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Abstract

PH-responsive carbohydrate polymers have gained significant attention as promising
candidates for next-generation oral drug delivery systems. This review focuses on the
use of pH-sensitive carbohydrate polymers as a platform for controlled drug delivery.
The unique ability of these polymers to undergo a conformational or structural
change in response to specific pH ranges makes them ideal for targeted drug release.
The gastrointestinal tract, with its distinct pH environments ranging from the highly
acidic stomach to the neutral small intestine, presents a perfect scenario for these
intelligent delivery systems. The design principles of these systems, including the
chemical modification of natural carbohydrate polymers and the synthesis of new
pH-sensitive materials, are explored. Furthermore, this review summarizes recent
advancements and challenges in the application of carbohydrate polymers for
oral drug delivery, particularly in enhancing drug bioavailability, protecting acid-
labile drugs, and enabling site-specific release in the colon. The review concludes
by highlighting the immense potential of these biocompatible and biodegradable
materials in developing advanced, patient-friendly pharmaceutical formulations.
In addition, the primary limitations of these materials are discussed with respect to
enzymatic degradation, scaling up, cost-effectiveness, and regulatory approval.
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1. Introduction

The field of drug delivery has seen a paradigm shift from conventional formulations to
sophisticated systems that can precisely control the release of therapeutic agents. This
evolution is driven by the need to enhance drug efficacy, minimize side effects, and
improve patient compliance. Among the various materials explored for this purpose,
carbohydrate polymers have emerged as a highly promising class of biomaterials. Their
unique properties, including biocompatibility, biodegradability, and a wide array of
functional groups, make them ideal for designing advanced drug delivery systems.'
Carbohydrate polymers, also known as polysaccharides, are naturally abundant and
structurally diverse macromolecules that play crucial roles in biological systems.
Their inherent non-toxicity and lack of immunogenicity make them exceptionally
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well-suited for biomedical applications. Unlike synthetic
polymers, which can sometimes pose concerns regarding
long-term toxicity and environmental impact, these
natural polymers are recognized by the body, leading to
predictable degradation into non-toxic byproducts. This
biological compatibility allows for their use in various
routes of administration, including oral.? Furthermore, the
presence of numerous hydroxyl groups on their backbone
provides multiple sites for chemical modification. This
versatility allows for the fine-tuning of their physical
and chemical properties, such as solubility, swelling
behavior, and hydrophobicity, to achieve a desired release
profile. This has led to the development of a new class of
materials known as stimulus-responsive polymers. These
smart polymers are highly sensitive to their environment,
designed to detect subtle physicochemical shifts and react
by self-assembling or drastically altering their properties.
This inherent responsiveness makes them an excellent
tool for controlled drug delivery, where a specific trigger
can release a therapeutic agent from the carrier. Stimuli
used for drug release can be classified as either internal
(endogenous) or external (exogenous). Internal stimuli
are those that occur naturally within the human body,
such as changes in pH, the presence of enzymes, specific
biomolecules, or the redox microenvironment. External
stimuli, on the other hand, are applied artificially,
including physical cues such as light, magnetic or electric
fields, and temperature. In particular, temperature is a
physical stimulus that can be both internal and external.*
Among the various strategies, systems that respond to
pH changes have garnered considerable attention. The
human body presents a diverse range of pH environments,
from the highly acidic stomach to the near-neutral small
intestine and the slightly alkaline colon. These natural
pH gradients provide an ideal trigger for smart delivery
systems. By designing carriers that are stable at one pH
and dissolve or swell at another, it is possible to protect
drugs from harsh environments, enable site-specific
release in the gastrointestinal tract (GIT), and improve
the bioavailability of sensitive compounds. Consequently,
pH-responsive systems are at the forefront of research for
oral drug delivery, offering a powerful approach to optimize
therapeutic outcomes.”® In summary, the sophisticated
design of pH-responsive carbohydrate polymer derivatives
offers a powerful solution to overcome the challenges
associated with oral drug delivery. By leveraging the body’s
natural pH gradients, these systems can protect labile
drugs from specific environments in the GIT, ensuring
targeted release at the desired site of absorption, thereby
improving therapeutic outcomes and patient compliance.
As the industry shifts toward personalized medicine
and biologics, these systems provide adaptive platforms

