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Abstract

Spotlight shifts to precision medicine as new ways to
deliver drugs straight to problem areas cut down
body-wide side effects. Out of many natural
materials, one stands out - notable for how well it
works with living tissue, breaks down safely, sticks to
moist surfaces - is made from shellfish waste. A deep
look follows at tiny beads built from this substance,
showing what they’re like and where they help in
treatment. Methods to make them come next:
trapping droplets in oil, forming gels with ions,
turning liquid into powder through heat, pulling
particles together via charge - all shape size, strength,
release speed differently. Each path brings trade-offs
worth noting. Looking closely at how tiny particles
behave, their loading capacity, surface charge, then
how they release drugs over time forms a big part of
this discussion. What happens inside the body ties
into how chitosan-based particles find disease sites -
some drift passively, others lock on with help from
biological signals.

Keywords: Chitosan, Microspheres, Targeted
Drug Delivery, Biocompatibility, Controlled
Release.

I. INTRODUCTION

1. Background on Drug Delivery Systems

Most older ways of giving medicine
struggle with complex problems tied to how bodies
process drugs. Standard pills or injections tend to
cause blood levels to swing - too low at times,
dangerously high at others. Because of these shifts,
patients must take doses again and again, which
makes sticking to treatment harder and raises medical
expenses [1]. A smarter delivery method aims to
boost healing power without increasing harm.
Instead of flooding the body, new systems adjust
when, where, and how fast medicine rolls out, aiming
to keep it effective but safe for longer stretches.

In recent years, medicine has moved away
from large-scale drug forms, turning instead to tiny
carriers measured in millionths of a meter. Among
these are liposomes, polymer-based particles, fat-
based spheres, along with small round structures
called microspheres [2]. Spherical by design and able
to flow freely, microspheres span sizes between one
and a thousand microns. Their makeup may include
proteins, man-made polymers, or materials found in
nature. Inside them, medicines sit trapped at the
center - sometimes spread evenly through the entire
structure - to fine-tune how slowly or quickly they
leave the particle.
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Figure 1: Conceptual representation ofadvanced drug delivery mechanisms highlighting targeted cellular
interactions.

1.2 Emergence of Targeted Drug Delivery

Targeted drug delivery systems (TDDS) represent a
highly refined branch of Medicines built to carry
active parts straight to specific spots inside the body
before releasing them Target areas like tissues,
organs, or parts inside cells were pinpointed [3]. What
drives TDDS is a push from Because of urgent health
issues like cancer tumors stuck in one area, illnesses
plus swelling issues, yet leaving normal body
functions untouched by the Heavy load medicine puts
on body.

Paul Ehrlich's visionary concept of the "magic bullet"
conceptualized the essence of Targeted therapy: an
entity capable of selectively seeking out and
eradicating disease-causing Most current TDDS
setups rely on either passive methods or they work
through active ones Because of differences in
structure, passive methods take advantage of how
abnormal tissues compare to normal ones

Some damaged areas in the body, especially those
affected by illness, tend to collect certain

particles more easily because of a phenomenon
known as the EPR effect

Found often in cancers that form lumps. Molecular
tags on the outside latch onto specific targets,
making delivery more precise by recognizing cell
signals

These tiny carriers carry special tags. Antibodies
might latch on. Peptides could stick too.

Aptamers also attach. Each one grabs onto a target.
Binding happens when they meet

Some cells carry more of certain docking points.
These openings grab onto specific outside pieces.
Notevery cell has extra. Only those meant to respond
hold many open spots. The match matters most.

3. Role of Natural Polymer

Choosing the base material shapes how well a
medicine moves through the body

Victory shows up in materials such as PLGA, a lab-
made polymer. Yet another example is polyethylene,
built by people too

While glycol (PEG) saw heavy use lately folks lean
more toward alternatives now Biopolymers found in
nature are being used more often [5]. From living
sources, these

polysaccharides along with proteins offer

What gives them an edge isn’t just how well they
blend into biological systems. Their safety profile
stands out, largely due to zero toxicity. A key trait
also lies in how easily they respond to external
triggers

Enzymes break it down when inside the body.
Physiological settings allow this process naturally.
Some of nature’s big molecules include alginate;
another is gelatin. Then there are forms of cellulose
found in plants. Each plays a role in different
biological settings

Yet chitosan stands out clearly. Still, these substances
often show good compatibility

Some profiles come built with living defenses, like
layers of mucus or sheets of body cells. These occur
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in nature

Starting off differently, polymers come packed with
many active sites able to undergo chemical changes.
These spots open doors for adjustments through
tailored reactions. Modification becomes possible
thanks to their built-in responsiveness. With ease,
these groups adapt when exposed to specific
reagents. Their structure allows transformations
without losing core features. Reactivity stands high
across various chain segments. Chemical tweaks fit
naturally into their design framework

Change how stiff or soft it becomes, adjust its ability
to attract water, make it react differently to living
systems when formed formulation.

