrapment of drugs within the matrix of the
polysaccharide nanoparticles without significant
chemical modification 23. This process generally
involves non-covalent interactions such as:

Hydrophobic Interactions: Polysaccharides, such as
chitosan and dextran, can encapsulate hydrophobic
drugs through hydrophobic interactions between the
drug molecules and the polysaccharide matrix 4. For
example, chitosan-based nanoparticles have been
widely studied for encapsulating hydrophobic drugs
like curcumin or paclitaxel 2.

Electrostatic Interactions: For polysaccharides that
have charged groups (e.g., chitosan with its amine
groups), drugs with opposite charges can be
incorporated through ionic bonds 2%. This mechanism is
commonly used in the preparation of nanoparticles
loaded with proteins or nucleic acids (e.g., siRNA,
plasmid DNA) %/,

Hydrogen Bonding: Polysaccharides containing
hydroxyl groups (e.g., cellulose, alginate) can interact
with drugs through hydrogen bonding 2. This allows
for the encapsulation of both hydrophilic and
hydrophobic drugs, improving their solubility and
stability.

2. Chemical Cross-Linking: Cross-linking agents are often
used to improve the structural integrity of
polysaccharide nanoparticles, which in turn can
enhance the encapsulation efficiency. Polysaccharides
like alginate and chitosan are cross-linked using
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divalent cations (e.g., Ca®*) or other cross-linkers (e.g.,
glutaraldehyde), which can increase the rigidity of the
nanoparticle and result in higher encapsulation
efficiency 2°. Cross-linking also aids in preventing
premature drug release, making it useful for sustained
release applications 3°.

3. Solvent Evaporation or Coacervation: In the solvent
evaporation method, drug-loaded polysaccharide

Hydrophobic Interactions
Encapsulates hydrophobic drugs via
polysaccharide hydrophobic
interactions.

& Electrostatic Interactions

;.‘ Incorporates charged drugs through
polysaccharide ionic bonds.

Hydrogen Bonding

Encapsulates drugs via polysaccharide
hydroxyl group interactions.

@ Chemical Cross-Linking
(+

Enhances nanoparticle rigidity and
encapsulation efficiency.

® Solvent Evaporation

~2 '._.'. Forms nanoparticles by evaporating
solvent from drug solutions.

Coacervation

Encapsulates drugs through phase
separation in polysaccharide solutions.

solutions are emulsified in an organic solvent, and the
solvent is then evaporated under reduced pressure to
form nanoparticles 3. This technique is widely used for
encapsulating both hydrophilic and hydrophobic drugs
30 The coacervation technique, where phase
separation occurs upon changes in pH or temperature,
can also be wused to encapsulate drugs into
polysaccharide nanoparticles 2.

Enhanced
Drug
Encapsulation

Figure 2: Mechanism of Drug Encapsulation

MECHANISM OF DRUG RELEASE

The release of drugs from polysaccharide-based NDDS can
be governed by various mechanisms, often influenced by
the physicochemical environment 33, The release rate is
typically designed to be controlled and sustained to
maximize therapeutic efficacy while minimizing side effects.
The major release mechanisms include:

1. Diffusion-Controlled Release: In this mechanism, drug
molecules diffuse from the nanoparticle matrix to the
surrounding medium. The release rate depends on
several factors, including the size of the nanoparticle,
the viscosity of the drug-loaded matrix, and the
solubility of the drug 34 Polysaccharides such as
chitosan or dextran typically form matrices where the
drug slowly diffuses through the polymer network.

Fickian Diffusion: In the case of Fickian diffusion, the
drug release follows Fick's law of diffusion, where the
release rate is governed by the concentration gradient
between the inside of the nanoparticle and the
external environment 3%,

Non-Fickian Diffusion (Anomalous Diffusion): This
occurs when both diffusion and polymer relaxation
contribute to the release process. This is often
observed in polysaccharide hydrogels.

