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substitute for synthetic excipients, especially in emerging pharmaceutical sectors. Recent
studies have reported its successful integration into matrix tablet formulations for a variety
of therapeutic drugs, resulting in improved patient adherence and minimized side effects.
Ongoing research emphasizes the need for standardized production protocols, stringent
quality assurance practices, and innovative formulation approaches to enable its use in
personalized medicine. Overall, this review consolidates current insights and highlights

future opportunities for the advancement of mucilage- based drug delivery technologies.

1. INTRODUCTION

The unique rheological characteristics and aggregation behavior of Opuntia ficus-indica
mucilage have positioned this natural polysaccharide as an important pharmaceutical
excipient with remarkable potential in controlled drug delivery systems.™! Foundational
studies on the rheology of cactus mucilage have revealed its distinct shear-thinning nature
and viscosity that varies with concentration, making it particularly effective for developing
matrix tablets designed for sustained drug release.™ The formulation of oral controlled-
release matrix tablets represents a major progression in pharmaceutical technology, enabling
improved therapeutic efficacy through regulated drug release patterns and better patient
adherence.’” Current pharmaceutical research is increasingly directed toward these advanced

delivery systems as viable alternatives to traditional immediate-release formulations.™

Plant-derived mucilages constitute a broad group of bioactive polysaccharides that exhibit
remarkable functional attributes, making them highly suitable for advanced pharmaceutical
uses.’! Detailed investigations into the characterization of these natural mucilages and their
application in nanocellulose synthesis and drug delivery systems have highlighted multiple
advantages over synthetic polymers—such as superior biocompatibility, complete
biodegradability, and sustainable availability from renewable plant sources.®! The bioactive
constituents found in Opuntia ficus-indica notably enhance its nutritional and therapeutic
potential, establishing it not only as an effective pharmaceutical excipient but also as a
valuable source of antioxidant and anti-inflammatory secondary metabolites.””! This
combination of excipient and therapeutic functionality differentiates natural mucilages from
their synthetic counterparts, offering additional health-related benefits in pharmaceutical

formulations.

Natural gums and mucilages function as highly adaptable pharmaceutical excipients, with

their use extending far beyond conventional tablet-binding roles to include modern
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controlled-release formulations and advanced drug delivery platforms.®™ The growing interest
in plant-based polymers for sustained drug delivery arises from their capacity to regulate drug
release kinetics while simultaneously offering therapeutic advantages and improving patient
compliance.l®! Recent progress in the processing and analytical evaluation of mucilages has
demonstrated great promise for the development of modified polysaccharide derivatives
possessing enhanced functional characteristics, specifically designed for targeted
pharmaceutical purposes.!® Furthermore, acid hydrolysis studies of pectin and mucilage
extracted from cactus cladodes have provided valuable understanding of structural

alterations that contribute to optimized pharmaceutical performance.®

The use of plants as pharmaceutical excipients in oral sustained-release drug delivery systems
marks a significant shift toward employing renewable and biocompatible materials in
advanced pharmaceutical formulations.”” Extensive assessments of natural polymers in
sustained-release applications have revealed performance advantages over traditional
synthetic excipients, particularly regarding biocompatibility, patient acceptance, and
environmental sustainability.” Matrix tablet systems incorporating mucilage as a sustained-
release excipient have exhibited notable capability in modulating drug release profiles for a
range of therapeutic agents, showing particular effectiveness in anti-inflammatory drug
delivery.®! Clinical studies further indicate that mucilage-based formulations enhance

therapeutic outcomes while promoting better patient adherence.™

Advanced controlled-release polymer systems that incorporate chemically modified mucilage
derivatives exhibit superior functionality and enhanced drug delivery performance compared
to unmodified natural polymers.) These innovative modification strategies broaden the
scope of natural polymers in pharmaceutical formulations while preserving their intrinsic
biocompatibility and safety.l®) Comparative studies on the extraction and physicochemical
characterization of mucilage from various plant sources offer valuable insights into optimal
processing conditions and functional attributes critical for pharmaceutical use.*”
Implementing standardized extraction protocols ensures consistent quality and reliable
performance in pharmaceutical manufacturing.!*!

1.1 Overview of Novel Drug Delivery Systems (NDDS)

Gums and mucilages are vital excipients in modified drug delivery systems, providing
distinct advantages in regulating drug release rates and improving bioavailability through

sustained-release mechanisms.*”! The development of superporous hydrogel composites that
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incorporate Opuntia mucilage alongside carrageenan highlights the potential for creating pH-
responsive drug delivery systems with enhanced therapeutic effectiveness and greater
patient adherence.™ These sophisticated platforms integrate the natural properties of plant-
derived mucilages with synthetic hydrogel technology, resulting in highly functional drug

delivery systems suitable for a wide range of therapeutic applications.!*?

