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ABSTRACT

Pectin is a natural, non-toxic biopolymer derived from plant cell walls, where it constitutes approximately one-third of the dry weight in most
higher plants. Predominantly concentrated in the middle lamella, it has traditionally been used in the food industry for its thickening, gelling, and
stabilizing properties. However, its unique resistance to gastric and intestinal enzymatic degradation, coupled with fermentability by colonic
bacteria, has led to its emerging role in pharmaceutical applications, particularly in targeted drug delivery. The gelling characteristics of pectin
depend on its source, molecular weight, and degree of esterification (DE), factors that influence its suitability as a carrier for bioactive agents.
Despite the increasing interest in pectin-based systems, previous reviews have largely focused on its conventional uses, lacking depth in recent
advancements within pharmaceutical and biomedical domains. This review addresses those lacunae by offering an updated and detailed
examination of pectin's pharmaceutical relevance, with a special focus on pectin beads (PB). It outlines the complete process for preparing the PB
formulation, including solution preparation, incorporation of active agents, cross-linking, droplet optimization, hardening, washing, and drying.
Furthermore, the article examines the gelation and swelling properties of PB, as well as their morphological and physicochemical characterization
using scanning electron microscopy (SEM) and zeta potential analysis. Emphasis is placed on their versatile pharmaceutical applications, such as
regulated drug release, colon-specific delivery, iron supplementation, immunization, and enhanced stability via polymeric coatings like chitosan and
alginate. By synthesizing current findings, this review provides a comprehensive resource for researchers investigating the potential of pectin in
modern therapeutic systems.
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INTRODUCTION

The majority of plant cell walls consist of pectin, a heterogeneous
anionic polymer. Pectin is a natural biopolymer that has garnered
considerable interest in the pharmaceutical and biotechnology
sectors. It is non-toxic and primarily broken down by bacteria in the
colon without being affected by enzymes in the stomach or
intestines [1]. It has traditionally served as a thickening, gelling, and
stabilizing agent in the food and beverage industry, with its use now
extending to various other sectors. Pectin's distinctive features have
enabled its effective use as a medium for encapsulating and
transporting various medications, proteins, and cells.

Pectin is a complex polysaccharide that constitutes about one-third of
the dry weight of cell walls in most higher plants, although grass
species contain much lower amounts. It is most concentrated in the
middle lamella of the cell wall, with levels decreasing towards the
primary wall and plasma membrane. The gelling properties of pectin
are largely influenced by its molecular weight and DE, leading to
source-dependent variations in gel formation [2]. Commercially, pectin
is primarily obtained from citrus peels and apple pomace, which are
by-products of juice and cider production. While apple pomace
contains 10-15% pectin by dry weight, citrus peels have a higher
pectin content, ranging from 20-30%. Other potential sources of
pectin include sugar beet processing residues, sunflower heads
remaining after oil extraction, and waste from mango processing.

Search strategy

To ensure comprehensive coverage of relevant literature, a
structured search methodology was employed. The following
electronic databases were systematically explored: PubMed, Science
Direct, Scopus, and Google Scholar. Keywords used in the search
included: "pectin beads,” "drug delivery,” "controlled release,” "colon-
targeted delivery,” "biopolymer encapsulation,” "calcium pectinate,"
and “mucoadhesive drug systems." Filters were applied to restrict the
search to peer-reviewed journal articles published between 2000
and 2024. Articles were included based on their focus on pectin-
based drug delivery systems, particularly those involving PB
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formulations, their physicochemical properties, or pharmaceutical
applications. Exclusion criteria involved non-English publications,
studies focused solely on food or industrial uses of pectin, and
duplicate records. Reference lists of key articles were also screened
to identify additional relevant studies.

Extraction of pectin

Pectin is typically extracted from raw plant materials using a hot,
diluted mineral acid solution with a pH close to 2. The length of the
extraction process depends on factors such as the type of raw material,
the desired pectin characteristics, and the specific manufacturing
techniques employed by each producer, which vary between them.
During extraction, the hot pectin solution must be separated from the
remaining solid matter, a process complicated by the soft texture of
the material and the increased viscosity of the solution, which rises
with both pectin concentration and molecular weight. To further
purify the extract, filtration aids may be employed, followed by
vacuum concentration. To produce powdered pectin, a concentrated
extract-commonly derived from apples or citrus fruits, is mixed with
alcohol, typically isopropanol, causing the pectin to precipitate out in a
gel-like form. The gel is further crushed, rinsed to eliminate residual
moisture, dried, and pulverized. The resultant pectin often possesses
an esterification (or methoxylation) level of around 70%. The
hydrolysis of this pectin by ammonia transforms certain ester groups
into amide groups, yielding "amidated low methoxyl pectins.”

Chemistry of pectin

Calcium chloride (CaCl,) is frequently utilized as a cross-linking
agent to create macroscopic gels from low-methoxy pectins, in
addition to pectin-based micro and nanoparticles, without requiring
expensive apparatus or extreme processing temperatures [3].
Pectins are categorized into two primary types depending on their
methyl-esterification degree (DM): high methyl-esterified (HM)
pectins, which possess a DM exceeding 50%, and low methyl-
esterified (LM) pectins, with a DM below 50% [4]. Pectin is a
primarily linear polysaccharide found in plants, known for its
diverse molecular structure and composition, which can vary
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depending on the plant source and extraction conditions. Typically,
pectin chains consist of several hundred to nearly a thousand sugar
residues, with molecular weights ranging from approximately
50,000 to 150,000 daltons. Variations in pectin composition can be
observed between different samples and even within a single
sample, influenced by the analytical methods used. It contains
neutral sugars, such as rhamnose (Rha), which adds bends to the
linear chain, while branched side chains include sugars like
arabinose, galactose, and xylose [5]. The main structure generally
consists of several hundred galacturonic acid (GalA) units linked by
a-(1-4) bonds, with varying degrees of esterification. X-ray
diffraction studies show that the galacturonan regions of sodium
pectate adopt a helical structure, with three sugar units per turn and
a repeating distance of 1.31 nm [6]. This helical form is consistent
across sodium and calcium pectates, pectic acids, and pectinic acids,
though the spatial arrangement of the helices may differ in the
crystalline form. Pectin is classified based on its DE, which
represents the proportion of esterified galacturonic acid (GalA) units
relative to the total galacturonic acid (GalA). Its polygalacturonic
acid backbone contains methyl-esterified segments, while ions like
sodium, potassium, or ammonium may neutralize unesterified
carboxyl groups. Pectin is commonly synthesized in a highly
esterified state. It can undergo de-esterification in HM-pectins (High
Methoxyl Pectin), which are soluble in hot water and are often used
in conjunction with dispersing agents, such as dextrose, to prevent
aggregation and form gels when sufficient soluble solids are present,
and the pH is around 3.0. These gels exhibit thermal reversibility
(fig. 1). Fig. 1 demonstrates the structural configuration of the
polygalacturonic acid backbone in pectin, highlighting methyl-
esterified galacturonic acid residues. These methyl groups influence
the polymer’s ability to form three-dimensional networks through
ionic interactions and hydrogen bonding, particularly with
multivalent cations. The illustration clarifies the molecular segments
responsible for cross-linking and gelation behavior.
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Fig. 1: Polygalacturonic acid backbone with methyl-esterified
segments of Pectin (Created by the author), chemical structures
of representative sugar units in pectin. The rightmost unit
contains a methyl-esterified galacturonic acid segment,
indicated as the methyl-esterified segment

