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ABSTRACT
BY

ARTICLE INFO Stimuli-responsive in situ gel-based smart drug delivery systems represent an innovative
approach to diabetes therapy that addresses the limitations of conventional formulations,
such as poor bioavailability, short drug half-life, and frequent dosing. These systems undergo
sol-to-gel transitions in response to physiological stimuli, including pH, temperature, ions,
and enzymatic activity, enabling controlled and prolonged drug release. Synthetic polymers
such as poloxamers, poly (ethylene glycol) (PEG) derivatives, and poly(N-
isopropylacrylamide) (PNIPAAm) allow the precise modulation of gelation behavior, stability,
and physicochemical properties. Due to their biocompatibility and stimuli-responsiveness, in
Keywords: situ gels have been explored via oral, nasal, ocular, injectable, and transdermal routes for the
In situ gel; Smart drug i delivery of insulin, oral hypoglycemics, and peptide-based drugs. Recent advances have
delivery; Insulin delivery; | integrated nanoparticles and glucose-sensitive components for feedback-regulated insulin
Polymeric hydrogels; | release, closely mimicking pancreatic -cell function, and improving therapeutic precision.
Diabetes management; | Despite challenges, such as limited mechanical strength, gelation variability, and regulatory
Controlled release; Stimuli- | constraints, continued progress in polymer chemistry, nanotechnology, and biomaterial
responsive polymers; | design is expected to overcome these barriers. Collectively, the in-situ gel-based delivery
Nanomedicine. systems offer a promising, patient-friendly, and physiologically adaptive platform for next-
generation diabetes management.
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1. Introduction

apid Diabetes mellitus (DM) is a

significant metabolic condition in the

21st century and is characterized by

persistent hyperglycemia due to

impairment in insulin production,
insulin action, or both. The incidence of diabetes
has escalated to alarming proportions globally,
propelled by aging demographics, inactive
lifestyles, and poor nutritional practices [1]. The
International Diabetes Federation (IDF) reports
that more than 500 million individuals
worldwide are affected by diabetes, with
projections indicating a substantial increase in
this population in the coming decades. The
increasing disease burden not only threatens
public health, but also imposes enormous
economic and social costs on healthcare
systems. Effective management of diabetes
requires not only glycemic control, but also the
prevention of associated concerns, including
retinopathy, nephropathy, neuropathy, and
cardiovascular disease [2]. Despite the
availability of a wide range of pharmacological
agents, clinical management of diabetes remains
suboptimal for many patients. This is largely due
to the limitations of conventional drug delivery
systems, which often fail to provide sustained
therapeutic efficacy, minimize adverse effects,
or adequately address patient compliance.
These challenges have created an urgent need
for innovative therapeutic strategies, among
which in situ gel-based smart drug delivery
methods have attracted significant interest due
to their potential to revolutionize diabetes
treatment [3].

158

1.1. Diabetes: An overview

DM is broadly classified into type 1 diabetes
(T1DM), type 2 diabetes (T2DM), and
gestational diabetes, with T1DM and T2DM
being the most prevalent. T1DM, often
diagnosed in children or young adults, results
from autoimmune obliteration of pancreatic (3-
cells, culminating in complete insulin
insufficiency. Conversely, T2DM, which is
responsible for more than 90% of global
diabetes cases, is characterized by insulin
resistance in peripheral tissues and increased 3-
cell failure. The interaction of genetic
susceptibility, obesity, lifestyle, and
environmental variables facilitates the onset of
T2DM. Gestational diabetes, while temporary,
increases the risk of problems during pregnancy
and predisposes both the mother and child to
future metabolic conditions [4]. The long-term
consequences of uncontrolled diabetes extend
beyond glycemic imbalances. Persistent
hyperglycemia triggers the development of
advanced glycation end products (AGEs),
oxidative stress, and chronic inflammation,
which significantly contribute to both
microvascular and macrovascular problems.
These pathological consequences underscore
the need for stringent and sustained glycemic
control. Current pharmacological options
include insulin therapy, oral hypoglycemic
agents (such as sulfonylureas, biguanides,
thiazolidinediones, and DPP-4 inhibitors), and
newer classes of drugs such as GLP-1 receptor
agonists and SGLT-2 inhibitors. Although these
therapies target different aspects of glucose
homeostasis, their efficacy is often hindered by
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issues such as poor bioavailability, short half-
life, systemic side effects, and patient
noncompliance  [5]. Another important
consideration is the need for personalized
medicine for diabetes management. Factors
such as patient age, comorbidities, lifestyle, and
genetic background influence the drug response,
making it difficult to achieve universal
therapeutic  success with  conventional
treatment regimens. This complexity reinforces
the demand for novel drug delivery platforms
that can provide site-specific, controlled, and
patient-friendly drug administration, while
reducing dosing frequency and minimizing
adverse effects [6]. Figure 1 illustrates the
mechanism of glucose uptake via insulin
signaling. Under healthy conditions, insulin
binds to its receptor, activating the glucose
transporter (GLUT4) to facilitate glucose entry
into cells. In T1DV, insulin is absent, preventing
glucose uptake despite the presence of
functional receptors and transporters. In T2DM,
insulin is present, but its receptors are
desensitized, resulting in impaired GLUT4
activation and reduced glucose entry.

1.2. Challenges in conventional antidiabetic drug
delivery

Despite the diversity of  available
pharmacological options, traditional drug
delivery methods for diabetes are far from ideal.

2026, Volume 8, Issue 2

The oral route, which is preferred for patient
adherence, encounters significant challenges
including enzymatic breakdown in the
gastrointestinal tract, inadequate permeability
across the intestinal epithelium, and substantial
first-pass metabolism in the liver. Many peptide-
based therapies, such as insulin, GLP-1, and
amylin analogs, exhibit poor oral bioavailability,

necessitating parenteral administration.
Therefore, insulin injections remain the
cornerstone of T1DM therapy and are

increasingly required in patients with advanced
T2DM. However, subcutaneous injections have
significant drawbacks, including pain, local
tissue reactions, risk of infection, needle phobia,
and reduced adherence to therapy [7].
Conventional formulations typically provide
pulsatile or immediate release of an active drug,
which fails to mimic the physiological secretion
profile  of endogenous insulin.  This
pharmacokinetic mismatch often results in
episodes of hyperglycemia and hypoglycemia,
both of which are harmful to patients in the long-
term. Sustained release systems have been
developed, but many lack precision in drug
release and do not respond dynamically to
fluctuating blood glucose levels [8]. Another
significant challenge is patient compliance.
Diabetes management requires lifelong therapy,
strict dosing schedules, and frequent monitoring
of the blood glucose levels.

O
o o ® 9 o] © o S O‘ o ®o ¥ 5%,
d4d o o # s 2 o5 o 9o co@a® o o 4
Insul
nsuin ' O ‘ ’
i Glu ) ‘
Y / /’ ) V | f‘:]/“l V J /T
! 1 | e f
= = — — | =y == /| =
Insulin Y Glucose - .
receptor - transporter Desensitized X
(GLUT4) insulin
receptor
O

Figure 1. Mechanism of glucose uptake in healthy, Type I, and Type Il diabetes. Insulin receptor activation
promotes GLUT4-mediated glucose transport; its absence or desensitization causes impaired uptake
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The burden of multiple daily injections or oral
dosing regimens can compromise adherence,
particularly in elderly and pediatric patients.
Additionally, pharmacological management of
diabetes often involves polypharmacy, as
patients commonly require concomitant
treatment for hypertension, dyslipidemia, or
cardiovascular complications. The resulting pill
burden further exacerbates compliance issues
[9]. From a formulation perspective, antidiabetic
drugs present challenges, such as poor aqueous
solubility, instability in biological fluids, and
limited  permeability  across  biological
membranes. For example, insulin is sensitive to
enzymatic degradation and environmental
stressors such as temperature, pH, and shear
forces. These properties complicate the
formulation into stable and effective dosage
forms. Similarly, many oral antidiabetic agents
have poor pharmacokinetics, necessitating
frequent dosing or high doses that increase the
risk of side effects [10]. Conventional delivery
methods offer limited capacity for personalized
or responsive therapies. Because blood glucose
levels fluctuate throughout the day based on
diet, activity, and hormonal changes, an ideal
drug delivery system should adaptively respond
to these variations. Unfortunately, most
traditional formulations provide a static release
profile, making it difficult to achieve precise and
dynamic glycemic control [11].

1.3. Need for smart drug delivery systems

The constraints of traditional medication
administration in diabetes control underscore
the pressing need for new patient-centric and
physiologically adaptive methods. Intelligent
drug delivery systems have been designed to
address the pharmacokinetic and
pharmacodynamic limitations of conventional
formulations using improved materials, stimuli-
responsive  mechanisms, and innovative
administration methods. In situ gel-based
systems are promising because they can
generate gels under physiological conditions
and maintain regulated drug release [12]. In situ
gels are liquid mixtures that shift from a sol to a
gel state when subjected to physiological stimuli,
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including temperature, pH, ionic strength, or
enzyme activity. This unique property enables
them to be easily administered through
minimally invasive routes (oral, nasal, ocular,
and injectable), after which they form a depot at
the site of administration. The gel matrix
provides prolonged residence time, controlled
release, and protection of labile drugs from
degradation, making it especially suitable for
peptide- and protein-based antidiabetic agents,
such as insulin [13]. One of the most compelling
advantages of smart in situ gel systems is their
ability to mimic physiological insulin secretion.
By incorporating glucose-sensitive polymers or
nanoparticles within the gel matrix, these
systems can achieve feedback-regulated drug
release, releasing insulin in response to
hyperglycemia and reducing insulin release
during normoglycemia. Such “intelligent” or self-
regulated delivery has the potential to
significantly reduce the risk of hypoglycemia,
improve glycemic control, and enhance patient
quality of life [14]. In situ gel formulations can
improve patient compliance by reducing the
dosing frequency and offering less invasive
administration options. For instance, intranasal
or oral in situ gels may provide noninvasive
alternatives to injections, thereby addressing
one of the most significant barriers to adherence
to insulin therapy. From a pharmaceutical
perspective, the flexibility of in situ gel systems
allows for combination therapies in which
multiple drugs can be co-delivered to target
different pathways in the pathophysiology of
diabetes. This is particularly relevant in T2DM,
for which multidrug therapy is often required
[15]. In addition to their therapeutic advantages,
in situ gels offer formulation and commercial
benefits. They can be formulated using both
natural and synthetic polymers, providing
adjustable characteristics such as gelation
temperature, viscosity, and degradation rate.
This versatility makes these materials appealing
candidates for scale manufacturing and clinical
translation. Regulatory interest in such
advanced delivery systems is growing, and
several in situ gel formulations have already
been approved for non-diabetic indications,
paving the way for their application in diabetes
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[16]. The urgent need for smart drug delivery
systems for diabetes arises from the
shortcomings of conventional therapies in terms
of efficacy, safety, and patient adherence. In situ
gel-based smart delivery platforms provide a
versatile, adaptable, and physiologically
responsive solution that holds great promise for
addressing these challenges. The subsequent
sections of this review explore the chemical
principles underlying in situ gel systems, their
formulation strategies, and their potential
applications in diabetes management [16].

2. In situ gel systems: Fundamentals

In situ gel systems have emerged as promising
platforms in the field of advanced drug delivery,
bridging the gap between conventional
formulations and stimuli-responsive “smart”
delivery technologies. These systems are unique
in that they are administered in a liquid or low-
viscosity form and subsequently undergo phase
transition into a gel under physiological
conditions. This transition creates a depot at the
site of administration from which the drug is
released in a controlled and sustained manner
[13]. The fundamental principle of in situ gels
lies in exploiting physiological triggers, such as
pH, temperature, ionic strength, or enzymatic
activity, to induce sol-to-gel transformation. Due
to their minimally invasive administration,
prolonged residence time, and capacity for
stimuli-responsive drug release, in situ gels are
highly relevant for diseases requiring long-term
and precise pharmacological management, such
as DM. Understanding the concept, mechanisms,
and classification of in situ gels provides a
foundation for exploring their chemical
properties and therapeutic applications [17].

2.1. Definition and concept of in situ gels

The phrase “in situ gel” denotes polymeric
formulations that exist as liquids before
injection and later as gel at the delivery site in
reaction to physiological cues. The word “in
situ,” meaning “in place,” highlights the localized
gelation process that occurs after administration
rather than prior to administration. This

161
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property distinguishes in situ gels from
preformed hydrogels, which exist as semi-solid
matrices before administration and often
require surgical implantation [18]. The
fundamental advantage of in situ gels lies in their
dual nature; they combine the ease of
administration of liquid formulations (such as
solutions or suspensions) with the drug release
benefits of solid or semi-solid depots. For
example, injectable in situ gels can be
administered through a fine needle as a fluid,
minimizing patient discomfort; however, once
inside the body, they form a gel matrix that
provides sustained drug release, improved
bioavailability, and enhanced therapeutic
efficacy [13]. The in situ gel concept has been
successfully applied across multiple routes of
administration, including ocular, nasal, oral,
rectal, vaginal, and parenteral. Each route uses
different physiological triggers to achieve
gelation. In the context of diabetes therapy,
injectable and oral in situ gels have attracted
particular attention due to their potential to
replace frequent insulin injections and enhance
the bioavailability of poorly absorbed
antidiabetic drugs [19].

2.2. Mechanism of sol-to-gel transition

The central feature of in situ gel systems is their
ability to undergo sol-to-gel phase transition
under physiological conditions. This process is
driven by physicochemical changes in the
polymer network, which result in the formation
of a crosslinked three-dimensional structure
capable of retaining water and encapsulating
drug molecules [20].

The mechanisms underlying sol-to-gel transition
vary depending on the type of trigger

Thermodynamic interactions: Temperature
changes can alter the hydrophilic and
hydrophobic interactions within polymer

chains. For example, certain polymers undergo
coil-to-globule transitions as the temperature
increases, leading to aggregation and gelation
[21]. pH-driven ionization: In pH-responsive
polymers, changes in the ionization state of
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functional groups, such as carboxyl or amino
groups, lead to solubility changes, precipitation,
or gel formation [22-24].

Ionic crosslinking: Polymers such as alginate and
gellan gum undergo gelation in the presence of
multivalent cations that form ionic bridges
between polymer chains [25].

Enzymatic reactions: Enzyme-responsive gels
rely on the enzymatic cleavage or crosslinking of
polymeric precursors, leading to gelation at the
site where the enzyme is present [26].

In most systems, gelation is a reversible process
that allows the gel matrix to gradually degrade
and release its drug payload over time. The
release kinetics are influenced by factors such as

Journal of Chemical Reviews

the polymer composition, crosslinking density,
molecular weight, and the physicochemical
properties of the incorporated drug [27].

2.3. Classification of in situ gel systems

In situ gels were classified according to the
triggering mechanism that initiates gelation
(Table 1). The four most widely studied
categories are pH-triggered, temperature-
responsive, ion-activated, and enzyme-
responsive systems. Each system offers unique
advantages and limitations, making it suitable
for different therapeutic applications [28].

Table 1. Classification of in situ gel systems and their key features

Type of in-situ Triggering Mechanism of
gel system factor gelation
change in ionization of
pH-Triggered physiological ph functlona.l
(e.g., stomachto  groupsleading
systems . .
intestine, ocular to sol-gel
ph) transition
reversible sol-
Temperature- change in body gel transition
. temperature due to polymer
Responsive . .
svstems (ambient - 37 chain
y °c) dehydration or

micelle packing

ionic
presence of crosslinkin
. physiological &
Ion-Activated N between

ions (ca®*, na*,

systems . . olymer chains
y k* in tear fluid, POy )
: . and multivalent
gastric fluids) .
cations
enzymatic enzyme-
enzy catalyzed
activity at target
Enzyme- site (e cleavage of
Responsive & polymer
esterases, .
systems backbone or side
amylases, . . .
chains triggering
proteases)

gelation

Examples of Applications in

diabetes drug Ref.
polymers/Systems delivery
oral and ocular
delivery of
carbopol, poly o .
(methacrylic acid), ant;l:labsetlc [29]
chitosan derivatives 5%
controlled
insulin release
injectable depot
poloxamers for insulin,
(pluronics), sustained [30]
pnipaam, peg-plga  peptide/protein
release
ocular delivery,
alginate, gellan oral sustained- [26]
gum, pectin release
formulations
site-specific
dextran-based insi?ilrllverey fc)ifde-
systems, peptide- ' bep [31]
modified polymers based
POty antidiabetic
therapies
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2.3.1. pH-triggered systems

pH-Sensitive in situ gels depend on polymers
that experience ionization or structural
alterations in response to pH variation. These
polymers possess acidic or basic functional
groups (such as carboxyl, sulfonic, or amino
groups) that either receive or provide protons
based on their surroundings [32]. Polymers,
such as Carbopol and chitosan, are extensively
used in pH-responsive systems. Carbopol, a
derivative of poly (acrylic acid), remains in a
collapsed state at acidic pH but expands and
forms a gel following neutralization in
physiological fluids. Chitosan is soluble in acidic
environments due to the protonation of amino
groups; however, at elevated pH levels,
deprotonation diminishes its solubility, leading
to gel formation [33]. In diabetes management,
pH-triggered systems are particularly useful for
the oral delivery of peptide drugs, such as
insulin, which are degraded in the acidic gastric
environment. By designing formulations that
remain stable in the stomach, but gel in the
intestinal pH range (6-7.4), drug release can be
targeted to the absorption site. This approach
protects insulin from gastric degradation and
enhances its intestinal absorption [34].

2.3.2 Temperature-responsive systems

Temperature-sensitive in-situ gels represent the
most extensively studied class of systems. These
formulations exploit the difference between
room temperature (where they remain liquid)
and body temperature (where they gel). Such
systems are based on polymers with lower
critical solution temperatures (LCST) or upper
critical solution temperatures (UCST) [35]. The
most widely used example is the poloxamer
(Pluronic®), a triblock copolymer of
polyethylene oxide (PEO) and polypropylene
oxide (PPO). Poloxamer solutions remain fluid at
room temperature but undergo micellization
and gelation at body temperature due to the
dehydration of PPO blocks and increased
hydrophobic interactions. By adjusting the
polymer concentration and combining it with
additives, the gelation temperature and drug
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release profiles can be finely tuned [36].
Temperature-responsive gels are particularly
attractive injectable systems. For instance, an
insulin-loaded poloxamer solution can be
injected subcutaneously as a liquid; however,
once inside the body, it forms a gel depot that
slowly releases insulin. This approach reduces
the frequency of injections and provides a more
stable glycemic control than conventional
formulations [37].

2.3.3. Temperature-responsive systems

lon-sensitive in situ gels undergo gelation upon
exposure to the ions present in physiological
fluids. Such systems are particularly relevant for
ocular, nasal, and oral drug delivery, where ionic
triggers, such as sodium, potassium, or calcium,
are abundant [38]. Polymers, such as gellan gum,
alginate, and pectin, are classical examples. For
instance, alginate gels in the presence of divalent
cations such as Ca®* form “egg-box” junctions
between polymer chains. Similarly, in the
presence of mono- or divalent cations, gellan
gum gels form double helices that aggregate into
a three-dimensional network [39]. Ion-activated
systems are advantageous for ocular delivery of
antidiabetic drugs, where formulations instilled
as eye drops can rapidly gel upon contact with
tear fluid (containing Na* and Ca®**). This
prolongs the ocular residence time, improves
drug absorption, and reduces the dosing
frequency. Although ocular applications are less
common in diabetes therapy, similar principles
can be applied to nasal delivery, offering a non-
invasive route for the systemic absorption of
insulin and other antidiabetic agents [40].