The formulation of matrix tablets employing natural polymers, such as mucilage, offers an
economical alternative to synthetic excipients while achieving equivalent or enhanced
performance in sustained- release applications.l*®! Innovations in natural polymer-based drug
delivery systems have significantly transformed pharmaceutical formulation approaches,
especially in creating controlled-release matrix tablets for managing chronic conditions,
including anti-diabetic therapies.!** Incorporating hydrophilic natural polymers in sustained-
release systems provides notable benefits, such as improved biocompatibility, higher patient
acceptability, and greater environmental sustainability compared to their synthetic
counterparts.*®!

The use of natural polymers in designing controlled- release formulations helps mitigate
concerns regarding the safety of synthetic excipients and their potential for long-term
accumulation in the body.™® The development and physicochemical evaluation of novel
delivery systems, such as nanocapsules loaded with bioactive compounds using zein and
cactus mucilage, highlight the adaptability of Opuntia mucilage in sophisticated
pharmaceutical applications.'”?  Such nanotechnology-based approaches broaden the
therapeutic potential of mucilage-based systems, extending their use beyond conventional

oral dosage forms.™*"!

1.2 Importance of Natural Polymers in Sustained-Release Formulations

Physicochemical comparisons of mucilages derived from various Opuntia species reveal
notable differences in functional properties, which directly affect their performance in
pharmaceutical formulations.'® The extraction and detailed characterization of mucilage
from Opuntia stricta cladodes as a pharmaceutical excipient offer valuable guidance on ideal
processing methods and quality control standards necessary for large-scale pharmaceutical

manufacturing.!*®!

Ongoing research continues to expand the role of natural polymeric
materials in pharmaceutics, emphasizing the benefits of plant-based excipients in modern
drug delivery systems.*"

Natural gums and mucilages employed as matrix formers in sustained-release drug delivery
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systems provide enhanced performance while simultaneously addressing the environmental
and safety issues linked to synthetic polymer excipients.”! Evaluations of agricultural by-
products, such as mucilage from prickly pear fruit peels, highlight innovative approaches that
support sustainable pharmaceutical development and help lower production costs.*?
Cladodes of Italian Opuntia ficus-indica are abundant in bioactive compounds with unique
biochemical characteristics, which can further improve the therapeutic effectiveness of
mucilage-based pharmaceutical formulations.?!

Matrix tablets designed for sustained-release applications utilize mucilage polysaccharides,
which regulate drug release effectively through gel formation and controlled erosion
mechanisms.’” The use of natural polymers in mucoadhesive drug delivery systems exhibits
remarkable bioadhesive properties, prolonging the residence time of drugs at absorption sites
and thereby enhancing bioavailability and therapeutic efficacy.[?® When properly extracted
and characterized using standardized procedures, plant exudates and mucilages serve as

pharmaceutical excipients with consistent quality and reliable performance.!®!

1.3 Rationale for Opuntia ficus-indica Mucilage in Drug Delivery

The use of natural polymers as pharmaceutical excipients requires thorough assessment of
their functional properties, biocompatibility, and suitability for large-scale production.!?”!
Innovative formulation approaches employing chemically or physically modified mucilage
derivatives with improved characteristics show considerable promise for therapies that
demand specific drug release patterns.!”®! Studies evaluating mucilage as excipients indicate
that they often outperform synthetic options,especially regarding patient compliance and
safety.?

The synthesis and characterization of thiolated natural polymers as mucoadhesive excipients
highlight advanced modification methods that improve particular functional traits while
preserving biocompatibility.®” Investigations into the disintegration behavior of natural
polymers demonstrate their versatility, extending their use from sustained-release to
immediate-release formulations.®™ The creation of pH-sensitive composite systems by
integrating muclage with other natural polymes results in advanced drug delivery platforms

capable of targeted release.*?

New applications of natural polymers, such as gellan gum and other polysaccharides, offer

comparative perspectives on the distinct benefits of mucilage-based systems.®! Controlled

www.wijpps.com | Vol 15, Issue 4,2026. | 1SO 9001:2015 Certified Journal | 152




Aman et al. World Journal of Pharmacy and Pharmaceutical Sciences J

drug delivery using composite formulations has been shown to improve therapeutic outcomes
by optimizing drug release patterns and enhancing biocompatibility.2* Composites of natural

polymers containing mucilage exhibit promise for gastroretentive floating systems, enabling

prolonged drug release.® Collectively, these innovative strategies broaden the potential
(36]

therapeutic uses of mucilage-based drug delivery platforms.