Characteristics of pectin

Pectinic and pectic acid salts with monovalent cations (e. g., alkali
metals) are often water-soluble, but those with divalent or trivalent
cations exhibit limited solubility or are insoluble [7]. Upon the
addition of dry powdered pectin to water, it rapidly hydrates and
aggregates into clumps. Clumping can be prevented by pre-mixing
the pectin with a water-soluble carrier or utilizing pectin that has
been specifically processed to enhance dispersibility [8]. The degree
of ionization is regulated by the DE, influencing the number of
negative charges in pectin, a linear polyanion (polycarboxylate)
who’s negatively charged carboxylate groups electrostatically resist
one another, hence inhibiting the aggregation of polymer chains [9].
Decreasing the pH diminishes the ionization of carboxylate groups,
hence reducing their hydration and promoting the aggregation of
polymer chains to create a gel. Pectins in solution are progressively
degraded by desertification and depolymerization, with the rate of
degradation affected by pH, water activity, and temperature, and
have optimal stability at around pH 4.

Pectin beads (PB)

PBs are biopolymeric carriers extensively researched for
pharmaceutical and medical applications due to their
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biocompatibility, biodegradability, and mucoadhesive
characteristics. They are very efficacious in regulated medication
delivery, safeguarding active ingredients from gastric degradation
and enabling targeted release in the colon, which is advantageous
for treating inflammatory bowel diseases (Sriyamornsak, 2003 [10].

PB has shown promise in enhancing the bioavailability of poorly
soluble drugs, making them a valuable tool in improving drug
delivery systems. The ability of PB to control drug release rates also
makes them suitable for sustained or prolonged drug delivery,
ensuring a consistent therapeutic effect over an extended period.
The versatility and effectiveness of PB make them a promising
option for various pharmaceutical formulations and medical
treatments.

Their capacity to encapsulate both hydrophilic and hydrophobic
pharmaceuticals enhances solubility and bioavailability. Liu et al
(2007) [11]. PB are utilized in wound healing and tissue engineering
due to their gelling properties and moisture retention, which
facilitate cellular proliferation. These adaptable technologies enable
the provision of enduring, patient-focused therapy solutions.
However, PB may not be suitable for all types of pharmaceutical
formulations, as they may not provide the necessary sustained
release or targeted delivery required for certain drugs. The gelling
properties of pectin may hinder drug release in some cases, limiting
its effectiveness in certain applications [12].

Stages of PB formation
Preparation of pectin solution

Pectin, a natural polysaccharide derived from plant cell walls, is
dissolved in distilled water or buffer to form a viscous aqueous
solution. The concentration of pectin typically ranges from 1% to 5%
w/v, depending on the desired bead firmness and drug loading
capacity. The solution may also include therapeutic agents such as
anti-inflammatory drugs, proteins, or probiotics-which are
uniformly dispersed under constant stirring. The pH and
temperature of the solution are carefully controlled to maintain the
solubility and integrity of both pectin and the encapsulated
substances.

Incorporation of active agents

Hydrophilic or hydrophobic drugs can be incorporated at this stage.
Hydrophobic drugs may require emulsification using surfactants or
cosolvents to ensure uniform distribution within the pectin matrix.
For bioactive compounds sensitive to heat or pH, gentle mixing and
ambient temperature conditions are used to preserve activity.

Cross-linking and bead formation

The prepared pectin solution is extruded dropwise into a gently
stirred solution of CaCl,, typically at a concentration of 1-3% w/v.
The calcium ions induce ionic cross-linking of pectin chains by
binding to the carboxyl groups present in the galacturonic acid
residues, leading to the rapid formation of a gel network. Upon
contact, each droplet instantaneously gels into a spherical or near-
spherical bead.

Optimization of droplet formation

The bead size and morphology are influenced by several factors,
including the droplet generation technique, which can be achieved
using a syringe, nozzle, or peristaltic pump. Height of droplet fall:
affects sphericity and impact force. The viscosity of the pectin solution:
Higher viscosity leads to larger bead diameters. Stirring speed of the
CaCl; bath: ensures uniform shape and prevents aggregation.

Hardening and curing

After initial gelation, the beads are left in the CaCl,solution for a
defined period (usually 15-60 min) to complete cross-linking. This
curing stage ensures the mechanical stability and integrity of the
beads for handling or further processing.

Washing

The beads are then filtered and thoroughly washed with deionized water
to remove excess calcium ions and surface-adhered, unencapsulated
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drugs or polymers. This process ensures that the beads are clean and
free of any contaminants that could affect the final product. Once the
washing is complete, the beads are dried and then subjected to further
processing or analysis. The cleanliness of the beads is crucial to ensure
the effectiveness and quality of the final encapsulated product. This
rigorous cleaning process is essential to guarantee the purity and safety
of the encapsulated drug or polymer. Any remaining contaminants could
alter the properties or performance of the final product, potentially
leading to health risks or decreased efficacy. By extensive washing and
drying of the beads, manufacturers can confidently proceed with the
encapsulation process, ensuring the result meets the necessary
standards and specifications. Clean beads also help to prevent any
unwanted reactions or interactions that could occur during storage or
use of the final product.

