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Abstract

Pediatric drug delivery presents unique challenges due to physiological and pharmacologi-
cal differences across age groups, requiring specialized formulation approaches beyond
simple dose adjustments of adult medications. This review synthesizes recent advances in
polysaccharide-based pediatric drug delivery and highlights novel findings that may accel-
erate clinical translation. It summarizes how chitosan, alginate, hyaluronic acid, dextran,
modified starches, and other polysaccharides are engineered into nanoparticles, hydrogels,
films, and orodispersible/mini-tablet formulations to improve stability, bioavailability, taste
masking, and controlled release across neonates to adolescents. These systems can accom-
modate developmental variations in absorption, distribution, metabolism, and excretion
processes across pediatric subpopulations, with particular emphasis on oral and alternative
administration routes. Evidence supporting unexpectedly high acceptability of mini-tablets,
successful integration of modified polysaccharides in 3D-printed personalized low-dose
therapies, and the emergence of blood–brain barrier-penetrating and RGD-functionalized
polysaccharide nanocarriers for pediatric oncology are emphasized as novel, clinically
relevant trends. This review also addresses regulatory considerations, safety profiles,
and future perspectives. By integrating developmental insights with innovative formula-
tion strategies, polysaccharide polymers offer promising solutions to improve medication
adherence, safety, and efficacy across the pediatric age spectrum.

Keywords: pediatrics; polysaccharides; drug delivery systems; challenges

1. Introduction
Pediatric drug delivery represents a complex and evolving field that faces unique

challenges distinct from adult medicine. Children are not simply “small adults,” but rather
a heterogeneous population with substantial physiological differences that change dramati-
cally throughout development [1,2]. These differences significantly impact drug absorption,
distribution, metabolism, and excretion processes, necessitating specialized formulation
approaches beyond simple dose adjustments of adult drugs [3,4]. Despite increased regula-
tory attention and scientific advancement in recent decades, there remains a significant gap
in age-appropriate formulations designed specifically for pediatric patients [5,6].
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The oral route remains the most preferred administration pathway for pediatric pa-
tients due to its ease of administration and non-invasive nature [7]. However, conventional
oral formulations present numerous challenges in pediatric populations. Liquid formula-
tions, while traditionally favored for younger children, often require taste-masking agents,
preservatives, and solubilizers that may pose safety concerns [8,9]. Additionally, these for-
mulations frequently lack controlled-release capabilities, necessitating multiple daily doses
that can reduce adherence [10]. Solid dosage forms, particularly mini-tablets and orodis-
persible formulations, have emerged as promising alternatives that combine the stability
and dosing precision with improved acceptability across various age groups [11–13].

Polysaccharide polymers have gained significant attention as versatile biomaterials for
addressing these pediatric-specific challenges [14,15]. These natural biopolymers (Table 1),
including chitosan, alginate, dextran, cellulose derivatives, and various plant-derived
polysaccharides, offer exceptional biocompatibility, biodegradability, and functional versa-
tility for pharmaceutical applications [16,17]. Their inherent properties, such as mucoadhe-
sion, pH-responsiveness, and ability to form various structures (nanoparticles, hydrogels,
films), make them particularly valuable for developing age-appropriate drug delivery
systems [18,19].

Table 1. Classification of Polysaccharides Used in Pediatric Drug Delivery Based on Origin.

Classification Polymer
Examples Origin and Description Representative Derivatives and

Applications

Natural
Alginate (ALG),

Hyaluronic Acid (HA),
Starch, Dextran

Directly extracted from natural
sources (seaweed, animal

tissues, plants, or microbial
fermentation). They possess

inherent biocompatibility and
biodegradability [20].

Alginate: In situ gelling systems,
microencapsulation. Hyaluronic

Acid: Ophthalmic solutions,
tissue engineering scaffolds.

Starch/Dextran: Plasma
expanders, nanoparticle cores.

Semi-Synthetic
Chitosan, Cellulose

Derivatives (e.g., HPMC,
CMC), Modified Starches

Derived from natural polymers
through chemical modification

(e.g., deacetylation,
etherification, esterification) to
enhance solubility, stability, or

functionality [21,22].

Chitosan: Mucoadhesive
nanoparticles, permeation

enhancers. HPMC/CMC: Tablet
binders, film-forming agents,
viscosity modifiers. Modified

Starches: Hydrogels,
sustained-release matrices.

Synthetic
Poly (vinyl alcohol) (PVA),

Poly (ethylene glycol)
(PEG)

Fully synthesized in the
laboratory. While not

polysaccharides, they are often
conjugated to natural

polysaccharides to create hybrid
systems with enhanced

properties [23].

PEGylated Polysaccharides:
Used to prolong systemic

circulation time (stealth effect)
of nanocarriers, improving

pharmacokinetics.

The physiological differences across pediatric age groups present both challenges
and opportunities for drug delivery innovation. Neonates and infants exhibit distinct
gastrointestinal characteristics, including variable gastric pH, reduced digestive fluid
volumes, and higher intestinal permeability compared to older children and adults [24–26].
These developmental variations influence drug solubility, stability, and absorption kinetics,
requiring tailored formulation strategies [27,28]. Similarly, age-dependent changes in
hepatic metabolism and renal excretion significantly impact drug pharmacokinetics and
necessitate careful consideration in delivery system design [29,30].

Polysaccharide-based delivery systems offer promising solutions to these challenges
through various mechanisms. For instance, chitosan’s mucoadhesive properties and abil-
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ity to temporarily open epithelial tight junctions can enhance the absorption of poorly
bioavailable drugs across the intestinal mucosa [31]. Alginate-based formulations provide
pH-responsive release profiles that can protect acid-labile drugs from gastric degradation
while enabling controlled release in the intestinal environment [16]. Furthermore, the ver-
satility of polysaccharides allows for the development of various pediatric-friendly dosage
forms, including orodispersible films (ODFs), mini-tablets, and chewable formulations that
improve acceptability and compliance [32,33].

Beyond oral delivery, polysaccharide polymers have demonstrated significant poten-
tial in alternative administration routes relevant to pediatric care (Table 2). These include
nasal delivery systems for vaccines and central nervous system-targeted therapies [34,35]
transdermal formulations that leverage the enhanced permeability of neonatal and in-
fant skin [36], and targeted delivery platforms for pediatric oncology applications [37].
The latter is particularly significant given the long-term adverse effects associated with
conventional chemotherapy in developing tissues and organs [38,39].

Table 2. Route-specific advantages and limitations of polysaccharides in pediatric use.

Route Polymer Pros Challenge

 

Chitosan/Alginate
Mini-tablets, ODFs High Acceptability Taste Masking

 

Hyaluronic acid
Nebulized Reduced inflammation Particle size, compatibility

with inhalation devices

 

Chitosan/Hyaluronic acid
Gels, Creams Skin permeability Skin permeability

variability

 

Alginate-coated
nanoparticles CNS targeting Regulatory and ethical

aspects

Recent advances in polysaccharide modification techniques, including chemical deriva-
tization, crosslinking, and conjugation, have further expanded the functional capabilities of
these biopolymers [40–43]. These modifications enable precise control over properties such
as solubility, degradation rate, and drug release kinetics, allowing for the development of
increasingly sophisticated delivery systems tailored to pediatric needs [44]. Additionally,
the emergence of nanotechnology has opened new avenues for polysaccharide-based for-
mulations, offering improved drug stability, enhanced cellular uptake, and potential for
targeted delivery [45–47]. However, it is important to approach nanotechnology carefully
and ensure the responsible use of nanocarriers for children [45]. Regulatory guidelines
emphasize the use of only well-validated, GRAS excipients (Generally Recognized as Safe)
and avoidance of toxic solvents or adjuvants in pediatric formulations, and nanoparti-
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cles are generally engineered at ~100–150 nm to prevent capillary blockage. To date, few
polymeric nanoformulations have advanced to pediatric trials (mostly for oncology), un-
derscoring the need for dedicated pediatric PK/toxicity studies. In practice, each polymeric
carrier must demonstrate age-appropriate safety before it can be used clinically. Overall,
available evidence suggests that biodegradable polymeric nanoparticles have favorable
biocompatibility, but long-term pediatric safety must be confirmed case-by-case under
stringent regulatory oversight [46,47].

Despite these promising developments, several challenges remain in translating
polysaccharide-based delivery systems to clinical pediatric applications. These include
manufacturing scalability, regulatory considerations specific to pediatric formulations,
and the need for comprehensive safety and efficacy data across different age groups [48].
Furthermore, the biological heterogeneity of pediatric populations necessitates careful
consideration of age-appropriate dosing strategies and potential age-dependent variations
in response to these delivery systems [49].

This review aims to provide a comprehensive analysis of polysaccharide-based drug
delivery systems in pediatric applications, examining their potential to address age-specific
challenges and enhance therapeutic outcomes. We explore the fundamental characteristics
of various polysaccharide polymers, their formulation into different dosage forms, and their
applications across diverse pediatric conditions. Special emphasis is placed on how these
delivery systems can be tailored to accommodate the physiological and pharmacological
differences across pediatric age groups, from neonates to adolescents. By integrating
physiological understanding with innovative formulation strategies, this review seeks to
highlight the significant potential of polysaccharide polymers in advancing pediatric drug
delivery and improving medication safety, efficacy, and acceptability for this vulnerable
patient population.

2. Formulation Trends and Acceptability in Pediatric Drug Delivery
Recent developments in pediatric drug delivery have emphasized the requirement for

dosage forms that are age-appropriate and suited to the physiological and developmental
needs of children. These formulations must meet high standards of acceptability and safety
while allowing for flexible, accurate dosing to accommodate individual therapeutic needs.
They also require child-safe excipients, pleasant taste and texture, and compliance with
regulatory guidelines [5,6]. The ICH E11(R1) guideline on clinical investigation of medic-
inal products in pediatric populations requires that excipient selection be scientifically
justified, as children display age-dependent physiological differences such as immature
metabolic pathways and organ function, which may increase sensitivity to excipient-related
toxicity [50]. The European Medicines Agency (EMA) also issues regulatory guidance that
underscores the importance of developing age-appropriate formulations and justifying
excipient choices based on pediatric safety data. These frameworks collectively recommend
minimizing both the number and quantity of excipients, and ensuring that each excipient in
a pediatric formulation is supported by a risk–benefit assessment tailored to the intended
age group [51]. Additionally, the Safety and Toxicity of Excipients for Pediatrics (STEP)
database offers an updated repository of clinical, non-clinical, and regulatory information
on excipient use in children [52]. These resources facilitate evidence-based decision-making
by enabling researchers to identify excipients with established pediatric tolerability, rec-
ognize age groups at elevated risk, and avoid excipients with documented toxicities or
insufficient safety data. Early integration of these tools in formulation development is
essential to ensure both the safety and regulatory compliance of pediatric drug products.