2. OPUNTIA FICUS-INDICA (CACTUS CLADODE MUCILAGE)

2.1 Taxonomical Classification

Kingdom Plantae.

Division Magnoliophyta.

Class Magnoliopsida.

Order Caryophyllales.

Family Cactaceae.

Subfamily Opuntioideae.

Tribe Opuntieae.

Genus Opuntia.

Species O. ficus-indica (L.) Mill.

Common Names: Prickly pear cactus, Nopal,
Barbary fig, Indian fig cactus, Mission pear, Tuna.
Synonyms: Cactus ficus-indica L., Opuntia
megacantha Salm-Dyck, Opuntia vulgaris Mill.
Distribution: Native to Mexico, widely cultivated
in Mediterranean regions, North Africa, and arid
zones worldwide.

Habitat: Arid and semi-arid regions, drought-
tolerant, adaptable to various soil conditions.

2.2 Botanical Description
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Opuntia ficus-indica exhibits distinctive morphological characteristics that directly influence
mucilage content and quality, with flattened, paddle-shaped cladodes serving as the primary
photosynthetic organs and mucilage storage sites.*”! These succulent structures contain
specialized parenchymatous cells that accumulate high concentrations of polysaccharide
mucilage, contributing to the plant's remarkable drought tolerance and survival mechanisms
in arid environments.*® The cladodes typically measure 30-60 cm in length and 20-40 cm in
width, with thickness ranging from 2-5 cm depending on plant maturity and environmental
growing conditions.l*® The plant can reach heights of 1.5-5 meters with a tree-like or shrub-

like growth pattern, depending on cultivation practices and environmental factors.®!

2.3 Phytochemical Constituents

The polysaccharide composition of Opuntia ficus-indica mucilage consists primarily of
neutral and acidic sugar components with arabinose (42-47%), galactose (17-22%), xylose
(15-20%), rhamnose (6-8%), and galacturonic acid (8-12%) as major constituents.*”
Additional bioactive compounds include betalains, phenolic acids, flavonoids, and
ascorbic acid, which contribute significantly to the mucilage's antioxidant and therapeutic
properties.*®! The molecular structure exhibits complex branching patterns with varying
degrees of acetylation and methylation that directly influence functional properties and
pharmaceutical applications.? Classification and application studies reveal that the mucilage

possesses unique hydrogel properties suitable for various pharmaceutical formulations.®*!

MOLECULAR STRUCTURES OF BETALAINS

BETACYANINS BETAXANTINS

(Red-Violet Pigments) (Yellow-Orange Pigments)

Betanin Indicaxnixin

Derived from: Betalamic acid Derived from: Betalamic acid
+ cyclo-DOPA-5-O-glucoside + cyclo-DOPA + L-proline

Oxygen, Nitrogen. Lines: Covalant Bant

ge (e... Indi Oscy,  Bonds (single/double).

Q Legend: Betacyanins:
Red-violet pigments (e.g. Bantin). H,C. Atoms: Carbon (implicic) at Hydrogen,
9 1l

2.4 Mucilage Extraction and Characterization
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The role of polymers in the formulation of sustained- release microbeads underscores the
necessity of accurate mucilage extraction and thorough characterization using standardized
analytical methods.*” When Opuntia robusta mucilage is combined with other natural
polymers as encapsulating agents, it provides valuable information on optimizing
extraction processes and enhancing functional properties for pharmaceutical use.[*!
Microencapsulation techniques employing mucilage from different Opuntia species identify
ideal extraction conditions that maximize yield while preserving the integrity of bioactive
compounds.*?  Additionally, advanced spray drying approaches maintain mucilage

functionality and facilitate large- scale pharmaceutical production.!?

The extraction and characterization of mucilage from Opuntia species necessitate detailed
analytical methods, including high-performance liquid chromatography for sugar profiling,
gel permeation chromatography for molecular weight assessment, and advanced

[43]

spectroscopic techniques for structural elucidation. Comparative evaluations of

antioxidant content highlight substantial concentrations of bioactive compounds, which
contribute to the therapeutic effectiveness of mucilage-based pharmaceutical products.!**!

Assessment of rheological properties reveals concentration-dependent viscosity and unique
flow behaviors, which are critical for pharmaceutical applications.*® Collectively, these
thorough characterization studies ensure the consistent quality and performance of mucilage

in drug formulations.™*!