4. Scope and Objectives ofthe Review

The focal point of this manuscript is to
comprehensively evaluate the utility of chitosan -
apolycationic biopolymer - in the engineering of
microsphere-based targeted drug delivery systems.
One aim is to map out the physical, chemical, and
living traits of Because chitosan offers structural
qualities making it a strong candidate for delivery
systems, researchers now examine modern
applications with greater scrutiny ways used to make
chitosan microspheres; (3) describing what is needed
One way to look at it is through standardized testing
methods. Another angle involves studying how
treatments are used today in different health fields
scholars pinpoint common hurdles in translation
while mapping paths for upcoming studies Paths

through this field unfold in varied directions.

II. CHITOSAN: STRUCTUREAND
PROPERTIES

1. Chemical Structure and Sources

The chain repeatsitself everytime. It is made up of sugar
units connected by beta bonds at positions one and four,
but in no particular order . Found in the shells of
crustaceans, chitosan consists of chains where D-
glucosaminelinks to N-acetyl-D-glucosamine . These
units alternate along the backbone. One is without acetyl
groups, the other with them. The pattern repeats
throughout the structure. Often derived from alkaline
deacetylation of chitin, which is second in abundance.
Second only to cellulose among natural biopolymers,
chitin occurs frequently in the shells of crustaceans. Its
presence spans a broad range of species, shaping
protective layers through structural reinforcement. Found
wherever hard external coverings are needed, it supports
form and function alike. Distribution extends beyond
marine settings into fungal walls and insect armor. Each
occurrence reflects an adaptation tied closely to
resilience

2. Crustaceans like crabs, shrimp, and lobsters -
alongside insects - share a structural component found
alsoin fungal
cell walls [6].
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Chitosan chemical structure

Chitosan Microsphere

A biopolymer microsphere derived from chitin,
a structural component shared by crustaceans, insects,
and fungal cell walls.
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Figure 2: Chemical structure of Chitosan illustrating the randomly distributed D-glucosamine and N-acetyl-
D-glucosamine units.

2.3 Physicochemical Properties densely these groups pack, directly shaping

Chitosan's physical and chemical traits depend
mainly on molecular weight, often abbreviated as
Mw. Yet another measure is the degree of
deacetylation (DDA). This value indicates how much
D-glucosamine makes up the chain . Most industrial
versions show values between 60% and above 95%,
depending on how many units make up the polymer
chain. A larger DDA means more primary amine
groups are present, giving unique properties through
increased concentration. What changes is how

behavior. More amines appear when DDA climbs,
modifying interactions step by step Positive charge
emerges on the large molecule when acidity
increases [7]. While chitin resists dissolving,
chitosan disperses readily in weak acid solutions
solutions below pH 6.0 tend to include substances
like acetic acid, though hydrochloric also fits. Lactic
acid appears under similar acidic conditions.
Protonation occurs more readily when acidity rises
When primary amine groups shift from -NH2 to -
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NH3+, the usual hydrogen bonds between molecules
weaken, making it easier for separation dissolving
happens faster at certain acidity levels. Scientists

adjust this feature carefully when studying how
substances break down formulation of microspheres
via methods like ionotropic gelation.

Table 1: Influence ofDegree of Deacetylation (DDA) on Chitosan Properties

Degree of
Deacetylation (DDA) Charge Biodegradability
Solubility Density Rate Typical Application
Poorly soluble,|Low cationic  |Fast (highly
Low (50% - requires strong acid |charge susceptible to Rapid release
70%) lysozyme) imatrices
Good solubility in Standard drug delivery,
Medium (70% - weak acids (pH < 6) wound dressing
85%) Moderate Medium
Excellent solubility in [High cationic Gene delivery, strong
dilute acids charge Slow (highly mucoadhesion
High (> 85%) crystalline)

2.4 Biological Properties

The widespread integration of chitosan in biomedical
applications is predicated on its exceptional
biological profile. Primarily, it exhibits profound
biocompatibility, invoking minimal foreign body
reaction or localized inflammation upon
administration [8]. Chitosan is biodegradable in
vivo, degraded primarily by enzymatic hydrolysis
mediated by lysozyme, which cleaves the glycosidic
linkages. The degradation products are non-toxic
amino sugars that are seamlessly incorporated into
native metabolic pathways or excreted.