Drying

Wet PB may be used directly for colon-targeted delivery or as a
tissue scaffold. Drying (via air-drying, oven-drying, or lyophilization)
can enhance shelf life and modify release characteristics. For

Pectin
solution
o
Gelation Gelaton
bath bath
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example, freeze-drying produces porous beads ideal for rapid drug
rehydration or delivery. These porous beads can also be easily
coated to control drug release rates further. Freeze drying can help
maintain the stability of sensitive drugs that may degrade in the
presence of moisture [13]. Overall, the drying process plays a crucial
role in optimizing the performance and effectiveness of wet
polymeric biomaterials (PB) for various applications in drug
delivery and tissue engineering. While drying can enhance shelf-life
and modify release characteristics, it may also lead to changes in the
physical and chemical properties of the drug, potentially affecting its
efficacy or stability. Additionally, the freeze-drying process can be
time-consuming and costly, making it less feasible for large-scale
production (fig. 2). Fig. 2 outlines the stepwise process in pectin
bead formation, including solution preparation, drug incorporation,
ionic cross-linking, and drying. The fig. illustrates how calcium ions
interact with carboxyl groups of galacturonic acid units to create a
cohesive hydrogel network—referred to as ionotropic gelation—
leading to spherical bead formation with desired mechanical
properties.

Formation Process of Pectin
Beads

Preparation of
Pectin Solution
Cross-linking
Initiation

Hardening
and Curing
Drying
(Optional)

Fig. 2: Formation of PB (Created by the author)

Gelation properties of PB

Pectin's primary role is to form gels, particularly when combined
with sugar and acid. This gelling action results from the partial
removal of water from the pectin structure, positioning it between
a completely dissolved and a precipitated state due to its unique
molecular arrangement. Pectin functions within specific
constraints. High methoxyl (HM) pectin, unlike low methoxyl (LM)
pectin, has fewer free acid groups, which prevents it from forming
gels or precipitating in the presence of calcium ions [14]. However,
under certain conditions, HM pectin can precipitate in the
presence of specific metal ions such as copper or aluminum. The
aggregation of pectin is mainly influenced by hydrogen bonding
and hydrophobic interactions [15]. Gel formation occurs when
hydrogen bonds are established between the free carboxyl groups
and the hydroxyl groups of adjacent pectin chains. In neutral to
slightly acidic environments, most of the unesterified carboxyl
groups in pectin exist as partially ionized salts. The ionized groups
impart a negative charge to the molecule, attracting layers of
water. Upon the addition of acid, carboxylate ions mostly
transform into un-ionized carboxylic acid. This shift diminishes
the affinity of pectin for water molecules and the repulsive forces
among pectin strands. The incorporation of sugar diminishes
pectin hydration by competing for water, hence decreasing the
molecule's dispersibility. Unlike HM-pectin, LM-pectins (Low
Methoxyl Pectin) require divalent cations, often calcium, for
effective gelation. The commonly accepted 'egg-box' model is often
used to describe this process [16]. However, Racape and
colleagues found that this model alone could not fully account for
the gelation of amidated pectins. They suggested that the amide
groups in the pectin chain contribute to gel formation by

promoting stronger hydrogen bonding. In the pharmaceutical
industry, pectin is valued for its positive impact on blood
cholesterol levels. The various cross-linking agents used in pectin
gel production offer the advantage of modifiable material
properties, including mechanical strength, degradation rate, and
biological reactions. The modifiable characteristics of pectin gels
make them suitable for several biological applications. Pectin gels
cross-linked with Ca?* exhibit greater flexibility compared to those
cross-linked with Zn?*. The classical “egg-box” model describes
ionic gelation of low-methoxyl pectin through the coordination of
calcium ions with carboxyl groups on adjacent galacturonic acid
chains. However, Racape et al. demonstrated that this model alone is
insufficient to explain the gelation behavior of amidated pectin. In
amidated pectin, some carboxyl groups are replaced with amide
groups (-CONHz), which cannot form ionic bonds with calcium.
Instead, these amide groups participate in hydrogen bonding,
contributing additional intermolecular interactions that stabilize
the gel matrix. Thus, in amidated pectin, both ionic (Ca?*-carboxyl)
and hydrogen bonding (via amide groups) mechanisms operate
synergistically to form and reinforce the gel structure. While
calcium is the most widely used cross-linking ion due to its safety
and simplicity, zinc offers distinct advantages in pharmaceutical
applications. Zinc-crosslinked pectin beads form stronger gels
with reduced swelling in acidic conditions, providing better
protection for encapsulated drugs and enabling sustained release.
This increased gel strength results from zinc’s higher affinity for
pectin and tighter cross-linking. In contrast, calcium-crosslinked
beads offer greater flexibility and are more commonly accepted for
clinical use. Therefore, the choice between zinc and calcium should
be based on the drug’s stability, desired release profile, and target
site within the gastrointestinal (GI) tract.
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Swelling properties of PB

The swelling behavior of pectin beads (PB) is governed by a
combination of pH-responsive characteristics and
chemical /enzymatic interactions, as summarized in fig. 3. In acidic
environments, the protonation of carboxylic groups (-COOH) leads
to shrinkage due to reduced electrostatic repulsion, whereas in
alkaline pH, deprotonation results in increased ionization and
swelling via electrostatic repulsion between -COO~ groups.
Furthermore, zinc ions enhance matrix stability, while chitosan
coatings are known to suppress swelling due to strong ionic
interactions. Hydrophilicity and hygroscopicity of the matrix are
increased in the presence of glycerol, contributing to higher water
uptake. Fig. 3 clearly illustrates how these pH-responsive factors, in
conjunction with enzymatic actions (e. g, pectin methyl esterase,
polygalacturonase, and pectate lyase), work synergistically to
regulate PB swelling under GI conditions.

The integration of zinc as a counter-ion resulted in PB
demonstrating greater durability in the upper GI tract compared to
those formed with calcium [17]. This results from zinc's greater
binding ability and heightened affinity for pectin, along with the
augmented gel strength of zinc pectinate. These characteristics led
to less swelling in the dissolving medium, hence facilitating a
prolonged drug release. Nevertheless, enteric capsules were crucial
to protect the pectin matrix from chemical degradation caused by
acidic and basic environments at pH 1.2 and 7.4. The degree of
swelling markedly affects the drug-release properties of delivery
devices. The swelling behavior of iron-PB was found to be
dependent on the pH, with a decrease in swelling observed in the
acidic gastric environment (pH 1.25). In line with prior research, the
swelling of PB was greater in a simulated intestinal setting (pH 8)
compared to the acidic condition [18]. This variation in swelling is
attributed to the electrostatic repulsion between the negatively
charged carboxyl groups (-COO-) of pectin, which is an anionic
polyelectrolyte. The conformation of these molecules is affected by
the pH of their surroundings. Acidic conditions lead to the
protonation of carboxyl groups, reducing electrostatic repulsion
owing to the presence of H* ions. Consequently, the polymer chains
become more compact, reducing water infiltration and polymer
solubility. At elevated pH values, carboxyl groups stay ionized,
enhancing hydrophilicity and promoting polymer network
expansion via electrostatic repulsion, hence increasing water
absorption. At pH 8, the polymer exhibits enhanced swelling
capacity. Hydroxyl ions play a role in this process by promoting the
release of Fe(1I), which acts as a cross-linking agent between pectin
strands, thus increasing water absorption [19]. The chemical
makeup of the iron-PB and commercial citrus pectin was examined
through X-ray fluorescence (XRF) analysis. The findings indicated a
significant rise in iron concentration following encapsulation. The
inherent cations of commercial pectin, including K* and Cu?*,
diminish during gelation, signifying the replacement of Fe?*. The
iron was entirely encapsulated within the beads, but the sulfate ions
from the iron salt were partially preserved.