Oral pediatric formulations (Figure 1) are available in various formats—including
liquids (e.g., syrups, suspensions, elixirs) and solids (e.g., tablets, capsules, chewable
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tablets, powders, and orodispersible forms) [6]. One of the primary challenges in pediatric
formulation is selecting the most suitable dosage form for each age group. While liquid
formulations are typically favored for younger children who may struggle with swallowing
solids, emerging evidence suggests that this approach may not always be optimal. For
instance, tablets have traditionally been considered inappropriate for children under six
years old [53]. However, a study of 55 children aged 4–12 years showed that even children
as young as four could successfully swallow tablets, with some even preferring them [11].
Mini-tablets, typically 2 to 4 mm in diameter, have demonstrated surprising acceptability,
even in children under two years old and neonates, but evidence is currently limited, and
uncertainties remain regarding larger sizes, multiple-unit dosing, and use in children with
medical conditions. Klingmann [12] reported that mini-tablets were more acceptable than
syrup in all pediatric age groups (Figure 2). These findings have contributed to the World
Health Organization’s call for a transition from liquid to solid dosage forms and have
influenced regulatory perspectives in the European Union [12]. Further research from
the Netherlands comparing the acceptability of different oral forms, mini-tablets, syrups,
suspensions, and powders, found mini-tablets to be most favored by both children and
their caregivers [13]. These findings support the broader shift toward solid dosage forms in
pediatric medicine, which offer several key advantages: better taste masking, more accurate
dosing, improved stability, and fewer harmful excipients compared to liquids.

Figure 1. Overview of formulation trends in pediatric oral drug delivery (ODTs—orodispersible
tablets; ODFs—orodispersible films).

Although liquid medications are widely used, they pose challenges such as masking
unpleasant tastes, ensuring accurate dosing, and avoiding potentially harmful excipients
that may cause allergic reactions, central nervous system disturbances, or jaundice. Com-
mon examples of these excipients include ethanol, propylene glycol, polyoxyl castor oil,
polysorbate 80, parabens, benzyl alcohol, benzoic acid, sodium metabisulfites, saccharin,
aspartame, glucose, sucrose, and sorbitol [8]. Liquids also often require refrigeration, have
shorter shelf lives, and are more complex to package and store [9]. Additionally, most do
not offer controlled-release options, often necessitating multiple daily doses and reducing
adherence [10]. In contrast, solid forms, especially mini-tablets, provide a more stable,
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cost-effective, and patient-friendly alternative. Their small size allows for flexible dosing
by adjusting the number of units administered, making them suitable across a wide age
range [54]. The development of orally disintegrating mini-tablets (mini ODTs) has further
advanced this field [6,55]. Mini ODTs not only retain the benefits of mini-tablets but also
dissolve quickly in the mouth, allowing for buccal or sublingual absorption. This can
bypass first-pass metabolism and lead to faster therapeutic effects. Alternatively, after
disintegration, the drug may be swallowed for absorption via the gastrointestinal tract,
offering multiple routes of delivery from a single dosage form [56]. These features make
mini ODTs especially valuable for younger children and those with swallowing difficulties,
effectively combining the flexibility of liquids with the stability and precision of solids.
As such, they are increasingly recognized as a gold standard for age-appropriate formu-
lations [57]. While challenges remain such as optimizing taste masking and achieving
sustained-release profiles, the use of polysaccharide-based matrices in both mini ODTs
and ODFs supports the development of child-friendly, adaptable drug delivery platforms
suitable for oral and buccal administration [56].

Figure 2. Polysaccharide-based pediatric dosage forms and target age groups.

3. Pediatric Drug Delivery: Age-Specific Considerations
3.1. Physiological and Pharmacological Differences Across Pediatric Age Groups

The pediatric patients represent a heterogeneous population with substantial physi-
ological and pharmacological differences compared to adults [1]. These differences arise
from continuous developmental changes occurring throughout childhood and exert a
profound influence on all pharmacokinetic processes of the drug (absorption, distribution,
metabolism and excretion), as well as pharmacodynamic responses. Maturational processes
occur in a non-linear, age-dependent manner, with significant variability among preterm
and term neonates, infants, children, and adolescents [1–3]. A thorough understanding of
these developmental variations is essential for the rational design of drug delivery systems
tailored to pediatric patients [4,56].

3.2. Impact on Drug ADME (Absorption, Distribution, Metabolism, Excretion)

Age-related physiological changes can significantly impact drug absorption, partic-
ularly for orally administered formulation [4,56]. The gastrointestinal tract undergoes
substantial maturation throughout childhood, with the most pronounced differences ob-
served in neonates [24,25,58,59]. This developmental progression involves changes in
factors such as salivary secretion and pH, gastric pH and volume, gastrointestinal motil-
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ity, intestinal permeability, enzymatic activity, and bile salt secretion, all of which can
potentially influence drug absorption kinetics [26,59].

Pediatric oral cavity development shows age-related changes which should be con-
sidered when developing orodispersible formulations. Notably, the total oral cavity sur-
face area increases from approximately 117.6 cm2 in pre-school children to 214.7 cm2 in
adults [60,61]. In parallel, both basal and stimulated salivary secretion rates exhibit a
progressive increase across pediatric age subgroups [24]. Salivary pH exhibits the highest
variation in the first months of life (from weakly acidic to neutral) and gradually increases
with age, reaching adult values by pre-school age, while no significant age-related differ-
ences were observed in salivary electrolyte composition and buffer capacity beyond early
infancy. Similarly, salivary amylase activity, essential for the hydrolysis of polysaccharides,
is initially low in newborns but progressively increases, typically attaining adult concentra-
tions by five to six months of age, though considerable individual variability is observed,
with some infants reaching these levels as early as three months [24].

It is commonly reported that gastric pH at birth is neutral to slightly acidic but rapidly
shifts, increasing again to near-neutral values before gradually decreasing to adult acid-
ity levels by about two years of age [26]. More recent evidences, however, indicate that
gastric pH is elevated only immediately after birth due to swallowed amniotic fluid, then
it quickly declines within a few hours and remaining below pH 3 in all pediatric age
subpopulations under fasting conditions [25,59]. Nevertheless, frequent milk-based feed-
ings in neonates prolong periods of elevated gastric pH, thereby affecting drug solubility
and stability [27,58,59]. Gastric emptying rates also appear less influenced by age than
previously thought. Full-term neonates demonstrate more mature gastric emptying com-
pared to pre-terms, but across pediatric age groups from infants to adolescents, gastric
emptying rates for both solids and liquids show no significant age-related differences. In-
stead, meal-related factors (composition, volume, physicochemical properties) exert greater
influence than age on gastric emptying patterns [24,28]. Neonates also produce lower
volumes of digestive fluids and bile salts, limiting lipophilic drug absorption, and exhibit
higher intestinal permeability [2,25,58]. The expression and activity of drug-metabolizing
enzymes and transporters as well display age related changes in both the intestine and
liver, and can substantially affect the oral absorption and systemic availability of drugs in
pediatric populations [25,59,62]. Maturational changes can also significantly impact drug
absorption through alternative administration routes [2]. In neonates and young infants,
transdermal absorption is often enhanced due to factors such as thinner stratum corneum
and epidermis, increased epidermal hydration and a higher surface area-to-body weight
ratio compared to adults [36,63].

The distribution process is significantly influenced by changes in body composition,
plasma protein binding, and tissue perfusion during development. Total body water de-
creases from 80 to 85% of body weight in preterm neonates to 70–75% in term neonates,
gradually reaching adult values (55–60%) by early childhood, while body fat is lower,
affecting drug distribution volumes. Hydrophilic compounds typically exhibit larger dis-
tribution volumes in neonates, while lipophilic drugs may show smaller volume [1,2,64].
Plasma protein binding represents another important factor influencing drug distribution.
Neonates have lower concentrations of albumin and α1-acid glycoprotein, with potentially
reduced binding affinity. This results in higher free drug fractions, increasing pharmacolog-
ical effects and toxicity risks for highly protein-bound drugs [1–3]. Various brain-specific
factors influence how drugs are distributed to the central nervous system, and these factors
change throughout developmental stages [1,2,65]. Neonates show reduced expression
of efflux transporters like P-glycoprotein, allowing greater central nervous system (CNS)
penetration of certain drugs. As the blood–brain barrier (BBB) matures, these transporters
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become more active, limiting drug entry into the brain and requiring alternative strategies
for CNS drug delivery [65–67].

Hepatic drug metabolism undergoes substantial maturation throughout childhood.
Phase I metabolism, primarily mediated by cytochrome P450 (CYP) enzymes, shows sig-
nificant age-dependent variability [29,30]. CYP3A7 predominates in the fetal liver but
rapidly declines after birth, while CYP3A4 increases progressively during the first year.
Other CYP enzymes follow different patterns: CYP2D6 and CYP2E1 reach adult levels
within weeks, while CYP1A2, CYP2C9, and CYP2C19 mature more slowly [2,30,66]. Hep-
atic glucuronidation is markedly reduced in neonates and infants, leading to significantly
lower drug clearance for substrates of these enzymes. The maturation of UGT isoforms
occurs at different developmental stages: some reach adult activity within the first month
(e.g., UGT1A1, UGT2B4), others during infancy (e.g., UGT1A3, UGT1A9), and some not
until adolescence (e.g., UGT1A6, UGT2B17) [68,69]. Sulfation pathways are relatively
well-developed at birth, often serving as the primary route for drugs that can undergo both
pathways in neonate [70].

Renal drug excretion involves three distinct processes—glomerular filtration, tubular
secretion, and tubular reabsorption—each of which follows its own unique trajectory and
rate of maturation during development [1,2]. Glomerular filtration rate gradually rises
during fetal development, rapidly matures after birth in relation to gestational and postmen-
strual age, and generally reaches adult levels by one year of age [71,72]. Tubular secretion
and reabsorption processes generally lag behind glomerular filtration, with adult capacity
not achieved until approximately 15 months and 2 years of age, respectively [1,2]. Reduced
renal clearance significantly impacts pharmacokinetics of renaly excreted drugs, typically
resulting in prolonged half-lives and potential drug accumulation with repeated dosing.