One of the most therapeutically relevant properties
of chitosan is its robust mucoadhesion.

The polycationic nature of chitosan enables strong
electrostatic interactions with mucin, a negatively
charged glycoprotein that forms the primary
constituent of the mucosal layer lining the
gastrointestinal, respiratory, and genitourinary tracts.
This interaction significantly prolongs the residence
time of chitosan-based delivery systems at mucosal
absorption  sites, thereby enhancing drug
bioavailability.

III. MICROSPHERES:
PREPARATIONMETHODSAND
CHARACTERIZATION

1. Survey of microsphere preparation methods

There are a number of different ways that chitosan
microspheres can be made, all of which offer unique

benefits and generate particles with appropriate
properties for various medical applications The
preparation method is important and depends on
factors such as the desired particle size, drug loading
efficiency, release kinetics and the physicochemical
characteristics of the encapsulated drug [15].

2.  Emulsions crosslinking

The process involves forming a water-in-oil (W/0)
emulsion of an aqueous solution of chitosan, usually
containing the drug, is dispersed in an oil phase,
stabilized by a surfactant. The dispersed chitosan
droplets are then cross-linked by a cross-linking
agent, usually glutaraldehyde or sulfuric acid which
reacts with chitosan amine groups [16]. Particle size
can be controlled by tuning the stirring speed,
surfactant concentration and the amount of cross-
binding agent. This method is effective but may
involve the use of harsh chemicals, necessitating
extensively washed to remove residual cross-linkers.

3. Ionotropic Gelation

Ionotropic gelation is a gentle and widely employed
method for preparation of chitosan microspheres,
especially suitable for encapsulation of sensitive
biomolecules. It is dependent on the electrostatic
interaction between the positively charged amine
groups of chitosan and multivalent anions, such as
tripolyphosphate (TPP) [17] When a solution of
chitosan is dropped into a solution of TPP,
instantaneous gelation takes place, to form spherical
microspheres. This technique avoids organic
solvents and high temperatures, preserving the
integrity of the encapsulated drug.
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Chart 1: Comparison of Encapsulation Efficiency (%) by Preparation Mcthod
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4. Spray Drying

Though quick and suited to large batches, spray
drying turns a mix of chitosan and medicine into tiny
drops. These enter a heated space - quickly losing
their liquid - and become firm grains. By changing
how the machine runs, shape and size shift
noticeably. Yet too much warmth can harm sensitive
ingredients. High temperatures can damage sensitive
medications. Still, compounds such as trehalose or
mannitol help reduce this breakdown when heat is
present.

5. Complex Coacervation

When water interacts with certain polymers -
chitosan, which carries a positive charge - and links
it to oppositely charged substances such as alginate,
gelatin, or carboxymethyl cellulose - a separation into
separate phases occurs [19]. Driven by electrostatic
attraction, these materials assemble into small

92%

85%

droplets capable of enclosing drugs. Over time,
without sudden shifts in environment, the droplets
undergo gradual transformation, moving toward
solidity. Because the setting remains mild
throughout, the medicine retains its original form
while being enclosed. This results a spherical, dense,
microstructure shaped.

6. Solvent Evaporation

Solvent evaporation represents a classical approach
adapted for microparticle fabrication. In this
protocol, chitosan is dissolved in an acidic aqueous
phase, and the active ingredient is incorporated either
as a solution or suspension. This mixture is
emulsified within an immiscible organic phase (such
as liquid paraffin) under continuous homogenization.
Subsequent application of thermal energy or vacuum
facilitates the controlled evaporation of the internal
solvent, prompting polymer precipitation and the
consolidation of solid microspheres.
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Figure 3: Laboratory-scale synthesis and characterization ofadvanced polymeric particulate systems.