2.3.4. lon-activated systems

lon-sensitive in situ gels undergo gelation upon
exposure to the ions present in physiological
fluids. Such systems are particularly relevant for
ocular, nasal, and oral drug delivery, where ionic
triggers, such as sodium, potassium, or calcium,
are abundant [41]. Polymers, such as gellan gum,
alginate, and pectin, are classical examples. For
instance, alginate gels in the presence of divalent
cations such as Ca®* form “egg-box” junctions
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between polymer chains. Similarly, in the
presence of mono- or divalent cations, gellan
gum gels form double helices that aggregate into
a three-dimensional network [42]. lon-activated
systems are advantageous for ocular delivery of
antidiabetic drugs, where formulations instilled
as eye drops can rapidly gel upon contact with
tear fluid (containing Na* and Ca®**). This
prolongs the ocular residence time, improves
drug absorption, and reduces the dosing
frequency. Although ocular applications are less
common in diabetes therapy, similar principles
can be applied to nasal delivery, offering a non-
invasive route for the systemic absorption of
insulin and other antidiabetic agents [43].
Figure 2 illustrates the two key mechanisms by
which ions cross cellular membranes: ion
transporters (left) and ion channels (right). lon
transporters actively move ions against their
concentration gradient by binding ions and
translocating them across the membrane,
thereby generating and maintaining ion
concentration gradients that are essential for
cellular homeostasis. In contrast, ion channels
provide a selective pathway for ions to diffuse
down their concentration gradient, allowing

Ion transporters

Journal of Chemical Reviews

rapid and regulated ion flux across the
membrane. Together, these ion-activated
systems play a critical role in processes such as
signal transduction, excitability, and energy
metabolism, by establishing and controlling the
ionic environment within the cell.

2.3.5. Enzyme-responsive systems

Enzyme-responsive in situ gels represent the
most advanced category, and are designed to
exploit local enzymatic activity as a trigger for
gelation. These systems employ polymers or
crosslinkers that are substrates for specific
enzymes. Upon enzymatic action, chemical
changes such as cleavage, crosslinking, or
deprotection occur, leading to sol-to-gel
transformation [44]. For example, systems
incorporating phosphorylated polymers can
undergo  dephosphorylation by alkaline
phosphatase at a target site, resulting in
gelation. Similarly, peptide-based polymers can
be cleaved by proteases to initiate gel formation
[45,46]. In diabetes management, enzyme-
responsive gels are particularly promising
glucose-sensitive delivery systems.

Ton channel
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* Actively move ions against concentration gradient
* Create ion concentration gradients

Ton diffuses
through channel

Lon channel
* Allow ions to diffuse down concentration gradient
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Figure 2. Comparison of ion transporters and ion channels in ion-activated systems. lon exchange of Na*, K*,
and Ca®* regulates ionic crosslinking in polymers such as alginate and gellan gum for gel formation
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By incorporating glucose oxidase into the gel
matrix, the presence of elevated glucose levels
leads to the enzymatic production of gluconic
acid, which decreases the local pH and triggers
gel swelling or degradation. This enables
feedback-controlled insulin release, closely
mimicking physiological insulin secretion by
pancreatic f-cells [47]. The activation of
enzyme-linked receptors by signaling molecules
switches the receptor from an inactive to an
active enzyme state. In enzyme-responsive in
situ gel systems for diabetes, this principle is
exploited, wherein specific enzymes (eg.,
glucose oxidase) respond to elevated glucose
levels, initiating receptor-mediated or
enzymatic pathways. This triggers gel
transformation, controlled substrate release,
and effector activation, enabling smart and

sustained insulin or antidiabetic drug delivery
(Figure 3).

3. Chemical Insights into In situ Gelling
Polymers

The design of in situ drug delivery systems is
fundamentally dependent on the chemical
nature and properties of the polymers
employed. Polymers serve as the structural
backbone of these systems, dictating not only
the gelation mechanism, but also the
biocompatibility, biodegradability, and drug
release behavior. For in situ gels, polymers must
possess the unique ability to remain in the sol
state under external conditions (such as room
temperature) while undergoing a controlled
phase transition into a gel matrix once exposed
to physiological stimuli.

Enzyme-Linked Receptors
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Figure 3. Enzyme-linked receptor signaling in enzyme-responsive in situ gel systems. Glucose oxidase (GOx)
converts glucose to gluconic acid, lowering pH and triggering gelation for feedback-controlled insulin delivery
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The chemical composition, functional groups,
molecular weight, and structural configuration
of these polymers are critical parameters that
govern gelation Kkinetics, crosslinking density,
and ultimately, therapeutic performance.
Generally, polymers used in in situ gels can be
classified into natural polymers derived from
renewable biological sources and synthetic
polymers engineered to provide tailored
physicochemical  properties.  Furthermore,
understanding the crosslinking mechanisms and
physicochemical parameters influencing drug
release is essential for the rational design of
these systems for applications, such as diabetes
management [48].

3.1. Natural polymers

Natural polymers are extensively employed in in
situ gels because of their biodegradability,
biocompatibility, and structural similarity to
extracellular matrices. Their ability to undergo
ionic or pH-induced gelation makes them
attractive for pharmaceutical applications.
Among the most widely studied are chitosan,
alginate, and gellan gum [49]. Chitosan is a
cationic polysaccharide derived from the
deacetylation of chitin, which is abundant in the
exoskeletons of crustaceans. Chemically,
chitosan is a linear polymer composed of -
(1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine units. The free amino groups confer
pH-sensitive solubility, making chitosan an
excellent candidate for in situ gelation [50]. At
low pH, the protonation of amino groups
enhances solubility, while at physiological pH,
deprotonation induces precipitation or gelation.
The polycationic nature of chitosan also allows
for electrostatic interactions with negatively
charged biomolecules and drugs. In diabetes
therapy, chitosan-based in situ gels have been
investigated for oral insulin delivery, where the
gel protects insulin from gastric degradation and
enhances intestinal permeation by transiently
opening tight junctions in the epithelial cells.
Additionally, chemical modifications of chitosan,
such as carboxymethyl chitosan or thiolated
chitosan, further improve its solubility,
mucoadhesion, and gelation properties [51].
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Alginate, another widely studied polymer, is a
naturally occurring anionic polysaccharide
extracted from brown seaweeds. Structurally,
alginate is composed of B-D-mannuronic acid
(M-blocks) and a-L-guluronic acid (G-blocks)
arranged in homopolymeric (MM or GG) and
heteropolymeric (MG) sequences. Gelation of
alginate occurs through ionic crosslinking with
divalent cations such as Ca®*, forming the
characteristic “egg-box” structure, where G-
blocks of adjacent chains are held together.
Alginate-based gels are highly biocompatible,
and their gelation kinetics can be controlled by
adjusting polymer concentration, molecular
weight, and cation availability. In situ gelling
alginate formulations have been explored for the
parenteral delivery of insulin, where
subcutaneous injection of an alginate solution
containing calcium salts leads to rapid gelation
and formation of a depot. Moreover, alginate
gels exhibit pH sensitivity and remain stable
under acidic gastric conditions but swell under
neutral intestinal conditions, making them
useful for oral antidiabetic drug delivery [52].

Gellan gum is an anionic polysaccharide
produced by Sphingomonas elodea. It consists of
repeating tetrasaccharide units of glucose,
rhamnose, and glucuronic acid. Gellan gum
undergoes a sol-to-gel transition in the presence
of mono- and divalent cations via double-helix
formation and aggregation. Its unique property
of requiring a low polymer concentration for
gelation makes it advantageous for biomedical
applications. Gellan-gum-based in situ gels have
been widely investigated for ocular and nasal
drug delivery due to their rapid gelation upon
contact with physiological fluids rich in cations.
For diabetes, intranasal delivery of insulin via
gellan gum gels has shown promise in bypassing
gastrointestinal degradation and hepatic first-
pass metabolism, thereby offering a noninvasive
alternative to injections [53]. Collectively,
natural polymers have the advantages of
biocompatibility and bioactivity; however, they
often suffer from batch-to-batch variability, low
mechanical strength, and limited control over
gelation kinetics. These limitations have
encouraged the exploration of synthetic
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polymers with tunable chemical properties
[54,55].

3.2. Synthetic polymers

Synthetic polymers offer distinct advantages
over natural polymers primarily because their
molecular weight, block composition, and
functionalization can be precisely controlled
during synthesis. This tunability allows the
design of polymers with predictable gelation
behavior, mechanical strength, and degradation
profiles. Poloxamers and polyethylene glycol
(PEG) derivatives are among the most
extensively studied synthetic polymers for in
situ gel systems [56]. Poloxamers, also known as
Pluronics®, are amphiphilic triblock
copolymers composed of poly (ethylene oxide)
(PEO) and poly (propylene oxide) (PPO),
arranged as PEO-PPO-PEO. A unique feature of
poloxamers is their temperature-sensitive
micellization and gelation. At low temperatures,
poloxamers exist as individual unimers in
solution, but as the temperature increases, the
PPO blocks become hydrophobic and aggregate
into micelles, with PEO chains forming a
hydrophilic shell. At higher concentrations,
micelle packing results in gel formation. The
gelation temperature can be tailored by
adjusting the polymer concentration or blending
with other polymers. For drug delivery,
poloxamer-based in situ gels are particularly
useful for injectable formulations, where they
remain liquid at room temperature but rapidly
gel at body temperature, forming depots that
sustain the drug release. In diabetes
management, insulin-loaded poloxamer gels
have shown potential to prolong release and
reduce injection frequency [57].

PEG derivatives are another important class of
molecules. PEG itself is highly hydrophilic,
biocompatible, and FDA-approved; however, it
does not inherently gel. By functionalizing PEG
with hydrophobic or reactive groups, PEG-based
copolymers can exhibit stimuli-responsive
gelation. For instance, PEG-poly (lactic acid)
(PEG-PLA) and PEG-poly(e-caprolactone)
(PEG-PCL) block copolymers form
thermosensitive gels. Additionally, PEG can be
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modified with pH-sensitive or enzyme-cleavable
linkers to impart smart responsiveness [58].
PEGylation also enhances protein stability,
protects labile drugs from enzymatic
degradation, and prolongs the systemic
circulation time. In the context of diabetes, PEG-
based gels have been investigated for glucose-
sensitive insulin delivery, where PEG networks
are crosslinked with glucose-responsive
moieties, such as phenylboronic acid [59]. Other
synthetic  polymers, such as poly(N-
isopropylacrylamide) (PNIPAAm), poly(vinyl
alcohol) (PVA), and synthetic polypeptides have
also been employed. In particular, PNIPAAm
exhibits a sharp lower critical solution
temperature (LCST) of approximately 32 °C,
making it a classic thermoresponsive polymer.
However, concerns regarding biodegradability
have limited its clinical application [60].
Synthetic polymers provide a high degree of
chemical versatility, enabling the design of
tailored in situ gel systems with precise control
over the gelation and release characteristics.
However, their lack of inherent bioactivity
compared to that of natural polymers
sometimes necessitates hybrid formulations
[61].

3.3. Crosslinking mechanisms and gelation
chemistry

The sol-to-gel transition in polymeric systems is
fundamentally governed by crosslinking
mechanisms, which can be physical or chemical
in nature (Table 2) [62]. Physical crosslinking
relies on non-covalent interactions such as
hydrogen  bonding, ionic interactions,
hydrophobic interactions, and van der Waals
forces. These interactions are typically
reversible and enable gels to dynamically
respond to environmental stimuli. For example,
ionic crosslinking of alginate with calcium ions is
aphysical process similar to the thermosensitive
micellization of poloxamers. Physical gels are
generally safer because they avoid chemical
reagents or toxic crosslinkers, but may exhibit
weaker mechanical strength and faster
degradation [63]. Chemical crosslinking, on the
other hand, involves covalent bond formation
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between polymer chains, often initiated by
chemical agents, photocrosslinking, or
enzymatic reactions. Chemically crosslinked
gels offer superior mechanical stability and
prolonged drug release; however, residual
crosslinkers may pose toxicity risks. Enzyme-
mediated crosslinking, such as
transglutaminase-induced peptide bonding,
provides a biocompatible alternative [64]. The
chemistry of gelation is crucial for tailoring drug
delivery performance. For instance, reversible
Schiff base linkages between aldehyde and
amine groups provide pH-sensitive gelation,
while disulfide crosslinks respond to redox
conditions. In  glucose-responsive  gels,

Journal of Chemical Reviews

phenylboronic acid moieties form reversible
complexes with diols (such as glucose), allowing
smart, self-regulated drug release. Thus,
selecting the appropriate crosslinking chemistry
requires a balance between mechanical
strength, responsiveness, biocompatibility, and
safety [65].

3.4. Physicochemical properties influencing drug
release

Once formed, the gel matrix serves as a reservoir
for controlling the drug diffusion and release
kinetics.

Table 2. Crosslinking mechanisms and gelation chemistry of in situ gel systems

Crosslinking Underlying Representative
mechanism chemistry polymers/Materials
interaction
between ionic
Ionic groups of alginate, gellan gum,
o polymer and :
crosslinking . and pectin
counter-ions
(e.g., ca®*, na*,
and mg?*)
intermolecular h-
Hydrogen bonds b'etween poly (ymyl alcohol),
. functional chitosan, and
bonding
groups (-oh, - carbopol
cooh, -nh;)
self-assembly of oloxamers
Hydrophobic amphiphilic ( lrl)lronics) co—
interactions blocks forming lpa and n’ipagm
micelles and gels piga, pnip
formation of
stable covalent
bonds via peg-diacrylate,
Covalent chemical polyurethane,
crosslinking reactions (e.g., acrylamide
click chemistry, derivatives
photo-
crosslinking)
Enzyme- enzymes catallyze dextran—t.yramlne
. bond formation (peroxidase-
mediated .
crosslinkin or cleavage to catalyzed), peptide-
§ initiate gelation based gels
chain hydroxypropyl
Physical entanglement Y yPropy
. : methylcellulose
entanglement  without chemical (hpmc), peo
bonding pme), p
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Relevance in

Key features diabetes drug Ref.
delivery
mild eelation oral and ocular gels
gex ’ for controlled insulin
reversible, and hvpoelveemic [66]
biocompatible };geﬁt};
thermoreversible, mucgggﬁggﬁ;ﬂ for
ph-sensitive, non- : ) [67]
toxic nasal and oral insulin
delivery
ter;;i:;i‘i}re_ injectable depot
. ! systems for sustained [68]
injectable sol-gel insulin release
transition
strong, durable long-term, sustained
gels; tunable antidiabetic drug [69]
degradation release
Slti-l?;focrllﬁc targeted insulin
5 7 delivery at responsive [70]
responsive to sites
biological signals
simple, reversible  oral sustained-release
gels; viscosity- matrices for [71]

dependent

hypoglycemic drugs
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Several physicochemical properties of polymers
influence this behavior, and the swelling
behavior of hydrophilic polymers allows them to
absorb water, increase the mesh size, and
facilitate drug diffusion; however, this must be
optimized to achieve controlled release by
balancing drug retention and release.
Crosslinking density plays a crucial role, as a
higher crosslinking density restricts mesh size
and slows diffusion, thereby prolonging release,
whereas a lower crosslinking density
accelerates release but compromises gel
strength [72]. Biodegradable polymers, such as
alginate or PEG-PLA, further contribute through
gradual degradation, the rate of which is
influenced by their chemical composition,
crystallinity, and environmental conditions. The
hydrophilic-hydrophobic balance, particularly
in amphiphilic polymers such as poloxamers,
supports the encapsulation of hydrophobic
drugs within micelles, enhancing solubilization
while dictating gel stability and strength.
Similarly, the molecular weight of polymers
affects gel viscosity and strength, with higher
molecular weights typically slowing drug

diffusion [73]. Drug-polymer interactions,
including ionic, hydrogen bonding, or
hydrophobic  forces, strongly influence

encapsulation efficiency and release behavior;
for instance, cationic chitosan interacts with
negatively charged insulin to improve its
retention within the gel [74]. Diabetes therapy,
achieving sustained yet responsive drug release,
is crucial. By fine-tuning the polymer properties,

2026, Volume 8, Issue 2

gels can be designed to release insulin steadily
over several hours or days, or even in a pulsatile
manner in response to glucose levels. This
optimization directly stems from the chemical
and physicochemical insights into the polymer
design [75].

4. Formulation Approaches for Antidiabetic
Drug Delivery

The growing global prevalence of DM has driven
extensive research into innovative drug delivery
systems that enhance therapeutic efficacy,
improve patient compliance, and minimize side
effects. Traditional delivery routes, such as oral
administration of tablets or repeated insulin
injections, are often associated with limitations,
such as poor bioavailability, short half-life,
enzymatic degradation, and patient discomfort.
These challenges necessitate  advanced
formulation strategies that allow sustained
release, targeted delivery, and noninvasive
administration. In particular, in situ gelling
systems and polymeric carriers have gained
significant attention due to their ability to
provide controlled and site-specific drug
release. Several delivery approaches have been
explored, including oral, nasal, ocular, injectable,
transdermal, and combination therapy (Table
3). Each of these approaches presents unique
advantages and challenges, making their
optimization crucial for the development of
next-generation antidiabetic therapies [76].

Table 3. Formulation approaches of in situ gel systems for antidiabetic drug delivery

Model drugs

Route of Formulation / Mechanism of Research
.. . Polymers Lot . . outcomes / Ref.
administration approach Antidiabetic gelation
Advantages
agents
chitosan, protects drug
T carbopol, metformin, ph-triggered sol- from gastric
ph-sensitive in . . e e .
) poly glibenclamide, gel transitioningi  degradation; [77]
situ gels . . .
(methacrylic and insulin tract enhances
. acid absorption
Oral delivery ) p
home prolonged
. pme, . . ionic crosslinking, gastric
mucoadhesive sodium insulin, .
. o hydrogen retention; [78]
hydrogels alginate, sitagliptin ; .
. bonding improved drug
pectin .
residence
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poloxamers bypasses first-
. (pluronic . . sol-gel transition pass
thermoresponsive f127), msullp, at nasal metabolism; [79]
gels exenatide .
carbopol temperature rapid
Nasal delivery blends absorption
. . enhanced
mucoadhesive in- chitosan, . . 10n-alctlvat.ed mucoadhesion
situ gels gellan gum insulin gelation with and [80]
nasal ions .
permeation
prolonged
. insulin, . . precorneal
sodium antioxidants ion-triggered residence;
ion-sensitive gels alginate, . . gelation with tear ’ [81]
ellan gum for diabetic fluid cations reduced
Ocular delivery & g retinopathy dosing
frequency
o carbopol, antidiabetic ph-t.rlggered sustained
ph-sensitive gels home blends eptides gelation in tear ocular drug [82]
P pep fluid delivery
. . depot
thermoresponsive  poloxamers insulin, glp-1 temperature- formgtion'
sol-gel eg-plga ’ analogs induced sustained’ [83]
formulftions pn% ga%n' (liraglutide, micellization and svstemic
Injectable puip exenatide) gelation Y
systems release
covalently peg- long-acting covalent bonding dur:lf)lizr(li% ot:
crosslinked diacrylate, insulin (photo-/chemical tunablep ! [84]
injectable gels polyurethane analogs crosslinking) release
pva physical non-invasive
hydrogel patches chitosan, 1n§u11p ,.dpp-4 entanglement, h- deh\.fery; [85]
inhibitors . patient
carbopol bonding :
Transdermal compliance
delivery . enzyme- targeted
. gelatin, peg, . . . . .
microneedle- . insulin, glp-1 responsive or delivery; rapid
hyaluronic [86]
loaded gels acid analogs thermoresponsive  onset; painless
gels administration
dual drug
Combination nanoparticle- li p(}fsgirrriz:’in rr::eltsflcl)l;rr;l;n thermoresponsive sdr?lellY ei?’gc
therapy / Co- part p . L and ion-triggered yners [87]
i loaded in-situ gels poloxamer insulin + . effects;
delivery S gelation
gels antioxidants enhanced
stability

4.1. Approaches for oral delivery

Oral administration remains the most desirable
and widely accepted route for antidiabetic drugs
due to its convenience, patient compliance, and
suitability for chronic therapy. However, the oral
delivery of peptide-based drugs, such as insulin,
glucagon-like peptide-1 (GLP-1) analogs, and
dipeptidyl peptidase-4 (DPP-4) inhibitors, is
significantly =~ challenged by  enzymatic
degradation in the gastrointestinal (GI) tract,
poor permeability across the intestinal
epithelium, and first-pass metabolism in the
liver. To overcome these barriers, formulation

170

scientists have developed advanced systems to
enhance stability, permeability, and
bioavailability [88]. One promising approach is
the use of enteric-coated nanoparticles and
microparticles, which protect insulin or other
labile drugs from gastric acid and digestive
enzymes, releasing them only in the intestinal
environment.  Additionally, = mucoadhesive
polymers, such as chitosan, carbopol, and
alginate, have been widely employed to increase
residence time in the intestinal mucosa and
promote paracellular transport of hydrophilic
drugs. Another innovation is the use of
nanostructured lipid carriers (NLCs) and solid
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lipid nanoparticles (SLNs), which improve drug
solubility and stability while enabling controlled
release [89]. Oral delivery systems have also
incorporated permeation enhancers and
enzyme inhibitors to facilitate the trans-
epithelial transport of peptides. For instance,
protease inhibitors can prevent enzymatic
degradation, whereas surfactants such as
sodium lauryl sulfate temporarily open tight
junctions to enhance absorption. Advanced
technologies such as self-emulsifying drug
delivery systems (SEDDS) have also been
applied to poorly water-soluble antidiabetic
agents, significantly improving their dissolution
and bioavailability [90]. Recent research has
demonstrated the feasibility of oral in situ gelling
formulations that undergo a sol-to-gel transition
upon exposure to physiological conditions such
as pH or ionic strength. These systems not only
protect sensitive drugs from degradation, but
also provide prolonged gastric retention,
ensuring sustained drug release. Although
clinical translation of oral insulin remains a
challenge, continuous advancements in polymer
science, nanotechnology, and formulation
strategies have gradually made oral peptide
delivery a more realistic possibility [91,92].