Understanding these age-dependent ADME processes is essential for designing effec-
tive polysaccharide polymer-based drug delivery systems. For example, pH-responsive
formulations can be tailored to the presence of gastric acidity from early life, while also con-
sidering the frequent postprandial buffering observed in neonates. For drugs undergoing
significant first-pass metabolism, polysaccharide-based nanocarriers can potentially bypass
or reduce intestinal and hepatic metabolism, thereby improving bioavailability—especially
in older children with greater metabolic capacity. In neonates or infants with immature
renal function, these delivery systems can be engineered to provide controlled release
profiles, maintaining therapeutic drug concentrations while minimizing the risk of toxic-
ity. By systematically addressing these age-specific ADME characteristics, polysaccharide
polymer-based drug delivery platforms can be optimized to enhance both therapeutic effi-
cacy and safety across the pediatric age spectrum [73–75]. Overall, these findings highlight
that the design of pediatric formulations must be inherently age-specific, as developmental
changes strongly influence the behavior and performance of polysaccharide-based drug de-
livery systems. This necessitates careful alignment of polymer properties and dosage-form
characteristics with the physiological stage of the target age group. Tailoring formulation
strategies to these developmental characteristics is therefore essential to ensure consistent
therapeutic performance and safety across the pediatric population.

4. Polysaccharide Polymers: Characteristics and Uses in Pediatric
Drug Delivery
4.1. Chitosan

Chitosan is a positively charged (cationic) linear polysaccharide obtained by deacety-
lating chitin, a naturally occurring biopolymer commonly found in the exoskeletons of crus-
taceans and the cell walls of fungi. It consists of repeating β-(1 → 4)-linked D-glucosamine
and N-acetyl-D-glucosamine units. Degree of deacetylation (DD) and molecular weight
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(MW) are two key factors influencing its characteristics, solubility, charge density, and
biological activity. Chitosan’s value in drug delivery stems from its excellent biocompati-
bility and biodegradability, resulting in safe, non-toxic degradation products. Chitosan is
a polycationic polymer with amino groups (pKa~6.5) which makes it soluble in acidic to
neutral solutions. Therefore, its cationic nature at acidic to neutral pH allows it to adhere
effectively to negatively charged mucosal surfaces, increasing the residence time of drug
delivery systems. Additionally, chitosan can temporarily open epithelial tight junctions,
facilitating enhanced paracellular transport of hydrophilic drugs. It also possesses intrin-
sic antimicrobial activity against a wide range of bacteria and fungi. Chitosan’s unique
combination of properties has led to its widespread use in drug delivery systems such as
nanoparticles, hydrogels, films, and fibers, enabling controlled drug release. It is generally
considered non-toxic and possesses low immunogenicity [18,19].

Chitosan-based systems, including nanoparticles, microparticles, and beads, are par-
ticularly valuable for oral drug delivery, as they protect proteins and peptides (such as
insulin) from enzymatic degradation in the gastrointestinal tract and enhance their ab-
sorption across the intestinal mucosa. Chitosan polymer-based carriers have been widely
researched for this purpose, and chemical or physical modifications have further improved
their properties, highlighting their potential as oral insulin delivery (OID) systems. Their
pronounced mucoadhesive properties prolong intestinal residence time, while their ability
to enhance epithelial permeability promotes effective drug uptake [31]. Chitosan is widely
explored in nasal drug delivery, cancer therapy, and gene delivery due to its mucoadhesive
and permeation-enhancing properties, ability to improve drug stability and targeting, and
its capacity to form protective complexes with nucleic acids for efficient cellular uptake [19].
Chitosan is gaining attention in pediatric formulations with promising applications includ-
ing nasal vaccine delivery to potentially improve immune response and compliance [76],
as well as in dentistry, oncology, and systemic drug delivery. In pediatric dentistry, chi-
tosan has shown strong potential both as a drug delivery vehicle and a therapeutic agent.
When formulated into nanoparticles, it enables sustained and controlled release of active
ingredients, improving bioavailability and enhancing penetration through oral tissues.
For example, fluoride varnishes made with chitosan nanoparticles have outperformed
traditional sodium fluoride varnishes in remineralizing enamel lesions. This is largely
due to their enhanced ability to deliver fluoride, calcium, and phosphate ions essential
for enamel repair [77]. Chitosan has also been integrated into mucoadhesive buccal films
containing cetylpyridinium chloride, either alone or in combination with polymers like
hydroxypropyl methylcellulose (HPMC), methylcellulose (MC), hydroxyethyl cellulose
(HEC), or polyvinyl alcohol (PVA), to manage oral infections in children. Notably, chitosan–
PVA composite films have demonstrated strong antimicrobial action and rapid bactericidal
effects against Streptococcus mutans, making them a promising non-invasive solution for
pediatric oral health [78]. Several of these chitosan-based formulations are now progressing
through clinical trials, further supporting their clinical potential [79].

In pediatric oncology, chitosan-based nanoparticles are gaining traction as targeted
delivery systems for treating brain tumors such as medulloblastoma and ependymoma.
These nanoparticles are specifically designed to deliver small interfering RNA (siRNA)
to cancer cells. Structurally, they feature an iron oxide (Fe3O4) core encased in a chitosan
shell, which is then functionalized with polyethyleneimine and polyethylene glycol (PEG)
to enhance siRNA binding, cellular uptake, and stability. Chitosan serves as a versatile
platform for covalent modification, allowing for effective siRNA encapsulation while main-
taining low toxicity. When loaded with siRNA targeting the Ape1 gene, these nanoparticles
successfully inhibited DNA repair in tumor cells, enhancing their sensitivity to radio-
therapy [80]. Their small size (~40 nm) supports deep tumor penetration, while ligands
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like chlorotoxin aid in crossing the BBB to further improve delivery [81]. An especially
innovative use of chitosan-based carriers has been in targeting diffuse intrinsic pontine
glioma (DIPG), a highly aggressive and treatment-resistant pediatric brain tumor. In this
case, researchers developed SN-38-loaded nanoparticles using an amphiphilic chitosan-g-
poly(methyl methacrylate)-poly(acrylic acid) copolymer. These were surface-modified with
a peptide shuttle to improve BBB permeability. The resulting particles (~200 nm in size
with a +16 mV zeta potential) demonstrated high compatibility with DIPG cells and were
primarily taken up via clathrin-mediated endocytosis. Importantly, they preserved SN-38’s
anticancer efficacy and showed enhanced permeability and uptake in a BBB coculture
model. In vivo studies confirmed their ability to accumulate in the brain after intravenous
injection, significantly improving targeted drug delivery to the tumor site [82]. Together,
these findings highlight the growing promise of chitosan-based nanocarriers in advancing
therapeutic strategies for pediatric brain cancer treatment.

Chitosan-based nanoparticles have emerged as a promising strategy for pediatric
asthma therapy. Treating this condition in children is particularly challenging due to
difficulties in diagnosis and the limited effectiveness of conventional liquid formulations—
especially for poorly water-soluble drugs like zafirlukast [83]. In recent study, zafirlukast
was encapsulated within chitosan nanoparticles to enhance its solubility and therapeutic
potential. The nanoscale design provided a greater surface area, enabling complete drug
release within 30 min and resulting in improved in vivo performance, highlighting the
formulation’s potential for more effective pediatric asthma management [84]

The film-forming and encapsulation capabilities of chitosan can be utilized to microen-
capsulate bitter-tasting drugs. Also, the development of chitosan-coated microparticles
encapsulating propranolol hydrochloride is being investigated for pediatric use, with the
aim of improving drug stability, improving dosing convenience, and providing a sustained
therapeutic effect [85]. Biocompatible and antimicrobial chitosan-based hydrogels or films
could be beneficial for treating wounds or inflammatory skin disease in children, such as
atopic dermatitis [86].

The rectal route is a valuable alternative for pediatric patients who are vomiting,
unconscious, or unable to swallow, offering rapid systemic absorption and partial avoidance
of first-pass metabolism [87]. Mucoadhesive nature of chitosan, combined with the ability
to form thermosensitive or in situ gelling systems, ensures that the drug is retained at
the absorption site for a prolonged period, leading to improved therapeutic outcomes for
conditions like seizures or inflammatory bowel disease in children [88].

Despite its advantages, chitosan’s application is limited by its pH-dependent solubility
(insoluble at physiological pH unless modified). The variability in DD and MW across
different sources can lead to batch-to-batch inconsistencies in properties, necessitating
careful characterization and standardization [18].

4.2. Hyaluronic Acid

Hyaluronic acid (HA), or hyaluronan, is an anionic, non-sulfated glycosaminoglycan
naturally present in the extracellular matrix of connective, epithelial, and neural tissues.
It is a linear polysaccharide composed of repeating disaccharide units of D-glucuronic
acid and N-acetyl-D-glucosamine. HA exhibits exceptional biocompatibility and non-
immunogenicity as it is an endogenous molecule. A valuable property is its hygroscopicity,
enabling it to bind and retain vast amounts of water, forming viscous hydrogels crucial
for tissue hydration and lubrication. HA solutions display unique viscoelastic behavior.
Its molecular weight can vary widely, significantly influencing its biological activity and
rheological properties [89].
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HA is a multifunctional polymer widely used in advanced drug delivery systems,
including targeted cancer therapies via CD44-mediated uptake, ophthalmic formulations
to enhance drug retention and comfort, intra-articular injections for osteoarthritis treat-
ment and sustained drug release, and wound healing applications through hydrogels and
scaffolds that support tissue regeneration [89–91].

Nebulized high molecular weight HA (HMW-HA) has shown efficacy in treating
recurrent upper respiratory infections, bronchitis, and chronic airway inflammation in
children by hydrating the mucosa, reducing inflammation, and improving mucociliary
clearance [92]. In pediatric care, high molecular weight hyaluronic acid (HMW-HA) has
been explored as an adjunct to hypertonic saline in respiratory physiotherapy for children
with cystic fibrosis and non-CF bronchiectasis. Its use has been associated with improved
airway clearance, offering a promising supportive approach in managing these condi-
tions. However, to fully realize its therapeutic potential, further research is needed to
refine delivery parameters—such as particle size, concentration, and compatibility with
inhalation devices—and to develop standardized protocols specifically suited for pediatric
patients [93].

Current research is focused on developing HA-based mucoadhesive oral hydrogels
designed specifically for pediatric drug delivery. The goal is to enhance drug absorption and
formulate more child-friendly dosage forms, easy to swallow. In this context, fluconazole-
loaded sesame oil liposomes embedded within a hyaluronic acid hydrogel have been
evaluated for the treatment of oral candidiasis [94]. HA containing creams and gels are well-
suited for managing inflammatory skin conditions such as atopic dermatitis in children, due
to their hydrating, anti-inflammatory, and skin barrier-restoring properties. Additionally,
clinical cases reported by the authors demonstrate the high efficacy of topical HA in
pediatric patients with thermal burns, where its use effectively minimized scarring [95,96].