7. Characterization ofChitosan Microspheres

i.To ensure the quality, performance and suitability of
chitosan microspheres for targeted drug delivery, it is
essential to thoroughly characterise it. Such complex
interplay between particle properties and biological
fate demands careful analytical evaluation. Important
parameters are
[20] : Particle Size and Distribution: These
properties are determined by dynamic light
scattering (DLS) or scanning electron microscopy
(SEM) and are critical for bio-distribution, cellular
uptake, and drug release kinetics. Narrow size
distributions are required to obtain same
pharmacokinetic profiles

ii.Surface Morphology: The shape, surface smoothness
and porosity of the microspheres are observed by
scanning electron microscopy (SEM) or transmission
electron microscopy (TEM). The stable formulation
process is characterised by non-aggregated and
spherical particles . Zeta Potential: The surface
charge of the microspheres is important to assess
colloidal stability, mucoadhesion and interaction
with biological membranes.

iii.Zeta potential: it is an indication of the surface

charge of the microspheres and is very important to
evaluate the colloidal stability, mucoadhesion and
interaction with biological membranes. Chitosan
microspheres have positive zeta potentials (+20 to
+50 mV) that favour interactions with negatively
charged cellular components. Encapsulation
efficiency and drug loading: These are the parameters
of the amount of drug encapsulated in the
microspheres and the ratio of the drug to the total
mass of the formulation. High encapsulation
efficiency is an economic and optimised preparation
process.

iv.In Vitro Drug Release: Evaluates the release profile

of the drug from the microspheres under simulated
physiological conditions (e.g., pH 7.4 phosphate
buffer, pH 1.2 simulated gastric fluid), providing
insights into the controlled release capabilities and
structural integrity of the
polymer matrix over time.

v.Mucoadhesive Strength: Assesses the ability of the

microspheres to adhere to mucosal surfaces,
typically measured using ex vivo wash-off tests or
rheological assessments utilizing isolated animal
mucosa.
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Chart2: In Vitro Drug Release Profile Over 24 Hours
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IV. TARGETINGMECHANISMSAND
THERAPEUTIC APPLICATIONS

L. Passive andActive Targeting Strategies

Chitosan microspheres can be employed to deliver
drugs in a targeted manner, through passive and
active mechanisms. The rational design of these
systems significantly improves the therapeutic index
of potent but toxic pharmacological agents. Passive
targeting is mainly based on the anatomic and
physiological characteristics of the target site. In
oncology, this is traditionally achieved through the
enhanced permeability and retention (EPR) effect.
The tumour microvasculature is inherently abnormal
with wide fenestrations and incomplete endothelial
linings and tumours generally have impaired
lymphatic drainage. Microspheres, especially those
in the sub-micron range, passively extravasate
through these leaky vessels and accumulate in the

8h 12h 24h

interstitial space of the tumour matrix [21] .The size
of the microspheres determines their ability to
extravasate, but because of the positive charge of
chitosan, electrostatic interactions with the slightly
anionic surface of the tumour cell membrane are
possible, increasing localised retention.

In contrast, active targeting refers to engineering the
surface of chitosan microspheres with specific
ligands for recognition. Typical functionalizations
are conjugation of monoclonal antibodies, peptides,
aptamers or small molecules like folic acid [22].
These ligands have high affinity and specificity for
corresponding  receptors that are uniquely
overexpressed on target cells. This ligand-receptor
interaction not only guides the microspheres to the
target cellular population, but also frequently induces
receptor-mediated endocytosis, allowing for the
intracellular internalisation of the therapeutic cargo
and avoiding the classical efflux pump mechanisms.
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Figure 4: Microscopic visualization highlighting the morphological characteristics and surface topography
Of functionalized microspheres.

2. Diverse Therapeutic Applications

Chitosan microspheres have been extensively
investigated for a wide range of therapeutic
applications, demonstrating their immense versatility
and clinical potential in addressing various intricate
medical needs.

1. Cancer Therapy

In oncology, targeted delivery of chemotherapeutic
agents is important to minimise serious systemic
toxicities. Chitosan microspheres are elegant carriers
for local delivery of hydrophobic and hydrophilic

antineoplastic agents such as paclitaxel, doxorubicin,
S-fluorouracil and docetaxel[23]. The microspheres
are a protective layer to these toxic molecules while
circulating systemically, thus greatly minimising the
collateral damage to healthy organs such as the heart
and kidneys.