The pH-responsive swelling behavior of pectin beads plays a crucial
role in protecting drugs during Gl transit. In acidic gastric
environments (pH 1.2), reduced swelling limits water penetration
and drug diffusion, effectively shielding acid-sensitive compounds
from degradation. This characteristic is particularly beneficial for
delivering unstable drugs, such as proteins, peptides, or
azathioprine, ensuring their integrity until they reach the intestine
or colon. At higher pH values, the ionization of carboxyl groups
enhances bead hydration and swelling, allowing for controlled and
site-specific drug release. This dual mechanism supports targeted
delivery and improves the bioavailability of therapeutic agents.

The increased swelling of PCaC beads in an acidic environment
results from the protonation of amine groups, leading to the
production of cationic NH3*groups [20]. This generates electrostatic
repulsion among polymer chains, resulting in a more elongated and
hydrated conformation. PB demonstrated enhanced swelling
relative to the chitosan-coated counterparts. The investigation of
chitosan-coated PB revealed that the pectin carboxyl groups did not
undergo protonation after coating, which contrasts with the findings
from FTIR analysis in this study [21]. In cases of rapid and

Int ] App Pharm, Vol 17, Issue 5, 2025, 64-73

significant bead swelling, the release of Cwp84 in the simulated
intestinal medium (SIM) is minimal, around 5%. This result
highlights the effectiveness of zinc-pectinate beads in controlling
protein release in the simulated intestinal media, even in the
absence of pancreatic [22]. When the beads were transferred to a
simulated colonic medium (SCM) containing pectinolytic enzymes,
approximately 80% of the encapsulated protein was released after 2
h, and 90-95% was released after 5 h [23].

SCM was prepared to mimic the enzymatic and pH conditions of the
human colon. The medium consisted of 50 mmol sodium acetate
buffer (pH 6.8), containing 1 mg/ml pectinase (from Aspergillus
niger) and 0.5 mg/ml polygalacturonase. The mixture was incubated
at 37 °C to assess enzymatic activity. The enzymatic profile was
selected to simulate the microbial degradation of pectin in the colon,
specifically the cleavage of galacturonic acid chains through
hydrolysis and B-elimination [24]. For studies evaluating pectin
bead degradation, PB was immersed in SCM for up to 6 h and
analyzed for swelling, size, and drug release behavior. This
substantial release is attributed to the enzymatic breakdown of the
bead matrix. The pectinolytic enzymes involved are pectin
methylesterase, which removes methoxy groups from pectin, and
two forms of pectin depolymerase. Polygalacturonase, a hydrolase,
cleaves glycosidic bonds next to free carboxyl groups in the
galacturonan chain, while pectate lyases break these bonds by (-
elimination, generating a double bond between the C4 and C5
carbon atoms of the monomer [25].

Glycerol significantly increased the water absorption ability of pectin
gels, supporting their known hydrophilic and hygroscopic properties.
The incorporation of glycerol resulted in films exhibiting greater water
absorption compared to those without it. Consistent with earlier
studies, both pectin-glycerol gel beads and calcium-cross-linked pectin
gel beads, created through the ionotropic gelation technique,
demonstrated swelling when exposed to gastric fluid while retaining
most of their structural integrity [26]. However, hydrogel beads
composed of commercial pectins (such as citrus or apple) and cross-
linked with calcium ions did not traverse the upper GI tract after 4-6 h.
The beads developed under stomach settings did not rapidly dissolve
their polymer matrix. Still, they swiftly disintegrated upon
transitioning from the acidic environment of simulated gastric fluid
(pH 1.2) to the neutral pH of simulated intestinal fluid (pH 6.8).
Sucrose, frequently utilized in the production of HM pectin gels, may
be replaced by glucose, fructose, or polyols such as ethylene glycol or
glycerin. The swelling properties of pectin-based hydrogel beads, both
with and without a chitosan coating, were evaluated using simulated
digestive fluids prepared under simulated gastric conditions. The
beads exhibited expected shrinkage, mostly attributed to the
protonation of dissociated carboxylic groups in the galacturonic acid
backbone [27]. The protonation reduces electrostatic repulsion,
leading to particle contraction. Some carboxylic groups strengthen the
gel network, whereas others when released and dissociated, can
promote the degradation of PB in acidic environments for both high
and low-methyl-esterified pectins. Upon exposure to simulated
intestinal fluid (pH 7), both coated and untreated hydrogel beads
initiated disintegration. Although the particle size remained
unchanged after 60 min, shrinkage and degradation were apparent by
120 min, resulting in complete disintegration upon reintroduction of
the beads into the intestinal medium following size analysis. Similar
behavior has been observed with chitosan-coated alginate hydrogel
beads, characterized by a rapid release of the encapsulated substance
during the intestinal phase.