In addition to these applications, it is important to highlight the significant role of HA
in ophthalmic formulations, where its unique properties make it one of the most valuable
polysaccharides used in pediatric and general ocular therapy. The ocular route presents a
particular challenge due to the eye’s natural defense mechanisms, which rapidly eliminate
foreign substances and consequently limit drug bioavailability. HA, a natural constituent
of the vitreous body, is widely incorporated into ophthalmic preparations because of its
excellent biocompatibility, mucoadhesiveness, and pseudoplastic behavior. Its viscoelastic
characteristics allow uniform spreading across the ocular surface during blinking, making
it an effective vehicle for artificial tears and drug solutions. Moreover, HA can be cross-
linked to form films or inserts, providing a sustained-release platform that prolongs drug
residence time and enhances therapeutic efficacy [97,98].

4.3. Alginate

Alginate is a natural anionic polysaccharide extracted from brown seaweeds, consist-
ing of linear copolymers of (1 → 4)-linked β-D-mannuronic acid (M) and α-L-guluronic
acid (G) residues. Renowned for its biocompatibility, biodegradability, and non-toxicity,
alginate has garnered extensive interest in biomedical fields. One of its most remarkable
features is the ability to form hydrogels through ionotropic gelation with divalent cations,
most commonly calcium ions (Ca2+), under mild, aqueous conditions. This property makes
alginate particularly suitable for encapsulating sensitive biomolecules and living cells. The
G-blocks are primarily responsible for this crosslinking, forming an “egg box” structure.
Alginate also exhibits mucoadhesive properties and pH sensitivity, with alginic acid being
insoluble, allowing for pH responsive drug release. Owing to these characteristics, alginate
has been widely studied for applications in drug delivery, tissue engineering, wound heal-
ing, magnetic scaffold fabrication, and regenerative medicine [99]. Alginate is widely used
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in biomedical applications due to its absorbent, biocompatible, and pH-sensitive properties.
Alginate microparticles are extensively used for encapsulating drugs, proteins, and even
cells for sustained or controlled release. The release profile can be tuned by varying alginate
concentration, combination with other polymers, and crosslinker concentration. In wound
dressings, it offers moisture retention, exudate absorption, and hemostatic effects, and can
carry antimicrobial agents [100]. Additionally, its pH sensitivity makes alginate ideal for
enteric coatings and targeted colon-specific drug delivery.

Liquid alginate-based formulations are widely used and clinically proven for man-
aging gastroesophageal reflux in neonates and infants by forming a protective raft on
stomach contents [101]. Alginate, often in combination with other polymers like Eudragit®,
is used to develop microparticles for delivering drugs such as budesonide specifically to
the colon in children with inflammatory bowel disease, thereby minimizing systemic side
effects [102].

Alginate’s ability to form viscous solutions and gels can be used to improve the texture
and suspend drugs in pediatric oral liquid formulations, potentially aiding in taste-masking
and ensuring dose uniformity [103]. In solid dosage forms such as ODFs, sodium alginate
SA has demonstrated strong performance as a rapidly hydrating and fast-disintegrating
matrix. In a study involving pediatric patients with hypertension, captopril-loaded ODFs
formulated with SA-rich polymer blends showed improved bioavailability and more
sustained plasma drug levels compared to conventional tablets [104].

Alginate is widely used in the development of in situ gelling ophthalmic systems.
Upon contact with the neutral pH and electrolytes of lacrimal fluid, alginate solutions
undergo rapid gelation, which increases the formulation’s viscosity and prolongs ocular
residence time. This feature enhances drug bioavailability by maximizing contact with the
corneal surface and is particularly advantageous for treating pediatric ocular infections or
inflammation [105].

4.4. Pectin

Pectin is a complex anionic heteropolysaccharide found in the cell walls of terrestrial
plants, particularly abundant in fruits. Its backbone primarily consists of α-(1 → 4)-linked
D-galacturonic acid residues, which can be methyl-esterified. The degree of esterification
classifies pectins into High Methoxyl (HM, DE > 50%) and Low Methoxyl (LM, DE < 50%)
types, dictating their gelling mechanisms. HM pectins form gels in high sugar concentra-
tions and acidic pH, while LM pectins form gels with divalent cations (e.g., Ca2+). Pectin is
biocompatible, biodegradable (primarily by colonic microflora), and has GRAS status. It
exhibits mucoadhesive properties and can be chemically modified. Some LM pectins are
amidated (LMA pectin), altering their gelling characteristics [106,107]. Pectin is utilized
in drug delivery for its controlled release capabilities, colon-specific targeting, and mu-
coadhesive properties. Calcium pectinate hydrogels enable sustained drug release, while
pectin’s resistance to upper GI degradation makes it ideal for colon-targeted therapies. Its
mucoadhesiveness supports buccal, nasal, and ophthalmic delivery, and it also functions as
a stabilizer and thickener in oral liquid formulations [107,108].

Pectin’s GRAS status and its ability to form gels and viscous solutions make it ideal
for improving the texture and palatability of pediatric oral liquids, potentially masking
unpleasant tastes and aiding in suspending drugs [106,108,109]. Pectin, specifically high
methyl-esterified pectin, has shown promising utility in pediatric drug delivery by being
useful in 3D-printed chewable dosage forms. For hydrocortisone printlets in pediatric
adrenal insufficiency, pectin allowed for the preparation of strong, reversible gel-like
structures for thermally reversible semi-solid extrusion printing to yield stable and fast
release of dosage forms with precise low-dose delivery [110]. In personalized therapies for
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rare metabolic disorders including MSUD and OTC deficiency as well, pectin was the main
gelling agent in amino acid-loaded systems. Its cohesive gelation in sugar- and acid-rich
matrices maintained structural integrity through improved palatability and enabled the
preparation of multi-active printlets [111]. In both cases, pectin facilitated the preparation
of child-friendly, customized therapies providing higher acceptability and reproducible
therapeutic performance.

4.5. Dextran

Dextran is a neutral, biocompatible, biodegradable, non-toxic, and very hydrophilic
polysaccharide composed primarily of α-1,6-linked glucose units. Dextran is biosynthe-
sized intra- or extracellularly by lactic acid bacteria, which represent one of the most
important microbial groups due to their role in food fermentation. Biosynthesized dextran
may range from low to high molecular weight depending on the specific fermentation
conditions and the bacterial strain employed. Key properties include high water solubility,
excellent biocompatibility, and low immunogenicity for specific molecular weight fractions.
Dextran is biodegradable by dextranase found in the body [112]. Its abundant hydroxyl
groups allow for extensive chemical modification, leading to derivatives with tailored
properties. Certain MW fractions (e.g., Dextran 40, Dextran 70) are used clinically as plasma
volume expanders [113].

Dextran’s versatile polymeric structure enables multiple drug delivery applications.
As a backbone for drug conjugation, dextran improves solubility, prolongs circulation
half-life, reduces systemic toxicity, and exploits the enhanced permeability and retention
effect for passive tumor targeting [114]. In nanoparticles and microparticles formulations,
dextran and its derivatives form hydrophilic carriers that afford controlled release, stealth
characteristics, and reduced opsonization [115]. Crosslinked dextran hydrogels serve as
sustained release depots and scaffolds in tissue engineering. When used as a coating
material, dextran enhances biocompatibility and diminishes immunogenicity of other
delivery systems [112].

Hypertonic saline dextran solutions have been used safely and effectively in pedi-
atric critical care and cardiac surgery for fluid resuscitation [116]. Biocompatibility and
protein stabilizing properties make dextran a potential excipient for pediatric vaccines or
protein-based drugs, helping to maintain their activity [117]. Coating nanoparticles with
dextran could reduce their immunogenicity and prolong circulation time when adminis-
tered to children, potentially improving therapeutic outcomes and reducing adverse reac-
tions. In an in vivo study conducted on pregnant murine models, peptide-functionalized
dextran–iron oxide nanoparticles exhibited a prolonged circulation time and their safety
was confirmed [118].

4.6. Guar Gum

Guar gum is a galactomannan polysaccharide obtained from the endosperm of Cyamop-
sis tetragonoloba. It structurally consists of a linear backbone of β-Dmannopyranose units
linked through (1 → 4) bonds with single α-D-galacto-pyranose side chains attached by
(1 → 6) linkages, giving a mannose: galactose ratio of about 2:1 [119]. This non-ionic
and hydrophilic polymer hydrates rapidly both in hot and cold water to form viscous
solutions that remain stable over a wide pH range, 1.0–10.5 [120]. The high molecular
weight (≈5 × 104–8 × 106 Da) and good hydration capacity of guar gum bestow excellent
thickening, stabilizing, suspending, and binding properties, turning it into a versatile
excipient in solid and liquid formulations [121].

Guar gum is biodegradable, biocompatible, and non-toxic-supportive for its applica-
tion in pediatric and geriatric drug delivery due to the aforementioned critical issues of
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excipient safety and physiological tolerance [122]. It has also been recognized for its poten-
tial in taste masking-a very critical palatability parameter in pediatrics. Sanjay et al. [123]
identified it among natural polysaccharides that were able to form viscous coatings or
matrices which could limit drug–taste receptor interaction, hence enhancing palatability.

Guar gum, though very frequently combined with chitosan in mucoadhesive formula-
tions, is highly suitable for colon-targeted drug delivery owing to its biodegradability and
responsiveness to colonic bacteria. Such polymers prolong the residence time of the drugs
within the gastrointestinal tract by providing a longer time for mucosal contact and, hence,
absorption. This dual functionality not only allows for delayed site-specific release but also
enhances the bioavailability of poorly absorbed drugs, making guar gum highly useful in
matrix tablets and compression-coated formulations [124,125].

4.7. Cellulose Derivates

Cellulose derivatives, being non-toxic and biodegradable with good biocompatibility,
are among the most commonly used excipients in the formulation of solid, semi-solid,
and liquid dosage forms [126]. These polymers contain a variety of chemically modified
cellulose ethers that differ in their unique structural features. These structural varieties form
a basis for differing physicochemical properties and applications in drug delivery. HPMC
is one of the semisynthetic cellulose derivatives with attached methyl and hydroxypropyl
substituents on the cellulose backbone. It offers different physicochemical characteristics
mainly based on the degree of substitution and molar substitution, governing the solubility,
viscosity, and thermal gelation behaviors of the polymer. These characteristics enable
the use of such excipients as controlled drug release matrices. Other frequently used
cellulose ethers include ethylcellulose (EC), sodium carboxymethylcellulose (NaCMC),
and MC. All these cellulose ethers have unique modifications: ethyl groups in EC provide
hydrophobicity, carboxymethyl groups in NaCMC introduce anionic properties, while
methyl substituents in MC allow for temperature-responsive gelation. Substitution of
hydroxyl groups on the cellulose backbone allows modification of its performance in
various pharmaceutical formulations, which is achieved by controlling proper reaction
conditions of etherification reactions [127].