Chitosan  itself also  possesses  moderate
antineoplastic properties. It has been shown to
modulate immune responses through the activation
of macrophage and natural killer cells, thus providing
an indirect anti-tumor effect. Chitosan surface
functionalisation with tumour specific ligands as
transferrin or folic acid makes it a perfect biomaterial
for synergistic targeted. cancer therapy. [24]
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Figure 5: Cellular visualization of malignant tissues, the primary target for functionalized chitosan microsphere
therapy.

422 Oral Drug Delivery

Oral delivery is the most patient-compliant route
of drug administration but is challenging for
biologicals, peptides and drugs with poor solubility
or high susceptibility to gastric degradation.
Chitosan microspheres offer a robust protective
matrix that shields sensitive compounds from the
hostile acidic environment and the proteolytic
enzymes present in the stomach [25].

The improved mucoadhesive properties of chitosan
ensure a longer residence time in the gastrointestinal
tract and thus substantially extend the absorption
window. Importantly, chitosan exhibits a distinctive
property of temporarily disrupting the tight junctions
between epithelial cells, facilitating effective
paracellular permeation of sizeable hydrophilic
macromolecules (e.g., insulin) that are traditionally
unable to permeate the gut mucosa [26].
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Oral Drug Delivery with Chitosan Microspheres

Chitosan microspheres protect sensitive drugs in the stomach, adhere to the intestinal mucosa
for extended residence time, and enhance paracellular transport of macromolecules.

1. PROTECTION IN STOMACH

Chitosan microspheres protect
encapsulated drugs from
acidic pH and proteolytic
enzymes.

Oral
Administration

Gastric acid
(pH ~1-3)

. Chitosan
microsphere
(Encapsulated drug)

KEY BENEFITS

@ Protects sensitive iologicals from gastric

@ Prolongs Gl residence time via mucoadhesion

@ Enhances paracellular absorption of large hydrophilic molecules Chitosan

@ Improves oral bioavailability of challenging therapeutics microsphere

2. MUCOADHESION & PROLONGED RESIDENCE 3. ENHANCED PARACELLULAR TRANSPORT

Chitosan’s mucoadhesive properties ensure longer
residence time in the Gl tract, extending the
absorption window.

Chitosan temporarily opens tight junctions
between epithelial cells, enabling paracellular
permeation of macromolecules (e.g., insulin).
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Chitosan microspheres provide a robust platform for effective oral delivery of peptides, proteins and other sensitive or poorly
absorbed drugs by combining protection, retention and enhanced permeability.

423 Pulmonary Drug Delivery

Pulmonary delivery is an emerging, non-invasive
route offering immense surface area and rich
vascularization for rapid systemic absorption,
alongside the ability to directly treat localized
respiratory pathologies. Chitosan microspheres
formulated via spray drying or supercritical fluid
technology are extensively explored for inhalation
therapy. The aerodynamic particle size is critical;
particles between 1 and 5 micrometers are optimal
for deep alveolar deposition [27].

The biocompatibility of chitosan makes it highly
suitable for administration into the delicate lung
architecture. Its mucoadhesive properties prolong
drug retention against mucociliary clearance,
rendering chitosan microspheres highly
advantageous for the sustained management of
chronic obstructive pulmonary disease (COPD),
asthma, cystic fibrosis, and severe pulmonary
infections like tuberculosis [28].

424 Tissue Engineering and Regeneration
Besides the conventional drug delivery systems,
chitosan microparticulate systems have

revolutionary applications in the field of tissue
engineering and regenerative medicine. The
aggregated microspheres possess a porous structure
that can act as 3D scaffolds, mimicking the
extracellular matrix (ECM), to support cell adhesion,
proliferation and differentiation [29].

These matrices can be loaded with growth factors,
cytokines or osteoinductive factors. For example,
composite chitosan-hydroxyapatite microspheres
have been shown to be highly effective in
orthopaedic fields providing mechanical support and
controlling and localising the delivery of bone
morphogenetic proteins (BMPs) to improve the
healing of bone fractures and defects [30].
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425 Vaccine andGene Delivery

For genetic therapies, strong vectors are needed to
protect sensitive nucleic acid sequences (DNA,
siRNA, mRNA) against ubiquitous nucleases in the
physiological environment. The positive (cationic)
charge of chitosan is inherently favourable to the
formation of stable polyplexes via electrostatic
complexation with negatively charged genetic
material [31]. The complexes based on these
microspheres enhance the cellular uptake by
interacting with negatively charged proteoglycans on
the cell membranes and promote subsequent
endosomal escape, which is a key step for
transfection efficiency.