that can respond to pathological microenvironments,
such as the acidic pH characteristic of tumor tissues or
inflamed regions, thereby enhancing therapeutic efficacy
while minimizing systemic side effects. Furthermore,
their natural origin aligns with the growing demand for
sustainable and biobased materials in pharmaceutical
manufacturing. Despite significant progress in the
development of pH-responsive carbohydrate-based drug
delivery systems, several limitations still hinder their
translation into clinical use. The inherent variability of
physiological pH along the GIT and between patients
often leads to inconsistent release profiles and limited
site-specific targeting.” Furthermore, the structural
heterogeneity of natural polysaccharides, such as chitosan,
pectin, and alginate, results in batch-to-batch variations
in molecular weight, degree of substitution, and charge
density, which complicate reproducibility and large-scale
manufacturing.? Another major challenge lies in the
stability of these systems under physiological conditions,
where enzymatic degradation and ionic strength can alter
polymer conformation and drug-polymer interactions,
affecting release kinetics.'” From a regulatory standpoint,
carbohydrate-based matrices are often classified as
combination products, subject to dual evaluation
under pharmaceutical and medical device frameworks,
which significantly prolongs approval timelines.'>? In
addition, the lack of harmonized protocols for assessing
in vitro—in vivo correlation in pH-responsive formulations
further limits the predictive power of pre-clinical data
and their clinical translation.”® Addressing these issues
requires standardized characterization methods, advanced
modeling of release mechanisms, and coordinated
regulatory guidance tailored to stimuli-responsive
biomaterials. This review provides a comprehensive
overview of the design principles, synthesis methods, and
key mechanisms of these innovative GIT drug delivery
systems. We also discuss recent advancements, limitations,
and future perspectives of these biocompatible materials in
the development of next-generation oral pharmaceuticals.
The structure of this manuscript is designed to provide
a comprehensive and logically organized discussion
of pH-responsive carbohydrate-based drug delivery
systems. Section 2 describes the pH gradient along the
GIT, emphasizing its physiological relevance for the
design of site-specific drug delivery platforms. Section 3
outlines the regulatory framework governing pH-sensitive
and polysaccharide-based delivery systems, referencing
key international guidelines, such as International
Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH) Q8-QI0,
International Organization for Standardization (ISO)
10993, U.S. Food and Drug Administration (FDA), and
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European Medicines Agency (EMA) recommendations
for nanomaterials and combination products. Section
4 summarizes the fundamental characteristics of
pH-responsive polymers, focusing on their ionization
behavior, network dynamics, and physicochemical
parameters that influence drug release. Section 5 presents
a detailed analysis of carbohydrate polymer derivatives as
pH-responsive gastric drug delivery systems, subdivided
into four mechanistic categories: Swelling-controlled
systems (Section 5.1), dissolution-controlled systems
(Section 5.2), drug-polymer interactions (Section 5.3),
and combined mechanisms (Section 5.4), highlighting
their structure-function relationships and release kinetics.
Section 6 discusses the broader implications of the findings,
integrating molecular mechanisms with translational
and clinical perspectives. Finally, Section 7 provides
the concluding remarks, summarizing key insights,
realistic challenges, and future directions for advancing
carbohydrate-based smart delivery technologies toward
clinical application.

2. pH gradient along the human GIT

The human GIT (Figure 1) is a highly dynamic and
heterogeneous environment, characterized by distinct
regions with significant pH variations. This natural pH
gradientis a key physiological factor that is widely exploited
in the design of smart drug delivery systems.

The oral route begins from the mouth, where the pH
is around 6.8-7.0, and the transit time is negligible. After
that, the stomach is a highly acidic environment, with a pH
typically between 1.2 and 2.0. With a transit time of 3-4 h,
the stomach’s condition can protect against pathogens but
also degrade acid-sensitive drugs. As gastric contents move
into the small intestine, they are progressively neutralized
by pancreatic secretions, with the pH gradually increasing
from approximately 6.0 in the duodenum to around
7.4 in the ileum. This region is the primary site for drug

Mouth
"> Fasted state pH = 6.2-7.4

Stomach Fed state pH = 6.5-8.0

Fasted state pH = 1.0-2.0
Fed state pH =4.0-7.0 _

Colon
Fasted state pH = 6.4-7.0
Fed state pH = 6.0-7.0

Small intestine .
Fasted state pH=5.5-7.4 |
Fed state pH = 5.8-7.8

Figure 1. Schematic representation of the human gastrointestinal tract
showing the typical pH gradient (fed and fasted states)'*'*

absorption. Finally, the material reaches the large intestine
(colon), which maintains a slightly acidic to near-neutral
pH, generally in the range of 6.0-6.7, influenced by the
metabolic activity of the resident microbiota. This unique
physiological sequence of pH changes provides an ideal
trigger for controlling the release of therapeutic agents at
a specific site along the GIT.” Table 1 summarizes the pH
gradient and transit time along the human GIT.***