4.2. Nasal and ocular delivery systems

Nasal and ocular drug delivery systems have
emerged as non-invasive alternatives for the
administration of antidiabetic drugs,
particularly peptides, such as insulin, which are
otherwise degraded in the GI tract. The nasal
route provides direct access to the highly
vascularized nasal mucosa, enabling rapid
absorption and bypassing the hepatic first-pass
metabolism [93]. Similarly, the ocular route,
though less conventional for systemic therapy, is
being investigated for the localized delivery of
antidiabetic agents to address diabetes-related
ocular complications, such as diabetic
retinopathy and macular edema [94]. Nasal
formulations often employ mucoadhesive in situ
gelling systems to overcome the challenges of
mucociliary clearance and short residence
times. Polymers such as gellan gum, poloxamers,
and Carbopol have been widely used to design
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thermosensitive or ion-sensitive gels that
solidify upon contact with the nasal mucosa,
thereby prolonging drug retention and
absorption. Additionally, nanoparticles and
liposomes have been incorporated into nasal
gels to further enhance permeability, protect
labile molecules, and facilitate controlled
release. Clinical studies have shown promising
results for intranasal insulin, demonstrating its
rapid onset of action and potential utility in
postprandial  glucose control. However,
variability in absorption, irritation of the nasal
mucosa, and dose limitations remain challenges
for widespread adoption [95]. In the ocular
route, the focus is primarily on managing
diabetic eye complications, rather than systemic
glucose control. Conventional eye drops often
have poor bioavailability due to tear drainage,
blinking, and limited corneal permeability. To
address these limitations, in situ gelling ocular
formulations have been developed using
polymers, such as poloxamers, alginates, and
cellulose derivatives. These gels undergo sol-to-
gel transition upon instillation, increasing the
precorneal residence time and enhancing drug
penetration into ocular tissues. Encapsulation of
antidiabetic drugs in biodegradable
nanoparticles dispersed within gels further
improves the therapeutic efficiency. Such
systems can be tailored to release drugs for
extended periods, thereby reducing the need for
frequent administration and improving patient
adherence [96]. Both nasal and ocular delivery
systems hold great promise for use in non-
invasive antidiabetic therapy. Although nasal
delivery is better suited for systemic action,
ocular formulations offer targeted therapy for
diabetic complications. Advances in bioadhesive
polymers, nanocarriers, and in situ gelling
systems are likely to accelerate the clinical
translation of these approaches [97].

4.3. Injectable in situ gel systems

Injectable in situ gel systems are one of the most
widely explored strategies for sustained
antidiabetic drug delivery. This approach offers
a less invasive alternative to conventional
multiple daily insulin injections, providing
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controlled release and reducing the dosing
frequency. Injectable in situ gels are typically
administered as liquid formulations that
undergo gelation under physiological conditions
such as temperature, pH, or ionic interactions.
Once injected subcutaneously, they form a depot
that slowly releases the encapsulated drug over
extended periods [98]. Several polymers have
been investigated for use in injectable in-situ gel
formulations. Thermosensitive polymers, such
as poloxamers (Pluronic® F127), undergo sol-
to-gel transition at body temperature, making
them ideal for injectable systems. Similarly,
biodegradable polymers, such as poly(lactic-co-
glycolic acid) (PLGA) and polycaprolactone
(PCL), have been utilized to create long-acting
depots for peptide delivery. Natural polymers
such as chitosan and gellan gum also play
important roles due to their biocompatibility
and mild gelation mechanisms [67,99]. One of
the key advantages of injectable in situ gels is
their ability to provide prolonged drug release
ranging from days to weeks, thereby reducing
the burden of frequent injections. For example,
insulin-loaded PLGA in situ gels can sustain
release for up to several days, while GLP-1
analogs formulated in thermosensitive gels have
demonstrated controlled release for over a
week. Furthermore, such systems minimize
fluctuations in plasma glucose levels by
maintaining steady drug concentrations,
thereby reducing the risk of hypoglycemia [100].
Recent advances have also included the
incorporation of nanoparticles, liposomes, and
microspheres into injectable gels to achieve
dual-release kinetics or encapsulate multiple
drugs for combination therapy. Biodegradable
hydrogels with responsive properties, such as
glucose-sensitive gels, are under investigation
for their potential to release insulin in response
to rising glucose levels, thereby mimicking
physiological feedback mechanisms [101].
Despite their advantages, challenges remain in
ensuring reproducible gelation, minimizing
injection site irritation, and achieving large-
scale manufacturing consistency. Nevertheless,
injectable in situ gel systems remain a highly
promising platform for long-acting antidiabetic
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therapy and are likely to play a major role in
diabetes management in the future [102].

4.4. Transdermal applications

Transdermal drug delivery offers an attractive
non-invasive alternative for antidiabetic
therapy, enabling sustained drug release and
improved patient compliance. However, the skin
is a formidable barrier, particularly for
macromolecules such as insulin, which have
poor permeability through the stratum
corneum. To address this limitation, several
advanced transdermal strategies have been
developed, including microneedle patches,
iontophoresis, sonophoresis, and polymer-
based in situ gelling systems [103]. Microneedle-
based patches have gained significant attention
because they can painlessly breach the stratum
corneum to deliver insulin or other antidiabetic
drugs directly into the dermis. These patches
can be fabricated from biodegradable polymers,
dissolvable sugars, or silicon, and can be
designed to release drugs rapidly or in a
sustained manner. Recent innovations include
glucose-responsive microneedles, which release
insulin in response to hyperglycemia, thereby
providing a closed-loop control of blood glucose
levels [104]. In addition to microneedles,
chemical permeation enhancers such as
surfactants and fatty acids have been
incorporated into transdermal gels to improve
the skin penetration of smaller antidiabetic
molecules, such as metformin or sulfonylureas.
Iontophoresis and sonophoresis techniques use
electrical currents and ultrasound, respectively,
to transiently disrupt skin barriers and facilitate
drug permeation [105]. Polymeric in situ gelling
formulations for transdermal delivery are also
being explored, wherein gels form a thin film on
the skin that enhances adhesion and provides
sustained release. Liposomes, ethosomes, and
transfersomes incorporated into these gels
further improve drug permeation and stability
[106]. Transdermal systems are particularly
advantageous in reducing the frequency of
injections and improving adherence among
patients with needle phobia. However,
challenges include variability in skin
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permeability among individuals, potential
irritation, and limited capacity to deliver large
drug doses. With ongoing technological

advances, particularly in smart microneedle
patches, transdermal delivery is expected to
become a key strategy for non-invasive
antidiabetic therapy [107].

4.5. Combination therapies and co-delivery

Combination therapies are increasingly being
recognized as essential for effective diabetes
management, especially in patients with
advanced disease who require multiple drugs to
achieve glycemic control. Co-delivery systems
aim to incorporate two or more therapeutic
agents into a single formulation, providing
synergistic effects, reducing pill burdens, and
improving patient adherence [108]. One major
area of interest is the co-delivery of insulin with
oral hypoglycemic agents, such as metformin,
sulfonylureas, and DPP-4 inhibitors, to target
different pathophysiological pathways
simultaneously. For instance, insulin lowers
blood glucose levels by promoting cellular
uptake, while metformin reduces hepatic
glucose production. Delivering these agents
together in a sustained-release system can
optimize glycemic control while minimizing the
side effects [109]. Advanced polymeric- and
nanocarrier-based  systems  have  been
developed  for  co-delivery. Polymeric
nanoparticles, liposomes, and hydrogels can
encapsulate multiple drugs and release them at
controlled rates or in response to specific
stimuli. For example, glucose-sensitive
hydrogels have been designed to release insulin
and GLP-1 analogs in a feedback-regulated
manner. Similarly, injectable in situ gels loaded
with dual drugs can exhibit prolonged and
synergistic effects [110]. Another promising
strategy  involves the combination of
antidiabetic drugs with antioxidants or anti-
inflammatory agents to address oxidative stress
and inflammation associated with diabetes and
its complications. Co-delivery systems targeting
both  glucose control and secondary
complications, such as diabetic nephropathy or
retinopathy, offer holistic therapeutic benefits
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[111]. Co-delivery can also be applied via
different routes. For instance, microneedle
patches have been designed to deliver both
insulin and glucagon antagonists, while nasal
formulations can co-deliver insulin with enzyme
inhibitors. These innovative strategies not only
improve therapeutic outcomes, but also reduce
the complexity of treatment regimens [112].
Combination therapies face challenges such as
drug-drug interactions, differing
physicochemical properties of  active
ingredients, and ensuring synchronized release
profiles. However, advances in nanotechnology,
responsive polymers, and in situ gelling systems
have provided solutions to these problems. The
integration of combination therapies into
clinical practice is expected to revolutionize
diabetes management by offering more
effective, patient-friendly, and personalized
treatments [113].

5. Smart Features of In Situ Gel Systems’

In situ gel systems have emerged as highly
versatile and intelligent drug delivery platforms
that are particularly relevant in the management
of chronic diseases, such as DM. Unlike
conventional dosage forms, these systems
exhibit the unique ability to undergo sol-to-gel
transitions upon exposure to physiological
conditions, such as temperature, pH, or ionic
composition. This transformation allows them
to be administered as liquids and subsequently
form semisolid depots at the site of
administration, where they can sustain drug
release for prolonged periods. Their “smart”
behavior is attributed to several intrinsic
features, including controlled and sustained
release, stimuli-responsive mechanisms, site-
specific targeting capabilities, and excellent
biocompatibility. Collectively, these properties
make in situ gels not only carriers of drugs, but
also dynamic delivery platforms capable of
improving therapeutic outcomes, minimizing
adverse effects, and enhancing patient
adherence [114].
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5.1. Controlled and sustained release profiles

A defining characteristic of in situ gel systems is
their capacity to provide a controlled and
sustained release of therapeutic agents. For
antidiabetic drugs, especially peptide-based
molecules such as insulin and GLP-1 analogs,
achieving stable plasma concentrations is
crucial for effective glycemic management.
Traditional dosage forms often lead to
fluctuations in blood drug levels, resulting in
poor glycemic control and an increased risk of
complications, such as hypoglycemia or
hyperglycemia. In contrast, in situ gels create a
drug reservoir at the administration site, from
which the drug diffuses gradually into systemic
circulation [115]. The controlled release
mechanism is influenced by the polymer
network architecture, degree of crosslinking,
and physicochemical interactions between the
drug and gel matrix. For instance, highly
crosslinked gels restrict diffusion, leading to
slower release, while loosely crosslinked
matrices allow for faster drug liberation.
Additionally, hydrophilic polymers such as
chitosan or alginate can imbibe water, swell, and
thereby modulate drug diffusion rates. This
tunability allows researchers to tailor the
release kinetics according to therapeutic
requirements, ranging from rapid onset of
action to prolonged maintenance over days or
even weeks [116]. Sustained release not only
improves the pharmacokinetic profile of drugs,
but also reduces the frequency of dosing, which
is particularly important in chronic diseases
such as diabetes, where lifelong therapy is
required. Patients relying on daily insulin
injections often face compliance challenges.
However, a single injection of an in-situ gel depot
capable of releasing insulin over a week could
dramatically reduce the treatment burden.
Moreover, maintaining steady-state drug levels
minimizes sharp peaks and troughs in plasma
concentrations, ensuring better metabolic
control [117]. Another important advantage is
the ability to incorporate multi-phase release
profiles. Some in situ gels are designed to
provide an initial burst release to quickly
establish therapeutic levels, followed by a
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sustained-release phase to maintain efficacy.
This dual-phase behavior is particularly
valuable for drugs such as insulin, which require
a rapid onset for postprandial glucose control
along with long-acting basal support.
Additionally, the incorporation of nanocarriers
such as liposomes or microspheres within the
gel matrix can further fine-tune release kinetics,
providing multimodal delivery [118]. The
controlled and sustained release properties of in
situ gel systems represent a cornerstone of their
smart functionality, addressing one of the
biggest limitations of conventional drug delivery
and maintaining consistent therapeutic levels
without frequent dosing [119].

5.2. Stimuli-responsive behavior

One of the most fascinating aspects of in situ gels
is their stimuli-responsive nature, which allows
them to undergo a sol-to-gel transition in
response to specific physiological triggers.
These systems can be designed to respond to
various stimuli such as temperature, pH, ionic
strength, and even biological signals such as
glucose concentration. This adaptability
provides a powerful mechanism for achieving
site-specific gelation and controlled release in
real-time [120]. Thermosensitive gels are,
perhaps, the most widely studied. Polymers such
as poloxamers and poly(N-
isopropylacrylamide)  (PNIPAAm)  exhibit
reversible sol-gel transitions at the body
temperature. When injected or applied at room
temperature, they remain in the liquid form,
facilitating easy administration. Upon exposure
to physiological temperature (~ 37 °C), they
rapidly form gels, entrap the drug, and establish
a depot for sustained release. Such systems are
particularly advantageous for the subcutaneous
delivery of antidiabetic drugs, where minimally
invasive injection of a liquid that solidifies in situ
enhances patient comfort [121]. pH-sensitive
gels exploit differences in pH across the body
environment. For instance, polymers such as
Carbopol or chitosan undergo ionization-
dependent swelling or gelation in response to
pH variations. This feature is particularly useful
for oral formulations, in which the drug must
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survive in the acidic gastric environment and be
released in a relatively neutral intestinal milieu.
For antidiabetic agents prone to gastric
degradation, pH-sensitive in situ gels act as
protective carriers, ensuring drug release only at
the appropriate sites [122]. Another important
class is ion-sensitive gels, exemplified by
alginate and gellan gum systems, which gel upon
exposure to divalent cations, such as Ca®*,
present in biological fluids. Such gels have been
applied in ocular and nasal delivery systems for
antidiabetic drugs, where ionic interactions
ensure rapid gelation and prolonged residence
times [123]. It is possible that the most
innovative development is glucose-responsive
in situ gels. These smart systems are engineered
to release insulin in direct response to rising
blood glucose levels, thereby mimicking the
physiological functions of pancreatic (3-cells.
They often incorporate glucose oxidase, which
catalyzes the conversion of glucose to gluconic
acid, altering the local pH and triggering drug
release from the gel matrix. Alternatively,
boronic acid-based polymers can form
reversible complexes with glucose, thereby
modulating gel swelling and drug diffusion. Such
systems hold enormous promise for creating
closed-loop insulin delivery devices, potentially
eliminating the need for continuous patient
monitoring and frequent dose adjustments
[124]. By harnessing stimuli-responsiveness, in
situ gels go beyond passive drug carriers to
become active, adaptive systems capable of
dynamically responding to the body’s needs.
This not only enhances therapeutic precision,
but also minimizes the risks of over- or under-
dosing, which is a major concern in diabetes
management [125].

5.3. Targeted delivery to pancreatic or extra-
pancreatic sites

Targeted drug delivery is another smart feature
of in situ gel systems, which enhances
therapeutic efficacy while minimizing systemic
side effects (Table 4). While systemic insulin
replacement remains the cornerstone of
diabetes management, targeting drugs to
specific tissues such as the pancreas, liver,
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muscle, or even ocular tissues (for diabetic
retinopathy) can provide additional therapeutic
benefits. In situ gels offer an effective platform
for such site-specific delivery, due to their
gelation-triggered localization and capacity for
modification with targeting ligands [126].
Pancreatic targeting research has focused on
developing systems that deliver drugs directly to
the pancreas to enhance insulin secretion or to
protect pancreatic B-cells from oxidative stress
and apoptosis. Nanoparticles encapsulated in in
situ gels can be functionalized with ligands, such
as peptides or antibodies that recognize
pancreatic receptors, thereby improving drug
accumulation at the site. Such approaches not
only enhance efficacy, but also reduce systemic
exposure and minimize risks such as
hypoglycemia [127]. Hepatic targeting is
particularly important, because the liver plays a
central role in glucose homeostasis. In situ gel
systems can be designed to preferentially
release metformin or other insulin sensitizers
into the liver, thereby improving the
suppression of hepatic glucose production.
Similarly, muscle-targeted delivery can enhance
glucose uptake, whereas adipose tissue
targeting can modulate insulin sensitivity [128].
A particularly promising application of in situ
gels is the management of diabetes-related
ocular complications. Ocular gels formulated
with antidiabetic or anti-angiogenic agents can
be instilled as eye drops, where they undergo
sol-to-gel transition on the corneal surface,
prolonging drug retention and enhancing
penetration into intraocular tissues. Such
localized delivery reduces the need for repeated
invasive injections into the eye, thereby
significantly improving patient comfort [129].
Targeted delivery is not limited to organs
directly involved in the glucose metabolism. In
situ gels have also been investigated for
neuroprotective delivery in diabetic neuropathy
and for renal protection in diabetic
nephropathy. The ability to localize therapy to
diseased tissues while sparing healthy tissues
represents a major leap forward in personalized
medicine [130]. The targeted delivery capability
of in situ gel systems ensures that drugs act
where they are most needed, enhancing
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therapeutic efficiency while reducing systemic
toxicity, which is a truly smart feature that

Journal of Chemical Reviews

Table 4. Targeted delivery of antidiabetic agents via in situ gel systems

. Delivery
Target site approach Drugs
Injectable =y o\lin, GLP-1
thermoresponsive
analogs
gels
Pancreas (8-
cells)
Ligand-modified Insulin,
in-situ gels Exenatide
Liver (extra- pH- or enzyme- Insulin,
pancreatic site) responsive gels Metformin
Adipose / Injectable depot Insulin
Muscle tissue gels analogs
Intestinal L- m?mLeP‘;ilcs
cells (GLP-1 Oral in-situ gels DPP-4 ’
secretion) inhibitors
Olcular-/ . Antioxidants,
Retinal sites Ion-activated .
. . anti-VEGF
(diabetic ocular gels agents
retinopathy) 5

distinguishes them from conventional drug
delivery approaches [131].