2.5 Mechanism of Action as a Matrix

Matrix Formation and Drug Release Mechanism:

Phase 1: Initial hydration and mucilage swelling upon contact with dissolution medium.
Phase 2: Gel layer formation creating three-dimensional polymer network around tablet core.
Phase 3: Drug diffusion through hydrated mucilage matrix with controlled release kinetics.
Phase 4: Gradual erosion of outer gel layers maintaining sustained drug release profiles.
Phase 5: Complete matrix dissolution with predictable drug release completion.

The mechanism relies on the balance between gel formation and erosion rates to achieve
desired release kinetics, with mucilage concentration and tablet geometry determining overall

release profiles.!*®!
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Mechanism of Action as a Matrix:
Formation and Drug Release Mechanism

2.6 Functional Properties

Superior water absorption capacity: >600% water uptake enabling excellent gel
formation.

Concentration-dependent  viscosity: Optimal rheological properties for matrix
applications.

Pronounced shear-thinning behavior: Facilitates pharmaceutical processing and
manufacturing.

pH-sensitive swelling characteristics: Enables targeted drug delivery applications.
Temperature-dependent gelation properties: Maintains stability across processing
temperatures.

Strong mucoadhesive interactions: Enhanced bioavailability through prolonged mucosal
contact.

Excellent film-forming capabilities: Suitable for coating and membrane applications.
Complete biocompatibility and biodegradability: Safe for pharmaceutical use.

Natural antioxidant activity: Additional therapeutic benefits from phenolic compounds.
Anti-inflammatory and wound-healing properties: Synergistic therapeutic effects.
Cost-effective and sustainable sourcing: Economic advantages over synthetic alternatives.

Regulatory acceptance: GRAS status supporting pharmaceutical applications.!™

2.7 Safety and Limitations

Studies evaluating mucilage derived from Opuntia species indicate that it is a highly safe

pharmaceutical excipient, showing minimal toxicity and broad acceptance for drug

formulation purposes.*’? The antioxidant properties of Opuntia ficus-indica components

further enhance its safety profile while offering additional therapeutic benefits beyond its role

in drug delivery.”®) This mucilage also possesses inherent preservative qualities, which

improve the stability of formulations and lessen the reliance on synthetic preservatives in
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pharmaceutical products.®

Extensive toxicological investigations confirm that oral
administration of Opuntia mucilage is safe, with no notable adverse effects reported in

clinical use.[*®

Despite its promising attributes, the pharmaceutical application of Opuntia mucilage faces
certain challenges, such as seasonal variations in its composition, potential inconsistencies
between production batches, and vulnerability to microbial contamination during extraction
and storage.*”! Effective quality control strategies are essential to tackle issues related to

extraction optimization, purification methods, and maintaining stability during storage.

Due to its hygroscopic nature, mucilage requires storage under controlled humidity
conditions to prevent degradation and preserve its functional properties over the product’s
shelf life.°% Additionally, regulatory aspects demand the development of pharmacopeial
standards and clear quality specifications for its use in commercial pharmaceutical
products.®”!

3. ADVANTAGES OF OPUNTIA FICUS- INDICA MUCILAGE

Incorporating Opuntia ficus-indica mucilage into pharmaceutical formulations presents
notable benefits compared to synthetic excipients, particularly regarding biocompatibility and
environmental sustainability.””® Natural polymeric materials in drug development often
exhibit superior functional performance, such as better control over drug release, enhanced
patient adherence, and lower production costs.l*™ Being naturally derived, mucilage is fully
biodegradable and avoids the long-term bioaccumulation issues commonly associated with
synthetic polymers.*®! Extensive reviews on natural polymers consistently emphasize these

advantages in modern pharmaceutical research and development.?”

Economic factors strongly support the use of cactus mucilage in pharmaceutical production,
as the plant is widely cultivated in arid regions and requires less complex processing than
synthetic polymers.*Y) Its extraction relies on straightforward agueous methods, needing
minimal specialized equipment, which translates into substantial cost savings and a lower
environmental footprint.*? Applications such as gastroretentive floating systems highlight
the cost- effectiveness of mucilage-based formulations while delivering enhanced therapeutic

[35]

benefits. Moreover, incorporating natural materials into green polymer composites

promotes sustainable practices in pharmaceutical manufacturing.®!
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Investigations into the classification, processing, and applications of hydrogel systems
indicate that mucilage- based matrices often outperform synthetic counterparts.®® The pH-
responsive swelling and mucoadhesive characteristics of Opuntia mucilage facilitate
advanced drug targeting, especially in gastro-resistant and colon- specific formulations.k*
Contemporary drug delivery studies report that systems utilizing mucilage enhance
bioavailability and therapeutic effectiveness compared to traditional formulations.!"”
Additionally, the use of natural polymers in sustained-release microbeads highlights their

versatility and adaptability across a range of pharmaceutical applications.[*”