The values reported in Table 1 represent average
physiological conditions of the human GIT. It is important
to note that these parameters can vary considerably due
to physiological variability associated with the fasted/fed
state, age, disease status, co-medications, antacid use, and
the presence of Helicobacter pylori.>**** These variations
are particularly relevant for the design and in vitro
evaluation of pH-responsive drug delivery systems, as they
directly influence polymer ionization, swelling-dissolution
kinetics, and site-specific drug release behavior. Therefore,
when interpreting the data in Table 1, it should be
understood that the listed values correspond to mean
estimates and should be contextualized within the expected
physiological variability observed in vivo. In the particular
case of the broad range reported for colonic transit time
(6-70 h), it is worth mentioning that the variability well
reflects the documented interindividual and physiological
differences. Specifically, the shorter values correspond
to healthy adults under normal or accelerated motility
conditions, whereas the longer durations are associated
with slower transit, often observed in older individuals or
those with constipation.

3. Regulatory framework

Despite the rapid progress of pH-responsive carbohydrate-
based drug delivery systems at the pre-clinical level, their
translation into clinical applications remains limited due
to stringent regulatory and practical constraints??*%
To enter clinical evaluation, such systems must comply
with international standards, such as ICH Q8-Q10
(pharmaceutical development and quality systems), ISO
10993 (biological evaluation of medical devices), and the
FDA’s Guidance for Industry on Nanotechnology in 2022,
which emphasizes safety, reproducibility, and quality-

Table 1. pH gradient and transit time along the human
gastrointestinal tract

Organ pH Transit time (h)
Mouth 6.8-7.0 Negligible
Stomach 1.2-2.0 3-4

Small intestine 6.0-7.4 2-6

Large intestine (colon) 6.0-6.7 6-70
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by-design principles. Clinical trials for nanocarriers or
bioresponsive polymers must follow Good Manufacturing
Practice (GMP) and Good Clinical Practice standards,
with extensive documentation on pharmacokinetics,
biodegradation, immunogenicity, and long-term toxicity.
However, a major challenge arises from the inherent
variability of natural carbohydrate sources and the lack of
harmonized protocols for characterizing their pH sensitivity,
stability, and release kinetics under physiological conditions.
Moreover, both  EMA and FDA currently evaluate
bioresponsive systems on a case-by-case basis, leading to
uncertain regulatory pathways. Overcoming these barriers
demands standardized analytical frameworks, cross-
disciplinary collaboration, and early regulatory engagement
to ensure that innovative biopolymer-based systems meet
safety and efficacy criteria suitable for clinical translation.***

4, Characteristics of pH-responsive
polymers

Drug delivery systems designed to release their payload
in response to a specific pH often incorporate ionizable
groups into the carrier’s structure. These groups are
essential because their protonation or deprotonation alters
the polymer’s hydrophobicity, thereby triggering a change
in system behavior.**

These polymers contain either acidic or basic functional
groups that can donate or accept protons depending on the
pH of their environment. For instance, acidic (anionic)
polymers feature ionizable acidic side chains, such as
carboxylic (-COOH), sulfonic, or phosphonic acids.
Conversely, basic (cationic) polymers are characterized
by basic groups, such as amines, which can be located in
the main chain or as side groups. The ionization of these
functional groups in response to pH creates a net charge on
the polymer chains, thereby altering their interactions.””*
This process is schematically represented in Figure 2,
which illustrates how the state of an acidic or basic polymer
changes based on the degree of ionization of its groups.

The ionization process is what enables swelling in cross-
linked systems or dissolution in other polymer matrices.
For acidic polymers, the chains repel one another when
the surrounding pH is greater than the polymer pKa,
while they attract each other at pH values below the pKa.
Conversely, for a basic polymer, the chains attract each
other at pH values above the pKb but repel at pH values
below the pKb. In both scenarios, the ionization of the
functional groups generates a net charge on the polymer
chains, leading to their mutual repulsion and a subsequent
change in the material structure. In addition to these
mechanisms, drug release can occur in systems that involve
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Figure 2. The state of the polymeric chain based on the ionization degree. (A) Acidic polymeric chain. (B) Basic polymeric chain. Image created by the