Mechanism of Therapeutic Ref
targeting advantage ’
Maintains
Depot formation near  localized insulin
pancreatic tissue, concentration; [132]
sustained release reduces systemic
fluctuations
Receptor-mediated SErg:jfrll :;:id :;{ee-
uptake at pancreatic pe P * o [133]
B-cells improved
bioavailability
H/enzyme- . .
tri per/ed r(}a]lease in Direct regulation
&8 . of hepatic glucose [134]
hepatic
. . output
microenvironment
Temperature- Improves
responsive depot peripheral [135]
near muscle/adipose glucose
tissue utilization
. imul
Mucoadhesion and incrst:‘iinu ::}e“SNa
controlled release in pa Y [136]
. . enhances insulin
intestine e
sensitivity
Ion-induced gelation Localized
in tear fluid with therapy, reduced [137]
posterior segment systemic
penetration exposure

5.4. Biocompatibility and safety considerations

Regardless of the sophistication of the delivery
system, its success depends on its
biocompatibility and safety profile. In situ gel
systems are typically designed using natural or
synthetic polymers that are biodegradable, non-
toxic, and well tolerated by the body. Their
ability to form gels under mild physiological
conditions without the need for harsh solvents
or chemical  cross-linkers contributes
significantly to their safety [138]. Natural
polymers such as chitosan, alginate, gellan gum,
and  hyaluronic acid are inherently
biocompatible as they resemble components of

e ——ee
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the extracellular matrix. They degrade into non-
toxic byproducts that can be safely metabolized
or excreted. Synthetic polymers such as
poloxamers, PEG derivatives, and PLGA are also
widely used, many of which have FDA approval
for biomedical applications. Importantly, these
polymers allow precise control over the
degradation rates, enabling formulations to be
tailored for specific therapeutic durations [139].
Safety considerations can also be extended to
local tissue compatibility. As in situ gels are often
injected or applied directly to mucosal or ocular
surfaces, it is critical to ensure that they do not
cause irritation, inflammation, or immune
reactions. Extensive preclinical studies have
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demonstrated that properly formulated gels are
well-tolerated, producing minimal tissue
responses. Thermosensitive gels, for instance,
are liquid at room temperature and solidify only
upon administration, thus minimizing
mechanical stress during injection [140].
Another safety advantage of in situ gels is their
ability to reduce dosing frequency and drug
burden, which in turn decreases systemic side
effects. For example, sustained-release insulin
gels maintain steady plasma concentrations,
reducing the risk of hypoglycemic episodes
associated with sharp drug peaks. Similarly,
ocular in situ gels release drugs slowly over days,
avoiding the toxicity that may result from
frequent high-concentration eye drops [102].
Nevertheless, careful attention must be paid to
formulation additives, such as stabilizers, cross-
linkers, or permeation enhancers, which may
introduce toxicity if not appropriately chosen.
Regulatory  guidelines emphasize  the
importance of comprehensive biocompatibility
testing, including cytotoxicity, genotoxicity, and
immunogenicity assessments before clinical
translation [141]. The inherent biocompatibility
of in situ gel systems, combined with their
safety-enhancing features such as reduced
dosing frequency and localized release, makes
them highly suitable for long-term antidiabetic
therapy. These systems are expected to gain
increasing clinical acceptance with ongoing
improvements in polymer design and safety
evaluation [142].

6. Applications in Diabetes Management

The versatility and “smart” behavior of in situ gel
systems have made them attractive platforms
for diabetes management. DM, a chronic
metabolic disorder characterized by persistent
hyperglycemia, requires continuous therapeutic
intervention with insulin, oral hypoglycemic
drugs, or newer biologics. Traditional drug
delivery routes often have limitations such as
rapid clearance, enzymatic degradation, short
half-lives, and the need for repeated dosing. In
situ gels, with their sol-to-gel transformation
under physiological conditions and ability to
sustain drug release, overcome many of these
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drawbacks. They have been successfully
investigated for insulin delivery, oral
hypoglycemic drugs, novel peptide- and protein-
based therapies, and even nanoparticle-assisted
delivery approaches. Together, these
applications highlight the transformative
potential of in situ gels in creating noninvasive,

patient-friendly, and effective treatment
strategies for diabetes [143].

6.1. Delivery of insulin via in situ gels

Insulin replacement therapy remains the

cornerstone of type 1 diabetes management and
isincreasingly being used in the advanced stages
of type 2 diabetes. Conventional insulin delivery
through multiple subcutaneous injections often
leads to patient discomfort, poor compliance,
and variable pharmacokinetics. In situ gel
systems have emerged as promising alternatives
by providing sustained and controlled insulin
release, reducing dosing frequency, and
mimicking physiological secretion patterns
[144]. One of the most studied approaches
involves injectable thermosensitive gels, where
polymers such as poloxamers, chitosan, or PLGA
derivatives remain liquid at room temperature
but gel upon contact with the body temperature.
These systems entrap insulin and gradually
release it over days or weeks, creating a depot
effect. By maintaining steady insulin levels, they
minimize the glycemic fluctuations that are
often associated with traditional injections.
Importantly, reduced injection frequency
improves patient adherence and quality of life
[145]. More advanced systems incorporate
glucose-responsive elements into a gel matrix.
For instance, gels containing glucose oxidase can
sense elevated glucose concentrations,
producing gluconic acid, which triggers localized
pH changes and accelerates insulin release.
Similarly, boronic acid-based gels reversibly
bind glucose molecules, modulating gel swelling
and drug diffusion in real-time. Such systems
aim to replicate the feedback-regulated insulin
secretion of healthy pancreatic 3-cells, offering a
closed-loop delivery mechanism that minimizes
the risk of both hyper- and hypoglycemia [146].
Insulin-loaded nasal and ocular in situ gels have
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also been explored as noninvasive alternatives.
These systems exploit mucoadhesive and ion-
sensitive polymers, such as gellan gum or
carbopol, to increase the residence time at
mucosal surfaces and enhance insulin
absorption. Although systemic bioavailability
remains lower than that of injectable routes,
ongoing improvements in  permeation
enhancers and nanoparticle incorporation have
shown promising results [147]. Despite the
challenges in large-scale translation, insulin
delivery via in situ gels has demonstrated
substantial potential to revolutionize diabetes
therapy by reducing patient burden, improving
pharmacodynamics, and moving closer to
physiologically responsive systems [148].

6.2. Delivery of oral hypoglycemic agents

While insulin therapy is indispensable for type 1
diabetes, type 2 diabetes is primarily managed
with oral hypoglycemic agents (OHAs), such as
metformin, sulfonylureas, thiazolidinediones,
DPP-4 inhibitors, and SGLT-2 inhibitors.
However, conventional oral dosage forms face
challenges, such as poor solubility, rapid
metabolism, and variable gastrointestinal
absorption. In situ gel systems, particularly
those designed for oral and transdermal routes,
have provided novel solutions for improving the
bioavailability and sustained release of OHAs
[149]. In the oral route, pH-sensitive in situ gels
protect drugs from degradation in the stomach
and release them in the intestine, where
absorption is optimal. For example, metformin-
loaded alginate or chitosan gels resist gastric
acid, but swell and release the drug in neutral pH
environments, ensuring prolonged drug
availability. This not only improves
bioavailability, but also reduces gastrointestinal
irritation, a common side effect of metformin
therapy [150]. Oral in situ gels can be engineered
to increase gastric retention, forming a floating
gel layer in the stomach that prolongs drug
residence time. Such formulations are
particularly beneficial for drugs with absorption
windows in the upper intestines. By extending
the contact time and providing controlled
release, these systems enhance therapeutic
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efficacy while reducing dosing frequency [151].
In the transdermal domain, in situ gels and
microneedle-assisted systems have been
applied to deliver small-molecule OHAs through
the skin, bypassing the hepatic first-pass
metabolism. Polymers incorporated with
permeation enhancers allow molecules such as
glibenclamide and repaglinide to permeate
efficiently, achieving stable plasma levels
without oral side effects [152]. Combination gels
that deliver two or more OHAs simultaneously
are under investigation for targeting multiple
metabolic pathways in type 2 diabetes. For
instance, the co-delivery of metformin and
sulfonylurea in an in situ gel system provides
complementary mechanisms that reduce
hepatic glucose output while enhancing insulin
secretion, leading to synergistic control of
hyperglycemia [153]. The application of in situ
gels for oral hypoglycemic drugs addresses key
pharmacokinetic limitations, enhances patient
comfort, and aligns with the chronic dosing
requirements of type 2 diabetes management
[154].

6.3. Emerging peptide
therapies

and protein-based

Beyond insulin and classical OHAs, new peptide-
and protein-based therapies are transforming
the diabetes management landscape. These
include glucagon-like peptide-1 (GLP-1)
receptor agonists, amylin analogs, and DPP-4-
resistant peptides, all of which play critical roles
in modulating glucose metabolism, appetite
regulation, and insulin secretion. However,
these biomolecules face challenges similar to
those of insulin, such as enzymatic degradation,
poor oral bioavailability, and short half-lives. In-
situ gels provide an ideal platform for
stabilization and sustained delivery [155]. GLP-
1 receptor agonists, such as exenatide and
liraglutide, have shown significant promise in
improving glycemic control while promoting
weight loss. Conventional formulations often
require frequent injections, but encapsulation
within injectable in situ gels can extend their
release to weekly or monthly dosing.
Thermosensitive or biodegradable gels made
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from PLGA or poloxamers have demonstrated
controlled exenatide release in preclinical
studies, reducing the need for repeated
injections [156]. Amylin analogs such as
pramlintide complement insulin therapy by
slowing gastric emptying and suppressing
postprandial glucagon secretion. In situ gels
have been used to co-deliver pramlintide with
insulin, ensuring the synchronized release of
both hormones for optimal glycemic control.
Such combination gels reduce the injection
burden while addressing multiple metabolic
pathways [157]. Emerging dual- and tri-agonist
peptides that simultaneously activate GLP-1,
GIP, and glucagon receptors are also being
explored for their enhanced glycemic and
weight management effects. In situ gels offer a
means to stabilize these complex peptides,
protect them from proteolytic enzymes, and
provide sustained systemic exposure [158].
Protein-based therapies targeting inflammation
and oxidative stress in diabetes are currently
being developed. Encapsulating cytokine
inhibitors, antioxidants, or growth factors in in
situ gels ensures localized and prolonged
release, particularly in tissues affected by
diabetic complications, such as the retina,
kidney, or nerves [159]. The sustained and
protective delivery of fragile biomolecules in situ
gels expands the therapeutic arsenal beyond
insulin and OHAs, bringing next-generation
peptide- and protein-based therapies closer to
clinical translation [160].

6.4. Nanoparticle-loaded in situ gels for diabetes

The integration of nanotechnology with in-situ
gel systems has opened new avenues for highly
efficient diabetes management. Nanoparticle-
loaded in situ gels combine the benefits of
nanoscale carriers, such as enhanced drug
solubility, stability, and targeted delivery, with
the sustained release properties of the gels. This
hybrid approach offers precise control over drug
release kinetics, improved bioavailability, and
the potential for multifunctional therapies
[161]. Polymeric nanoparticles encapsulated
within in situ gels protect sensitive molecules,
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such as insulin or GLP-1 agonists, from
enzymatic degradation and provide dual-level
release: an initial release from the gel matrix
followed by sustained release from
nanoparticles. This layered release profile
ensures rapid therapeutic onset and long-term
maintenance [162]. Lipid-based nanoparticles,
such as solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs), further
enhance drug solubility and membrane
permeability. When dispersed within in situ gels,
they create depot systems capable of delivering
poorly water-soluble OHAs or hydrophobic
antioxidants for diabetic complications [163].
Another promising application is the integration
of stimuli-responsive nanoparticles integrated
into in situ gels. For instance, glucose-sensitive
nanoparticles that release insulin in response to
hyperglycemia can be embedded within a
thermosensitive gel depot, resulting in a self-
regulating, “smart” delivery system. Such hybrid
systems bring us closer to the vision of an
artificial pancreas by offering closed-loop
glucose regulation [164]. Targeted delivery
using ligand-modified nanoparticles within in-
situ gels has also been investigated. For example,
nanoparticles decorated with antibodies against
pancreatic receptors can be incorporated into
gels for pancreatic targeted drug release.
Similarly, ocular in situ gels containing anti-
VEGF-loaded nanoparticles have been designed
for the treatment of diabetic retinopathy,
prolonging drug residence in the eye and
reducing the need for repeated injections [165].
From a safety perspective, the gel matrix

prevents rapid nanoparticle clearance,
minimizes systemic toxicity, and ensures
localized drug retention. Combining the

strengths of nanotechnology and polymeric gel
systems, nanoparticle-loaded in situ gels
represent one of the most advanced and
promising strategies for diabetes therapy [166].
Figure 4 shows a smart drug delivery strategy
in which nanoparticles are encapsulated within
an in situ gel formulation. Upon injection, the gel
forms at the site of administration and provides
sustained release of therapeutic agents.
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Figure 4. Nanoparticle-loaded in situ gel system for diabetes management. Embedded nanoparticles within
thermosensitive gels provide sustained insulin or GLP-1 release, enhancing receptor activation and glycemic
control

In diabetes therapy, this system enhances
glucose regulation by promoting insulin
receptor activation and GLUT4 function, thereby
improving glycemic control through controlled
and targeted delivery.

7. Challenges and Future Perspectives

Although in situ gel systems have emerged as a
transformative approach in drug delivery for
diabetes management, several challenges hinder
their large-scale clinical application. These
challenges stem from formulation complexities,
physiological barriers, and translational hurdles
that must be overcome to fully exploit the
potential of these smart systems. On the other
hand, recent advancements in polymer
chemistry, biomaterials, and nanotechnology
drive innovation toward more effective and
patient-friendly therapies. Understanding these
limitations, keeping track of technological
breakthroughs, and envisioning the future
outlook are essential steps for realizing the full
therapeutic potential of in situ gel systems in
diabetes care.

180

7.1. Limitations of current in situ gel systems

Despite their promise, current in situ gel systems
have several formulation and clinical limitations
that restrict their widespread adoption. One
major limitation is the incomplete control of
drug release kinetics. While in situ gels provide
sustained release, it is often difficult to achieve
precise control over the release profiles,
especially when multiple drugs or biomolecules
are co-encapsulated. For example, a rapid initial
burst release may occur because of loosely
entrapped molecules at the gel surface, followed
by a slower release from the gel core.
Inconsistent release rates can lead to suboptimal
therapeutic outcomes, particularly in diabetes,
where steady-state plasma concentrations are
critical for maintaining glycemic control.
Another key challenge is the reproducibility of
the gelation under physiological conditions. Gel
formation depends on triggers such as
temperature, pH, or ionic strength, which may
vary between individuals and tissue sites. For
instance, thermosensitive gels may form
prematurely during injection if exposed to warm
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conditions, whereas pH-sensitive gels may not
consistently gel in gastrointestinal
environments due to fluctuating acidity. These
variations introduce uncertainty into the
performance and limit clinical predictability.
Biocompatibility concerns persist. Although
many polymers used in in situ gels are
considered safe, additives such as crosslinkers,
stabilizers, or permeation enhancers may cause
local irritation, inflammation, or immune
reactions. Long-term biocompatibility,
particularly for chronic administration to
patients with diabetes, requires thorough
investigation. Moreover, polymer degradation
products may interact with the encapsulated
drug, thereby reducing its stability and efficacy.
From a manufacturing and scalability
perspective, in situ gel systems pose challenges
in maintaining consistency, stability, and
sterility. The large-scale production of injectable
gels must meet stringent regulatory standards,
which can be difficult to achieve for complex
formulations involving sensitive biomolecules.
Additionally, stability during storage remains a
problem because some gels may undergo
premature crosslinking or degradation,
reducing their shelf life. Patient-related factors
also limit their adoption. While injectable in situ
gels reduce dosing frequency, they still involve
needles, which may not fully address needle
phobia in diabetic patients. Oral and nasal in situ
gels, although more patient-friendly, often suffer
from poor bioavailability due to enzymatic
degradation  or  mucociliary  clearance.
Moreover, cost considerations may limit
accessibility, especially in low- and middle-
income countries, where the prevalence of
diabetes is rapidly rising. Taken together, these
limitations highlight the need for continuous
research on optimizing gel formulations,
ensuring reproducibility, enhancing safety, and
developing scalable manufacturing processes.

7.2.  Advances
nanotechnology

in polymer chemistry and

In recent years, polymer chemistry and
nanotechnology have provided powerful tools to
address many of the above limitations. These
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advances have paved the way for the next
generation of in situ gel systems with improved
performance and broader applications. The
development of stimuli-responsive polymers
has been a major breakthrough in polymer

chemistry. Glucose-sensitive polymers, for
example, can dynamically regulate insulin
release in response to blood glucose

fluctuations, mimicking the natural feedback
mechanisms of the body. These polymers often
incorporate boronic acid derivatives or glucose
oxidase to achieve responsiveness, creating a
“smart” drug delivery system capable of closed-
loop regulation. Innovations in multifunctional
polymers enable gels with tunable degradation
rates, improved mechanical strength, and
enhanced drug-polymer compatibility. For
example, copolymers of polyethylene glycol
(PEG), poly (lactic-co-glycolic acid) (PLGA), and
poloxamers can be tailored. Natural-synthetic
polymer hybrids combine the biocompatibility
of natural polymers such as chitosan or alginate
with the mechanical robustness of synthetic
polymers, offering the best of both worlds.
Nanotechnology integration has further
expanded the capabilities of in-situ gels.
Nanoparticles, liposomes, dendrimers, and
micelles incorporated into gels provide
additional control over drug encapsulation and
release. These carriers can protect sensitive
biomolecules, enhance their solubility, and
achieve targeted delivery. For example, insulin-

loaded nanoparticles embedded in a
thermosensitive gel can release insulin in a dual-
phase manner: an initial burst from

nanoparticles near the gel surface, followed by
sustained release from deeper layers. Another
exciting innovation is the design of multi-drug-
loaded gels enabled by the nanocarrier
technology. Nanoparticles containing different
drugs can be dispersed within a single gel
matrix, allowing the co-delivery of insulin with
oral hypoglycemic agents or antioxidants. This
approach offers synergistic therapeutic effects
and simultaneously addresses the multiple

pathological pathways in diabetes.
Nanotechnology facilitates targeted drug
delivery. Ligand-modified nanoparticles

embedded in gels can preferentially accumulate
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in specific tissues, such as the pancreas, liver, or
retina. For example, ocular in situ gels containing
anti-VEGF-loaded nanoparticles have shown
promise in treating diabetic retinopathy by
prolonging the residence time and enhancing
penetration into intraocular tissues. Advances in
polymer crosslinking strategies have resulted in
gels with improved reproducibility and stability.
Physical crosslinking through ionic interactions
or hydrogen bonding avoids the use of toxic
chemical crosslinkers, thereby enhancing safety.
Dynamic covalent bonds enable reversible
gelation, allowing the gels to adapt to changing
physiological environments. The convergence of
polymer chemistry and nanotechnology is also
driving the development of personalized gels, in
which formulations can be tuned to individual
patient needs, disease progression, and lifestyle.
Three-dimensional (3D) printing technologies
are being explored to fabricate custom-designed
gel depots with precise geometry and drug
distribution, further enhancing therapeutic
precision. Collectively, these advances mark a
paradigm shift in the design of in situ gel
systems, moving from passive sustained-release
formulations to intelligent, adaptive, and
multifunctional drug delivery platforms.

7.3. Future outlook for diabetes therapy

Looking ahead, in situ gel systems are poised to
play a central role in the future of diabetes
management; however, their success will
depend on overcoming existing limitations and
integrating emerging technologies. One of the
most exciting prospects is the development of
fully glucose-responsive in situ gels that can act
as an artificial pancreas. By combining glucose-
sensing elements with controlled-release
mechanisms, such systems can autonomously
regulate insulin delivery, eliminating the need
for continuous patient monitoring and frequent
injections. These closed-loop systems, if
clinically successful, would revolutionize
diabetes therapy and significantly improve
quality of life. The integration of nanomedicine
with precision medicine is another promising
approach. Future in situ gels may be designed to
deliver not only insulin or OHAs, but also gene
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therapies, stem cell factors, or
immunomodulators aimed at regenerating
pancreatic B-cells or reversing disease
progression. For instance, gels delivering

CRISPR-Cas9 components or siRNA can target
genetic pathways involved in insulin resistance
or B-cell dysfunction, moving beyond
symptomatic control toward disease
modification. Digital health and smart devices
are also expected to converge with in-situ gel
systems. Wearable glucose monitors can
communicate  wirelessly  with  stimuli-
responsive gels, triggering drug release when
glucose levels exceed thresholds. Such an
integration of biosensors, drug depots, and
mobile applications could create a holistic
diabetes management ecosystem. From a
clinical translation perspective, a patient-centric
design is crucial. Formulations that minimize the
injection frequency, reduce side effects, and
improve convenience will drive adoption. For
example, weekly or monthly injectable in situ
gels can replace multiple daily insulin injections,
dramatically  simplifying the treatment
regimens. Noninvasive gels for nasal, ocular, or
transdermal delivery can further reduce the
treatment burden. In terms of research, the
future will focus on optimizing the scalability
and regulatory approval. Standardized
manufacturing methods, reproducibility across
patient populations, and long-term safety data
are necessary for its clinical adoption. Cost-
effectiveness must also be addressed, ensuring
that advanced gel systems remain accessible to
patients in resource-limited settings where
diabetes prevalence is highest. The future

outlook emphasizes a multidisciplinary
approach. Collaboration between polymer
chemists, nanotechnologists, biomedical

engineers, clinicians, and regulatory experts is
essential to translate laboratory success into
real-world therapies. The ultimate goal is not
only better glucose control, but also holistic
management of diabetes complications,
including neuropathy, retinopathy, and
nephropathy. Challenges remain; the trajectory
of research suggests that in situ gel systems,
enhanced by advances in materials science and
nanotechnology, hold immense potential to
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redefine diabetes therapy. They represent a shift
from conventional treatments to smart,
adaptive, and patient-centered solutions that
address both metabolic control and long-term
complications. In the coming decades, in situ gels
may evolve from experimental platforms to
mainstream clinical tools, fundamentally
changing the way diabetes is managed. Despite
remarkable advancements in stimuli-responsive
in situ gel systems, their clinical translation

remains  limited by  regulatory  and
manufacturing challenges. The complex
composition of smart polymers, including

stimuli-sensitive crosslinkers, nanoparticles, or
bioactive agents, often raises concerns
regarding reproducibility, scalability, and long-
term biocompatibility. Regulatory agencies,
such as the U.S. Food and Drug Administration
(FDA) and the European Medicines Agency
(EMA), require extensive characterization,
stability data, and safety evaluations before
approval, which can prolong development
timelines. Additionally, the lack of standardized
testing protocols and predictive in vitro-in vivo
correlation models complicate the assessment of
these dynamic systems. Therefore, future
research should integrate regulatory science
early in the design phase, focusing on simplified
formulations, well-characterized polymers, and
cost-effective production methods to facilitate
clinical translation. Addressing these regulatory
and translational barriers is crucial for
advancing smart polymer-based in situ gels from
laboratory innovations to practical therapeutic
applications in diabetes management.