EC, in particular, can be used to form microparticles that help control drug release in a
predictable and stable manner. In one of the studies, carbamazepine was encapsulated in
EC microparticles, which were then embedded in alginate beads and dispersed within an
iota-carrageenan gel, thereby structuring this sustained-release system. This ensured that
the gel retained the practical advantages of a suspension—easy swallowing and flexible
dosing—while also preventing the precipitation of carbamazepine, a well-documented
problem in pediatric liquid formulations, which may result in unpredictable dosing. The
final formulation ensured a controlled release profile even for children below six years [128].
In addition to EC, other cellulose derivatives have been recognized for their safety in
children. According to the Safety and Toxicity of Excipients for Paediatrics (STEP) database,
HPMC, NaCMC, and MC are considered safe for pediatric use.

In recent research, HPMC was employed as the main matrix for 3D-printed gummy
drug formulations prepared with a semi-solid extrusion bioprinter. Gummies are particu-
larly suitable for children because of their chewable texture, pleasant taste, and visually
appealing shapes and colors, and HPMC provides the necessary viscosity and gelation
to maintain the printed structure while delivering precise doses. This approach allows
for flexible, child-friendly formulations that can be tailored for individualized dosing and
demonstrates the potential of HPMC-based 3D-printed gummies in future pediatric clinical
applications [129]. HPMC has also been used in freeze-dried mucoadhesive buccal matrices
for pediatric propranolol delivery, either alone or combined with chitosan. These matrices
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form porous, hydrophilic networks that rapidly hydrate, providing mucoadhesion, con-
trolled drug release, and good biocompatibility, and CH/HPMC combinations showed
enhanced mucoadhesion and drug permeation, making them promising child-friendly oral
dosage forms [130]. Beyond oral delivery, HPMC-based hydrogels have been explored
for pediatric wound healing. To address challenges of achieving both high antibacterial
activity and good biosafety, a nanocomposite hydrogel dressing was developed by in-
corporating silver nanoparticles into a hydroxypropyl methylcellulose–hydroxyapatite
scaffold (HMC-HA/AgNPs). This formulation forms a porous, biocompatible network
with high mechanical strength and strong antibacterial activity. In animal studies, HMC-
HA/AgNPs hydrogels promoted effective wound closure, demonstrating their potential
as a safe, biocompatible, and easily applied hydrogel for treating burns and skin injuries
in children. Therefore, these HMC-HA/AgNPs hydrogels have great potential as a ver-
satile hydrogel for pediatric burn wound healing, combining antimicrobial efficacy with
excellent wound-repair properties [131]. MC has also been studied as an intranasal powder
in young children to reduce inflammatory airway episodes, highlighting the versatility
of cellulose derivatives for non-invasive pediatric drug and excipient application [132].
More recently, NaCMC has been applied in pediatric oral formulation design: in a taste-
masking brivaracetam solution, NaCMC combined with HP-β-CD significantly reduced
activation of bitter taste receptors, improving palatability and adherence. Together, these
polysaccharide-based excipients demonstrate broad utility in creating safe, acceptable, and
effective pediatric drug delivery systems [133]. NaCMC has demonstrated clinical value in
pediatric mucosal and surgical applications. In children with surgical repair of congenital
choanal atresia, intra- and postoperative topical NaCMC gel effectively prevented scar
formation and restenosis; no re-narrowing during long-term follow-up was reported [134].
Carboxymethylcellulose has also been used clinically in hyaluronate–CMC barrier films
[Seprafilm®] (Genzyme Corp., Cambridge, MA, USA) to prevent adhesions in the postop-
erative state in children. In a retrospective analysis of 18 pediatric surgical patients ranging
in age from 3 months to 18 years, Seprafilm® was used during abdominal procedures—
most commonly during adhesiolysis for bowel obstruction—and was well tolerated with
no reported postoperative bowel obstruction, abscess, or inflammatory reaction. Several
follow-up operations had either reduced or no adhesions, further supporting the safety
and efficacy of hyaluronate–CMC barriers in pediatric surgery [135].

4.8. Inulin

Inulin is a fructan of plant origin that consists of linear β(2 → 1)-linked fructose
units terminated by an α-D-(1 → 2) glucopyranoside residue. Although the β(2 → 1)
linkage dominates, some inulins do contain branches via β(2 → 6) links. The degree of
polymerization of inulin varies widely: FOS (DP ≤ 10) and inulin (DP > 10), although most
plant inulins contain between 2 and 60 fructose units, whereas microbial ones can be as large
as >106 Da. Inulin displays low solubility, slight viscosity, low hygroscopicity, and high
molecular flexibility due to its β-linked fructosyl backbone. Since human enzymes cannot
hydrolyze such linkages, inulin reaches the colon intact and is fermented by β-fructosidase-
producing bacteria, hence its characteristic prebiotic or bifidogenic activity [136].

Inulin-type fructans are widely used in pediatric formulations due to their prebiotic
activity and excellent tolerability. Clinical evidence indicates that mixtures of long-chain
inulin and galactooligosaccharides promote a bifidogenic microbiota in infants and tod-
dlers, improve the consistency of the stool, decrease intestinal permeability, and reduce
gastrointestinal and respiratory infections and early atopic manifestations [137].

Beyond nutritional applications, inulin has been investigated as a pharmaceutical
excipient in pediatric drug delivery. The formulation of zidovudine into inulin-based
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liposomes was used to mask its bitter taste, which enhances the pediatric acceptability of
the said drug. In the process, encapsulation increased the solubility and dissolution and
yielded small, uniform amorphous particles; inulin provided stabilizing and taste-masking
functions. Dissolution testing over a range of pH indicated improved release characteristics,
suggesting potential dose reduction in pediatric HIV therapy [138].

4.9. Other Polysaccharides Explored in Pediatric Drug Delivery

Along with the highly researched polysaccharides mentioned earlier, there are a
few additional natural polymers that have been investigated for pediatric drug delivery
uses. Below is a summary of the major studies on these polysaccharides, including their
formulation type and therapeutic indications (Table 3).

Table 3. Selected Polysaccharides Used in Pediatric Drug Delivery Systems and Their
Reported Applications.

Polysaccharide Formulation Type Target Disease/Use Age Group Study Reference

Pectin

Oral suspension Pain
management Children [139]

Chewable gel Congenital cardiopathies
treatment Children [140]

Carrageenan

Nasal spray Common cold Pediatric [35]

Oral gel Epilepsy Children [128]

Oral jelly Aiding solid dosage
swallowing (non-specific)

Children with
dysphagia [32]

Xanthan gum

Oral gel Sleep disturbances Children [33]

Oral suspension Congenital toxoplasmosis Pediatric [141]

Oral suspension Type 2 diabetes Infants/Children [32]

Pullulan
Orodispersible film Tuberculosis Children [142]

Oral suspension HIV/AIDS Pediatric [143]

Maltodextrin Orodispersible film Pain
management Children [144]

Amylopectin Hydrogel Medulloblastoma Pediatric [145]

Grewia gum Oral suspension Pain
management Pediatric [146]

Gellan gum Semi-solid
(pudding-like gel)

Aiding swallowing of oral
medications (non-specific)

Children with
dysphagia [32]

Locust bean gum Thickened infant
formula Gastroesophageal reflux Neonates and

infants [147]

The studies outlined in Table 2 highlight the potential of various alternative polysac-
charides for drug delivery in children. Although these polymers have not been investigated
as extensively as more traditional polysaccharides, many possess desirable properties such
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as biocompatibility, mucoadhesiveness, and suitability for a wide range of pediatric drug
formulations. For example, gum- and plant-based polymers have shown benefits in oral
suspensions, oral gels, and ODFs, facilitating easier administration and improved patient
compliance. Further research into these materials holds promise for expanding the range
of safe, effective, and child-friendly drug delivery systems.

5. Advantages of Polysaccharide Polymers in Drug Delivery
Natural polymers such as polysaccharides are well adapted to cellular physiology

and therefore exhibit exceptional properties, including biocompatibility, non-toxicity, low
immunogenicity, availability, stability, and affordability. As members of the third major
class of biopolymers (carbohydrates), polysaccharides play vital roles in various phys-
iological processes such as fertilization, immune response, blood coagulation, disease
prevention, and enhancing therapeutic outcomes. Within cells, they contribute to structural
support, lubrication, energy storage, and the transmission of cellular signals. Owing to
their numerous advantages and exceptional flexibility, these polymers serve as a versatile
platform for developing drug delivery systems aimed at minimizing drug loss and reducing
toxicity [14,15].

5.1. Biocompatibility and Biodegradability

Polysaccharides possess two significant advantages that make them ideal for drug
delivery system formulation: their inherent biocompatibility and biodegradability, both
critical attributes when selecting materials for biomedical applications.

They are naturally occurring polymers derived directly from biomass, including
plants, animals, and microorganisms [15]. Structural similarity to components of the
human extracellular matrix contributes to their excellent biocompatibility and low toxicity.
Moreover, the biodegradability of polysaccharides arises from their ability to degrade into
monosaccharides, which can be readily metabolized or excreted by the body. This property
is crucial for minimizing the risk of chronic inflammation and undesirable accumulation in
tissues. Structurally, polysaccharides are composed of monosaccharide units connected
via glycosidic bonds, these sugar residues may be glycosidically linked to each other or
covalently attached to other molecular entities. Carbohydrate-active enzymes facilitate the
degradation process by breaking down the structural limitations imposed by glycosidic
bonds [16].

5.2. Chemical Modification Potential

Many natural polysaccharides inherently exhibit limited biological activity. To en-
hance and diversify their bioactivity, chemical modification strategies are widely employed
to alter their chemical structure and molecular conformation. Modifications targeting
functional groups such as carboxyl (-COOH), amino (-NH2), and hydroxyl (-OH) groups
have led to the development of polysaccharide derivatives with tailored properties for
specific biomedical and pharmaceutical applications [17]. For instance, sulfation of polysac-
charides extracted from Sphallerocarpus gracilis has been shown to significantly enhance
antioxidant activity compared to their non-sulfated counterparts [40]. Similarly, phos-
phorylation markedly increases antioxidant capacity [41], while carboxymethylation has
been reported to improve the antifungal efficacy of chitosan against Candida species [42].
These chemical modifications are effective tools for enhancing the physicochemical and
biological characteristics of polysaccharides, thereby making them more suitable for use
in drug delivery systems due to improved stability, biocompatibility, non-toxicity, and
biodegradability [43]. Beyond augmenting existing bioactivities, structural modification of
polysaccharides can introduce new functional properties, including antioxidant, antitumor,
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immunomodulatory, antiviral, antibacterial, and anticoagulant activities [148]. Advanced
chemical modifications such as grafting [149], cross-linking [150], complexation [44], and
covalent coupling further expand the applicability of polysaccharides in drug delivery by
enhancing therapeutic efficacy and enabling their use as alternatives to synthetic excipients
or polymers [43].