authors.
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an interaction between the drug and the polymer. In this
case, the hydrogen bond between the drug and the polymer
is influenced by the environmental pH because the drug
can exist in protonated, neutral, or deprotonated forms. On
the other hand, in some systems, these release mechanisms
may be combined." Determining the effective pKa of
ionizable groups within polymeric networks is essential for
predicting their pH-responsive behavior. In carbohydrate-
based systems, several complementary methods are
employed. Potentiometric titration is the most common
approach, in which titration curves of polymer solutions or
hydrogels are recorded, and inflection points correspond to
the apparent pKa values. Ultraviolet-visible spectroscopy
can also monitor protonation-deprotonation equilibria
through absorbance or band-shift changes, offering insight
into specific functional groups. In cases where direct
titration is hindered by low solubility or crosslinking, model
monomeric compounds (e.g., glucosamine and galacturonic
acid) are often used to estimate intrinsic pKa values, later
corrected for polymeric effects. The apparent pKa in polymer
matrices often deviates from that of corresponding small
molecules due to the microenvironmental effects of the
polymer network. Factors such as electrostatic interactions,
polymer chain density, hydration degree, and dielectric
constant alter proton activity around ionizable sites. For
example, strong intramolecular hydrogen bonding or dense
crosslinking can restrict solvent access, thereby increasing
the apparent pKa, whereas high hydration and charge
repulsion may decrease it. These effects must be considered
when designing pH-responsive carbohydrate carriers, as
they directly influence the onset of swelling or dissolution
under physiological conditions.**!

A prime commercial example of a pH-responsive
polymer family is the Eudragit’ series, a non-biodegradable,
poly(methacrylate)-based  copolymer.*  Their basic
chemical structure, shown in Figure 3, can be modified to
achieve different functionalities.

For instance, a product sensitive to acidic pH, such
as Eudragit E, has tertiary amine groups as side chains

o)

/oo /oo /o
NN\

_ R, R, R, |

2 2 n

Figure 3. Basic structure of the Eudragit® compounds

(R,= CH,CH,N(CH,),) and methyl or butyl esters (R, =
CH, or C,H,), whereas for a product sensitive to basic pH
(Eudragit L or S), the side chains contain carboxylic acid
groups (R, = H) and methyl esters (R, = CH,). Furthermore,
a pH-independent material that swells and is permeable
can be created by incorporating hydrophilic quaternary
ammonium groups (R, = CH,CH,N(CH,),"Cl"), as is the
case with Eudragit RL and RS. This specific modification
allows for water uptake, which gives the polymer its
swelling and permeability properties. While Eudragit
copolymers are among the most established pH-responsive
materials in oral dosage forms, they are non-biodegradable
polymethacrylates. Upon administration, these polymers
resistenzymatic and microbial degradation and are excreted
largely unchanged in feces. From a regulatory perspective,
Eudragit grades (e.g., L100, S100, and EPO) are classified as
pharmaceutically safe excipients and are included in both
the FDA Inactive Ingredient Databases and the European
Pharmacopoeia monographs.** However, their lack of
biodegradability raises increasing concerns regarding long-
term environmental persistence and residual accumulation,
particularly in high-dosage or chronic therapies. In
contrast, natural polysaccharides, such as alginate,
chitosan, and pectin, are enzymatically and microbially
degradable, providing a sustainable and biocompatible
alternative with favorable regulatory perception in current
green-pharma initiatives.”” From a processing standpoint,
synthetic polymers, such as Eudragit, exhibit excellent
compatibility with manufacturing techniques, including
hot-melt extrusion and three-dimensional (3D) printing,
due to their defined thermal stability and rheological
behavior.* In contrast, carbohydrate-based polymers (e.g.,
chitosan, alginate, and starch derivatives) often exhibit
limited processability due to a narrow processing window
between their glass transition temperature and the onset of
thermal degradation temperature. Consequently, adapting
carbohydrate matrices for hot-melt extrusion or 3D
printing often requires chemical modification or processing
under solvent-assisted or low-temperature conditions to
maintain functionality and achieve consistent drug release
behavior.* These differences are crucial for translating
pH-responsive formulations into scalable manufacturing
processes.

In summary, the acid-base dissociation constant (pKa
or pKb) of a polymer’s functional groups is a critical
determinant of its pH-responsiveness and thus its
suitability for gastrointestinal drug delivery. In pH-sensitive
carbohydrate-based systems, ionizable groups, such as —
COOH group, amino group, and hydroxyl group, undergo
protonation-deprotonation equilibria depending on the
luminal pH. The design principle involves matching the
polymer’s pKa to the target region’s pH within the GIT: for
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instance, polymers with pKa values around 4.0-5.0 (e.g.,
alginate, chitosan-citrate) respond to the acidic-to-neutral
transition of the small intestine, whereas polymers with pKa
around 6.5-7.0 (e.g., carboxymethyl cellulose and pectin
derivatives) activate in the colonic environment. When the
environmental pH exceeds the polymer’s pKa, ionization
induces electrostatic repulsion and osmotic swelling,
facilitating drug diffusion or polymer erosion. Conversely,
in pH below pKa, the polymer remains collapsed and less
permeable, protecting the drug in acidic media, such as the
stomach. Therefore, rational pKa selection enables spatially
controlled release and optimization of swelling-dissolution
kinetics in carbohydrate-based matrices.!***