8. Conclusion

In situ gel-based smart drug delivery systems
represent a transformative approach to
overcoming the limitations of conventional
antidiabetic therapies. Their ability to undergo
sol-to-gel  transitions in  response to
physiological stimuli, such as pH, temperature,
ions, or enzymes, allows for site-specific and
sustained release of therapeutic agents. By
tailoring the chemical composition, crosslinking
density, and hydrophilic-hydrophobic balance
of polymers, these systems enable controlled
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drug release, while maintaining
biocompatibility and patient compliance.
Synthetic polymers, such as poloxamers and PEG
derivatives, as well as hybrid formulations, have
demonstrated versatility in oral, nasal, ocular,
injectable, and transdermal applications,
extending their potential to a wide spectrum of
antidiabetic drugs. In particular, in situ gels have
shown promise for insulin delivery, oral
hypoglycemic agents, and novel peptide-based
therapies, with nanoparticle-loaded gels further
enhancing their stability and bioavailability.
Despite these advances, challenges remain,
including the optimization of gelation kinetics,
achieving precise targeting to pancreatic or
extra-pancreatic sites, and ensuring
reproducibility in large-scale manufacturing.
Advances in polymer chemistry,
nanotechnology, and stimuli-responsive design
are expected to refine these systems, bridging
the gap between laboratory innovations and
clinical translation. Overall, in situ gel-based
platforms offer a promising and patient-friendly
future for diabetes management, with the
potential to revolutionize therapy by enhancing
its efficacy, safety, and adherence.

Acknowledgements Q3

Conflict of Interest Q3

ORCID

Ratakonda Deepak Srinivas
https://orcid.org/0009-0007-0073-5946

P. Shanmugasundaram
https://orcid.org/0000-0003-2961-0665

J. Sangeetha
https://orcid.org/0000-0002-3647-6292

Venkata Ramana Singamaneni



https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://orcid.org/0009-0007-0073-5946
https://orcid.org/0000-0003-2961-0665
https://orcid.org/0000-0002-3647-6292

2026, Volume 8, Issue 2

https://orcid.org/0009-0006-4328-8253

Patibandla Jahnavi
https://orcid.org/0009-0004-2501-7375

Prem Shankar Gupta
https://orcid.org/0000-0003-0951-9514

A. Anka Rao
https://orcid.org/0000-0002-1491-1986

P. Balaji
https://orcid.org/0000-0001-5317-1661

References

[1]. Tamboli, A., Tayade, S., In-depth investigation of
berberine and tropane through computational
screening as possible DPP-IV inhibitors for the
treatment of T2DM. Journal of Pharmaceutical
Sciences and Computational Chemistry, 2025, 1(1),
190-209.

[2]. Theagwam, FEN. Iheagwam, O.T, Diabetes
mellitus: The pathophysiology as a canvas for
management elucidation and strategies. Medicine in
Novel Technology and Devices, 2025, 100351.

[3]. Hossain, M.]., Al-Mamun, M., Islam, M.R., Diabetes
mellitus, the fastest growing global public health
concern: Early detection should be focused. Health
Science Reports, 2024, 7(3), e2004.

[4]. Siam, N.H., Snigdha, N.N., Tabasumma, N., Parvin,
I, Diabetes mellitus and cardiovascular disease:
Exploring epidemiology, pathophysiology, and
treatment strategies. Reviews in Cardiovascular
Medicine, 2024, 25(12), 436.

[5]- Li, Y, Liu, Y, Liu, S, Gao, M., Wang, W.,, Chen, K,
Huang, L. Liu, Y, Diabetic vascular diseases:
Molecular mechanisms and therapeutic strategies.
Signal Transduction and Targeted Therapy, 2023,
8(1), 152.

[6]. Sugandh, E, Chandio, M., Raveena, F, Kumar, L.,
Karishma, F, Khuwaja, S., Memon, U.A,, Bai, K., Kashif,
M., Varrassi, G.,, Advances in the management of
diabetes mellitus: A focus on personalized medicine.
Cureus, 2023, 15(8).

[7]. Wang, X., Sun, H., My, T, Materials and structure
of polysaccharide-based delivery carriers for oral
insulin: A review. Carbohydrate Polymers, 2024, 323,
121364.

[8]. Rolla, A., Pharmacokinetic and pharmacodynamic
advantages of insulin analogues and premixed insulin
analogues over human insulins: Impact on efficacy

o e ———e
184

Journal of Chemical Reviews

and safety. The American Journal of Medicine, 2008,
121(6), S9-S19.

[9]. Bailey, C., Kodack, M. Patient adherence to
medication requirements for therapy of type 2
diabetes. International Journal of Clinical Practice,
2011, 65(3), 314-322.

[10]. Liu, M., Wang, R,, Hoi, M.P.M., Wang, Y., Wang, S.,
Li, G, Vong, C.T, Chong, C.M. Nano-based drug
delivery systems for managing diabetes: Recent
advances and future prospects. International Journal
of Nanomedicine, 2025, 6221-6252.

[11]. Liw, J, Yi, X, Zhang, ], Yao, Y,
Panichayupakaranant, P, Chen, H., Recent advances in
the drugs and glucose-responsive drug delivery
systems for the treatment of diabetes: A systematic
review. Pharmaceutics, 2024, 16(10), 1343.

[12]. Sarkhel, S., Shuvo, S.M., Ansari, M.A., Mondal, S.,
Kapat, P, Ghosh, A., Sarkar, T, Biswas, R., Atanase, L.,
Carauleanu, A. Nanotechnology-based approaches
for the management of diabetes mellitus: An
innovative solution to long-lasting challenges in
antidiabetic drug delivery. Pharmaceutics, 2024,
16(12), 1572.

[13]. Garg, A., Agrawal, R., Chauhan, C.S., Deshmukh,
R, In-situ gel: A smart carrier for drug delivery.
International Journal of Pharmaceutics, 2024, 652,
123819.

[14]. Pal, S., Rakshit, T, Saha, S., Jinagal, D., Glucose-
responsive materials for smart insulin delivery: From
protein-based to protein-free design. ACS Materials
Au, 2025, 5(2), 239-252.

[15]. Jahanbekam, S., Asare-Addo, K., Alipour, S,
Nokhodchi, A., Smart hydrogels and the promise of
multi-responsive in-situ systems. Journal of Drug
Delivery Science and Technology, 2025, 106758.

[16]. Shreya, L., Suma, U., Recent advances in oral in-
situ gel drug delivery system: A polymeric approach.
Drug Development and Industrial Pharmacy, 2025, 1-
16.

[17]. Liu, B., Chen, K. Advances in hydrogel-based
drug delivery systems. Gels, 2024, 10(4), 262.

[18]. Park, K.M,, Lee, S.Y,, Joung, YK, Na, ].S., Lee, M.C,,
Park, K.D. Thermosensitive chitosan-pluronic
hydrogel as an injectable cell delivery carrier for
cartilage regeneration. Acta Biomaterialia, 2009,
5(6), 1956-1965.

[19]. Paul, S, Majumdar, S, Chakraborty, M,
Revolutionizing ocular drug delivery: Recent
advancements in in situ gel technology. Bulletin of the
National Research Centre, 2023, 47(1), 154.

[20]. Kouchak, M., In situ gelling systems for drug
delivery.  Jundishapur  Journal  of  Natural
Pharmaceutical Products, 2014, 9(3), e20126.



https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://orcid.org/0009-0006-4328-8253
https://orcid.org/0009-0004-2501-7375
https://orcid.org/0000-0003-0951-9514
https://orcid.org/0000-0002-1491-1986
https://orcid.org/0000-0001-5317-1661
https://jpscc.samipubco.com/article_227281.html
https://jpscc.samipubco.com/article_227281.html
https://jpscc.samipubco.com/article_227281.html
https://jpscc.samipubco.com/article_227281.html
https://www.sciencedirect.com/science/article/pii/S2590093525000025
https://www.sciencedirect.com/science/article/pii/S2590093525000025
https://www.sciencedirect.com/science/article/pii/S2590093525000025
https://onlinelibrary.wiley.com/doi/full/10.1002/hsr2.2004
https://onlinelibrary.wiley.com/doi/full/10.1002/hsr2.2004
https://onlinelibrary.wiley.com/doi/full/10.1002/hsr2.2004
https://www.imrpress.com/journal/RCM/25/12/10.31083/j.rcm2512436
https://www.imrpress.com/journal/RCM/25/12/10.31083/j.rcm2512436
https://www.imrpress.com/journal/RCM/25/12/10.31083/j.rcm2512436
https://www.nature.com/articles/s41392-023-01400-z
https://www.nature.com/articles/s41392-023-01400-z
https://www.cureus.com/articles/177570-advances-in-the-management-of-diabetes-mellitus-a-focus-on-personalized-medicine#!/
https://www.cureus.com/articles/177570-advances-in-the-management-of-diabetes-mellitus-a-focus-on-personalized-medicine#!/
https://www.sciencedirect.com/science/article/abs/pii/S0144861723008299
https://www.sciencedirect.com/science/article/abs/pii/S0144861723008299
https://www.sciencedirect.com/science/article/abs/pii/S0144861723008299
https://www.sciencedirect.com/science/article/abs/pii/S0002934308003094
https://www.sciencedirect.com/science/article/abs/pii/S0002934308003094
https://www.sciencedirect.com/science/article/abs/pii/S0002934308003094
https://www.sciencedirect.com/science/article/abs/pii/S0002934308003094
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1742-1241.2010.02544.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1742-1241.2010.02544.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1742-1241.2010.02544.x
https://www.tandfonline.com/doi/full/10.2147/IJN.S508875
https://www.tandfonline.com/doi/full/10.2147/IJN.S508875
https://www.tandfonline.com/doi/full/10.2147/IJN.S508875
https://www.mdpi.com/1999-4923/16/10/1343
https://www.mdpi.com/1999-4923/16/10/1343
https://www.mdpi.com/1999-4923/16/10/1343
https://www.mdpi.com/1999-4923/16/10/1343
https://www.mdpi.com/1999-4923/16/12/1572
https://www.mdpi.com/1999-4923/16/12/1572
https://www.mdpi.com/1999-4923/16/12/1572
https://www.mdpi.com/1999-4923/16/12/1572
https://www.sciencedirect.com/science/article/abs/pii/S037851732400053X
https://pubs.acs.org/doi/full/10.1021/acsmaterialsau.4c00138
https://pubs.acs.org/doi/full/10.1021/acsmaterialsau.4c00138
https://pubs.acs.org/doi/full/10.1021/acsmaterialsau.4c00138
https://www.sciencedirect.com/science/article/pii/S1773224725001613
https://www.sciencedirect.com/science/article/pii/S1773224725001613
https://www.tandfonline.com/doi/full/10.1080/03639045.2025.2559033
https://www.tandfonline.com/doi/full/10.1080/03639045.2025.2559033
https://www.mdpi.com/2310-2861/10/4/262
https://www.mdpi.com/2310-2861/10/4/262
https://www.sciencedirect.com/science/article/abs/pii/S1742706109000464
https://www.sciencedirect.com/science/article/abs/pii/S1742706109000464
https://www.sciencedirect.com/science/article/abs/pii/S1742706109000464
https://link.springer.com/article/10.1186/s42269-023-01123-9
https://link.springer.com/article/10.1186/s42269-023-01123-9
https://brieflands.com/journals/jjnpp/articles/18393
https://brieflands.com/journals/jjnpp/articles/18393

Journal of Chemical Reviews

[21]. Wang, S., Alvarez-Fernandez, A., Liu, X., Miron-
Barroso, S., Wong, K., Guldin, S., Georgiou, TK., Effect
of composition on the thermo-induced aggregation of
poloxamer-analogue triblock terpolymers.
Macromolecules, 2025, 58(5), 2289-2302.

[22]. Singh, ]., Nayak, P, Ph-responsive polymers for
drug delivery: Trends and opportunities. Journal of
Polymer Science, 2023, 61(22), 2828-2850.

[23]. Purohit, P, Pakhar, P, Pawar, V., Dandade, S.,
Waghmare, M., Shaikh, F, Kale, R., Formulation and
comparative  evaluation = of  naproxen-based
transdermal gels. Journal of Pharmaceutical Sciences
and Computational Chemistry, 2025, 1(2), 83-105.
[24]. Prasanth, V, Rangarao, V., Naga, V., Deeshitha, D,,
Veerla, G., Jahnavi, P, Herbal emulgel delivery systems
for proctological applications: Current trends,
mechanisms, and clinical perspectives. Journal of
Pharmaceutical  Sciences and  Computational
Chemistry, 2025, 1, 174-188.

[25]. Rucigaj, A. Golobi¢, ]., Kopac, T, The role of
multivalent cations in determining the cross-linking
affinity of alginate hydrogels: A combined
experimental and modeling study. Chemical
Engineering Journal Advances, 2024, 20, 100678.
[26]. Gadzinski, P, Froelich, A., Jadach, B., Wojtytko,
M., Tatarek, A., Biatek, A., Krysztofiak, ]., Gackowski,
M., Otto, E, Osmatek, T, Ionotropic gelation and
chemical crosslinking as methods for fabrication of
modified-release gellan gum-based drug delivery
systems. Pharmaceutics, 2023, 15(1), 108.

[27]. Thang, N.H., Chien, T.B., Cuong, D.X., Polymer-
based hydrogels applied in drug delivery: An
overview. Gels, 2023, 9(7), 523.

[28]. Wu, Y, Liu, Y, Li, X., Kebebe, D., Zhang, B., Ren, ].,
Ly, ], Li, ], Du, S,, Liu, Z., Research progress of in-situ
gelling ophthalmic drug delivery system. Asian
Journal of Pharmaceutical Sciences, 2019, 14(1), 1-15.
[29]. Milosavljevi¢, N.B., Milasinovi¢, N.Z., Popovi¢,
1.G, Filipovi¢, ].M. Kalagasidis Krusi¢, M.T,
Preparation and characterization of ph-sensitive
hydrogels based on chitosan, itaconic acid and
methacrylic acid. Polymer International, 2011, 60(3),
443-452.

[30]. Wei, H., Cheng, S.X., Zhang, X.Z., Zhuo, RX,
Thermo-sensitive polymeric micelles based on poly
(n-isopropylacrylamide) as drug carriers. Progress in
Polymer Science, 2009, 34(9), 893-910.

[31]. Sobczak, M., Enzyme-responsive hydrogels as
potential drug delivery systems—state of knowledge
and future prospects. International Journal of
Molecular Sciences, 2022, 23(8), 4421.

[32]. Bustamante-Torres, M. Romero-Fierro, D.,
Arcentales-Vera, B., Palomino, K., Magaiia, H., Bucio,
E., Hydrogels classification according to the physical

2026, Volume 8, Issue 2

or chemical interactions and as stimuli-sensitive
materials. Gels, 2021, 7(4), 182.

[33]. Gupta, S., Vyas, S.P, Carbopol/chitosan based ph
triggered in situ gelling system for ocular delivery of
timolol maleate. Scientia Pharmaceutica, 2010, 78(4),
959.

[34] Al Tahan, M.A., Al-Khattawi, A., Russell, C., Oral
peptide delivery systems: Synergistic approaches
using polymers, lipids, nanotechnology, and needle-
based carriers. Journal of Drug Delivery Science and
Technology, 2025, 107205.

[35]. Patil, R.R, Patil, A.S., Chougule, K., Patil, A.S.,
Ugare, P, Masareddy, R.S. Exploring the
transformative potential of in situ gels: An overview
of thermosensitive and ph-sensitive gel systems for
biomedical applications. Macromolecular Symposia,
2024,413(2),2300153.

[36]. Russo, E., Villa, C., Poloxamer hydrogels for
biomedical applications. Pharmaceutics, 2019,
11(12), 671.

[37]. Bellotti, E., Schilling, A.L., Little, S.R., Decuzzi, P,
Injectable thermoresponsive hydrogels as drug
delivery system for the treatment of central nervous
system disorders: A review. Journal of Controlled
Release, 2021, 329, 16-35.

[38]. Kurniawansyah, I.S., Rusdiana, T, Sopyan, I,
Desy Arya, LE, Wahab, H.A, Nurzanah, D,
Comparative study of in situ gel formulation based on
the physico-chemical aspect: Systematic review. Gels,
2023,9(8), 645.

[39]. Siew, C.K, Williams, PA., Young, N.W, New
insights into the mechanism of gelation of alginate
and pectin: Charge annihilation and reversal
mechanism. Biomacromolecules, 2005, 6(2), 963-
969.

[40]. Patel, A., Cholkar, K., Agrahari, V, Mitra, AK,
Ocular drug delivery systems: An overview. World
Journal of Pharmacology, 2013, 2(2), 47.

[41]. Rudko, M., Urbaniak, T, Musial, W, Recent
developments in ion-sensitive systems for
pharmaceutical applications. Polymers, 2021, 13(10),
1641.

[42]. Cao, L., Lu, W, Mata, A, Nishinari, K, Fang, Y.,
Egg-box model-based gelation of alginate and pectin:
A review. Carbohydrate Polymers, 2020, 242, 116389.
[43]. Li, S., Chen, L., Fu, Y, Nanotechnology-based
ocular drug delivery systems: Recent advances and
future prospects. Journal of Nanobiotechnology,
2023, 21(1), 232.

[44]. Blagojevic, L., Kamaly, N., Nanogels: A chemically
versatile drug delivery platform. Nano Today, 2025,
61,102645.