A chemically modified pregelatinized hydroxypropyl pea starch (Lycoat® RS720)
was used as a superdisintegrant (4–10% w/w) in an ODF designed for pediatric delivery
of 30 mg racecadotril. The modification significantly enhanced disintegration time and
enabled rapid drug release, demonstrating the effectiveness of polymer modification.
Combined with PVA and glycerol as a plasticizer, the resulting ODF exhibited favorable
mechanical properties and showed bioequivalence to a marketed product (Hidrasec) [151].
In another research, Lycoat® RS720 was optimized in different concentrations (20–30%)
to find applications in developing epinephrine HCl-containing FDFs for future pediatric
applications in anaphylaxis. The experiment was able to display that epinephrine could
successfully be incorporated into FDFs, with potential benefits to pediatric formulations
from modified polysaccharides like Lycoat® RS720. The formulation was also able to mask
epinephrine’s bitterness, as evidenced by feedback from volunteers [152]. Lycoat® RS720
was also used as the primary film-forming polymer in ODF for buccal delivery of a measles
vaccine. Combined with Neosorb® P60W and Tween 80, the formulation enabled stable
incorporation of vaccine microparticles. The resulting ODF showed strong potential as a
needle-free, child-friendly alternative to traditional vaccines, offering effective immune
response and improved accessibility [153]. These findings reinforce the value of chemically
modified polysaccharides in improving formulation performance and pediatric compliance.

5.3. Mucoadhesion Properties

Mucoadhesion, the phenomenon by which materials adhere to mucosal surfaces, has
become one of the most prominent approaches for the development of drug delivery sys-
tems. Polysaccharide-based polymers are particularly attractive in this context due to their
ability to form noncovalent interactions with mucin, the major glycoprotein component of
mucus. These interactions are primarily facilitated by hydrophilic functional groups, such
as hydroxyl, carboxyl, and amino groups that enable the formation of a bioadhesive layer
with epithelial and mucosal tissues. Such materials have great potential in improving ther-
apeutic efficacy, extending the residence time at the site of action, and minimizing systemic
side effects, thus offering a more efficient approach to targeted drug delivery [90,154].

Mucoadhesion is typically described in two main phases: the contact phase, where
the polymer wets and spreads on the mucosal surface to establish close contact, and
the consolidation stage, where stronger interactions form through polymer–mucin chain
interpenetration and secondary bonding, determining the overall adhesion strength and
durability [90].

Enhancing drug bioavailability through mucoadhesive drug delivery systems has
been a significant focus in pharmaceutical research. Such systems have been effectively
applied across various routes of administration, including oromucosal [155], buccal [156],
ocular [157], and nasal [158]. By prolonging the residence time of the drug at the site of
absorption, mucoadhesive systems can enhance therapeutic efficacy and reduce dosing
frequency [98].

5.4. Biological Activities

Beyond their role in enhancing mucoadhesion in drug delivery systems, polysaccha-
ride polymers exhibit a diverse array of biological activities, making them valuable in
various biomedical applications.
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Polysaccharides from various sources, such as fungi, bacteria, and marine organisms,
have demonstrated significant antioxidant properties. For instance, extracellular polysac-
charides from Lactobacillus plantarum and Streptomyces species exhibit strong free radical
scavenging abilities, including DPPH and hydroxyl radicals, and possess metal-chelating
properties. This activity is influenced by their molecular weight, monosaccharide composi-
tion, and the presence of functional groups like hydroxyl and carboxyl groups. Chitosan is
another notable antioxidant, capable of scavenging peroxide free radicals and protecting
against oxidative stress [15,159].

Certain polysaccharides exhibit anti-inflammatory properties by modulating immune
responses. Chitosan has been shown to reduce inflammation and oxidative stress in
animal models. Additionally, arabinoxylans from wheat and rice bran can modulate gut
microbiota and increase regulatory T cells, leading to reduced inflammation [160]. Also,
polysaccharides such as β-glucans and pectins have demonstrated the ability to modulate
immune responses. They can activate macrophages, dendritic cells, and natural killer (NK)
cells, leading to enhanced cytokine production and improved host defense mechanisms.
This immunomodulatory effect is attributed to their interaction with pattern recognition
receptors like toll-like receptors (TLRs) and dectin-1 on immune cells [161].

Natural polysaccharides have also demonstrated beneficial effects in metabolic reg-
ulation. Certain dietary polysaccharides contribute to the lowering of blood glucose and
cholesterol levels, making them promising agents for managing conditions such as diabetes
and hyperlipidemia. Some examples of polysaccharides having hypoglycemic and hypoc-
holesterolemic properties include sulfated polysaccharides from Bullacta exarate chitosan,
and kefiran [15,43].

Polysaccharide polymers are suitable for use as effective nanocarriers for protein deliv-
ery, improving the stability of encapsulated proteins and extending their therapeutic action.
For example, orally administered insulin-loaded dextran–chitosan polyelectrolyte nanopar-
ticles have shown enhanced bioavailability and a prolonged hypoglycemic effect [15].

5.5. Safety Profile

Polysaccharide-based polymers derived from natural sources are widely recognized
for their excellent biocompatibility and low toxicity, properties that are particularly critical
in pediatric applications. Nevertheless, the long-term safety of these materials, including
excipients classified as GRAS, warrants ongoing evaluation, especially in the context of
chronic exposure during early developmental stages [15,48]. Proper safety assessment of
modified biopolymers is necessary to keep the risks of their use as low as possible. A full
set of biocompatibility tests including in vitro and in vivo tests is necessary to evaluate
cytotoxicity, hemocompatibility, genotoxicity and immunogenicity. These investigations are
important in both the assessment of potential biological risks and to disclose the safety of the
intended drug delivery system. In addition, the degradation products of these biopolymers
need to be non-toxic and readily metabolized through endogenous physiological pathways.
Comprehensive knowledge of the kinetics of degradation and of the nature of the produced
degradation products is essential for the establishment of a larger safety margin. In line
with regulatory requirements, extensive safety assessments, including toxicity testing,
biodegradability evaluations, and migration studies are typically mandated prior to the
approval of modified biopolymers for biomedical or pharmaceutical applications [154].

Aluani et al. evaluated the biocompatibility of chitosan–alginate nanoparticles loaded
with quercetin, focusing on their safety for subsequent oral administration in Wistar rats.
The research identified that these physicochemical features need to be considered in the con-
text of interactions with biological systems, thus potential nanoparticle toxicity. Primitive
cell reactions were also determined by standard biocompatibility tests such as viability tests
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and cellular membrane integrity analyses that are well-established indicators of cytotoxicity
and cellular injury. These evaluations were performed in order to gather key information
on the systemic tolerance and potential biotoxicity of the nanoparticles developed and are
part of the increasing evidence needed for its safe use in drug delivery system [162].

6. Formulation Strategies for Polysaccharide-Based Delivery Systems
6.1. Polysaccharide–Drug Conjugates

Polysaccharide–drug conjugates are an innovative drug delivery method. This strategy
involves chemically linking drugs to polysaccharide molecules, forming macromolecular
prodrugs. The aim is to improve drug effectiveness by enhancing stability, solubility, and
targeting ability, while reducing toxicity. Polysaccharides are ideal for this due to their
biocompatibility, biodegradability, low toxicity, and easily modifiable chemical structure.
Polysaccharide–drug conjugates work by selectively releasing the drug at target sites
through the cleavage of a chemical linker. Conditions like specific enzymes, pH changes, or
redox environments common in diseased tissues trigger this cleavage. Linkers like ester,
amide, or carbamate bonds can be customized for controlled release [37]. In pediatric
applications, careful linker selection enables precise drug delivery, reduces therapeutic
toxicity, and facilitates sustained or controlled drug release [163]. Some polysaccharides,
like hyaluronic acid, also enable targeted delivery through receptor-mediated uptake by
target cells expressing specific receptors (e.g., CD44) [164].

Among others, polysaccharide–drug conjugates possess a number of features that are
especially interesting for pediatric applications. One, they can enhance the taste of orally
ingested drugs, a crucial concern in pediatric formulations where the taste of the therapeutic
is usually unpleasant to prohibit the ecological activity. Second, through alteration in the
pharmacokinetic profile of the drug, conjugates can produce extended circulation times and
a sustained drug effect, making possible dosing once or less than once a day, an important
advantage when children are at risk of non-compliance. Third, the improved solubility
and stability because of polysaccharide conjugation could be essential for drugs that are
generally hard to formulate in a suitable manner for administration to children. Moreover,
the ability to achieve targeted delivery may also reduce toxic side effects [45]. Natural
polysaccharides inherent biocompatibility and biodegradability also reduce concerns about
carrier-induced toxicity [15].

Several polysaccharides have been explored for drug conjugation, including chi-
tosan, hyaluronic acid, dextran, alginate, and cyclodextrins [37]. For example, hyaluronic
acid-paclitaxel conjugates have shown promise in cancer therapy due to CD44 receptor
targeting [165]. Dextran–drug conjugates have been investigated for various drugs to im-
prove their half-life and reduce toxicity. In the context of pediatrics, research is increasingly
directed towards developing conjugates for treating childhood cancers, inflammatory dis-
eases, and infections, with an emphasis on oral or other non-invasive delivery routes. There
is a strong emphasis on non-invasive delivery methods like oral administration. Chitosan-
based conjugates are particularly promising due to their ability to adhere to mucosal
surfaces and improve drug absorption. Formulating safe, effective, and well-characterized
conjugates tailored for children remains a key and growing area of study [37].

6.2. Polysaccharide Particles

This formulation approach relies on the natural capacity of some polysaccharide
molecules or their derived structures to self-organize into highly defined nano to mi-
croscale particles under certain physicochemical conditions. These structures, which can
for example, form micelles, nanoparticles, nanogels or vesicles, are also produced by non-
covalent interactions and steric forces, e.g., hydrophobic interactions, hydrogen bonds,
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electrostatic forces or van der Waals forces. Hydrophobically modified polysaccharides
(e.g., cholesterol-modified pullulan, acetylated dextran) can self-assemble into core–shell
nanoparticles in aqueous media, where the hydrophobic core serves as a reservoir for
lipophilic drugs, and the hydrophilic polysaccharide shell provides stability and biocom-
patibility [166]. Other types include polyelectrolyte complexes formed by the interaction of
oppositely charged polysaccharides (e.g., chitosan and alginate), which can encapsulate
charged drug molecules. The morphology and size of these particles can be controlled by
factors such as the polysaccharide molecular weight, the degree of hydrophobic modifica-
tion and the polymer concentration [167]. Drugs can be incorporated into polysaccharide
particles either by physical encapsulation within the particle core or matrix, or by chemical
conjugation to the polysaccharide chain prior to particle formation. Hydrophobic drugs
are typically entrapped within the hydrophobic domains of amphiphilic polysaccharide
micelles or nanoparticles, while hydrophilic drugs can be incorporated into the aqueous
core of vesicles or into the matrix of hydrogel-like nanoparticles.