5. Carbohydrate polymer derivatives
as pH-responsive gastric drug delivery
systems

The pH-responsive drug delivery systems based on
carbohydrate polymers can exhibit distinct release
mechanisms, including swelling-controlled, dissolution-
controlled, or a combination of both, depending on the
polymer structure, crosslinking density, and environmental
pH. Inswelling-controlled systems, drug release is primarily
governed by the diffusion of the therapeutic agent through
a hydrated polymer matrix, where the rate of swelling
dictates the release kinetics, often following Fickian or
anomalous diffusion behavior. Conversely, dissolution-
controlled systems rely on the gradual solubilization
or erosion of the polymer network under specific pH
conditions; this mechanism typically results in zero-order
or erosion-controlled kinetics, allowing sustained and
predictable release profiles. The combination of swelling
and dissolution mechanisms introduces complex, often
biphasic kinetics, an initial diffusion-driven burst phase
followed by a slow degradation-dependent release, offering
fine-tuned control over therapeutic delivery. The interplay
between these processes can be modulated by adjusting
polymer composition and degree of crosslinking, or by
incorporating pH-labile linkages, enabling the design of
systems optimized for site-specific and time-dependent
drug release under physiological or pathological pH
gradients.’

It should be noted that the behavior of pH-responsive
carbohydrate-based systems is highly dependent on several
experimental variables, including buffer composition,
ionic strength, temperature, and the degree of crosslinking.
However, such parameters are not uniformly reported
across studies. Consequently, the data summarized in
Tables 2-5 represent the most commonly reported pH
conditions (typically pH 1.2 for gastric and pH 6.8-7.4
for intestinal media) and reflect generalized qualitative

trends rather than standardized quantitative comparisons.
Experimental details, such as media composition or United
States Pharmacopeia apparatus type, are mentioned only
when explicitly provided in the original publications.
This approach ensures internal consistency and avoids
introducing sporadically available methodological data.

In general terms, for drugs with limited solubility but
good chemical stability, swelling-controlled matrices
are preferred because gradual water uptake supports
diffusion-driven release. Conversely, drugs that are highly
soluble or unstable in gastric conditions benefit from
dissolution-controlled carriers or polymer-drug ionic
complexes. The combination approach is suitable when
dual responsiveness (swelling and erosion) is required to
balance protection and release Kkinetics. Patient-related
factors, such as gastric pH variability, fed or fasted state,
and co-medications, should also be considered, as they
may significantly shift the effective pH triggers and hence
the performance of these delivery systems.

5.1. Swelling-controlled systems

Cross-linked carbohydrate polymers represent a highly
promising class of biomaterials for the development of
pH-sensitive drug delivery systems. By crosslinking natural
polymers, a stable 3D network is formed that, unlike its
linear counterparts, does not readily dissolve in solvents.
This network structure, combined with the ionization
capacity of some functional groups on the polymer
chains (Section 3), allows the material to swell or contract
in response to changes in the surrounding pH while
maintaining its structural integrity. This characteristic is
crucial for controlled drug release in the GIT. This ensures
targeted and efficient drug delivery, preventing premature
degradation and enhancing bioavailability. Table 2 shows
examples of pH-responsive controlled-release systems
based on cross-linked carbohydrate polymers.

5.2, Dissolution-controlled systems

Unlike their cross-linked counterparts, uncross-linked
carbohydrate polymers are linear or branched structures
that rely on their pH-dependent solubility for controlled
drug release. These materials can undergo a reversible
transition from a solid or viscous state to a soluble one in
response to specific pH values, depending on the ionizable
groups in the polymer chains (Section 3). For instance, the
low pH of the stomach protonates the amine groups on
chitosan, causing the polymer to dissolve and facilitating
drug release in the stomach. Conversely, the carboxylic
acid groups on alginate remain protonated and insoluble
in acidic media, but deprotonate and become soluble
as the pH increases in the intestine. This mechanism
of controlled dissolution provides a straightforward
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Table 2. Examples of carbohydrate polymer-based carriers responding to the pH changes in the gastrointestinal tract (swelling)