Wong et al. demonstrated that alginate-chitosan beads exhibited
significant swelling (86%) and high water absorption (593%), which
facilitated thymoquinone release through diffusion-driven
mechanisms described by the Korsmeyer-Peppas model. [28] This
behavior is particularly relevant to pectin-based systems, as PBs also
rely on matrix swelling and degradation for controlled release,
especially under colonic conditions. The release of thymoquinone
was primarily enabled via diffusion through the expanding matrix,
as clarified by the Korsmeyer-Peppas model. Fructose or polyols,
such as ethylene glycol or glycerol, were involved (fig. 3). These
findings support the hypothesis that modifying PBs with chitosan or
alginate could similarly enhance drug release profiles.
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pH-Responsive Behavior
 Swelling in acidic pH
(shrinkage/protonation of -COO")
«+ Swelling in basic pH (deprotonation,
electrostatic repulsion)
 Zinc enhances matrix stability
 Chitosan reduces swelling
* Hydrophilicity and hygroscopicity

« Water uptake increases with glycerol

« Protonation of carboxyl groups (-COOH)
* Electrostatic repulsion between -COO~
groups
* Pectin demethylation
* f-elimination of galacturonic acid
+ Enzyme action:
o Pectin methylesterase
o Polygalacturonase

o Pectate lyase

Fig. 3: Factor influencing swelling behavior of PB (Created by the author)

Scanning electron microscopy (SEM) of PB

The influence of pectin’s Degree of Methylation (DM) on the
morphology of the gels was observable exclusively through SEM
analysis. SEM imaging of the dehydrated glycerol gel beads revealed
a surface characterized by protrusions and depressions [29]. As
glycerol content increased, the surface defects of the gel beads
decreased. These anomalies may indicate an uneven distribution of
glycerol across the gel matrix. The formation of surface cracks was
probably a result of the swift drying process that occurred when the
pectin solution was introduced into a 50% glycerol-ethanol mixture
and subsequently washed with ethanol. The presence of surface
imperfections on the dried glycerol gel beads signifies that the
glycerol distribution was heterogeneous inside the gel matrix [30].
The decrease in surface defects with higher glycerol concentration
may indicate a more homogeneous distribution of glycerol within
the gel. The appearance of surface cracks is likely due to the
accelerated drying process, which may have caused stress on the gel
beads [31]. Future studies may investigate various drying
methodologies to minimize surface cracking and enhance the overall
morphology of the gel beads. SEM images of calcium pectinate beads
revealed surface cracks in all tested pectin concentrations. The
fissures varied in size from 2 to 11 pm. The analysis of pore radius,
pore volume, and adsorption isotherms indicated that the beads
were essentially nonporous. The differences in isotherm profiles at
different pectin concentrations were attributed to the existence and
size of surface cracks, with greater variances associated with bigger
fractures. The surface area analysis confirmed that the beads were
inside the micro particle range.

The beads formed matrix structures that may contain active
chemicals on their surface and within their core. The size, shape, and
stability of the beads were mostly influenced by the concentrations
of pectin and the gelation medium. Generally, increased levels of
polymer and gelation bath led to reduced bead diameters;
nevertheless, both low and high pectin concentrations produced
beads that were flattened or irregularly shaped. Beads consisting of
6% pectin and 2% CaCl, had a spherical morphology and smooth
surfaces [32]. Augmented surface cross-linking in calcium pectinate
beads improved encapsulation effectiveness and decreased the
release rate of active chemicals. The beads exhibited a smooth,
spherical shape without any visible pores, but some surface wrinkles
were observed. Confocal microscopy revealed fluorescence of
chitosan around the bead, confirming that this polysaccharide
served as a coating on the pectin particle. The utilization of chitosan
as a coating on PB suggests potential applications in drug delivery or
food encapsulation, capitalizing on the advantageous biodegradable
and biocompatible characteristics of both substances. Future studies
may investigate the release kinetics of encapsulated medicines from
these coated beads and the viability of targeted distribution within
specific biological systems. The characterization of these chitosan-
coated PB offers significant prospects for use in several sectors.

Particle size and zeta potential of PB

The iron-PB's size and surface charge (zeta potential) were
evaluated using dynamic light scattering (DLS) [33]. The beads
exhibited nearly neutral surface charges in both mediums, with zeta
potential values recorded at 1.1+0.7 mV in distilled water and
1.2+0.9 mV after undergoing simulated GI digestion. The focus was
mainly on the particle size post-digestion, as the GI tract is the target
site. After digestion, the smallest particle fraction showed a Z-
average diameter of 4.6+1.2 um and a polydispersity index (PDI) of
5.3+1.4 [34]. These results suggest that digestive conditions
significantly compromised bead integrity, reducing their size from
an initial range of 1-2 mm. The high PDI indicates a diverse particle
size distribution, likely due to structural degradation during the
digestion process. The beads, prepared through ionotropic gelation
in acidic media, exhibit maximum pectin gel stability at pH 4.

The digestive conditions significantly compromised bead integrity,
reducing their size from an initial range of 1-2 mm. A high PDI
reflects substantial heterogeneity in particle size, which can
negatively impact drug delivery performance. Such variability may
result in inconsistent drug release profiles, which can affect
therapeutic efficacy and patient compliance. Moreover, high PDI
poses challenges in achieving reproducibility and scalability during
manufacturing, complicating quality control and regulatory
compliance. Therefore, controlling PDI is crucial for ensuring
uniform drug release, stability, and industrial feasibility of PB-based
formulations. In pharmaceutical development, a low PDI
(typically<0.3) indicates a narrow size distribution, contributing to
predictable pharmacokinetics and better control over the release
rate of the active pharmaceutical ingredient (API). Uniform particles
are more likely to exhibit consistent swelling, erosion, and
degradation patterns, which are essential for sustained or targeted
delivery systems. Uniformity in particle size enhances flow
properties and packing during processing, facilitating efficient
encapsulation, coating, and downstream handling. Regulatory
agencies also emphasize particle uniformity as a key quality
attribute. Hence, maintaining an optimal PDI is a critical parameter
in the design and large-scale production of robust, reliable, and
patient-friendly drug delivery systems.

The enlargement of pores observed in simulated gastric fluid is
likely due to bead swelling. In contrast, under alkaline conditions,
pectin undergoes (-elimination of galacturonic acid residues,
resulting in polymer chain scission, reduced viscosity, and
diminished gel stability [35]. Pectin demethylation can occur under
such conditions. The simulated intestinal phase was identified as the
primary factor contributing to bead disintegration and size
reduction in this study. For targeted colon delivery of B-lactamases,
calcium-pectinate beads were formulated using low-methoxyl pectin
via the ionotropic gelation technique [36]. An increase in CaCl,
concentration in the gelation medium often resulted in larger bead
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sizes, attributed to enhanced calcium retention inside the beads. The
enlargement was ascribed to improved water retention due to the
hygroscopic characteristics of CaCls,.

Even after removing free calcium from the beads, the average
particle size showed no significant variation across various CaCl,
concentrations. Extending the duration of immersion in CaCl,
solution at a fixed concentration did not significantly affect bead
diameter since calcium saturation was attained during the first hour.
Under these conditions, with stable calcium and water
concentrations, the size of the beads remained constant. The swift
gelation of pectin facilitated the effective entrapment of (-
lactamases inside the calcium pectinate beads. The concentration of
pectin significantly influenced bead size, with higher pectin
concentrations leading to smaller microspheres. As polymer content
rises, the viscosity of the solution increases significantly. The
increased viscosity reduces surface tension, resulting in the
formation of smaller PB [37]. Elevated pectin concentrations may
lead to reduced microsphere dimensions due to increased viscosity.