Numerous polysaccharides, such as chitosan, alginate, hyaluronic acid, pullulan, dex-
tran, and cyclodextrins, have been utilized to formulation self-assembling drug delivery
systems [46]. For example, chitosan-based nanoparticles, formed through emulsification or
ionic gelation, have been extensively studied for oral and nasal drug delivery due to its mu-
coadhesive and absorption enhancing properties [47]. For pediatric applications, research
is focused on developing nanoparticle-based formulations for vaccines (e.g., mucoadhesive
nanoparticles for nasal immunization) [34], oral delivery of antibiotics with improved
palatability and bioavailability [168], and targeted delivery of anticancer drugs for child-
hood cancers [163]. The development of inhalable polysaccharide micro/nanoparticles for
treating respiratory diseases like asthma or cystic fibrosis in children is also a significant
area of research. Self-assembling polysaccharide particles show promise but face challenges
for pediatric use, including scale up, consistency, stability, and understanding their behav-
ior and immune effects in children. Comprehensive testing is needed to ensure safety and
efficacy across age groups [169].

6.3. Hydrogels

Polysaccharide-based hydrogels are three-dimensional networks formed by cross-
linked polymer chains containing hydrophilic chains that have the capacity to absorb and
retain large amount of water or biological fluids without dissolving. Due to their unique
structure water absorption capacity, soft nature, and natural compatibility with the body,
they are inherently perfect biomaterials, suitable for such biomedical applications as drug
delivery. Interestingly, such hydrogels can be tailored to respond to different physiological
stimuli such as pH, temperature, enzymes, or ionic strength to enable controlled and
target drug release. Crosslinking, which is essential for forming the stable 3D network,
can be achieved through physical or chemical methods. Physical cross-linking involves
non-covalent interactions like hydrogen bonding, ionic interactions such as alginate cross-
linked with calcium ions or hydrophobic associations. Chemical cross-linking involves
the formation of covalent bonds resulting in hydrogels that are typically more stable and
possess superior mechanical strength [170].

Polysaccharide hydrogels offer numerous advantages for pediatric drug delivery. Hy-
drogels that can be administered via minimally invasive routes and in situ gel are more
favorable to the pediatric population, as they can reduce discomfort and promote patient
adherence. In situ gel are usually prepared by means of temperature-sensitive sol–gel tran-
sitions, e.g., based on combinations of poloxamer and polysaccharides. In addition, high
water content and soft texture of hydrogels can improve the palatability and ease of swal-
lowing of oral formulations, which is a major challenge in pediatric therapy [73,171,172].
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They can provide sustained and controlled drug release, reducing the need for frequent
dosing and improving therapeutic outcomes and patient adherence [173]. Drugs can be
incorporated into polysaccharide hydrogels either by physical entrapment within the gel
matrix during its formation or by covalent conjugation to the polysaccharide chains. The
selection of method depends on the drug properties and the desired release profile. Drug
release from hydrogels is governed by several mechanisms, including diffusion of the drug
through the swollen polymer network, swelling of the hydrogel followed by drug release,
and erosion or degradation of the hydrogel matrix. The release rate can be modulated
by controlling the hydrogel’s cross-linking density, pore size, degradation rate, and the
interaction between the drug and the polysaccharide [73].

In pediatrics, there is increasing interest in hydrogels for delivering growth factors,
gene therapies, and child-friendly oral formulations, as well as in situ forming systems for
targeted delivery with minimal systemic exposure [174,175]. Despite advancements, several
challenges hinder the clinical use of polysaccharide hydrogels in pediatrics. These include
scalable manufacturing, precise in vivo drug release control, and ensuring long-term bio-
compatibility and low immunogenicity. Mechanical weakness, mismatched degradation
rates, and difficulties in taste masking while maintaining drug load and release profiles
further complicate oral formulations. Additionally, regulatory approval must account for
age-specific physiological and safety considerations [79].

6.4. Coatings and Films

Polysaccharide-based coatings and films represent a crucial formulation strategy in
drug delivery, particularly valued for their application in oral dosage forms, including
those designed for pediatric patients. These thin layers are applied to tablets, pellets,
granules, or even nanoparticles, or they can be formulated as ODFs or patches. The primary
purposes of using polysaccharide coatings and films include masking unpleasant tastes or
odors of drugs, protecting the active pharmaceutical ingredient (API) from degradation
(moisture, light, or acidic environments), controlling the rate and site of drug release
(enteric coatings for intestinal release, sustained-release coatings), improving the ease
of swallowing, enhancing patient compliance (especially in pediatrics and geriatrics),
and even facilitating drug absorption through mucosal surfaces (in the case of buccal or
sublingual films) [176,177].

Coatings are typically applied to solid dosage forms using techniques such as fluid-
bed coating or compression coating. Taste masking is the main reason for coatings in
pediatric formulations, where bitter or unpalatable drugs can lead to poor adherence.
For controlled release, coatings can be designed to dissolve at specific pH values or they
can form a diffusion barrier to slow down drug release. In this way it is possible to
reduce dosing frequency, which is also beneficial for pediatric adherence. The use of
natural, biocompatible polysaccharides minimizes concerns about excipient toxicity in
children [85,178].

Cellulose derivatives like HPMC are widely used for immediate-release film coatings
for taste masking and improving swallowability. EC is used for creating sustained-release
coatings [178]. Alginates and chitosan are explored for enteric coatings and mucoadhesive
films [179]. Pectin-based coatings are investigated for colon-specific drug delivery [180].
Recent advancements include the development of multi-layer coatings for more complex
release profiles, the use of nanocomposite coatings and the application of novel coating
technologies like supercritical fluid coating or hot-melt coating [181].

On the other hand, ODFs are thin, flexible polymeric films that rapidly dissolve or dis-
integrate in the oral cavity upon contact with saliva, releasing the drug for local or systemic
absorption. Polysaccharides are excellent film formers for ODFs, providing good mechani-



Polysaccharides 2025, 6, 108 23 of 36

cal strength, flexibility, and dissolution characteristics [169]. ODFs offer several benefits for
pediatric patients: they are easy to administer (no need for water, no risk of choking), allow
for precise dosing, can bypass first-pass metabolism if designed for buccal or sublingual
absorption (leading to potentially faster onset of action and improved bioavailability),
and can be made visually appealing with colors and flavors. Polysaccharides such as
cellulose derivatives, starch, chitosan, alginate and carrageenan are often used due to their
biocompatibility, biodegradability, GRAS status for film formation [178]. Current research
includes the development of mucoadhesive films for prolonged contact time and enhanced
absorption [169], films with incorporated microparticles or nanoparticles for improved
drug loading or controlled release [85,171], and the use of 3D printing technologies to create
personalized ODFs with precise dosing tailored to individual pediatric patients [182].

The main challenges for ODFs can be limited by the drug loading capacity especially
for high-dose drugs, uniformity of the content, and taste masking. Stability of the films,
such as sensitivity to moisture or mechanical fragility, is another concern. On the other
hand, polysaccharides functional properties vary based on their structure and interactions,
making it essential to understand their physicochemical traits and optimize formulations
for stability and commercial viability [169,181].

7. Overcoming Delivery Challenges: Polysaccharide Polymers in
Pediatric Cancer Treatment

Over the past several decades, significant progress in the treatment of pediatric cancers
has led to a substantial decline in mortality rates. Since the mid-1970s, mortality for child-
hood cancers has decreased by over 50%, with the most improvements in hematological
malignancies such as non-Hodgkin lymphoma and acute lymphoblastic leukemia [163].
These advances are attributed to comprehensive clinical trials, improved supportive care,
better risk assessment, and the development of targeted therapies [38]. Today, the 5-year
survival rate for pediatric cancer patients approaches 80% [39], a remarkable achievement
that highlights the importance of continued innovation in oncology. Despite significant
advances in pediatric oncology, long-term complications among childhood cancer sur-
vivors remain a major clinical concern. Many of these late effects stem from the aggressive
chemotherapeutic and radiotherapeutic regimens used during treatment, which, while
effective in achieving remission, often compromise healthy developing tissues. Endocrine
disorders are among the most frequently reported complications, affecting growth, thyroid
function, pubertal development, and overall hormonal balance. Additionally, reproductive
dysfunction is a common issue, particularly in patients treated with gonadotoxic agents,
leading to infertility and delayed sexual maturation [39]. Renal toxicity, especially from
platinum-based drugs like cisplatin, can result in long-lasting nephrotoxicity, demanding
lifelong monitoring and sometimes leading to chronic kidney disease [183]. Beyond physi-
cal health, survivors are also at risk for neurocognitive impairments, secondary cancers,
and psycho-social challenges, all of which can significantly impact their quality of life. As
survival rates improve, attention must increasingly focus on minimizing these adverse ef-
fects through tailored treatment approaches based on individual risk, preventive measures
to minimize long-term damage, long-term care strategies that provide physical, emotional,
and social support after treatment [184].

7.1. Limitations of Conventional Chemotherapy

A central limitation in pediatric cancer treatment is the use of chemotherapeutic
regimens originally designed for adults. The lack of pediatric-specific formulations further
complicate treatment, frequently requiring off-label prescribing and dosage adjustments
based on limited evidence [185]. These agents are often non-specific, leading to systemic
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toxicity and aforementioned long-term adverse effects. Children, whose organs and systems
are still developing, are particularly vulnerable to these effects. Moreover, pediatric patients
are a heterogeneous population. Drug pharmacokinetics and pharmacodynamics vary
widely depending on age, weight, developmental stage, and organ function [49].