Carbohydrate polymer Encapsulated Behavior References
compound
Anionically modified starch N/D Swelling considerably augments with the increase of pH from 1.0 to 5.5 49
because the carboxyl groups are ionized
Starch-poly (sodium Ibuprofen Drug delivery is faster at pH 7.4 than at pH 1.2 due to the ionization of 50
acrylate-co-acrylamide) carboxylate groups at basic pH
Poly (starch/acrylic acid) Rutin Swelling is greater at pH 7.4 than at pH 2.0 due to the carboxylic groups 51
Methyl methacrylate-g-starch/ Esomeprazole Drug delivery is higher at pH 6.8 than at pH 1.2 due to the presence of 52
hydroxypropylated starch magnesium carboxylic groups
Starch cross-linked with poly 5-fluorouracil Swelling is greater at high pH media than at low pH media due to the 53
(aspartic acid) presence of carboxylic groups
Carboxymethyl sago pulp/carboxymethyl  Ciprofloxacin Swelling is greater at high pH media than at low pH media due to the 54
sago starch hydrochloride and  presence of carboxylic groups
diclofenac sodium
Starch-g-poly (sodium-2-acrylamido-2-  Amoxicillin Drug release is higher at alkaline pH than at neutral or acidic pH due to 55
methyl-1-propane sulfonate-co- trihydrate the carboxylic groups
methacrylic acid)
Chitosan cross-linked starch Insulin Drug release is higher at high pH than at low pH due to the presence of 56
carboxylic groups
Carboxymethyl starch grafted with poly ~ 5-aminosalicylic An increase in the content of methacrylic acid results in less swelling in 57
(methacrylic acid) acid and salicylic ~ SGE but greater swelling in SIF
acid
Carboxymethyl starch grafted with poly ~ Sodium diclofenac  An increase in the content of methacrylic acid results in less swelling in 58
(methacrylic acid) SGE but greater swelling in SIF
2-hydroxyethyl methacrylate and acrylic - Swelling is greater at pH 7.4 than at pH 1.0 due to the presence of 59
acid grafted on starch carboxylic groups
Corn starch/ethylene-co-vinyl alcohol - The maximum hydration degree is at pH=7.4, and the lowest is observed 60
thermoplastic blend at an acidic pH due to the presence of carboxylic groups
Starch cross-linked with acrylic acid Paracetamol Drug release from the polymer is less at pH 1.2 compared to pH 7.4 due 61
to the presence of carboxylic groups
High amylose cross-linked with pectin - Samples with a higher pectin proportion have greater swelling ability 62
because pectin is more hydrophilic than starch. Besides, the swelling
of the polymer increases at high pH values because of the presence of
carboxylic groups, which ionize at basic pH
Cross-linked starch Curcumin Drug delivery is greater in the SGF than in SIF because the solubility of 63
the curcumin is greater at acidic pH. Polymer swelling is not evaluated
Cross-linked alginate N/D Cross-linked alginate demonstrates pronounced swelling at alkaline 64
pH and contraction in an acidic environment due to the presence of
carboxylic groups. The authors propose the use of these compounds as a
targeted delivery vehicle
Xanthan gum cross-linked with starch Aspirin and Drug release is significantly higher in pH 7.4 than in pH 1.2 due to the 65
paracetamol presence of carboxylic groups in xanthan gum
Sodium carboxymethyl cellulose N/D The polymers show pH-sensitivity due to the presence of 66
cross-linked with fumaric acid carboxylic groups
Quaternized cellulose cross-linked with ~ N/D The polymer exhibits pH-sensitivity due to the presence of ~-COO-and 67
carboxymethyl cellulose -(CH,) ,N*groups
Chitosan cross-linked with Chlorhexidine Drug release is higher at low pH values due to the presence of amino 68
glutaraldehyde acetate groups, which causes swelling in this pH range
Citrate cross-linked chitosan Riboflavin Drug release is higher at low pH values due to the presence of amino 69
groups, which causes swelling in this pH range
(Contd...)
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Table 2. (Continued)

Carbohydrate polymer Encapsulated Behavior References
compound

Chitosan cross-linked with Insulin Crosslinking avoids chitosan dissociation in the stomach, thus 70

hydroxypropyl methylcellulose phthalate protecting the drug

Chitosan cross-linked with polyvinyl Cefixime Drug release is higher at low pH values due to the presence of ionizable 71

pyrrolidone groups, which causes swelling in this pH range

Bone ash-reinforced cross-linked Amoxicillin Drug release is higher at low pH values due to the presence of amino 72

chitosan-grafted-glycidyl methacrylate groups, which causes swelling in this pH range

and poly (ethylene glycol) diacrylate

Acrylate-grafted-carboxymethyl Insulin The copolymer exhibits pH-dependent swelling/deswelling behaviors 73

starch-2-isobutyl-acrylic acid copolymer due to the ionization/deionization transition of the carboxyl groups

Abbreviations: N/D: No data; SGF: Simulated gastric fluid; SIF: Simulated intestinal fluid.