Natural polymer composites exhibit excellent mucoadhesive properties, which prolong the
residence time of drugs at absorption sites, thereby enhancing bioavailability and lowering
the need for frequent dosing.?! In addition, the intrinsic antioxidant and anti-inflammatory
activities of mucilage components offer synergistic therapeutic benefits that synthetic
polymers lack.*®! Applications involving encapsulation with natural mucilage show improved
stability and controlled drug release, making them suitable for sensitive compounds.!*!
Collectively, these advantages establish Opuntia mucilage as a preferred excipient for

sustainable pharmaceutical development.[*?

4. NEW APPROACHES OF MUCILAGE OF OPUNTIA FICUS-INDICA USED IN
ADVANCED DRUG DELIVERY TECHNOLOGIES

Extraction and characterization methods for mucilage are continually advancing, employing
modern techniques that enhance both yield and functional properties for pharmaceutical
use.*®! Comparative studies of various extraction approaches identify optimal conditions that
preserve bioactive compounds while maximizing polysaccharide recovery.*Y Detailed
evaluation of rheological properties through advanced analytical tools offers a thorough
understanding of mucilage behavior within pharmaceutical formulations.*” These
sophisticated characterization strategies ensure reliable quality and consistent performance in

commercial pharmaceutical applications.™"!

Assessment of oxalate and calcium content in nopal pads highlights key factors for
pharmaceutical formulation development and quality control.*®! Evaluations of Opuntia
species mucilage as pharmaceutical excipients employ standardized methods to determine
both quality and functional properties.*”! The antioxidant activity of Opuntia ficus-indica
components offers additional therapeutic benefits, further enhancing the value of mucilage-

based pharmaceutical formulations.*®! Collectively, these thorough evaluations facilitate
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regulatory approval and support the commercial development of mucilage-based drug

delivery systems.[*®!

Coatings derived from Opuntia ficus-indica mucilage showcase innovative uses in
pharmaceutical technology, offering enhanced functionality and improved drug stability.[*”
The modulation of cell wall polysaccharides through mucilage applications provides valuable
insights for designing advanced controlled- release formulations.!*®! Such coating applications
extend the use of mucilage beyond conventional matrix tablets to include film-forming and
protective roles.* Employing advanced processing techniques allows the creation of

sophisticated drug delivery systems with customized release profiles.[*”

The rheological and physicochemical characteristics of cactus mucilage observed in
construction applications offer valuable insights applicable to pharmaceutical formulations
that demand specific mechanical properties. Detailed analyses of mucilage behavior across
various fields highlight its versatile functionality, supporting a wide range of pharmaceutical
uses. Review studies on these properties provide foundational knowledge critical for the
development of pharmaceutical formulations. Collectively, these interdisciplinary
applications underscore the extensive potential of mucilage-based systems.™”!

Future advancements in mucilage-based drug delivery systems are centered on innovative
modification techniques, hybrid formulations, and applications in personalized medicine.[?!
Integrating traditional extraction methods with modern pharmaceutical technologies presents
opportunities for the development of novel drug delivery solutions.E'™ Continuous research
efforts are broadening the scope of natural mucilages in contemporary pharmaceutical
applications.®!® These developments reinforce the role of Opuntia mucilage as a pivotal

component in next- generation pharmaceutical formulations.!®!

5. CONCLUSION

Opuntia ficus-indica mucilage emerges as a highly promising natural excipient for
pharmaceutical formulations, offering superior biocompatibility, biodegradability, and
functional versatility compared to synthetic polymers. Its rheological, mucoadhesive, and gel-
forming properties support diverse applications, including matrix tablets, controlled-release
systems, superporous hydrogels, and nanotechnology-based drug delivery platforms. The
presence of bioactive compounds further enhances therapeutic outcomes through antioxidant

and anti-inflammatory effects, while sustainable sourcing and simple extraction processes
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offer economic and environmental advantages. Advanced characterization, modification

techniques, and integration with complementary natural polymers continue to expand its

potential in innovative drug delivery strategies. Overall, comprehensive evidence from

multiple studies positions Opuntia mucilage as a safe, effective, and sustainable excipient for

next-generation pharmaceutical development, with significant prospects for personalized and

targeted therapies.

10.
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