Biological Barriers to Drug Delivery

Current systemically delivered anticancer molecular therapeutics face significant de-
livery challenges that limit their effectiveness. These therapeutics rely entirely on passive
transvascular mechanisms to penetrate both primary and metastatic solid tumors, a process
that is slow and inefficient. This passive transendothelial delivery requires maintaining
a high drug concentration gradient across the tumor endothelial cell barrier to drive any
drug into the tumor tissue. The unfortunate reality for patients is that only a small fraction
(less than 0.1–1%) of administered drugs actually reaches the intended tumor sites. To
compensate for this poor penetration and achieve therapeutically effective concentrations
at neoplastic sites, clinicians must administer increasingly high doses, often approaching
maximum tolerated dose limits. This approach creates a significant blood-to-tumor con-
centration gradient in an attempt to force uptake and achieve some level of efficacy [186].
Effective drug delivery is further slowed down by physiological barriers, especially in
the context of solid and brain tumors. In solid tumors, the high interstitial pressure and
irregular vasculature within tumor tissues restrict drug penetration, contributing to the
poor delivery efficiency. The irregular tumor vasculature creates areas of both high and low
perfusion, resulting in uneven drug distribution throughout the tumor mass. For pediatric
brain tumors, the BBB represents an additional significant obstacle. Including endothelial
cells, pericytes, and astrocytes, the BBB tightly regulates molecular traffic into the central
nervous system (CNS). Endothelial cells express efflux transporters such as P-glycoprotein,
which actively pump drugs out of the cells, further limiting therapeutic efficacy [187]. As
a result, treating pediatric CNS malignancies often require invasive methods or the use
of drugs with poor CNS penetration. Consequently, the dual problems of poor delivery
efficiency and drug toxicity continue to undermine the effectiveness of multiple classes
of cancer therapeutics. This inefficient delivery mechanism represents a fundamental
challenge in cancer treatment [188].

7.2. Improving Cancer Treatment Outcomes with Polysaccharide Drug Carriers

Cancer is a leading cause of death worldwide, second only to cardiovascular disease.
While chemotherapy is commonly used alongside surgery, hormone and radiation therapy,
it causes severe side effects due to non-specific targeting, poor bioavailability, and high
dose requirements. Polysaccharide-based carriers offer a solution by targeting cancer cells
specifically, reducing toxicity. These non-toxic, biodegradable, hydrophilic biopolymers
(including chitosan, alginates, cyclodextrin, pullulan, hyaluronic acid, dextran, guar gum,
pectin, and cellulose) can be chemically modified to improve drug bioavailability and
stability, enhancing therapeutic delivery to cancer tissue [37]. It has been found that
polysaccharides have become a class of promising biopolymer carrier materials to deliver
anticancer therapeutic molecules [189].

7.3. Colon-Specific Drug Delivery Using Polysaccharides

Polysaccharide-based biomaterials are emerging as promising tools in the fight against
colorectal cancer, thanks to their unique biological properties and compatibility with the
human body. Alginate can form protective gels that shield drugs from harsh stomach
acids, allowing them to reach the intestines intact. Chitosan’s ability to adhere to mucosal
surfaces helps drugs stay in place longer and improves absorption. Although cyclodextrins
are not true polysaccharides and are not degraded by colonic enzymes, they are often
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included in colon-specific systems because they enhance the solubility of poorly water-
soluble drugs. Cellulose contributes structural strength and allows for controlled drug
release. Pectin not only supports colon-targeted delivery but also has its own anticancer
effects. Starch and guar gum, both biodegradable and digestible, are particularly useful for
oral and colon-targeted drug delivery. These polysaccharides also take advantage of tumor
characteristics, like leaky vasculature, to accumulate more effectively at cancer sites [190].
Dextran and amylose (a component of starch) are resistant to human digestive enzymes but
are readily cleaved by glycosidases produced by colonic microflora, enabling site-specific
drug release. Inulin, a fructan polysaccharide, is fermented by colonic microbiota, which
leads to breakdown of the polymer matrix and subsequent drug release [191,192]. While
challenges like manufacturing consistency and drug–polymer interactions remain, recent
research continues to push the boundaries, suggesting that these natural materials could
play an important role in making cancer treatments more effective and less toxic [193].

7.4. Alginate-Coated Titanium Dioxide Nanoparticles: A Safer Delivery System for
Neuroblastoma Therapy

Alginate-coated titanium dioxide nanoparticles loaded with temozolomide offer a
promising new approach for treating neuroblastoma. While titanium dioxide has known
anticancer properties, its use has been limited by harmful side effects like oxidative stress
and toxicity to healthy cells. By combining it with alginate—a natural, biocompatible
polysaccharide with antioxidant and anti-inflammatory properties—researchers have cre-
ated nanoparticles that target tumor cells more precisely and safely. These 30–60 nm
particles not only improve drug delivery but also modulate key cancer-related pathways
like NF-κB and MAPK. The result is better tumor suppression, reduced side effects, and
improved survival compared to traditional treatment [193].

7.5. Active Tumor Targeting with RGD Peptides

The tumor microenvironment, a complex and evolving network of cellular and extra-
cellular components plays a critical role in cancer progression, metastasis, and resistance to
therapy. This complexity is particularly challenging in pediatric cancers, where develop-
mental considerations add another layer of intricacy. In recent years, Arg-Gly-Asp (RGD)
peptides have gained attention in cancer nanomedicine for their strong binding affinity to
integrins, especially αvβ3 and αvβ5, which are commonly overexpressed in tumor cells
and angiogenic regions of the TME [194]. This overexpression provides a selective target
for therapeutic intervention that can be exploited across various cancer types, including
pediatric malignancies. Functionalizing nanoparticles with RGD peptides offer a powerful
strategy to overcome the limitations of passive targeting via the enhanced permeability
and retention effect (Figure 3). These RGD-modified nanocarriers allow for active target-
ing through precise molecular recognition, improving drug accumulation at tumor sites
while minimizing systemic toxicity—a particularly important consideration in pediatric
patients whose developing organs are more vulnerable to treatment-related damage. When
combined with polysaccharide-based delivery systems, RGD-functionalized nanoparticles
can further enhance therapeutic efficacy through improved biocompatibility and reduced
immunogenicity [195]. This approach holds promise in advancing precision oncology, with
emerging interest in their application to pediatric cancers and increasing representation in
clinical trials [196].
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Figure 3. Polysaccharide-based nanocarrier for targeted pediatric drug delivery.

7.6. Theranostic Applications of Polysaccharide Biopolymers in Modern Cancer Treatment

Theranostics is a term derived from the combination of “therapy” and “diagnostics”,
referring to an integrated approach that combines diagnostic and therapeutic functions
within a single platform. These systems combine contrast agents and drugs in one carrier,
enabling real-time imaging to monitor treatment efficacy, which helps prevent treatment
overdose or underdose and facilitates personalized therapy approaches. Polysaccharides
have emerged as particularly valuable natural biomolecules for developing theranostic
platforms. Most used polysaccharides are chitosan, alginates, cyclodextrin, hyaluronic
acid, dextran, guar gum, and pectin [37,197]. Their utility stems from their ability to si-
multaneously serve as a matrix for loading both contrast agents and therapeutic drugs,
making them effective for combined drug delivery and imaging applications. Polysaccha-
rides offer several beneficial physicochemical properties, including biodegradability, safety,
abundance, and diverse functionality and charge characteristics that can be modified to
create theranostics with specific desired properties [198].

7.7. Addressing the Gap in Polysaccharide-Based Delivery Systems for Pediatric Oncology

Despite the promising potential of polysaccharide-based delivery systems in can-
cer therapy, there remains a notable shortage of studies specifically focused on pediatric
oncology applications. This research gap stems from multiple factors. First, the regula-
tory and ethical difficulties surrounding pediatric clinical trials create significant barriers
to entry, with rigorous requirements for safety data and limited patient populations for
recruitment [199,200]. Second, the biological heterogeneity of pediatric cancers—which
often differ fundamentally from adult malignancies in their key genetic factors and mi-
croenvironmental characteristics—requires specialized research [201,202]. Additionally, the
pharmaceutical industry’s economic considerations often favor adult oncology research,
where larger patient populations promise greater return on investment [203]. The unique
pharmacokinetic and pharmacodynamic profiles in children, which change dramatically
across developmental stages, further complicate the translation of delivery systems op-
timized for adults [204]. Although pediatric tumors differ biologically from adult ones,
shared signaling pathways suggest that insights from adult oncology can guide pediatric
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treatment strategies [205]. Despite these challenges, the potential benefits of polysaccharide-
based carriers for pediatric patients are substantial, including reduced systemic toxicity,
improved quality of life during treatment, and decreased long-term effects [206]. Mov-
ing forward, dedicated research initiatives, collaborative pediatric oncology networks,
and targeted funding mechanisms are essential to bridge this gap [207]. By addressing
the unique needs and challenges of pediatric cancer patients, polysaccharide-based de-
livery systems could revolutionize treatment outcomes and survivorship quality in this
vulnerable population.

8. Conclusions
In summary, pediatric drug delivery poses unique challenges due to physiological and

pharmacological variations across age groups. Children cannot be treated as small adults, as
factors like gastric pH, enzymatic activity, and renal function evolve, affecting drug absorp-
tion, distribution, metabolism, and excretion. Polysaccharide-based systems offer versatile
platforms to address these hurdles. Polymers such as chitosan, alginate, and hyaluronic
acid enable safe formulations (nanoparticles, hydrogels, films, and orodispersible tablets)
that enhance bioavailability, controlled release, and acceptability.

Chitosan’s mucoadhesion and permeability enhancement support oral and nasal
delivery, while alginate’s pH-sensitive gelation protects acid-labile drugs and enables
colon targeting. Hyaluronic acid hydrogels and films exploit HA’s hygroscopicity and
biocompatibility for respiratory infections and wound healing. ODFs and mucoadhesive
matrices improve dosing accuracy and adherence, especially in younger children.

In pediatric oncology, polysaccharide carriers reduce systemic toxicity and overcome
biological barriers. Chitosan and alginate-coated nanoparticles can cross the blood–brain
barrier, deliver chemotherapeutics, and co-deliver imaging agents. Conjugation with RGD
peptides enhances tumor-specific uptake. However, translating preclinical successes to
clinical practice requires addressing manufacturing scalability, batch-to-batch consistency,
safety evaluation, and pediatric regulatory requirements.

Future integration of technologies, 3D printing for personalized dosage forms, chem-
ical modifications to fine-tune release kinetics, and novel crosslinking methods to opti-
mize hydrogels, will significantly expand pediatric drug delivery. Collaboration among
academia, industry, and regulators to generate robust safety and efficacy data across sub-
populations is essential. By aligning formulations with physiological nuances of neonates
through adolescents, polysaccharide-based platforms promise sustainable outcomes, re-
duced adverse effects, and ultimately enhanced quality of life for pediatric patients.
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Abbreviations
The following abbreviations are used in this manuscript:

ODTs Mini orodispersible tablets
ODFs Orodispersible films
CYP Cytochrome P450
HPMC Hydroxypropyl Methylcellulose
MC Methylcellulose
EC Ethylcellulose
HEC Hydroxyethyl cellulose
PVA Polyvinyl alcohol
PEG Polyethylene glycol
BBB Blood–brain barrier
HA Hyaluronic acid
HM High Methoxyl
LM Low Methoxyl
GRAS Generally recognized as safe
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