Table 3. Examples of carbohydrate polymer-based carriers responding to the pH changes in the gastrointestinal tract (dissolution)

Carbohydrate polymer Encapsulated  Behavior References
compound

Starch grafted poly Insulin Drug release is higher at basic pH because of the ionization of carboxylic groups 74

(L-glutamic acid) on poly (L-glutamic acid), which allows the dissolution of the aggregates

High-amylose starch-pectin blend  Diclofenac Drug release is higher at basic pH because of carboxylic group ionization in 75,76
sodium pectin, which solubilizes at these pH values. Starch incorporation into the blend

delays drug release since it hinders pectin solubilization

Hyaluronic acid grafted Doxorubicin The drug is delivered due to nanoparticle destabilization related to the protonation 77
3-diethylaminopropyl groups of 3-diethylaminopropyl when the pH decreases

Cellulose acetoacetate cross-linked Rhodamine B Drug delivery is achieved by a sol-gel transition due to the presence of an 78
with cystamine dihydrochloride enamine moiety in the polymer

N-naphthyl-N, O-succinyl chitosan Curcumin Drug delivery increases at high pH values due to polymer dissociation caused by 79
and N-octyl-N, O-succinyl chitosan the ionization of the carboxyl groups from the succinic acid moiety

High surface area silica-loaded Curcumin Drug delivery increases at low pH values due to polymer dissociation caused by 80
chitosan the ionization of the amino groups in the chitosan

Chitosan-poly(y-glutamic acid) Insulin Drug delivery increases at low pH values due to polymer dissociation caused by 81
complex the ionization of the amino groups in the chitosan

Cellulose acetate phthalate-ethyl Ibuprofen Drug release rate increases in alkaline medium due to the high solubility of 82
cellulose mixture cellulose acetate phthalate at basic pH

Chitosan-O-carboxymethyl Doxorubicin At high pH values, NH,"ions on chitosan and O-carboxymeymethy chitosan are 83
chitosan mixture hydrochloride  deprotonated, allowing polymer disaggregation

Table 4. Examples of carbohydrate polymer-based carriers responding to the pH changes in the gastrointestinal tract
(drug-polymer interaction)

Carbohydrate polymer Encapsulated Behavior References
compound
Soluble starch Curcumin Release in SIF is faster than that in SGE. The different pH values may be responsible for the 85

observed release speed difference, as hydrogen bonding between curcumin and starch is highly
influenced by the environmental pH value

Methacrylated Hen egg white At pH 7.4, lysozyme is positively charged, and the polymer is negatively charged, which causes 86
carboxymethyl cellulose  lysozyme a strong attraction between them, resulting in slow release

cross-linked with poly

(N-isopropylacrylamide)

Abbreviations: SGF: Simulated gastric fluid; SIF: Simulated intestinal fluid.

Volume 3 Issue 1 (2026) 8 doi: 10.36922/IM0025390049


https://dx.doi.org/10.36922/IMO025390049

Innovative Medicines & Omics

pH-responsive carbohydrate drug carriers

Table 5. Examples of carbohydrate polymer-based carriers responding to the pH changes in the gastrointestinal tract

(combined mechanisms)

Carbohydrate Encapsulated Behavior References
polymer compound
Alginate- Salicylic acid  Drug release is maximal at pH 7.4 and minimum at pH 1.0 due to the presence of carboxylic groups on 87
starch blend alginate. Besides, drug release increases as starch content is augmented because it dissolves, leaving pores

that accelerate drug release from the polymer
Chitosan- Antofloxacin  Drug delivery is favored at acidic and basic pH because hydrogen bonds are weakened, caused by ions’ 88
starch blend interference. At neutral pH, drug release is moderate. Besides, drug delivery is higher at acidic pH than at

basic pH because the protonation of amine groups in chitosan makes the polymer swell

approach to developing oral drug delivery systems that
can protect drugs from harsh environments and achieve
targeted release at specific sites in the GIT. Table 3 presents
examples of pH-responsive controlled-release systems
based on uncross-linked carbohydrate polymers.

5.3. Drug-polymer interactions

In carbohydrate polymer-based drug delivery systems,
the direct interaction between the drug and the polymer
is a key mechanism for achieving controlled, pH-sensitive
release. Instead of relying on polymer dissolution or
swelling, these systems leverage hydrogen bonds or
ionic interactions between the drug molecules and the
polymer chains. The strength of this interaction is directly
influenced by the environmental pH. A change in pH can
modify the protonation state of either the drug or the
polymer, thereby altering the affinity between the two. The
interplay between the ionization constants of the drug and
the polymer matrix (drug pKa vs. polymer pKa) is a critical
determinant of loading efficiency and release performance
in pH-responsive systems. For weakly acidic drugs (e.g.,
ibuprofen, pKa=4.4), encapsulation within matrices bearing
weakly basic or neutral groups can minimize premature
ionization in the stomach (pH 1.2-2.0) and promote
release in the intestine (pH 6.0-7.4), where deprotonation
enhances solubility and diffusion. Conversely, weakly basic
drugs (e.g., propranolol, pKa = 9.5) tend to be protonated
in acidic media, favoring ionic interactions with negatively
charged polysaccharides, such as alginate or carboxymethyl
cellulose; drug release is then triggered by polymer
deionization at higher pH. Therefore, selecting a polymer
whose pKa closely matches the target intestinal pH enables
a balance between drug-polymer affinity (for stability)
and repulsion (for release), optimizing both loading and
responsiveness.* Table 4 shows examples of carbohydrate
polymers used for pH-sensitive controlled drug release
through a drug-polymer interaction mechanism.