Chitosan microspheres are good mucosal adjuvants
in vaccinology. They can encapsulate protein
antigens without losing their tertiary structures.
Following administration (e.g. intranasally) the
mucoadhesive particles stimulate the antigen
presenting cells (APCs) such as dendritic cells and
macrophages. This interaction efficiently -elicits
robust systemic humoral immunity (IgG) and local
mucosal immunity (sIgA), paving the way

This interaction efficiently provokes both robust
systemic humoral immunity (IgG) and localized
mucosal immunity (sIgA), laying the groundwork for
highly  effective, needle-free = immunization
strategies.

426 Ocular Drug Delivery

The eye is protected by robust anatomical and
physiological barriers, such as the corneal

epithelium, tear turnover and nasolacrimal drainage,
which result in rapid clearance and very low
bioavailability (< 5%) of conventional topical
ophthalmic drops . Chitosan microspheres are a
revolutionary solution for ocular drug delivery. Due
to their high cationic charge, they bind
electrostatically to the polyanionic mucin layer of the
tear film and the corneal surface, greatly increasing
the precorneal residence time.

Chitosan, in addition to being a permeation enhancer,
acts as a transient permeation enhancer that opens
tight junctions of corneal epithelium reversibly
without permanent damage to the tissue. This method
allows sustained delivery of therapeutic agents
including antibiotics, anti-inflammatory
corticosteroids, and intraocular pressure-reducing
drugs into deep tissues for long-term treatment of
diseases such as glaucoma and chronic uveitis.

427 WoundHealing

Chitosan possesses inherent haemostatic and
antimicrobial properties, which make it particularly
advantageous in the field of wound healing and
burns. Complex wound beds can be directly covered
with microspheres loaded with antibacterial agents,
silver nanoparticles or epidermal growth

factors. The microspheres absorb excess exudate,
thus creating a moist, sterile environment conducive
to granulation tissue formation. At the same time, the
slow hydrolysis of the chitosan backbone releases N-
acetylglucosamine monomers to promote fibroblast
proliferation and accelerate the production of
organised collagen with the subsequent reduction of
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fibrotic scarring.

V. RECENTADVANCES AND CASE
STUDIES

L. Stimuli-Responsive Chitosan Microspheres

A recent development in TDDS is the development
of “smart” or stimuli-responsive  chitosan
microspheres. These intelligent systems are designed
with a precise control to induce structural changes in
response to certain endogenous or exogenous
stimuli, leading to the on-demand release of the drug
at the pathological site of interest. Chitosan
microspheres have attracted intense attention to pH-
responsive  chitosan  microspheres.  Tumour
microenvironments are typically acidic (pH 6.5-6.8)
due to increased lactic acid production (the Warburg
effect) . at physiological pH (7.4) the polymer matrix
is condensed and tightly sequesters the cytotoxic
cargo. Upon entering the mildly acidic tumour
stroma, the amine groups are rapidly protonated
leading to profound electrostatic repulsion and

volumetric swelling, and resulting in an explosive
burst release of the chemotherapeutic agent exactly
where it is needed.

2. Magnetic Chitosan Microspheres

Magnetic chitosan microspheres have been
developed by combining biopolymer matrices with
nanotechnology. The hybrid microspheres can be
externally manipulated and guided to specific
anatomical locations by applied magnetic fields
through the co-encapsulation of superparamagnetic
iron oxide nanoparticles (SPIONs) with the
therapeutic agent. Thus, it provides an exceptional
spatial concentration of the drug, greatly reducing its
systemic distribution. In addition, the SPIONs
produce local hyperthermia in an alternating high-
frequency magnetic field.

This heat directly induces apoptosis in thermolabile
cancer cells and concurrently, the chitosan matrix
suffers thermal degradation, leading to a synergistic
chemotherapy release. This paradigm is called
combination chemo-thermal therapy.

Table 2: Summary ofSelected Case Studies Utilizing Chitosan Microspheres

Target Application Preparation Method
Active Agent Key Findings
Enhanced tumor accumulation; 40% reduction
[Emulsion Cross- in systemic toxicity vs. free drug.
Paclitaxel Breast Cancer linking
Protected from gastric pH; sustained
Diabetes lonotropic hypoglycemia maintained for up to 12 hours
Insulin Management Gelation orally.
Targeted via folic acid conjugation; increased
Hepatocellular Complex Coacervation [intracellular uptake by 3-fold.
Doxorubicin _ |Carcinoma

Bovine Serum IMucosal Vaccination

IAlbumin

Spray Drying

Strong IgA mucosal immune response generated
upon intranasal administration.