185


https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://pubs.acs.org/doi/full/10.1021/acs.macromol.4c02217
https://pubs.acs.org/doi/full/10.1021/acs.macromol.4c02217
https://pubs.acs.org/doi/full/10.1021/acs.macromol.4c02217
https://onlinelibrary.wiley.com/doi/full/10.1002/pol.20230403
https://onlinelibrary.wiley.com/doi/full/10.1002/pol.20230403
https://jpscc.samipubco.com/article_223209.html
https://jpscc.samipubco.com/article_223209.html
https://jpscc.samipubco.com/article_223209.html
https://jpscc.samipubco.com/article_227531.html
https://jpscc.samipubco.com/article_227531.html
https://jpscc.samipubco.com/article_227531.html
https://www.sciencedirect.com/science/article/pii/S2666821124000954
https://www.sciencedirect.com/science/article/pii/S2666821124000954
https://www.sciencedirect.com/science/article/pii/S2666821124000954
https://www.sciencedirect.com/science/article/pii/S2666821124000954
https://www.mdpi.com/1999-4923/15/1/108?trk=public_post_main-feed-card_reshare_feed-article-content
https://www.mdpi.com/1999-4923/15/1/108?trk=public_post_main-feed-card_reshare_feed-article-content
https://www.mdpi.com/1999-4923/15/1/108?trk=public_post_main-feed-card_reshare_feed-article-content
https://www.mdpi.com/1999-4923/15/1/108?trk=public_post_main-feed-card_reshare_feed-article-content
https://www.mdpi.com/2310-2861/9/7/523
https://www.mdpi.com/2310-2861/9/7/523
https://www.mdpi.com/2310-2861/9/7/523
https://www.sciencedirect.com/science/article/pii/S181808761730990X
https://www.sciencedirect.com/science/article/pii/S181808761730990X
https://scijournals.onlinelibrary.wiley.com/doi/abs/10.1002/pi.2967
https://scijournals.onlinelibrary.wiley.com/doi/abs/10.1002/pi.2967
https://scijournals.onlinelibrary.wiley.com/doi/abs/10.1002/pi.2967
https://www.sciencedirect.com/science/article/abs/pii/S0079670009000525
https://www.sciencedirect.com/science/article/abs/pii/S0079670009000525
https://www.mdpi.com/1422-0067/23/8/4421
https://www.mdpi.com/1422-0067/23/8/4421
https://www.mdpi.com/1422-0067/23/8/4421
https://www.mdpi.com/2310-2861/7/4/182
https://www.mdpi.com/2310-2861/7/4/182
https://www.mdpi.com/2310-2861/7/4/182
https://www.mdpi.com/2218-0532/78/4/959
https://www.mdpi.com/2218-0532/78/4/959
https://www.mdpi.com/2218-0532/78/4/959
https://www.sciencedirect.com/science/article/pii/S1773224725006082
https://www.sciencedirect.com/science/article/pii/S1773224725006082
https://www.sciencedirect.com/science/article/pii/S1773224725006082
https://www.sciencedirect.com/science/article/pii/S1773224725006082
https://onlinelibrary.wiley.com/doi/abs/10.1002/masy.202300153
https://onlinelibrary.wiley.com/doi/abs/10.1002/masy.202300153
https://onlinelibrary.wiley.com/doi/abs/10.1002/masy.202300153
https://onlinelibrary.wiley.com/doi/abs/10.1002/masy.202300153
https://www.mdpi.com/1999-4923/11/12/671
https://www.mdpi.com/1999-4923/11/12/671
https://www.sciencedirect.com/science/article/pii/S0168365920306994
https://www.sciencedirect.com/science/article/pii/S0168365920306994
https://www.sciencedirect.com/science/article/pii/S0168365920306994
https://www.mdpi.com/2310-2861/9/8/645
https://www.mdpi.com/2310-2861/9/8/645
https://pubs.acs.org/doi/abs/10.1021/bm049341l
https://pubs.acs.org/doi/abs/10.1021/bm049341l
https://pubs.acs.org/doi/abs/10.1021/bm049341l
https://pubs.acs.org/doi/abs/10.1021/bm049341l
https://www.wjgnet.com/2220-3192/full/v2/i2/47.htm?appgw_azwaf_jsc=lKjn7VY96eDr5v2Y-jZi0P4RkfldiHM7As-ZKcD3anUsnKJY6buIDMaSP24CxwXx8KxUg7rbr7wRKmFe8oACLKQ6zlHB99QPWJWF_Y9FFnCa9hNSrjdtEOzHI7hOVQ9igNsYuRnd4IOTMntl_j7Xx4Er_YyT7PMqU39HlGYsFyhFXUVObB5s_4O9dAIQBg5Cn0gjzu2NAZnskWvRtSi4Bij8xEWl3HD8CcoJwOKWyzY14eXnhSl2E5tMuFMnK7M0JRCK63Q2Hoq1fFcSMSuUS8B_CH7ftCkYQe2YZ2Ma-KLtwZl49imFFn7izaVQfQLhYcyJzH9myleuWmCdDvt5Wg
https://www.mdpi.com/2073-4360/13/10/1641
https://www.mdpi.com/2073-4360/13/10/1641
https://www.mdpi.com/2073-4360/13/10/1641
https://www.sciencedirect.com/science/article/abs/pii/S0144861720305634
https://www.sciencedirect.com/science/article/abs/pii/S0144861720305634
https://link.springer.com/article/10.1186/S12951-023-01992-2
https://link.springer.com/article/10.1186/S12951-023-01992-2
https://link.springer.com/article/10.1186/S12951-023-01992-2
https://www.sciencedirect.com/science/article/pii/S1748013225000179
https://www.sciencedirect.com/science/article/pii/S1748013225000179

2026, Volume 8, Issue 2

[45]. Das, S., Das, D., Rational design of peptide-based
smart hydrogels for therapeutic applications.
Frontiers in Chemistry, 2021, 9, 770102.

[46]. Sahu, K. Firdous, A, Raza, M.A, Saoji, S.D,,
Patravale, VB, Enzyme-responsive  natural
nanocarriers for rna delivery in the tumor
microenvironment: A comprehensive review. Journal
of Drug Delivery Science and Technology, 2025,
107455.

[47]. Liu, Y, Ma, N,, Gao, N,, Ling, G., Zhang, P, Metal-
organic framework-based injectable in situ gel for
multi-responsive insulin delivery. Journal of Drug
Delivery Science and Technology, 2022, 75, 103604.
[48]. Kolawole, 0.M., Cook, M.T, In situ gelling drug
delivery systems for topical drug delivery. European
Journal of Pharmaceutics and Biopharmaceutics,
2023, 184, 36-49.

[49]. Zoeller, K., To, D. Bernkop-Schnuerch, A,
Biomedical applications of functional hydrogels:
Innovative developments, relevant clinical trials and
advanced products. Biomaterials, 2025, 312,122718.
[50]. Saif, M. Raza, M.A, Patravale, VB,
Polysaccharide copolymeric conjugates and their
applications in targeted cancer therapy. International
Journal of Biological Macromolecules, 2025, 147380.
[51]. Aranaz, I, Alcantara, A.R,, Civera, M.C,, Arias, C.,
Elorza, B., Heras Caballero, A., Acosta, N., Chitosan: An
overview of its properties and applications. Polymers,
2021, 13(19), 3256.

[52]. Bojorges, H., Martinez-Abad, A., Martinez-Sanz,
M., Rodrigo, M.D,, Vilaplana, F, L6pez-Rubio, A., Fabra,
M.]., Structural and functional properties of alginate
obtained by means of high hydrostatic pressure-
assisted extraction. Carbohydrate Polymers, 2023,
299, 120175.

[53]. Abdl Aali, R.A.K,, Al-Sahlany, S.T.G., Gellan gum as
a unique microbial polysaccharide: Its
characteristics, synthesis, and current application
trends. Gels, 2024, 10(3), 183.

[54]. Satchanska, G., Davidova, S., Petrov, P.D., Natural
and synthetic polymers for biomedical and
environmental applications. Polymers, 2024, 16(8),
1159.

[55]. Raza, M.A,, Khatoon, N., Parveen, R, Nirisha, V.,
Thakur, Y., Thakur, Y., Lata, K., Shifana, A., Disouza, J.,
Saoji, S.D., Natural macromolecules polysaccharide-
based drug delivery systems targeting tumor necrosis
factor alpha receptor for the treatment of cancer: A
review. International Journal of Biological
Macromolecules, 2025, 318, 145145.

[56]. Prete, S., Dattilo, M., Patitucci, F.,, Pezzi, G., Parisi,
0.I, Puoci, E, Natural and synthetic polymeric
biomaterials for application in wound management.
Journal of Functional Biomaterials, 2023, 14(9), 455.

186

Journal of Chemical Reviews

[57].Sil, D., Kumar, M., Kumar, D., Saini, V., Kurmi, B.D.,
Pal, RR., Srivastava, S. Engineering poloxamer
copolymers for in situ gelling systems: Structural,
compositional, and functional modifications.
European Polymer Journal, 2025, 114259.

[58]. Raza, M.A., Sharma, M.K,, Nagori, K, Jain, P,
Ghosh, V, Gupta, U, Recent trends on
polycaprolactone as sustainable polymer-based drug
delivery system in the treatment of cancer:
Biomedical applications and nanomedicine.
International Journal of Pharmaceutics, 2024, 666,
124734.

[59]. Bento, C., Katz, M., Santos, M.M., Afonso, C.A.,
Striving for uniformity: A review on advances and
challenges to achieve uniform polyethylene glycol.
Organic Process Research & Development, 2024,
28(4), 860-890.

[60]. Lanzalaco, S., Mingot, ]., Torras, J., Aleman, C,,
Armelin, E., Recent advances in poly (n-
isopropylacrylamide) hydrogels and derivatives as
promising materials for biomedical and engineering
emerging applications. Advanced Engineering
Materials, 2023, 25(4), 2201303.

[61]. Mortier, C., Costa, D., Oliveira, M.B., Haugen, H.].,
Lyngstadaas, S.P, Blaker, ], Mano, ], Advanced
hydrogels based on natural macromolecules:
Chemical routes to achieve mechanical versatility.
Materials Today Chemistry, 2022, 26,101222.

[62]. Almawash, S., Osman, S.K., Mustafa, G., El Hamd,
M.A., Current and future prospective of injectable
hydrogels—design challenges and limitations.
Pharmaceuticals, 2022, 15(3), 371.

[63]. Hong, E, Qiu, P, Wang, Y., Ren, P, Liy, ]., Zhao, ]J.,
Gou, D., Chitosan-based hydrogels: From preparation
to applications, a review. Food Chemistry: X, 2024, 21,
101095.

[64]. Mashabela, L.T,, Maboa, M.M., Miya, N.F, Ajayi,
T.O., Chasara, R.S., Milne, M., Mokhele, S., Demana, P.H.,
Witika, B.A., Siwe-Noundou, X., A comprehensive
review of cross-linked gels as vehicles for drug
delivery to treat central nervous system disorders.
Gels, 2022, 8(9), 563.

[65]. Morariu, S., Advances in the design of
phenylboronic acid-based glucose-sensitive
hydrogels. Polymers, 2023, 15(3), 582.

[66]. Puttipipatkhachorn, S. Pongjanyakul, T,

Priprem, A., Molecular interaction in alginate beads
reinforced with sodium starch glycolate or
magnesium aluminum silicate, and their physical
characteristics. International Journal of
Pharmaceutics, 2005, 293(1-2), 51-62.

[67]. Pathan, I, Raza, M.A., Roy, A, Badwaik, H.,
Sakure, K., Recent advances in thermo-responsive
hydrogels for ocular drug delivery: Materials,



https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.frontiersin.org/journals/chemistry/articles/10.3389/fchem.2021.770102/full
https://www.frontiersin.org/journals/chemistry/articles/10.3389/fchem.2021.770102/full
https://www.sciencedirect.com/science/article/abs/pii/S1773224725008585
https://www.sciencedirect.com/science/article/abs/pii/S1773224725008585
https://www.sciencedirect.com/science/article/abs/pii/S1773224725008585
https://www.sciencedirect.com/science/article/abs/pii/S1773224722005159
https://www.sciencedirect.com/science/article/abs/pii/S1773224722005159
https://www.sciencedirect.com/science/article/abs/pii/S1773224722005159
https://www.sciencedirect.com/science/article/pii/S0939641123000073
https://www.sciencedirect.com/science/article/pii/S0939641123000073
https://www.sciencedirect.com/science/article/pii/S0142961224002527
https://www.sciencedirect.com/science/article/pii/S0142961224002527
https://www.sciencedirect.com/science/article/pii/S0142961224002527
https://www.sciencedirect.com/science/article/abs/pii/S0141813025079371
https://www.sciencedirect.com/science/article/abs/pii/S0141813025079371
https://www.mdpi.com/2073-4360/13/19/3256
https://www.mdpi.com/2073-4360/13/19/3256
https://www.sciencedirect.com/science/article/pii/S0144861722010803
https://www.sciencedirect.com/science/article/pii/S0144861722010803
https://www.sciencedirect.com/science/article/pii/S0144861722010803
https://www.mdpi.com/2310-2861/10/3/183
https://www.mdpi.com/2310-2861/10/3/183
https://www.mdpi.com/2310-2861/10/3/183
https://www.mdpi.com/2310-2861/10/3/183
https://www.mdpi.com/2073-4360/16/8/1159
https://www.mdpi.com/2073-4360/16/8/1159
https://www.mdpi.com/2073-4360/16/8/1159
https://www.sciencedirect.com/science/article/abs/pii/S0141813025056983
https://www.sciencedirect.com/science/article/abs/pii/S0141813025056983
https://www.sciencedirect.com/science/article/abs/pii/S0141813025056983
https://www.sciencedirect.com/science/article/abs/pii/S0141813025056983
https://www.mdpi.com/2079-4983/14/9/455
https://www.mdpi.com/2079-4983/14/9/455
https://www.sciencedirect.com/science/article/abs/pii/S0014305725005476
https://www.sciencedirect.com/science/article/abs/pii/S0014305725005476
https://www.sciencedirect.com/science/article/abs/pii/S0014305725005476
https://www.sciencedirect.com/science/article/abs/pii/S0378517324009682
https://www.sciencedirect.com/science/article/abs/pii/S0378517324009682
https://www.sciencedirect.com/science/article/abs/pii/S0378517324009682
https://www.sciencedirect.com/science/article/abs/pii/S0378517324009682
https://pubs.acs.org/doi/full/10.1021/acs.oprd.3c00428
https://pubs.acs.org/doi/full/10.1021/acs.oprd.3c00428
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/adem.202201303
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/adem.202201303
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/adem.202201303
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/adem.202201303
https://www.sciencedirect.com/science/article/pii/S2468519422004517
https://www.sciencedirect.com/science/article/pii/S2468519422004517
https://www.sciencedirect.com/science/article/pii/S2468519422004517
https://www.mdpi.com/1424-8247/15/3/371
https://www.mdpi.com/1424-8247/15/3/371
https://www.sciencedirect.com/science/article/pii/S2590157523005382
https://www.sciencedirect.com/science/article/pii/S2590157523005382
https://www.mdpi.com/2310-2861/8/9/563
https://www.mdpi.com/2310-2861/8/9/563
https://www.mdpi.com/2310-2861/8/9/563
https://www.mdpi.com/2073-4360/15/3/582
https://www.mdpi.com/2073-4360/15/3/582
https://www.mdpi.com/2073-4360/15/3/582
https://www.sciencedirect.com/science/article/abs/pii/S0378517305000049
https://www.sciencedirect.com/science/article/abs/pii/S0378517305000049
https://www.sciencedirect.com/science/article/abs/pii/S0378517305000049
https://www.sciencedirect.com/science/article/abs/pii/S0378517305000049
https://www.sciencedirect.com/science/article/abs/pii/S1773224725009402
https://www.sciencedirect.com/science/article/abs/pii/S1773224725009402

Journal of Chemical Reviews

mechanisms, and clinical potential. Journal of Drug
Delivery Science and Technology, 2025, 107537.

[68]. Alexander, A., Khan, J., Saraf, S., Saraf, S., Poly
(ethylene glycol)-poly (lactic-co-glycolic acid) based
thermosensitive injectable hydrogels for biomedical
applications. Journal of Controlled Release, 2013,
172(3), 715-729.

[69]. Xue, X, Huy, Y, Wang, S., Chen, X,, Jiang, Y, Su, |,
Fabrication of physical and chemical crosslinked
hydrogels for bone tissue engineering. Bioactive
Materials, 2022,12, 327-339.

[70]. Song, W, Ko, J., Choi, Y.H., Hwang, N.S., Recent
advancements in enzyme-mediated crosslinkable
hydrogels: In vivo-mimicking strategies. APL
Bioengineering, 2021, 5(2).

[71]. Barba, A.A., dAmore, M., Cascone, S., Chirico, S.,
Lamberti, G., Titomanlio, G., On the behavior of
hpmc/theophylline matrices for controlled drug
delivery. Journal of Pharmaceutical Sciences, 2009,
98(11),4100-4110.

[72]. Karoyo, A.H., Wilson, L.D., A review on the design
and hydration properties of natural polymer-based
hydrogels. Materials, 2021, 14(5), 1095.

[73]. Hawthorne, D., Pannala, A., Sandeman, S., Lloyd,
A., Sustained and targeted delivery of hydrophilic
drug compounds: A review of existing and novel
technologies from bench to bedside. Journal of Drug
Delivery Science and Technology, 2022, 78, 103936.
[74]. Bookwala, M., Wildfong, P.L., The implications of
drug-polymer interactions on the physical stability of
amorphous solid dispersions. Pharmaceutical
Research, 2023, 40(12), 2963-2981.

[75]. Li, L, Wang, Y, Advancements in injectable
hydrogels for controlled insulin delivery: A
comprehensive review of the design, properties and
therapeutic applications for diabetes and its
complications. Polymers, 2025, 17(6), 780.

[76]. Abbasi, M., Boka, D.A., DeLoit, H., Nanomaterial-
enhanced microneedles: Emerging therapies for
diabetes and obesity. Pharmaceutics, 2024, 16(10),
1344.

[77]. Rizwan, M., Yahya, R. Hassan, A, Yar, M,
Azzahari, A.D. Selvanathan, V, Sonsudin, F,
Abouloula, C.N., Ph sensitive hydrogels in drug
delivery: Brief history, properties, swelling, and
release mechanism, material selection and
applications. Polymers, 2017, 9(4), 137.

[78]. Harsha, S., Attimard, M., Khan, TA,, Nair, A.B,,
Aldhubiab, B.E., Sangi, S., Shariff, A, Design and
formulation of mucoadhesive microspheres of
sitagliptin. Journal of Microencapsulation, 2013,
30(3), 257-264.

[79]. Chung, TW, Liu, D.Z., Yang, ].S. Effects of
interpenetration of thermo-sensitive gels by

187

2026, Volume 8, Issue 2

crosslinking of chitosan on nasal delivery of insulin:
In vitro characterization and in vivo study.
Carbohydrate Polymers, 2010, 82(2), 316-322.

[80]. Mura, P, Maestrelli, F, Cirri, M., Mennini, N.,
Multiple roles of chitosan in mucosal drug delivery:
An updated review. Marine Drugs, 2022, 20(5), 335.

[81]. Gupta, H., Velpandian, T, Jain, S., lon-and ph-
activated novel in-situ gel system for sustained ocular
drug delivery. Journal of Drug Targeting, 2010, 18(7),
499-505.

[82]. Kouchak, M., Mahmoodzadeh, M., Farrahi, E,
Designing of a ph-triggered carbopol® /hpmc in situ
gel for ocular delivery of dorzolamide hcl: In vitro, in
vivo, and ex vivo evaluation. AAPS PharmSciTech,
2019, 20(5), 210.

[83]. Oh, K.S., Kim, ].Y,, Yoon, B.D., Lee, M., Kim, H., Kim,
M. Seo, J.H, Yuk, S.H, Sol-gel transition of
nanoparticles/polymer mixtures for sustained
delivery of exenatide to treat type 2 diabetes mellitus.
European  Journal of  Pharmaceutics  and
Biopharmaceutics, 2014, 88(3), 664-669.

[84]. Webber, M.]., Pashuck, E.T., (macro) molecular
self-assembly for hydrogel drug delivery. Advanced
Drug Delivery Reviews, 2021, 172, 275-295.

[85]. Chopra, H., Bibi, S., Kumar, S., Khan, M.S., Kumar,
P, Singh, [, Preparation and evaluation of
chitosan/pva based hydrogel films loaded with honey
for wound healing application. Gels, 2022, 8(2), 111.
[86]. Zhao, P, Zhou, Z. Wolter, T, Womelsdorf, J.,
Somers, A. Feng, Y, Nuutila, K, Tian, Z.,, Chen, ],
Tamayol, A., Engineering microneedles for biosensing
and drug delivery. Bioactive Materials, 2025, 52, 36-
59.

[87]. Abbas, M.N., Khan, S.A., Sadozai, S.K., Khalil, L.A.,
Anter, A, Fouly, M.E, Osman, AH., Kazi, M,
Nanoparticles loaded thermoresponsive in situ gel
for ocular antibiotic delivery against bacterial
keratitis. Polymers, 2022, 14(6), 1135.

[88]. Peng, H., Wang, ]., Chen, ]., Peng, Y., Wang, X,
Chen, Y, Kaplan, D.L., Wang, Q. Challenges and
opportunities in delivering oral peptides and
proteins. Expert Opinion on Drug Delivery, 2023,
20(10), 1349-1369.

[89]. Kumar, R, Islam, T, Nurunnabi, M,
Mucoadhesive carriers for oral drug delivery. Journal
of Controlled Release, 2022, 351, 504-559.

[90]. Baral, K.C., Choi, K.Y., Barriers and strategies for
oral peptide and protein therapeutics delivery:
Update on clinical advances. Pharmaceutics, 2025,
17(4), 397.