5.4. Combined mechanisms

The design of advanced drug delivery systems has
increasingly moved toward combining multiple

mechanisms to achieve superior control over drug release.
This strategy allows a single formulation to leverage the
advantages of different approaches, creating a robust,
versatile system. Table 5 shows examples of carbohydrate
polymer-based carriers that respond to pH changes in the
GIT through combined mechanisms.

6. Discussion

Despite significant advances at the laboratory scale,
the clinical translation of pH-responsive carbohydrate-
based drug delivery systems remains limited due
to several regulatory and practical challenges. Most
studies demonstrating precise pH-triggered release,
biocompatibility, and efficacy are still confined to in vitro or
small animal models, with only a few progressing to early-
phase clinical trials. A major barrier lies in the complexity
and variability of biological environments, which can alter
the expected release kinetics observed under controlled
conditions. Moreover, the regulatory framework for
nanocarriers and bioreactive materials requires extensive
data on long-term safety, biodegradation pathways, and
potential immunogenicity, parameters that are challenging
to standardize across different carbohydrate sources and
modification methods. Manufacturing scalability and
reproducibility further complicate approval, as minor
changes in polymer purity or crosslinking chemistry can
significantly affect performance. Addressing these issues
requires harmonized characterization protocols, improved
predictive models linking physicochemical parameters to
in vivo behavior, and closer collaboration among academia,
industry, and regulatory agencies to accelerate the clinical
validation of these intelligent drug delivery systems.***

Beyond classical pH-triggered release, recent research
trends emphasize multi-stimuli-responsive strategies that
integrate physiological and microbial cues for enhanced
site specificity. Mucoadhesive coatings have demonstrated
improved retention in the intestinal mucosa, reducing
premature drug loss during transit. Enzyme-triggered
colon delivery systems incorporating azo-linkers or
glycosidic bonds exploit the reductive or hydrolytic
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activity of colonic bacteria to achieve selective cleavage
and release. Furthermore, hybrid systems combining
pH-sensitivity with microbiota responsiveness, such as
pectin—Eudragit or chitosan—inulin matrices, represent
promising platforms for achieving synchronized
responsiveness to both pH and enzymatic environments.
These emerging approaches align with the growing
interest in personalized and microbiota-informed drug
delivery strategies.’'*

7. Conclusion

This comprehensive review has highlighted the significant
role of carbohydrate polymers as a versatile and effective
platform for pH-controlled drug delivery. The inherent
biocompatibility, biodegradability, and structural tunability
of these materials make them an exceptional choice for
the design of sophisticated oral delivery systems. We
have explored the various mechanisms of pH-responsive
release, from the dissolution of uncross-linked polymers
to the structural integrity and controlled diffusion offered
by cross-linked matrices. Furthermore, we have examined
how direct drug-polymer interactions, such as those
mediated by hydrogen bonds, can be leveraged to achieve
highly precise, on-demand release.

The successful application of these systems in protecting
acid-labile drugs from the harsh stomach environment and
ensuring targeted release in the small intestine or colon
has been well documented. Future research should focus
on developing advanced formulations that combine these
mechanisms, creating multi-responsive systems that can
adapt to the complex physiological conditions of the GIT.
In addition, greater emphasis on enzymatic degradation,
scale-up, cost-effectiveness, and regulatory approval will be
critical for translating these promising biomaterials from
laboratory research into widely available pharmaceutical
products. Agencies such as the FDA and EMA currently
assess such systems on a case-by-case basis, guided by
frameworks including ICH Q8-Q10, ISO 10993, and the
FDA Nanotechnology Guidance, all of which emphasize
safety, immunogenicity, and long-term biocompatibility.
Realistic progress will depend on developing standardized
characterization methods, particularly for pH-triggered
swelling and dissolution kinetics, alongside GMP-
compatible synthesis routes. Integration of in silico
modeling and machine learning to predict release profiles
and biological fate may accelerate translation, but the field
must first address regulatory and reproducibility gaps
before achieving large-scale clinical validation. Ultimately,
continued innovation in this field holds immense potential
to develop effective, patient-friendly, and personalized
therapeutic solutions.
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