VI. CHALLENGESAND
FUTUREPROSPECTS

Despite the significant progress, there are still many
challenges to overcome before chitosan and
microsphere-based targeted drug delivery systems
would be translated into clinic. The critical
bottlenecks need to be systematically addressed to
bridge the benchtop formulation and clinical
deployment [32].

. Batch-to-Batch ~ Variability: ~ Ensuring
consistent physicochemical properties, drug loading,

and release profiles across different production
batches remains a  tremendous challenge,
particularly for natural polymers like chitosan whose
molecular weight and degree of deacetylation can
fluctuate based on biological source and extraction
methodology.

. Scale-Up Production: Transitioning from
laboratory-scale micro-preparation to large-scale,
continuous  industrial manufacturing requires
robust, reproducible methods. Technologies such
as microfluidics are promising, but not yet cost
effective, and do not meet volume requirements.

. Regulatory Challenges:  Approval of
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novel drug delivery systems, especially those
incorporating new materials, cross-linkers or
complex  nanostructured formulations, from
regulatory agencies such as the FDA or EMA is
a time-consuming, costly and intensely evaluated
process. Long-term extensive toxicity data needed.

. In Vivo Performance: Predicting and
optimising the exact in vivo performance of the
microspheres, i.e., their dynamic biodistribution,
possible interactions with serum proteins (protein
corona formation), targeting efficiency in human
models vs. murine models, and full-length term
safety, is extremely complex.

. However, these issues are actively being
tackled through advanced material engineering, new
formulation  techniques and sophisticated
characterisation methods. The future of chitosan and
microsphere based TDDS is exceptionally bright and
continuous innovations are expected in areas such as
[33]:

. Smart and Responsive Systems: As
discussed, the development of multiphase
microspheres capable of responding to specific
physiological stimuli (e.g. pH gradients, thermal
changes, specific enzyme activity or redox potential)
for highly controlled, on-demand drug release
profiles.

. Combination = Therapies:  Developing
sophisticated core-shell microspheres capable of co-
delivering multiple therapeutic agents with different
solubilities or mechanisms of action (e.g., combining
traditional chemotherapy with novel immunotherapy
or gene silencing RNA) to elicit powerful synergistic
therapeutic effects and overcome multidrug
resistance.

. Personalized Medicine: The advent of
3D printing and precise fabrication technologies
will enable the tailoring of microsphere formulations
to exact individual patient needs, considering their
specific genetic factors, precise disease progression
state, and historical treatment responses.

. Advanced Imaging and Diagnostics
(Theranostics): Integrating contrast imaging agents
(such as quantum dots, fluorescent dyes, or heavy
metals) into the therapeutic microspheres to allow for
real-time, non-invasive monitoring of drug
biodistribution and immediate assessment of
therapeutic efficacy at the target site.

VII.CONCLUSION
Chitosan and microspheres represent a
powerful synergistic combination in the highly
specialised field of targeted drug delivery, providing
a versatile, safe and effective platform for improving

therapeutic outcomes across a wide spectrum of
complex pathologies. The inherent biocompatibility,
biodegradability and superior mucoadhesive
property of native chitosan coupled with the spatial
precision, shielding efficiency and controlled release
profiles imparted by the microparticulate framework
provide a strong basis for the design of next-
generation pharmaceutical dosage forms. The
challenges of  consistency in  industrial
manufacturing, regulatory approval pathways, and
the predictability of complex in vivo behaviours are
still definitive; yet the rapid pace of innovation in
material science and biopharmaceutical engineering
offers the promise of systematically overcoming
these hurdles. Further study of functionalisation
strategies, stimuli-responsive matrices and co-
delivery systems can greatly improve the therapeutic
index of highly toxic or unstable drugs. With the
transition of research from preclinical to clinical
studies, the use of chitosan/microsphere-mediated
targeted drug delivery systems in the future of
precision medicine can undoubtedly be considered
more vital and central, leading to the development of
safer, more efficacious, and highly patient-centric
therapeutic regimens.
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