Variables such as stirring velocity and droplet size may also
considerably affect bead size. The relationship between polymer
content and bead size may be nonlinear and may vary depending on
the specific solution parameters. Increasing the stirring velocity may
enhance turbulence in the solution, leading to the formation of
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bigger beads despite a higher polymer concentration. The initial
dimensions of the droplets dispersed in the fluid may also affect the
ultimate size of the microspheres. Therefore, while developing a
technique for microsphere manufacturing, it is essential to consider
all these factors and adjust the parameters to get the desired bead
size. The average diameter of the hydrogel beads ranged from
3.0£0.1 mm to 4.540.1 mm, with pectin content significantly
influencing this parameter. The pectin concentration determines the
solution's viscosity, which is essential during processing. In simple
dripping, drop formation at the needle tip is primarily governed by
gravitational force and surface tension, with viscosity having a
minimal impact within the range of 10 to 100 mPa-s. The final
dimensions of hydrogel beads depend on the initial droplet size and
the modifications that occur during crosslinking, with the latter
being the principal factor influencing bead size variability.
Electrostatic dripping during ionic gelation can significantly reduce
particle size when required. This method also has the benefit of
producing beads with uniform size distribution and improved
sphericity. When an electric current is applied, charged molecules
move toward the droplet surface, therefore reducing surface tension
due to the repulsion between similar charges. As a result,
electrostatic pressure shapes the droplet into a conical
configuration, ultimately resulting in the expulsion of smaller
droplets from the apex of the solution (table 1 and 1A).

Table 1: Controlled release formulation of PB

Author(s) Formulation Title of the research Feature of the formulation
Atara, S. A., and Soniwala, M. Pectin-CaCl, Beads Formulation and Evaluation of Pectin-CaCl, Eudragit S100 coating for colon-
[38] Beads of Azathioprine for Colon-Targeted Drug  specific sustained release

Kamble, D., et al. [39].
Rebitski, E. P., et al. [40]

Ramteke, K. H., and Nath, L

Pectin-HPMC Coated
Floating Beads
Chitosan-Pectin Core-
Shell Beads
Pectin-Bora Rice

Delivery System

Investigation of Pectin-HPMC-Coated Floating
Beads for Pulsatile Release of Piroxicam
Encapsulating Metformin-Clay Intercalation
Compounds

Formulation and Evaluation of Pectin-Bora Rice

Floating mechanism for stomach-
targeted pulsatile delivery
Mucoadhesive bio-nanocomposite for
extended delivery

Natural polymer blend for colon

[41]. Beads Beads

Skowron, K., et al. [42] Bipolymeric Pectin
Millibeads

Aydin and Akbuga, 1996 [43]  LM-Pectin Gel Beads

Sriamornsak and Nunthanid, = LM-Pectin (Amidated)

1998, 1999 [44] Gel Beads
Munjeri et al., 1998; LM-Pectin (Amidated)
Musabayane et al., 2000 [45, Gel Beads beads

46]
Pillay et al., 2002 [47] LM-Pectin Gel Beads

Munjeri et al., 1997 [48] LM-Pectin (Amidated)

Controlled and Targeted Release of Mesalazine

PB prepared by ionotropic gelation

Sustained release drug delivery using calcium
pectinate gel beads

In vitro and in vivo studies of pectin hydrogel

Cross-linked alginate-pectinate-cellulose
acetate spheres
Chitosan-polyelectrolyte complex around

targeting

Functional polymers for colon-
targeted delivery

Simple gelation method using Ca?* ions
Sustained release behavior in vitro

Oral delivery with animal
pharmacokinetic data

Multi-polymer network for improved
drug entrapment
Improved stability and modified

Gel Beads calcium pectinate beads release
Sriamornsak, 1998, 1999 [49, LM-Pectin (Amidated) Calcium pectinate gel beads for protein Protein encapsulation and protection
50] Gel Beads delivery

Pharmaceutical applications of PB
Oral drug delivery

Pectin gels provide significant advantages for oral drug delivery
systems due to their inherent pH responsiveness, mucoadhesive
properties, and high swelling capacity. These characteristics make
them especially effective for protecting and delivering sensitive
pharmaceutical compounds through the harsh environments of the
GI tract. One of the critical benefits of pectin-based systems is their
ability to swell in response to the pH variations along the GI tract.
Specifically, enhancing the swelling of pectin gels in the acidic
environment of the stomach can prolong gastric residence time,
which not only aids in delayed and sustained drug release but may
also contribute to appetite control by enhancing the feeling of
satiety. The swelling mechanism is largely governed by the
hydrophilic carboxylic acid (COOH) groups present on the
galacturonic acid backbone of pectin [51]. These groups attract and
retain water, leading to matrix expansion. The extent of swelling can
be further modulated by cross-linking the polymer chains with
divalent or trivalent cations (e. g., Ca®* or Al**), which reinforces the

gel network, enhancing mechanical stability and resistance to
premature degradation. This cross-linking not only improves the
robustness of the beads under gastric conditions but also facilitates
controlled and site-specific drug release, ensuring consistent
therapeutic efficacy over time. Beads were spherical, with diameters
of 4-5 mm before drying. Upon drying, their moisture content
decreased from 90% to around 7-15%, resulting in a significant
reduction in bead size.

Orally administered drugs frequently encounter multiple barriers,
such as degradation by gastric acid, enzymatic hydrolysis by proteases,
and microbial fermentation in the colon. Pectin beads (PBs) serve as
protective carriers, encapsulating APIs within their gel matrix to
prevent premature breakdown and ensure the targeted delivery of
bioactive compounds to specific sites, such as the intestine or colon. In
recent developments, composite hydrogels comprising pectin and
other biopolymers, such as gellan gum (GG), have been engineered to
optimize drug delivery properties [52]. These GG: P (Gellan Gum:
Pectin) formulations form mucoadhesive microcapsules through ionic
cross-linking with Ca?* or AI**, which significantly enhances their
retention at mucosal sites and regulates drug diffusion rates. For
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example, GG: P beads have demonstrated the ability to slow the release
of ketoprofen under acidic pH (simulated gastric conditions) while
extending its release under neutral to basic conditions (pH 7.4),
mimicking intestinal environments.