2. Swelling-Controlled Release: Some polysaccharide
nanoparticles, particularly hydrogels, undergo swelling
when exposed to aqueous environments. As the
polymer network swells, the encapsulated drug is

gradually released. This mechanism is commonly
observed in polysaccharides like alginate and pectin.
The swelling is often dependent on factors like pH,
jonic strength, and temperature 36,

pH-Sensitive Release: Certain polysaccharides (e.g.,
chitosan, pectin, and alginate) can be pH-sensitive.
When exposed to acidic or basic environments (such as
the stomach or intestines), these polysaccharides
undergo structural changes, resulting in swelling or de-
crosslinking, leading to drug release . For example,
chitosan nanoparticles can swell and release drugs in
acidic environments (e.g., gastric pH).

Enzyme-Responsive Release: Polysaccharides can be
designed to degrade in the presence of specific
enzymes, allowing for controlled drug release at
targeted sites. For example, chitosan can be hydrolyzed
by lysozyme, and dextran can be degraded by
dextranase. This mechanism is particularly useful in
targeting the delivery of drugs to specific tissues or
organs, such as the gastrointestinal tract or tumor
sites, where enzymes are overexpressed 3.

Targeted Release: Enzyme-responsive systems are used
to achieve controlled release in specific tissues where
certain enzymes are more abundant. This approach is
increasingly being explored for cancer therapy, where
tumor-associated enzymes trigger the release of
therapeutic agents 3°.
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4. Stimuli-Responsive Release: Stimuli-responsive
polysaccharide-based NDDS can release their payload
in response to external or internal stimuli such as
temperature, light, magnetic fields, or electrochemical
changes. For example, polysaccharide-based
nanoparticles can be engineered to release their drug
content when exposed to near-infrared light (NIR) or
changes in temperature. These stimuli can provide high
spatiotemporal control over drug release “°.

Thermo-Sensitive Release: Polysaccharide derivatives,
such as thermo-sensitive copolymers (e.g., poly(N-
isopropylacrylamide)-modified chitosan), exhibit a
lower critical solution temperature (LCST), below
which the polymer is soluble, and above which it forms
a gel. This temperature-dependent transition can be
used to control drug release .

EXAMPLES OF POLYSACCHARIDES USED
FORMULATIONS

IN NANO-

1. Chitosan: Chitosan is a deacetylated derivative of chitin
and is one of the most widely studied polysaccharides in
nanotechnology 2. Chitosan-based nanoparticles (CS-
NPs) are known for their biocompatibility,
biodegradability, and mucoadhesive properties, making
them ideal for oral, topical, and even nasal drug delivery.

Properties: Chitosan possesses amino groups that can
undergo protonation at acidic pH, leading to cationic
behavior, which facilitates drug encapsulation through
ionic interactions with anionic drugs or macromolecules
like proteins and nucleic acids *. Its biodegradability and
low toxicity are key for its use in pharmaceutical
applications.

Applications: Chitosan NPs have been successfully used
for delivering anticancer drugs (e.g., paclitaxel,
doxorubicin), antibiotics, and vaccines. Chitosan-based
systems can also deliver gene therapies, such as siRNA,
due to their ability to form nanoparticles with nucleic
acids 2.

Alginate: Alginate is a naturally occurring anionic
polysaccharide derived from brown seaweed, composed
of guluronic acid (G) and mannuronic acid (M) units. Its
ability to form hydrogels in the presence of divalent
cations (e.g., Ca?*) has made it a popular choice for drug
delivery and tissue engineering applications #.

Properties: Alginate is water-soluble, biocompatible, and
capable of forming stable hydrogels. Its anionic nature
allows for drug loading via ionic interactions, and its gel-
forming properties can control the release of therapeutic
agents .

Applications: Alginate nanoparticles have been widely
used for delivering anticancer agents, proteins, and even
DNA vaccines. Alginate is also used in the creation of
biocompatible hydrogels for wound healing, ocular drug
delivery, and tissue regeneration 4+ %,

3. Hyaluronic Acid: Hyaluronic acid (HA) is a naturally

occurring glycosaminoglycan composed of alternating
units of glucuronic acid and N-acetylglucosamine. It
plays a crucial role in the extracellular matrix and is
involved in cell signaling, making it an excellent
candidate for drug delivery and tissue engineering “®.