[91]. Parvin, N. Joo, S.W, Mandal, TK, Injectable
biopolymer-based hydrogels: A next-generation
platform for minimally invasive therapeutics. Gels,
2025, 11(6), 383.



https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.sciencedirect.com/science/article/abs/pii/S1773224725009402
https://www.sciencedirect.com/science/article/abs/pii/S0168365913008365
https://www.sciencedirect.com/science/article/abs/pii/S0168365913008365
https://www.sciencedirect.com/science/article/abs/pii/S0168365913008365
https://www.sciencedirect.com/science/article/abs/pii/S0168365913008365
https://www.sciencedirect.com/science/article/pii/S2452199X21004928
https://www.sciencedirect.com/science/article/pii/S2452199X21004928
https://pubs.aip.org/aip/apb/article/5/2/021502/1025616
https://pubs.aip.org/aip/apb/article/5/2/021502/1025616
https://pubs.aip.org/aip/apb/article/5/2/021502/1025616
https://onlinelibrary.wiley.com/doi/abs/10.1002/jps.21701
https://onlinelibrary.wiley.com/doi/abs/10.1002/jps.21701
https://onlinelibrary.wiley.com/doi/abs/10.1002/jps.21701
https://www.mdpi.com/1996-1944/14/5/1095
https://www.mdpi.com/1996-1944/14/5/1095
https://www.mdpi.com/1996-1944/14/5/1095
https://www.sciencedirect.com/science/article/pii/S1773224722008474
https://www.sciencedirect.com/science/article/pii/S1773224722008474
https://www.sciencedirect.com/science/article/pii/S1773224722008474
https://link.springer.com/article/10.1007/s11095-023-03547-4
https://link.springer.com/article/10.1007/s11095-023-03547-4
https://link.springer.com/article/10.1007/s11095-023-03547-4
https://www.mdpi.com/2073-4360/17/6/780
https://www.mdpi.com/2073-4360/17/6/780
https://www.mdpi.com/2073-4360/17/6/780
https://www.mdpi.com/2073-4360/17/6/780
https://www.mdpi.com/2073-4360/17/6/780
https://www.mdpi.com/1999-4923/16/10/1344
https://www.mdpi.com/1999-4923/16/10/1344
https://www.mdpi.com/1999-4923/16/10/1344
https://www.mdpi.com/2073-4360/9/4/137
https://www.mdpi.com/2073-4360/9/4/137
https://www.mdpi.com/2073-4360/9/4/137
https://www.mdpi.com/2073-4360/9/4/137
https://www.tandfonline.com/doi/abs/10.3109/02652048.2012.720722
https://www.tandfonline.com/doi/abs/10.3109/02652048.2012.720722
https://www.tandfonline.com/doi/abs/10.3109/02652048.2012.720722
https://www.sciencedirect.com/science/article/abs/pii/S0144861710003528
https://www.sciencedirect.com/science/article/abs/pii/S0144861710003528
https://www.sciencedirect.com/science/article/abs/pii/S0144861710003528
https://www.sciencedirect.com/science/article/abs/pii/S0144861710003528
https://www.mdpi.com/1660-3397/20/5/335
https://www.mdpi.com/1660-3397/20/5/335
https://www.tandfonline.com/doi/abs/10.3109/10611860903508788
https://www.tandfonline.com/doi/abs/10.3109/10611860903508788
https://www.tandfonline.com/doi/abs/10.3109/10611860903508788
https://link.springer.com/article/10.1208/s12249-019-1431-y
https://link.springer.com/article/10.1208/s12249-019-1431-y
https://link.springer.com/article/10.1208/s12249-019-1431-y
https://www.sciencedirect.com/science/article/abs/pii/S0939641114002458
https://www.sciencedirect.com/science/article/abs/pii/S0939641114002458
https://www.sciencedirect.com/science/article/abs/pii/S0939641114002458
https://www.sciencedirect.com/science/article/abs/pii/S0169409X21000065
https://www.sciencedirect.com/science/article/abs/pii/S0169409X21000065
https://www.mdpi.com/2310-2861/8/2/111
https://www.mdpi.com/2310-2861/8/2/111
https://www.mdpi.com/2310-2861/8/2/111
https://www.sciencedirect.com/science/article/pii/S2452199X2500221X
https://www.sciencedirect.com/science/article/pii/S2452199X2500221X
https://www.mdpi.com/2073-4360/14/6/1135
https://www.mdpi.com/2073-4360/14/6/1135
https://www.mdpi.com/2073-4360/14/6/1135
https://www.tandfonline.com/doi/abs/10.1080/17425247.2023.2237408
https://www.tandfonline.com/doi/abs/10.1080/17425247.2023.2237408
https://www.tandfonline.com/doi/abs/10.1080/17425247.2023.2237408
https://www.sciencedirect.com/science/article/abs/pii/S0168365922006162
https://www.mdpi.com/1999-4923/17/4/397
https://www.mdpi.com/1999-4923/17/4/397
https://www.mdpi.com/1999-4923/17/4/397
https://www.mdpi.com/2310-2861/11/6/383
https://www.mdpi.com/2310-2861/11/6/383
https://www.mdpi.com/2310-2861/11/6/383

2026, Volume 8, Issue 2

[92]. Ukwubile, C., Mathias, S., Pisagih, P, Acute and
subchronic toxicity evaluation and gc-ms profiling of
ajumbaise: A traditional nigerian polyherbal
formulation for labor enhancement and pain relief.
Journal of Pharmaceutical Sciences and Computational
Chemistry, 2025, 1(2), 154-173.

[93]. Tiwari, P, Prajapati, S. Dixit, V., Raza, M.A,,
Gupta, S.K, Sharma, M. Recent advancements in
nanoparticle drug delivery systems to cure
neurological disorders via the nasal route. Neurologia
Argentina, 2025.

[94]. Maeng, |, Lee, K., Systemic and brain delivery of
antidiabetic peptides through nasal administration
using cell-penetrating peptides. Frontiers in
Pharmacology, 2022, 13, 1068495.

[95]. Soliman, K.A., Ullah, K. Shah, A., Jones, D.S,,
Singh, TR, Poloxamer-based in situ gelling
thermoresponsive systems for ocular drug delivery
applications. Drug Discovery Today, 2019, 24(8),
1575-1586.

[96]. Akhter, M.H., Ahmad, 1., Alshahrani, M.Y,, Al-
Harbi, A.l, Khalilullah, H., Afzal, O., Altamimi, A.S.,
Najib Ullah, S.N.M.,, Ojha, A., Karim, S., Drug delivery
challenges and current progress in nanocarrier-
based ocular therapeutic system. Gels, 2022, 8(2), 82.
[97]. Gandhi, S., Shastri, D.H., Shah, ]., Nair, A.B., Jacob,
S., Nasal delivery to the brain: Harnessing
nanoparticles for effective drug transport.
Pharmaceutics, 2024, 16(4), 481.

[98]. Ibrahim, T.M., Ayoub, M.M,, El-Bassossy, H.M., El-
Nahas, H.M,, Gomaa, E., Investigation of alogliptin-
loaded in situ gel implants by 23 factorial design with
glycemic assessment in rats. Pharmaceutics, 2022,
14(9), 1867.

[99]. Garcia-Couce, ]., Tomas, M., Fuentes, G., Que, I,
Almirall, A., Cruz, LJ, Chitosan/pluronic {127
thermosensitive  hydrogel as an injectable
dexamethasone delivery carrier. Gels, 2022, 8(1), 44.
[100]. Bakhrushina, E.O., Mikhel, I.B., Buraya, L.M.,
Moiseev, E.D., Zubareva, 1.M. Belyatskaya, A.V,
Evzikov, G.Y., Bondarenko, A.P, Krasnyuk Jr, LI,
Krasnyuk, LI, Implantation of in situ gelling systems
for the delivery of chemotherapeutic agents. Gels,
2024, 10(1), 44.

[101]. Davodabadi, F, Sargazi, S., Baino, F, Recent
advances in hydrogel-based drug delivery systems for
enhanced cancer therapy: A review. Materials Today
Communications, 2025, 113615.

[102]. Baluy, P, Srikanth, S., Gnandhas, D.P, Durai, R.D.,
Ulaganathan, V,, B Narayanan, V.H., Development and
optimization of an injectable in-situ gel system for
sustained release of anti-tuberculosis drugs. Scientific
Reports, 2025, 15(1), 21383.

188

Journal of Chemical Reviews

[103].Liy, S, Deng, T, Cheng, H., Ly, ]., Wu, ]., Advances
in transdermal drug delivery systems and clinical
applications in inflammatory skin diseases.
Pharmaceutics, 2025, 17(6), 746.

[104]. Zhao, ]., Xu, G., Yao, X, Zhou, H., Lyu, B, Pei, S.,
Wen, P, Microneedle-based insulin transdermal
delivery system: Current status and translation
challenges. Drug Delivery and Translational Research,
2022, 12(10), 2403-2427.

[105]. Ramadon, D., McCrudden, M.T,, Courtenay, A.].,
Donnelly, R.F, Enhancement strategies for
transdermal drug delivery systems: Current trends
and applications. Drug Delivery and Translational
Research, 2022, 12(4), 758-791.

[106]. Bakhrushina, E.O., Shumkova, M.M., Avdonina,
Y.V, Ananian, A.A, Babazadeh, M., Pouya, G., Grikh,
V.V,, Zubareva, .M., Kosenkova, S.I, Krasnyuk Jr, LI,
Transdermal drug delivery systems: Methods for
enhancing skin permeability and their evaluation.
Pharmaceutics, 2025, 17(7), 936.

[107]. Crasta, A., Painginkar, T, Sreedevi, A., Pawar,
S.D., Sathyanarayana, M.B., Vasantharaju, S., Osmani,
R.A.M,, Ravi, G., Transdermal drug delivery system: A
comprehensive review of innovative strategies,
applications, and regulatory perspectives. OpenNano,
2025, 24,100245.

[108] Z[E% and =04, ‘=¥ Xz9| T3k

HHE o7t HMHE  AdEKEet HE
22|7|7|2| Z%t, Public Heal. Wkly. Rep., vol. 17, no.
44, Pp- 1905-1924, Now. 2024, doi:

10.56786/PHWR.2024.17.44.4. Q4

[109]. Chen, R, Lj, ]., Chen, D., Wen, W, Zhang, S., Li, |,
Ruan, Y, Zhang, Z., Sun, ], Chen, H,, Efficacy and safety
of dpp-4 inhibitors and metformin combinations in
type 2 diabetes: A systematic literature review and
network meta-analysis. Diabetes, Metabolic Syndrome
and Obesity, 2024, 2471-2493.

[110]. Sultana, A., Zare, M., Thomas, V., Kumar, T.S.,
Ramakrishna, S., Nano-based drug delivery systems:
Conventional drug delivery routes, recent
developments and future prospects. Medicine in Drug
Discovery, 2022, 15, 100134.

[111]. Akpoveso, 0.-0.P, Ubah, E.E., Obasanmi, G.,
Antioxidant phytochemicals as potential therapy for
diabetic complications. Antioxidants, 2023, 12(1),
123.

[112]. Malhotra, S. Lijnse, T, O’Cearbhaill, E,
Brayden, D.]., Devices to overcome the buccal mucosal
barrier to administer therapeutic peptides. Advanced
Drug Delivery Reviews, 2025, 115572.

[113]. Shi, Y, Li, X,, Li, Z., Sun, ], Gao, T., Wei, G., Guo,
Q., Nano-formulations in disease therapy: Designs,



https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://jpscc.samipubco.com/article_225649.html
https://jpscc.samipubco.com/article_225649.html
https://jpscc.samipubco.com/article_225649.html
https://jpscc.samipubco.com/article_225649.html
https://www.sciencedirect.com/science/article/abs/pii/S1853002825000254
https://www.sciencedirect.com/science/article/abs/pii/S1853002825000254
https://www.sciencedirect.com/science/article/abs/pii/S1853002825000254
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2022.1068495/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2022.1068495/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2022.1068495/full
https://www.sciencedirect.com/science/article/abs/pii/S1359644618303854
https://www.sciencedirect.com/science/article/abs/pii/S1359644618303854
https://www.sciencedirect.com/science/article/abs/pii/S1359644618303854
https://www.mdpi.com/2310-2861/8/2/82
https://www.mdpi.com/2310-2861/8/2/82
https://www.mdpi.com/2310-2861/8/2/82
https://www.mdpi.com/1999-4923/16/4/481
https://www.mdpi.com/1999-4923/16/4/481
https://www.mdpi.com/1999-4923/14/9/1867
https://www.mdpi.com/1999-4923/14/9/1867
https://www.mdpi.com/1999-4923/14/9/1867
https://www.mdpi.com/2310-2861/8/1/44
https://www.mdpi.com/2310-2861/8/1/44
https://www.mdpi.com/2310-2861/8/1/44
https://www.mdpi.com/2310-2861/10/1/44
https://www.mdpi.com/2310-2861/10/1/44
https://www.sciencedirect.com/science/article/pii/S2352492825021270
https://www.sciencedirect.com/science/article/pii/S2352492825021270
https://www.sciencedirect.com/science/article/pii/S2352492825021270
https://www.nature.com/articles/s41598-025-05644-3
https://www.nature.com/articles/s41598-025-05644-3
https://www.nature.com/articles/s41598-025-05644-3
https://www.mdpi.com/1999-4923/17/6/746
https://www.mdpi.com/1999-4923/17/6/746
https://www.mdpi.com/1999-4923/17/6/746
https://link.springer.com/article/10.1007/s13346-021-01077-3
https://link.springer.com/article/10.1007/s13346-021-01077-3
https://link.springer.com/article/10.1007/s13346-021-01077-3
https://link.springer.com/article/10.1007/s13346-021-00909-6
https://link.springer.com/article/10.1007/s13346-021-00909-6
https://link.springer.com/article/10.1007/s13346-021-00909-6
https://www.mdpi.com/1999-4923/17/7/936
https://www.mdpi.com/1999-4923/17/7/936
https://www.sciencedirect.com/science/article/pii/S2352952025000143
https://www.sciencedirect.com/science/article/pii/S2352952025000143
https://www.sciencedirect.com/science/article/pii/S2352952025000143
https://www.tandfonline.com/doi/full/10.2147/DMSO.S450994
https://www.tandfonline.com/doi/full/10.2147/DMSO.S450994
https://www.tandfonline.com/doi/full/10.2147/DMSO.S450994
https://www.tandfonline.com/doi/full/10.2147/DMSO.S450994
https://www.sciencedirect.com/science/article/pii/S259009862200015X
https://www.sciencedirect.com/science/article/pii/S259009862200015X
https://www.sciencedirect.com/science/article/pii/S259009862200015X
https://www.mdpi.com/2076-3921/12/1/123
https://www.mdpi.com/2076-3921/12/1/123
https://www.sciencedirect.com/science/article/pii/S0169409X25000572
https://www.sciencedirect.com/science/article/pii/S0169409X25000572
https://link.springer.com/article/10.1186/s12951-025-03442-7

Journal of Chemical Reviews

advances, challenges, and future directions. Journal of
Nanobiotechnology, 2025, 23(1), 396.

[114]. Zhou, H., Yuan, M,, Zhang, T, A bibliometric
analysis and systematic review of research advances
in in situ gel drug delivery systems from 2003 to
2023. Pharmaceutics, 2025, 17(4), 451.

[115]. Gilroy, C.A., Luginbuhl, KM., Chilkoti, A.,
Controlled release of biologics for the treatment of
type 2 diabetes. Journal of Controlled Release, 2016,
240, 151-164.

[116]. Croitoru, C., Roata, I.C., Pascu, A., Stanciu, E.M.,
Diffusion and controlled release in physically
crosslinked poly (vinyl alcohol)/iota-carrageenan
hydrogel blends. Polymers, 2020, 12(7), 1544.

[117]. Mitragotri, S., Burke, PA., Langer, R,
Overcoming the challenges in administering
biopharmaceuticals: Formulation and delivery

strategies. Nature Reviews Drug Discovery, 2014,
13(9), 655-672.

[118]. Wang, X., Burgess, D.J., Drug release from in situ
forming implants and advances in release testing.
Advanced Drug Delivery Reviews, 2021, 178, 113912.
[119]. Ezike, T.C., Okpala, U.S., Onoja, U.L., Nwike, C.P,
Ezeako, E.C., Okpara, 0.J., Okoroafor, C.C., Eze, S.C,
Kalu, O.L., Odoh, E.C, Advances in drug delivery
systems, challenges and future directions. Heliyon,
2023, 9(6).

[120]. Padmasri, B., Nagaraju, R, Prasanth, D, A
comprehensive review on in situ gels. International
Journal of Appllied Pharmaceutics, 2020, 12(6), 24-
33.

[121]. Huang, H. Qi, X,, Chen, Y, Wu, Z., Thermo-
sensitive hydrogels for delivering biotherapeutic
molecules: A review. Saudi Pharmaceutical Journal,
2019, 27(7), 990-999.

[122]. Du, H,, Liu, M., Yang, X., Zhai, G., The design of
pH-sensitive  chitosan-based formulations for
gastrointestinal delivery. Drug Discovery Today, 2015,
20(8),1004-1011.

[123]. Rao, M.R.P, Shelar, S.U., Controlled release ion
sensitive floating oral in situ gel of a prokinetic drug
using gellan gum. Indian Journal of Pharmaceutical
Education and Research, 2015, 49(2), 158-167.
[124]. Rege, N.K, Phillips, N.F, Weiss, M.A,
Development of glucose-responsive ‘smart’insulin
systems. Current Opinion in Endocrinology, Diabetes
and Obesity, 2017, 24(4), 267-278.

[125]. Hu, M, Zhang, Q. Qin, L. Innovative
applications of multidimensional engineered
hydrogels in wound healing. Journal of Advanced
Research, 2025.

[126]. Caturano, A., Nilo, R, Nilo, D. Russo, V,
Santonastaso, E., Galiero, R., Rinaldi, L., Monda, M.,
Sardu, C., Marfella, R., Advances in nanomedicine for

e ——ee
189

2026, Volume 8, Issue 2

precision insulin delivery. Pharmaceuticals, 2024,
17(7), 945.

[127]. Viegas, C., Patricio, A.B., Prata, ], Fonseca, L.,
Macedo, A.S., Duarte, S.0. Fonte, P, Advances in
pancreatic cancer treatment by nano-based drug
delivery systems. Pharmaceutics, 2023, 15(9), 2363.

[128]. Gastaldelli, A., Stefan, N., Haring, H.U., Liver-
targeting drugs and their effect on blood glucose and
hepatic lipids. Diabetologia, 2021, 64(7), 1461-1479.
[129]. Paul, S, Majumdar, S, Chakraborty, M.,
Mukherjee, S., Sarkar, N. Prajapati, B., Ali, N,
AlAsmari, AF, Nishat, S, In-situ gel bases ocular
delivery system of ganciclovir, in-vivo and in-vitro
investigation. BMC Pharmacology and Toxicology,
2025, 26(1), 102.

[130]. Chen, X, Dai, W, Li, H,, Yan, Z, Liu, Z, He, L,
Targeted drug delivery strategy: A bridge to the
therapy of diabetic kidney disease. Drug Delivery,
2023, 30(1), 2160518.

[131]. Agrawal, AK, Das, M, Jain, S., In situ gel
systems as ‘smart’carriers for sustained ocular drug
delivery. Expert Opinion on Drug Delivery, 2012, 9(4),
383-402.

[132]. Manandhar, B., Ahn, ].M., Glucagon-like
peptide-1 (glp-1) analogs: Recent advances, new
possibilities, and therapeutic implications. Journal of
Medicinal Chemistry, 2015, 58(3), 1020-1037.

[133]. Lj, L., Zhao, R., Hong, H,, Li, G., Zhang, Y., Luo, Y.,
Zha, Z.,Zhu, ]., Qiao, J., Zhu, L., 68ga-labelled-exendin-
4: New glp1r targeting agents for imaging pancreatic
B-cell and insulinoma. Nuclear Medicine and Biology,
2021, 102, 87-96.

[134]. Chen, Y., Wang, X,, Tao, S., Wang, Q., Ma, P.Q,, Li,
Z.-B., Wu, Y.L, Li, D.W, Research advances in smart
responsive-hydrogel dressings with potential clinical
diabetic wound healing properties. Military Medical
Research, 2023, 10(1), 37.