Furthermore, these beads have shown excellent biocompatibility in
Caco-2 and HT29-MTX cell line models, indicating their safety and
suitability for oral administration. Beyond pharmaceuticals, PBs are
increasingly being explored for nutraceutical and cosmeceutical
applications, including the encapsulation of natural or synthetic
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fragrances. Due to the high volatility of these aromatic compounds,
they are often unstable in open systems. PBs help stabilize such
ingredients by entrapping them within a hydrogel matrix, thereby
extending their shelf life, controlling their release, and enhancing
their sensory effect upon oral consumption or topical application
[53]. Overall, the multifunctional nature of pectin-based gels and
beads—encompassing their physicochemical tunability and ability
to protect and sustain the release of encapsulated compounds-
positions them as a versatile and promising platform in advanced
drug delivery systems.

Table 1A: Key studies on pectin bead formulations, encapsulated drugs, target sites, and outcomes

Author(s) Title of the research Drug encapsulated Targeted site Critical results/findings
Atara, S. A, and Formulation and Evaluation of Azathioprine Colon Optimized formulation showed 86.24%
Soniwala, M. [38] Pectin-CaCl, Beads of Azathioprine drug entrapment and pH-dependent
for Colon-Targeted Drug Delivery release, favouring colonic delivery.
System
Kamble, D., et al. [39]. Investigation of Pectin-HPMC- Piroxicam Stomach Beads exhibited lag time of 6 h with
Coated Floating Beads for Pulsatile maximum release after lag period,
Release of Piroxicam confirming pulsatile pattern.
Rebitski, E. P., et al. Encapsulating Metformin-Clay Metformin Intestine Enhanced mucoadhesion and sustained
[40] Intercalation Compounds release over 12 h with improved
bioavailability.
Ramteke, K. H., and Formulation and Evaluation of Glipizide Colon Achieved 84.29% drug entrapment and
Nath, L [41]. Pectin-Bora Rice Beads controlled release at pH 6.8 with
delayed onset.
Skowron, K., et al. Controlled and Targeted Release Mesalazine Colon Provided pH-dependent release with
[42] of Mesalazine minimal drug loss in gastric conditions
Aydin and Akbuga, PB prepared by ionotropic Salbutamol sulfate Gl tract Demonstrated high encapsulation
1996 [43] gelation efficiency and sustained release profile
in simulated GI fluids.
Sriamornsak and Sustained release drug delivery BSA (model protein) Colon Achieved over 70% release in colonic
Nunthanid, 1998, using calcium pectinate gel beads conditions after 6 h; minimal
1999 [44] degradation in gastric pH.
Munjeri et al., 1998; In vitro and in vivo studies of Chloroquine, Insulin GI tract In vivo data confirmed effective
Musabayane et al., pectin hydrogel beads delivery with pharmacological activity
2000 [45, 46] and protection from degradation.
Pillay et al, 2002 [47]  Cross-linked alginate-pectinate— Theophylline (model)  Colon Achieved extended release over 24 h

cellulose acetate spheres

with reduced burst effect and good
matrix stability.

Munjeri et al., 1997 Chitosan-polyelectrolyte complex Indomethacin, Colon Improved resistance to enzymatic

[48] around calcium pectinate beads Sulphamethoxazole degradation and pH-controlled release
beyond small intestine.

Sriamornsak, 1998, Calcium pectinate gel beads for Proteins Colon Efficient protein loading with

1999 [49, 50] protein delivery

controlled release and protection in
acidic medium.

Nasal drug delivery

Iron in fortified foods can cause ionic gelation, a phenomenon where
interactions with divalent cations lead to the formation of polymeric
beads. This process involves cations binding to carbohydrate chains,
resulting in the creation of stable cross-linked networks that are
insoluble in aqueous media [54].

Intranasal drug delivery offers a non-invasive and patient-friendly
alternative to parenteral routes, making it especially suitable for the
treatment of localized conditions such as nasal allergies, sinus
infections, congestion, and inflammation. Beyond local effects, the
nasal route also enables systemic drug delivery due to the rich
vascularization of the nasal mucosa, which facilitates rapid
absorption and a more rapid onset of action. However, a significant
limitation of this route is the short residence time of drugs in the
nasal cavity due to mucociliary clearance. To overcome this,
mucoadhesive polymers, such as pectin, have gained considerable
attention for their ability to prolong drug retention and enhance
bioavailability. Pectin, a natural anionic polysaccharide, exhibits
excellent mucoadhesive properties owing to its capacity to form
non-covalent interactions—such as hydrogen bonding and
electrostatic attraction—with mucin, the principal glycoprotein in
mucus. These interactions result in increased viscosity of the
formulation and stronger adhesion to the mucus layer, thus reducing

drug clearance and enhancing absorption. The effectiveness of
pectin-based systems in nasal drug delivery has been demonstrated
using various chemically modified pectins, including low-esterified
(P-25), high-esterified (P-93), and amine-functionalized (P-N)
variants. These forms differ in surface charge and interact with the
mucosal environment in distinct ways, offering versatility in
tailoring the formulation to the desired pharmacokinetic profile.
Moreover, pectin-based nasal formulations have been found not only
to improve the bioavailability of conventional drugs but also to
enable the delivery of sensitive biomolecules, such as peptides,
proteins, and vaccines. The ability of pectin to create a sustained
release matrix within the nasal cavity makes it a promising excipient
for future innovations in both local and systemic nasal therapies.
Overall, pectin-based intranasal delivery systems represent a
promising platform that combines biocompatibility, mucoadhesion,
and functional adaptability to enhance therapeutic efficacy and
patient compliance.

Colonic drug delivery

The colon, characterized by relatively low protease activity, neutral
pH, and prolonged transit time, presents favorable conditions for
targeted drug delivery, especially for macromolecules like proteins
and peptides that are otherwise prone to degradation in the upper
GI tract. Pectin, a plant-derived polysaccharide, is particularly suited
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for such delivery systems due to its resistance to enzymatic
digestion in the stomach and small intestine. It remains stable in
these harsh environments but is selectively degraded in the colon by
bacterial enzymes—specifically pectinolytic enzymes such as pectin
lyases, pectate lyases, and polygalacturonases—produced by the gut
microbiota. One widely used approach to leverage this property
involves the formation of calcium-pectinate (Ca-pectinate) beads via
ionotropic gelation, where calcium ions cross-link with the
negatively charged carboxyl groups on pectin chains [55]. This mild
encapsulation method preserves the structural and functional
integrity of sensitive bioactive compounds, making it ideal for
protein and peptide delivery. For instance, B-lactamase enzymes
have been successfully encapsulated within pectin beads for colonic
release, where they serve to degrade residual B-lactam antibiotics
[56]. This strategy helps in preserving the natural colonic microbiota
and reduces the selective pressure that drives antimicrobial
resistance.