Properties: HA is biocompatible, biodegradable, and
non-immunogenic. Its unique ability to interact with
CD44 receptors, which are over expressed in many
tumor cells and inflammatory tissues, makes HA an
attractive choice for targeted drug delivery ¥.

Applications: HA-based nanoparticles have been
extensively studied for targeted delivery of anticancer
drugs, wound healing agents, and in regenerative
medicine. HA nanoparticles are also being developed for
gene delivery and immunotherapy %47,

Dextran: Dextran is a branched polysaccharide
composed of glucose units. It is widely used in medical
applications such as blood volume expanders, and more
recently, as a carrier for drug delivery systems “2,

Properties: Dextran is water-soluble, non-toxic, and can
be easily modified by attaching various functional groups
to its structure. Its flexibility and ability to form
nanoparticles make it suitable for controlled drug
delivery applications %°.

Applications: Dextran-based nanoparticles are often
employed for the delivery of anticancer drugs, proteins,
and nucleic acids. Additionally, dextran-based systems
are being developed for use in imaging and diagnostic
applications due to their biocompatibility and ease of
modification 4&4°,

Cellulose: Cellulose, a linear polysaccharide made up of
glucose units, is the most abundant natural polymer. Its
use in nano-formulations is growing due to its non-toxic,
biocompatible, and sustainable nature °.

Properties: Cellulose-based nanoparticles, including
cellulose nanocrystals (CNCs) and cellulose nanofibrils
(CNFs), are characterized by high mechanical strength,
surface area, and functionality. Their unique structure
allows for the encapsulation of both hydrophilic and
hydrophobic drugs >*.

Applications: Cellulose-based nanoparticles are being
developed for drug delivery, wound healing, and tissue
engineering. CNCs have been particularly studied for
their ability to encapsulate and release small molecule
drugs, proteins, and other bioactive agents >% 52,

Pullulan: Pullulan is a water-soluble, non-toxic, and
biodegradable polysaccharide produced by the fungus
Aureobasidium pullulans. It is known for its film-forming
and mucoadhesive properties 2.

Properties: Pullulan is non-immunogenic, highly
biocompatible, and can be easily functionalized to
enhance its drug encapsulation and release properties. It
is especially useful for sustained release applications >3.
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Applications: Pullulan-based nanoparticles are being
explored for controlled release of anticancer drugs,

antimicrobial agents, and in gene delivery applications %
53

CHALLENGES IN DEVELOPING POLYSACCHARIDE-BASED
NANO-SYSTEMS

1. Stability and Biocompatibility Issues

Polysaccharide-based  nanomaterials have garnered
considerable attention in recent years due to their
promising applications in drug delivery, tissue engineering,
and biomedical fields. Polysaccharides, such as chitosan,
alginate, dextran, and hyaluronic acid, possess a variety of
advantageous properties like biocompatibility,
biodegradability, non-toxicity, and the ability to undergo
chemical modifications, making them ideal candidates for
the fabrication of nanocarriers®.

1.1 Stability Challenges in Polysaccharide-Based Nano-
Systems

1. Degradation and Stability Under Physiological
Conditions: One of the main issues associated with
polysaccharide-based nanocarriers is their degradation
under physiological conditions. Polysaccharides are
highly susceptible to enzymatic hydrolysis by enzymes
like amylase, lysozyme, and other glycosidases present
in the body %°. This degradation can result in the
premature release of encapsulated drugs, affecting the
therapeutic efficacy and controlled release profiles of
the nanocarriers.

2. Environmental Sensitivity: Many polysaccharides are
highly sensitive to changes in environmental
conditions, such as pH, temperature, and ionic
strength. This sensitivity can result in altered physical
properties (e.g., size, shape, or surface charge) of the
nanoparticles, leading to instability in biological
environments °®. Alginate nanoparticles may swell or
disintegrate in the presence of certain cations or
changes in pH, limiting their application in targeted
drug delivery systems.