[135]. Jarosinski, M.A., Chen, Y.S., Varas, N., Dhayalan,
B., Chatterjee, D., Weiss, M.A,, New horizons: Next-
generation insulin analogues: Structural principles
and clinical goals. The Journal of Clinical
Endocrinology & Metabolism, 2022, 107(4), 909-928.
[136]. Padhi, S., Nayak, AK, Behera, A, Type ii
diabetes mellitus: A review on recent drug based
therapeutics. Biomedicine & Pharmacotherapy, 2020,
131,110708.

[137]. Gabali, A., Zeppieri, M., Finocchio, L., Salati, C.,
Innovative strategies for drug delivery to the ocular
posterior segment. Pharmaceutics, 2023, 15(7),
1862.

[138]. Raus, R.A,, Nawawi, W.M.EW,, Nasaruddin, R.R,,
Alginate and alginate composites for biomedical
applications. Asian Journal of Pharmaceutical
Sciences, 2021, 16(3), 280-306.



https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://link.springer.com/article/10.1186/s12951-025-03442-7
https://www.mdpi.com/1999-4923/17/4/451
https://www.mdpi.com/1999-4923/17/4/451
https://www.mdpi.com/1999-4923/17/4/451
https://www.mdpi.com/1999-4923/17/4/451
https://www.sciencedirect.com/science/article/abs/pii/S0168365915302546
https://www.sciencedirect.com/science/article/abs/pii/S0168365915302546
https://www.mdpi.com/2073-4360/12/7/1544
https://www.mdpi.com/2073-4360/12/7/1544
https://www.mdpi.com/2073-4360/12/7/1544
https://www.nature.com/articles/nrd4363
https://www.nature.com/articles/nrd4363
https://www.nature.com/articles/nrd4363
https://www.sciencedirect.com/science/article/abs/pii/S0169409X21003057
https://www.sciencedirect.com/science/article/abs/pii/S0169409X21003057
https://www.cell.com/heliyon/fulltext/S2405-8440(23)04696-0
https://www.cell.com/heliyon/fulltext/S2405-8440(23)04696-0
https://journals.innovareacademics.in/index.php/ijap/article/view/38918
https://journals.innovareacademics.in/index.php/ijap/article/view/38918
https://www.sciencedirect.com/science/article/pii/S131901641930101X
https://www.sciencedirect.com/science/article/pii/S131901641930101X
https://www.sciencedirect.com/science/article/pii/S131901641930101X
https://www.sciencedirect.com/science/article/abs/pii/S1359644615001002
https://www.sciencedirect.com/science/article/abs/pii/S1359644615001002
https://www.sciencedirect.com/science/article/abs/pii/S1359644615001002
https://scispace.com/pdf/controlled-release-ion-sensitive-floating-oral-in-situ-gel-1k9gg0259u.pdf
https://scispace.com/pdf/controlled-release-ion-sensitive-floating-oral-in-situ-gel-1k9gg0259u.pdf
https://scispace.com/pdf/controlled-release-ion-sensitive-floating-oral-in-situ-gel-1k9gg0259u.pdf
https://journals.lww.com/co-endocrinology/abstract/2017/08000/development_of_glucose_responsive__smart__insulin.2.aspx
https://journals.lww.com/co-endocrinology/abstract/2017/08000/development_of_glucose_responsive__smart__insulin.2.aspx
https://www.sciencedirect.com/science/article/pii/S2090123225005946
https://www.sciencedirect.com/science/article/pii/S2090123225005946
https://www.sciencedirect.com/science/article/pii/S2090123225005946
https://www.mdpi.com/1424-8247/17/7/945
https://www.mdpi.com/1424-8247/17/7/945
https://www.mdpi.com/1999-4923/15/9/2363
https://www.mdpi.com/1999-4923/15/9/2363
https://www.mdpi.com/1999-4923/15/9/2363
https://link.springer.com/article/10.1007/s00125-021-05442-2
https://link.springer.com/article/10.1007/s00125-021-05442-2
https://link.springer.com/article/10.1007/s00125-021-05442-2
https://link.springer.com/article/10.1186/s40360-025-00934-y
https://link.springer.com/article/10.1186/s40360-025-00934-y
https://link.springer.com/article/10.1186/s40360-025-00934-y
https://www.tandfonline.com/doi/full/10.1080/10717544.2022.2160518
https://www.tandfonline.com/doi/full/10.1080/10717544.2022.2160518
https://www.tandfonline.com/doi/abs/10.1517/17425247.2012.665367
https://www.tandfonline.com/doi/abs/10.1517/17425247.2012.665367
https://www.tandfonline.com/doi/abs/10.1517/17425247.2012.665367
https://pubs.acs.org/doi/full/10.1021/jm500810s
https://pubs.acs.org/doi/full/10.1021/jm500810s
https://pubs.acs.org/doi/full/10.1021/jm500810s
https://www.sciencedirect.com/science/article/abs/pii/S0969805121005072
https://www.sciencedirect.com/science/article/abs/pii/S0969805121005072
https://www.sciencedirect.com/science/article/abs/pii/S0969805121005072
https://link.springer.com/article/10.1186/s40779-023-00473-9
https://link.springer.com/article/10.1186/s40779-023-00473-9
https://link.springer.com/article/10.1186/s40779-023-00473-9
https://academic.oup.com/jcem/article/107/4/909/6438500
https://academic.oup.com/jcem/article/107/4/909/6438500
https://academic.oup.com/jcem/article/107/4/909/6438500
https://www.sciencedirect.com/science/article/pii/S075333222030901X
https://www.sciencedirect.com/science/article/pii/S075333222030901X
https://www.sciencedirect.com/science/article/pii/S075333222030901X
https://www.mdpi.com/1999-4923/15/7/1862
https://www.mdpi.com/1999-4923/15/7/1862
https://www.sciencedirect.com/science/article/pii/S1818087620306437
https://www.sciencedirect.com/science/article/pii/S1818087620306437

2026, Volume 8, Issue 2

[139]. Souza, PR, de Oliveira, A.C., Vilsinski, B.H.,

Kipper, M.J., Martins, A.F, Polysaccharide-based
materials created by physical processes: From
preparation to biomedical applications.

Pharmaceutics, 2021, 13(5), 621.

[140]. Agarwal, P, Rupenthal, 1.D., Non-aqueous
formulations in topical ocular drug delivery-a
paradigm shift? Advanced Drug Delivery Reviews,
2023, 198, 114867.

[141]. Desai, N., Rana, D., Patel, M., Bajwa, N., Prasad,
R., Vora, L.K.,, Nanoparticle therapeutics in clinical
perspective: Classification, marketed products, and
regulatory landscape. Small, 2025, 2502315.

[142]. Lee, Y], Kim, M.S., Advances in drug-loaded
microspheres for targeted, controlled, and sustained
drug delivery: Potential, applications, and future
directions. Biomedicine & Pharmacotherapy, 2025,
189, 118244.

[143]. Kharbikar, B.N.,, Chendke, G.S., Desai, TA.,
Modulating the foreign body response of implants for
diabetes treatment. Advanced Drug Delivery Reviews,
2021, 174, 87-113.

[144]. Pathak, V., Pathak, N.M., O’Neill, C.L., Guduric-
Fuchs, ], Medina, R.J., Therapies for type 1 diabetes:
Current scenario and future perspectives. Clinical
Medicine Insights: Endocrinology and Diabetes, 2019,
12,1179551419844521.

[145]. Boonlai, W, Tantishaiyakul, V., Hirun, N.,
Sangfai, T, Suknuntha, K, Thermosensitive
poloxamer 407/poly (acrylic acid) hydrogels with
potential application as injectable drug delivery
system. AAPS PharmSciTech, 2018, 19(5), 2103-
2117.

[146]. Martinez-Navarrete, M. Pérez-Lopez, A,
Guillot, AJ., Cordeiro, A.S., Melero, A. Aparicio-
Blanco, ], Latest advances in glucose-responsive
microneedle-based systems for transdermal insulin
delivery.  International Journal of Biological
Macromolecules, 2024, 263, 130301.

[147]. Nair, A.B., Shah, ], Jacob, S., Al-Dhubiab, B.E,,
Sreeharsha, N., Morsy, M.A., Gupta, S., Attimarad, M.,
Shinu, P, Venugopala, K.N., Experimental design,
formulation and in vivo evaluation of a novel topical
in situ gel system to treat ocular infections. PloS one,
2021, 16(3),e0248857.

[148]. Javanbakht, S., Poursadegh, H., Darvishi, S,
Mohammadzadeh, A. Saboury, A. Joulaei, M,
Mohammadi, R. Application or function of
cyclodextrin in insulin and cell delivery for efficient
diabetic treatment. Hybrid Advances, 2025, 10,
100462.

[149]. Gieroba, B., Kryska, A., Sroka-Bartnicka, A.,
Type 2 diabetes mellitus-conventional therapies and
future perspectives in innovative treatment.

190

Journal of Chemical Reviews

Biochemistry and Biophysics Reports, 2025, 42,
102037.

[150]. Gheorghita, R., Sirbu, 1.-0., Lobiuc, A., Covasa,
M., Sodium alginate-starch capsules for enhanced
stability of metformin in simulated gastrointestinal
fluids. Biomimetics, 2024, 9(11), 716.

[151]. Sen, O., Manna, S., Nandji, G., Jana, S., Jana, S.,
Recent advances in alginate based gastroretentive
technologies for drug delivery applications. Medicine
in Novel Technology and Devices, 2023, 18, 100236.
[152]. Alj, H.S., Namazi, N., Elbadawy, H.M., El-Sayed,
A.A, Ahmed, S.A., Bafail, R, Almikhlafi, M.A,
Alahmadi, Y.M., Repaglinide-solid lipid nanoparticles
in chitosan patches for transdermal application: Box-
behnken design, characterization, and in vivo
evaluation. International Journal of Nanomedicine,
2024, 209-230.

[153].Kalra, S., Bahendeka, S., Sahay, R., Ghosh, S., Md,
F, Orabi, A., Ramaiya, K., Al Shammari, S., Shrestha, D.,

Shaikh, K., Consensus recommendations on
sulfonylurea and sulfonylurea combinations in the
management of type 2 diabetes mellitus-
international task force. Indian Journal of

Endocrinology and Metabolism, 2018, 22(1), 132-
157.

[154]. Wiwattanapatapee, R, Klabklay, K., Raksajit, N.,
Siripruekpong, W., Leelakanok, N., Petchsomrit, A,
The development of an in-situ biopolymer-based
floating gel for the oral delivery of metformin
hydrochloride. Heliyon, 2023, 9(4).

[155]. Gilbert, M.P, Pratley, R.E., Glp-1 analogs and
dpp-4 inhibitors in type 2 diabetes therapy: Review of
head-to-head  clinical trials.  Frontiers in
Endocrinology, 2020, 11, 178.

[156]. Olukorode, ].0., Orimoloye, D.A., Nwachukwu,
N.O., Onwuzo, C.N., Oloyede, P.O., Fayemi, T., Odunaike,
0.S., Ayobami-Ojo, PS., Divine, N., Alo, D.J.,, Recent
advances and therapeutic benefits of glucagon-like
peptide-1 (glp-1) agonists in the management of type
2 diabetes and associated metabolic disorders.
Cureus, 2024, 16(10).

[157]. Lebovitz, H.E., Pramlintide: Profile of an amylin
analog. Expert Review of Endocrinology & Metabolism,
2012, 7(6), 599-609.

[158]. Alfaris, N., Waldrop, S., Johnson, V., Boaventura,
B., Kendrick, K., Stanford, F.C,, Glp-1 single, dual, and
triple receptor agonists for treating type 2 diabetes
and obesity: A narrative review. EClinicalMedicine,
2024, 75.

[159]. Jin, Q. Liu, T, Qiao, Y., Liu, D., Yang, L., Mao, H.,
Ma, F, Wang, Y, Peng, L., Zhan, Y, Oxidative stress and
inflammation in diabetic nephropathy: Role of
polyphenols. Frontiers in Immunology, 2023, 14,
1185317.



https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.mdpi.com/1999-4923/13/5/621
https://www.mdpi.com/1999-4923/13/5/621
https://www.mdpi.com/1999-4923/13/5/621
https://www.sciencedirect.com/science/article/pii/S0169409X23001825
https://www.sciencedirect.com/science/article/pii/S0169409X23001825
https://www.sciencedirect.com/science/article/pii/S0169409X23001825
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.202502315
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.202502315
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.202502315
https://www.sciencedirect.com/science/article/pii/S075333222500438X
https://www.sciencedirect.com/science/article/pii/S075333222500438X
https://www.sciencedirect.com/science/article/pii/S075333222500438X
https://www.sciencedirect.com/science/article/pii/S075333222500438X
https://www.sciencedirect.com/science/article/abs/pii/S0169409X21000211
https://www.sciencedirect.com/science/article/abs/pii/S0169409X21000211
https://journals.sagepub.com/doi/full/10.1177/1179551419844521
https://journals.sagepub.com/doi/full/10.1177/1179551419844521
https://link.springer.com/article/10.1208/s12249-018-1010-7
https://link.springer.com/article/10.1208/s12249-018-1010-7
https://link.springer.com/article/10.1208/s12249-018-1010-7
https://link.springer.com/article/10.1208/s12249-018-1010-7
https://www.sciencedirect.com/science/article/pii/S0141813024011048
https://www.sciencedirect.com/science/article/pii/S0141813024011048
https://www.sciencedirect.com/science/article/pii/S0141813024011048
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0248857
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0248857
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0248857
https://www.sciencedirect.com/science/article/pii/S2773207X25000867
https://www.sciencedirect.com/science/article/pii/S2773207X25000867
https://www.sciencedirect.com/science/article/pii/S2773207X25000867
https://www.sciencedirect.com/science/article/pii/S2405580825001244
https://www.sciencedirect.com/science/article/pii/S2405580825001244
https://www.mdpi.com/2313-7673/9/11/716
https://www.mdpi.com/2313-7673/9/11/716
https://www.mdpi.com/2313-7673/9/11/716
https://www.sciencedirect.com/science/article/pii/S2590093523000310
https://www.sciencedirect.com/science/article/pii/S2590093523000310
https://www.tandfonline.com/doi/full/10.2147/IJN.S438564
https://www.tandfonline.com/doi/full/10.2147/IJN.S438564
https://www.tandfonline.com/doi/full/10.2147/IJN.S438564
https://www.tandfonline.com/doi/full/10.2147/IJN.S438564
https://journals.lww.com/indjem/fulltext/2018/22010/Consensus_Recommendations_on_Sulfonylurea_and.26.aspx
https://journals.lww.com/indjem/fulltext/2018/22010/Consensus_Recommendations_on_Sulfonylurea_and.26.aspx
https://journals.lww.com/indjem/fulltext/2018/22010/Consensus_Recommendations_on_Sulfonylurea_and.26.aspx
https://journals.lww.com/indjem/fulltext/2018/22010/Consensus_Recommendations_on_Sulfonylurea_and.26.aspx
https://www.cell.com/heliyon/fulltext/S2405-8440(23)02003-0
https://www.cell.com/heliyon/fulltext/S2405-8440(23)02003-0
https://www.cell.com/heliyon/fulltext/S2405-8440(23)02003-0
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2020.00178/full
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2020.00178/full
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2020.00178/full
https://www.cureus.com/articles/285185-recent-advances-and-therapeutic-benefits-of-glucagon-like-peptide-1-glp-1-agonists-in-the-management-of-type-2-diabetes-and-associated-metabolic-disorders#!/
https://www.cureus.com/articles/285185-recent-advances-and-therapeutic-benefits-of-glucagon-like-peptide-1-glp-1-agonists-in-the-management-of-type-2-diabetes-and-associated-metabolic-disorders#!/
https://www.cureus.com/articles/285185-recent-advances-and-therapeutic-benefits-of-glucagon-like-peptide-1-glp-1-agonists-in-the-management-of-type-2-diabetes-and-associated-metabolic-disorders#!/
https://www.cureus.com/articles/285185-recent-advances-and-therapeutic-benefits-of-glucagon-like-peptide-1-glp-1-agonists-in-the-management-of-type-2-diabetes-and-associated-metabolic-disorders#!/
https://www.tandfonline.com/doi/abs/10.1586/eem.12.50
https://www.tandfonline.com/doi/abs/10.1586/eem.12.50
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(24)00361-4/fulltext
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(24)00361-4/fulltext
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(24)00361-4/fulltext
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1185317/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1185317/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1185317/full

Journal of Chemical Reviews

[160]. Raina, N., Rani, R., Thakur, V.K,, Gupta, M., New
insights in topical drug delivery for skin disorders:
From a nanotechnological perspective. ACS omega,
2023, 8(22),19145-19167.

[161]. Guo, Z., Zhang, Y.n., Zhao, M., Zhang, W,, Li, X,,
Zhou, F, Peng, H., Wang, Q. Chen, Z., Intelligent
transdermal nanoparticles as synergizing advanced
delivery systems for precision therapeutics. Materials
Today Bio, 2025, 102220.

[162]. Ismail, R., Bocsik, A., Katona, G., Grof, 1., Deli,
M.A.,, Cséka, 1, Encapsulation in polymeric
nanoparticles enhances the enzymatic stability and
the permeability of the glp-1 analog, liraglutide,
across a culture model of intestinal permeability.
Pharmaceutics, 2019, 11(11), 599.

[163]. Liy, Y, Liang, Y., Yuhong, ], Xin, P, Han, J.L., Du,
Y, Yu, X, Zhu, R, Zhang, M., Chen, W,, Advances in

2026, Volume 8, Issue 2

nanotechnology for enhancing the solubility and
bioavailability of poorly soluble drugs. Drug Design,
Development and Therapy, 2024, 1469-1495.

[164]. Tong, M.Q,, Luo, L.Z,, Xue, P.P, Han, Y.H., Wang,
L.F, Zhuge, D.L., Yao, Q., Chen, B., Zhao, Y.Z., Xu, H.L,,
Glucose-responsive ~ hydrogel = enhances  the
preventive effect of insulin and liraglutide on diabetic
nephropathy of rats. Acta Biomaterialia, 2021, 122,
111-132.

[165]. Islam, S., Ahmed, M.M.S,, Islam, M.A., Hossain,
N., Chowdhury, M.A., Advances in nanoparticles in
targeted drug delivery-a review. Results in Surfaces
and Interfaces, 2025, 100529.

[166]. Sriram, A., Ithape, H., Singh, PK., Deep-insights:
Nanoengineered gel-based localized drug delivery for
arthritis management.  Asian  Journal  of
Pharmaceutical Sciences, 2025, 20(1), 101012.

Copyright © 2026 by SPC (Sami Publishing Company) is an open access article distributed under
the Creative Commons Attribution License (CC BY) license, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

o e ———e
191



https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://www.jchemrev.com/article_229168.html
https://pubs.acs.org/doi/full/10.1021/acsomega.2c08016
https://pubs.acs.org/doi/full/10.1021/acsomega.2c08016
https://pubs.acs.org/doi/full/10.1021/acsomega.2c08016
https://www.sciencedirect.com/science/article/pii/S2590006425007902
https://www.sciencedirect.com/science/article/pii/S2590006425007902
https://www.sciencedirect.com/science/article/pii/S2590006425007902
https://www.mdpi.com/1999-4923/11/11/599
https://www.mdpi.com/1999-4923/11/11/599
https://www.mdpi.com/1999-4923/11/11/599
https://www.mdpi.com/1999-4923/11/11/599
https://www.tandfonline.com/doi/full/10.2147/DDDT.S447496
https://www.tandfonline.com/doi/full/10.2147/DDDT.S447496
https://www.tandfonline.com/doi/full/10.2147/DDDT.S447496
https://www.sciencedirect.com/science/article/abs/pii/S1742706121000088
https://www.sciencedirect.com/science/article/abs/pii/S1742706121000088
https://www.sciencedirect.com/science/article/abs/pii/S1742706121000088
https://www.sciencedirect.com/science/article/pii/S2666845925001163
https://www.sciencedirect.com/science/article/pii/S2666845925001163
https://www.sciencedirect.com/science/article/pii/S1818087624001296
https://www.sciencedirect.com/science/article/pii/S1818087624001296
https://www.sciencedirect.com/science/article/pii/S1818087624001296
https://www.jchemrev.com/article_229168.html
http://www.samipubco.com/
https://creativecommons.org/licenses/by/4.0/