Beyond peptide and enzyme delivery, pectin beads have been
employed for micronutrient supplementation, such as iron delivery.
Iron-loaded PBs, especially those incorporating ferrous sulfate, offer
a novel route to enhance iron bioavailability in the colon, which can
be beneficial for individuals with iron deficiency anaemia or
malabsorption disorders. These iron-PB systems are designed to
release their payload specifically in the lower gut, potentially
minimizing GI irritation commonly associated with conventional
iron supplements. Comprehensive characterization of these systems
is crucial for evaluating their suitability in pharmaceutical
applications. Techniques such as SEM have been employed to
evaluate surface morphology and structural integrity, while
thermogravimetric analysis (TGA) offers insights into their thermal
stability. In vitro intestinal transport models, such as Caco-2
monolayers, have been employed to study absorption Kinetics and
ensure that the encapsulated compounds maintain their bioactivity
after release [57]. Collectively, these findings highlight the
significant potential of pectin-based beads in site-specific oral
delivery and micronutrient supplementation.

Immunization and advanced delivery systems

Colon-targeted delivery systems are also valuable for immunization
purposes, especially for protein-based drugs that require protection
from enzymatic degradation and have inherently poor oral
bioavailability. Oral administration of such bio macromolecules is
often limited by their susceptibility to proteolytic enzymes in the
stomach and small intestine, as well as by their poor permeability
across the intestinal epithelium. Pectin’s natural resistance to gastric
and intestinal enzymatic breakdown, along with its excellent
biocompatibility and mucoadhesive properties, makes it an ideal
candidate for non-parenteral immunization platforms. When used in
the form of pectin beads or hydrogels, this polysaccharide can
encapsulate antigens or protein-based therapeutics, shielding them
during transit through the upper GI tract and enabling their release
in the colon, where enzymatic activity is minimal and immune tissue
such as Peyer’s patches is more accessible [58]. This approach not
only improves antigen stability and absorption but also reduces the
frequency of administration compared to traditional injection-based
regimens. Moreover, colon-targeted systems can be engineered for
sustained or pulsatile release, allowing for prolonged antigen
exposure and potentially enhancing immune response. These
delivery platforms represent a promising avenue for the oral
administration of vaccines, especially in pediatric, geriatric, or
needle-averse populations, where ease of administration and patient
compliance are critical.

Chitosan and alginate-coated PB

Amidated pectin hydrogel beads have been created as a platform for
the controlled release of chloroquine. Chitosan solution has been
applied to albumin and alginate microspheres to improve their
properties. Chitosan-coated cisplatin albumin microcapsules
demonstrated enhanced antitumor activity compared to uncoated
versions [59]. The release of cisplatin was effectively controlled by
using chitosan. The chitosan coating enhanced the stability of the
microspheres, allowing for slower and extended drug release. This
controlled-release method improved treatment effectiveness while
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reducing the potential adverse effects associated with cisplatin
administration. The incorporation of chitosan into albumin and
alginate microspheres holds considerable promise for enhancing
drug delivery systems in cancer therapy. A modified method was
employed to develop chitosan-enhanced alginate gel beads, where
the encapsulation process relies on electrostatic interactions during
the formation of the reinforced gels. However, additional studies are
necessary to assess the long-term stability and biocompatibility of
these chitosan-reinforced alginate gel beads in vivo before their
potential in cancer therapy can be confirmed. The properties of
amidated PB can be altered by creating a polyelectrolyte complex
membrane around them using cationic polymers like chitosan,
following techniques similar to those used for alginate gel beads
[60]. Chitosan, due to its cationic polyelectrolyte nature, can strongly
interact with mucus or negatively charged mucosal surfaces through
electrostatic attraction. The combination of chitosan-reinforced
alginate gel beads and amidated polybutadiene (PB) exhibits
considerable promise for targeted cancer therapy; nonetheless,
further investigation and assessment are required. This interaction
may enhance the mucoadhesive characteristics of the beads,
facilitating prolonged drug release and increased therapeutic
effectiveness. Moreover, chitosan's capacity to enhance cellular
uptake and penetration may augment the efficacy of the drug
delivery system. The application of a chitosan coating on PB
markedly decreased albumin release at pH 5 and other pH levels. In
uncoated beads, an elevation in CaCl, concentration diminished
albumin release by enhancing cross-linking and restricting bead
swelling. The release of albumin from chitosan-coated beads
remained consistent despite a reduction in swelling, potentially
attributed to the creation of a chitosan-pectin complex. The
structural properties of pectin caused chitosan-coated PB to show
less swelling in acidic conditions and greater swelling in alkaline
environments. Albumin release was constrained at pH 5 and
maximized at pH 7.4, suggesting that the chitosan coating markedly
affects the release profile, likely due to robust ionic interactions at
pH 5.

LIMITATIONS

While pectin beads (PB) demonstrate considerable potential in
pharmaceutical applications, several limitations must be
acknowledged. PB tends to be unstable in alkaline environments due
to B-elimination reactions, which lead to polymer degradation and
reduced gel integrity, particularly in intestinal conditions. The
freeze-drying process, though useful for improving shelf life and
porosity, is costly, time-consuming, and difficult to scale up, often
resulting in bead cracking or structural inconsistencies. The use of
chitosan coatings, despite improving mucoadhesion and sustained
drug release, may introduce immunogenic risks, particularly in
individuals sensitive to shellfish-derived components. Moreover,
critical research gaps remain, such as the need for comprehensive in
vivo studies evaluating PB for nasal drug delivery and insufficient
data on the long-term physical and chemical stability of these
formulations under varied storage conditions. Addressing these
limitations through targeted research and formulation optimization
is essential for the successful clinical translation of PB-based drug
delivery systems.

CONCLUSION

The review provides a comprehensive analysis of pectin beads (PB)
from extraction to their pharmaceutical applications. The stages of
PB formation, including pectin solution preparation, active agent
incorporation, and optimization, highlight the precise control over
drug release. Gelation, swelling, and SEM analyses offer insights into
the physicochemical properties of PB, while particle size and zeta
potential assessments contribute to understanding their stability
and functionality. The scope of this review emphasizes the potential
of PB in targeted drug delivery, immunization, and coating with
materials such as chitosan and alginate. This work underscores the
growing importance of PB in advancing pharmaceutical
formulations.
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