3. Aggregation and Size Instability: Aggregation of
nanoparticles can occur during storage or after
injection into the body, which can compromise the
pharmacokinetics and  biodistribution of the
polysaccharide-based nanocarriers. Aggregation is
often caused by intermolecular forces, such as van der
Waals forces or hydrophobic interactions, that occur
between particles, especially when the nanoparticles
are exposed to biological fluids with high ionic
strength>’.

1.2 Biocompatibility Issues in Polysaccharide-Based Nano-
Systems

1. Immune System Response: Although polysaccharides
are generally considered biocompatible, the immune
response to polysaccharide-based nanoparticles can
still pose a challenge *%. The body’s immune system

may recognize certain polysaccharides as foreign,
which could lead to inflammation, allergic reactions, or
other adverse responses, especially when
administered at high doses or repeatedly.

2. Cytotoxicity and Hemocompatibility: Polysaccharide-
based nanoparticles may also exhibit cytotoxic effects
depending on their chemical structure, charge, and
size. Excessive positive charge or the presence of
reactive functional groups on the surface can lead to
non-specific interactions with cell membranes,
potentially causing cellular damage. Polysaccharides
must also be tested for their hemocompatibility-
especially if used in intravenous applications- since
they may cause hemolysis or blood clotting >°.

3. Slow Clearance and Long-Term Toxicity: Due to the
biodegradability of polysaccharides, these
nanoparticles are generally expected to be broken
down over time and cleared from the body. There is
still concern about the long-term accumulation of
nanomaterials, which could lead to potential toxicity.
Incomplete degradation or slow clearance rates might
lead to the accumulation of polymeric residues in
tissues, which can be toxic over time .

2. Scalability and Cost Constraints

The key challenges facing the widespread adoption and
commercialization of the nanomaterials lies in the issues
surrounding scalability and cost 6%,

2.1 Scalability Challenges in Developing Polysaccharide-
Based Nano-Systems

1. Manufacturing Process Complexity: The fabrication of
polysaccharide-based nanoparticles typically involves
complex processes such as solvent evaporation,
coacervation, nanoprecipitation, or spray-drying,
which are scalable but often difficult to optimize at
large scales. These processes require precise control
over parameters such as solvent concentration,
temperature, pH, and nanoparticle size distribution,
which can vary when transitioning from small-scale
laboratory production to industrial-scale
manufacturing 2.

2. Uniformity and Quality Control: Ensuring uniformity in
the size, shape, and surface properties of
polysaccharide-based nanoparticles is a significant
challenge in scaling up production. In laboratory
settings, small batches of nanoparticles can be closely
monitored and fine-tuned, but in large-scale
production, even small variations in processing
conditions can lead to significant differences in the
properties of the final product 3.

3. Solvent Removal and Drying: Polysaccharide-based
nanoparticles are often synthesized using solvents,
which must be removed from the final product. Scaling
the solvent removal process can be challenging, as
large volumes of solvent may be required, and the
removal process can impact the structural integrity and
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1. Nanomedicine and

bioactivity of the nanoparticles. For example, high-
temperature drying or solvent evaporation methods
can alter the physicochemical properties of
polysaccharide nanoparticles, leading to changes in
their morphology, surface charge, and release
kinetics®®.

2.2 Cost Constraints in Developing Polysaccharide-Based
Nano-Systems

1. Raw Material Costs: While polysaccharides are abundant
and renewable, the cost of obtaining high-quality
polysaccharides can still be significant, especially when
specific, high-purity materials are required for
biomedical applications. For example, chitosan, a widely
used polysaccharide, is typically derived from chitin,
which is extracted from crustacean shells. The extraction
process is labor-intensive, and the need for purification
steps to ensure pharmaceutical-grade quality can drive
up costs. Other polysaccharides like hyaluronic acid are
even more expensive due to the complex extraction and
purification processes involved 5.

Production  Costs for  Complex  Nanoparticle
Formulations: The production of polysaccharide-based
nano-systems often involves multi-step processes that
require specialized equipment and reagents, further
increasing the cost of manufacturing. For instance,
crosslinking agents, surfactants, stabilizing agents, and
encapsulation reagents may all add to the overall cost of
producing high-quality nanoparticles 5°.

Regulatory and Quality Control Costs: Regulatory
compliance is a significant contributor to the high cost of
developing polysaccharide-based nano-systems for
biomedical applications. The regulatory requirements
for clinical trials, manufacturing practices (GMP), and
product quality assurance (QA) are stringent, which can
increase both the time and cost involved in the
development of polysaccharide-based nano-systems .

FUTURE PERSPECTIVE

Innovations in Nanotechnology and Material Science

Drug Delivery Systems:
Nanomedicine, the application of nanotechnology for
medical purposes, is poised to revolutionize healthcare
by enabling targeted drug delivery, improving diagnostic
imaging, and enhancing tissue regeneration. . The
ability to design nanoscale drug delivery systems that
can deliver therapeutic agents precisely to diseased
tissues, such as tumors, is one of the most significant
innovations in this space. Despite the immense promise,
challenges remain in ensuring the biocompatibility,
safety, and long-term stability of these systems.
Regulatory hurdles, such as the approval process for
novel nanomaterials in clinical use, also remain a
significant barrier. Ongoing research into the long-term
effects of nanomaterials on human health and the
environment will drive the safe translation of these
technologies to the clinic .

1. Enhancing

2. Advanced Nanomaterials for Energy Applications: The

drive towards sustainable energy solutions has
intensified the need for advanced materials capable of
improving the efficiency of energy storage, conversion,
and transmission. Nanotechnology plays a critical role in
enhancing the performance of materials used in solar
cells, batteries, and fuel cells. Scalability remains a
significant challenge in the commercialization of
nanomaterial-based energy systems . The cost of high-
quality nanomaterials remains a bottleneck in large-
scale energy applications. As, manufacturing techniques
improve and the demand for clean energy grows, the
future of nanomaterial-based energy solutions looks
promising 7°.

Smart and Multifunctional Materials: Smart materials,
which can respond to external stimuli such as heat, light,
magnetic fields, and pH, are becoming increasingly
prevalent in a wide range of applications. These
materials can adapt and change their properties in real-
time, offering unprecedented capabilities in fields such
as sensors, robotics, and wearable devices. While the
potential for smart materials is vast, challenges in
material integration, energy consumption, and long-
term stability need to be overcome. The fabrication of
complex nanostructures for multifunctional materials at
large scales still presents difficulties. Breakthroughs in
nanomanufacturing techniques and the continued
development of new nanomaterials will drive progress in
this field 7.

Environmental Sustainability and Nanotechnology:
Nanotechnology has the potential to significantly impact
environmental sustainability by improving waste
treatment, water purification, and resource recycling 2.
Nanomaterials are being explored for reducing pollution
and enabling more efficient use of resources. The
potential of nanotechnology to enhance environmental
sustainability, the long-term environmental impact of
nanomaterials themselves is still uncertain. Researchers
are focusing on developing eco-friendly, biodegradable
nanomaterials and evaluating the life cycle and toxicity
of nanomaterials in environmental applications 73.

Integration with Modern Drug Discovery

Drug Delivery and Targeting with
Nanotechnology: One of the most promising
applications of nanotechnology in drug discovery is its
ability to improve drug delivery systems. Nanoparticles
(NPs), such as liposomes, polymeric nanoparticles, and
dendrimers, can encapsulate hydrophobic drugs, protect
them from degradation, and enhance their
bioavailability 7*. Nanoparticles can be engineered to
target specific tissues, cells, or even subcellular
components, which is particularly beneficial for cancer
and other diseases requiring precise therapeutic
targeting. Future advancements in drug delivery will
focus on developing “smart” nanocarriers that are
capable of not only targeted delivery but also controlled
release and monitoring of drug efficacy. Innovations in
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bio-responsive materials, self-assembling nanoparticles,
and multi-functional nanocarriers  will improve
therapeutic outcomes by enabling more personalized
treatments based on an individual’s disease profile 7>

2. Nanotechnology and High-Throughput Screening in Drug
Discovery: High-throughput screening (HTS) has been a
cornerstone of modern drug discovery, enabling the
screening of large libraries of chemical compounds to
identify potential drug candidates. 7®. Nanotechnology
has been integrated into HTS platforms to enhance the
sensitivity, speed, and precision of assays. In the future,
nanotechnology will enable the development of more
advanced HTS technologies that combine artificial
intelligence (Al) with nanomaterials. Machine learning
algorithms can be used to analyze large datasets
generated by nanosensor-based assays, allowing for the
rapid identification of potential drug candidates with
higher precision and fewer false positives 77.

3. Nanotechnology in Drug Development and Formulation:
Nanotechnology plays a crucial role in the development
and formulation of new drugs, particularly in enhancing
the solubility and stability of poorly water-soluble
compounds. Many newly discovered bioactive
molecules, such as small molecules and biologics, often
face challenges in terms of absorption, distribution,
metabolism, and excretion (ADME) 78, Nanoparticles
have the ability to increase the solubility of hydrophobic
drugs, protect sensitive biologics, and enhance their
half-life in circulation. The future of nanotechnology in
drug formulation lies in the creation of multifunctional
nanocarriers capable of delivering multiple drug
payloads, targeting specific cells or tissues, and offering
combination therapies. Advancements in
nanotechnology-driven vaccine formulations,
particularly for RNA-based and gene therapies, will be
crucial for the future of personalized medicine 7°.

4. Nanotechnology and Artificial Intelligence (Al) in Drug
Discovery: The integration of Al and machine learning
with nanotechnology offers significant potential to
streamline drug discovery processes. Al algorithms can
analyze vast datasets to predict the pharmacokinetics,
toxicity, and efficacy of drug candidates, and
nanotechnology can assist in generating and testing new
materials more efficiently . The future will see a greater
convergence of Al, nanotechnology, and high-
throughput experimentation. The integration of these
technologies will likely lead to the rapid design, testing,
and optimization of nanomaterials for drug delivery, as
well as the development of personalized treatment plans
based on real-time data analysis 3.

5. Overcoming Challenges and Regulatory Issues in
Nanotechnology-Driven Drug Discovery: Despite the
exciting potential of nanotechnology in drug discovery,
several challenges remain, particularly regarding the
regulatory approval and safety of nanomaterials #2. The
unique properties of nanoparticles, such as their size,
shape, surface charge, and reactivity, can raise concerns

about toxicity and environmental impact %3. Future
efforts will focus on the development of standardized
guidelines for the use of nanomaterials in drug discovery.
Improved risk assessment models, better understanding
of nanomaterial-biology interactions, and advancements
in nanotoxicology will be crucial for overcoming these
challenges and ensuring the safe integration of
nanotechnology in clinical applications.

CONCLUSION

Polysaccharide-based nano-drug delivery systems offer
significant advantages in enhancing drug solubility,
bioavailability, targeted delivery, and patient compliance,
thereby contributing to the advancement of precision
medicine. There are certain issues such as structural
variability of natural polysaccharides, batch-to-batch
inconsistency, stability concerns, limited drug loading
capacity, and potential immunogenicity remain critical
obstacles. The complexity of large-scale manufacturing,
stringent regulatory requirements, and high production
costs further restrict their industrial application. Addressing
these limitations requires innovative approaches in material
modification, advanced formulation techniques, and
interdisciplinary research integrating nanotechnology,
pharmaceutical sciences, and biomedical engineering. With
continued progress in overcoming these barriers,
polysaccharide-based nano-drug delivery systems hold
immense potential to revolutionize therapeutic strategies
and play a pivotal role in future healthcare solutions.
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