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Abstract

Type 1 diabetes necessitates life-long insulin replacement, but current delivery systems rely on insulin injections, which
are not always absorbed, patients are not always able to adhere to the therapy and recreating the physiological insulin
secretion is impossible. Polymeric nanoparticles have taken the place of insulin as potential prolonged carriers for insulin
delivery due to their ability to protect insulin against degradation, enhance bioavailability, and control release by diffusion,
polymer degradation, swelling, and glucose-responsive release. This review summarizes recent progress in polymeric
nanoparticle systems for insulin delivery, with emphasis on polymer selection, formulation strategies, release mechanisms,
and routes of administration, including oral, subcutaneous, transdermal, and intranasal pathways. Natural, synthetic, and
hybrid polymers have all demonstrated value in improving insulin encapsulation and therapeutic performance. Advances
in fabrication techniques such as double emulsion, ionic gelation, nanoprecipitation, and microfluidic preparation have
further strengthened the potential of these systems. Despite encouraging progress, important translational barriers remain,
including limited oral bioavailability, formulation instability, scale-up challenges, reproducibility issues, and incomplete
long-term safety data. Overall, polymeric nanoparticles represent a versatile and evolving platform that may improve
glycemic control and reduce treatment burden in type 1 diabetes, but successful clinical application will require
standardized characterization, robust in vivo validation, and scalable, patient-acceptable designs.
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1. Introduction

Type 1 diabetes mellitus (T1DM) is a persistent
autoimmune disease that involves progressive
destruction of pancreatic 8-cells leading to complete
insulin deficiency and the inability to produce insulin
independently throughout life, requiring permanent
insulin replacement. The illness presents itself in a
typical childish or adolescent stage, but may present
itself at any age and is a major clinical and
socioeconomic issue of concern across the globe!.
Although the treatment of diabetes has improved, the
problem of aspartame glycemic control persists in many
people because of the intricate interaction of insulin
dosage, food consumption, exercise, and individual
differences in metabolism. Recent advances in disease
mechanisms and treatment plans have enhanced the
management of diseases; nevertheless, there are still
significant possibilities of the development of novel
treatment methods that would have a closer resemblance
to the physiological regulation of insulin?. T1DM has its
pathogenesis in immune-mediated 8-cell damage of the
pancreas, which is caused by genetic predisposition and
environmental factors. This results in compromised
endogenous secretion of insulin and unregulated glucose
homeostasis and eventually chronic hyperglycemia and
the development of long-term complications like
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neuropathy, nephropathy and cardiovascular disease®.
Since insulin replacement is necessary in order to
survive, the therapeutic approaches are designed to
achieve the insulin administration in the form that most
closely mimics the natural pancreatic secretion without
causing a high variation in the blood glucose level. To
reach this, the delivery mechanisms must have the
ability to produce a steady concentration of insulin in the
plasma and to react effectively to the metabolic
requirements.

Traditional management does use insulin therapy that is
regularly based on numerous daily subcutaneous
injections or continuous administration with an insulin
pump. Although these methods have enhanced glycemic
control, they are faced with weaknesses including
discomfort on the side of the patients, lack of
compliance, risk of hypoglycemia, and inability to
sustain therapeutic insulin concentration®. Moreover,
enzyme-sensitive peptide-based drugs such as insulin
are cleared by the body quickly and are prone to
degradation, and it is thus difficult to deliver the drugs
in a controlled and extended fashion. Such constraints
have provoked serious research which can be oriented
towards the development of superior drug delivery
platforms that would improve insulin therapeutic
efficacy, bioavailability and stability. Recent progress in
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pharmaceutical sciences has seen the creation of new
drug delivery systems that are aimed at enhancing the
treatment results of peptide-based drugs. The new
delivery technologies aim at increasing the stability of
drugs, allowing their controlled release, and improving
the efficiency of targeted treatment, thus surpassing most
of the challenges related to traditional formulations®.
Among the other strategies examined, non-invasive
forms of delivery like transdermal systems have been of
much interest due to the possibility of decreasing the
frequency of injection, and the enhanced compliance of
the patient, without compromising on effective glycemic
control®. The recent innovation in nanotechnology has
proved to be a paradigm in drug delivery in the present
day, with special benefits of a large surface area,
physicochemical versatility, and the capacity to entrap
delicate biomolecules. Nanocarrier systems are also able
to shield the therapeutic agent against degradation to aid
in controlled release and also increase drug absorption
through  biological barriers’. More specifically,
polymeric nanoparticles have been focused on to deliver
insulin ~ because = of  their  biodegradability,
biocompatibility and ability to offer sustained drug
release profiles. These nanoscale platforms are a
potential platform that can enhance the insulin
pharmacokinetics, as well as allow more efficient
diabetes management approaches®.

Due to the increasing demand for nanotechnology-based
therapeutics, polymeric nanoparticles have become one
of the top choices in delivering insulin to TIDM in a
sustained manner. The purpose of this review is to
discuss the current developments in the design,
formulation and use of polymeric nanoparticle systems
to deliver insulin. The main focus is on the principles of
controlled release, formulation plans, administration
routes, and existing obstacles to the transfer of these
systems into clinical practice.

2. Review Methodology

This comprehensive literature review was conducted
using a systematic search of the major scientific
databases, such as PubMed, Scopus, Web of Science,
and Google Scholar, to locate the related studies
concerning polymeric nanoparticles to deliver insulin
over an extended period of time in type 1 diabetes.
Combined keywords were based on the keyword like
insulin, polymeric nanoparticles, sustained release,
formulation strategies, routes of administration, and
glucose-responsive delivery. Articles were chosen
according to their relevance, novelty, and value to the
knowledge of nanoparticle design, release, therapeutic
performance, and translational issues. Peer-reviewed
articles that were in English were included, and those
that were duplicated, irrelevant, or not described
adequately were excluded. A critical reading of the
abstracted literature was done and was categorized into
thematic areas to ensure that a concise and broad
overview of the current developments and future
research directions is given.

3. Challenges in Conventional Insulin Delivery
Traditional insulin treatment still serves as the main way
of treating diabetes, but there are still a number of issues

with conventional insulin delivery strategies that still
restrain the efficacy of therapy and medication
compliance. Insulin preparations have been extensively
developed over the last century, starting with crude
animal-based preparations up to recent recombinant
analogues aimed at enhancing pharmacokinetic
characteristics and flexibility in route of administration.
Even with these developments, the majority of the
patients continue to wuse recurrent subcutaneous
injections in order to control their glycemic levels,
which may create a heavy load of treatment and
influence their overall long-term adherence’. The
convenience of patients has resulted in researchers
trying to find out alternative routes of administration,
especially oral administration of insulin. The theoretical
benefit of oral administration is that it recreates the
physiological aspects of insulin delivery via the portal
circulation that may enhance metabolism regulation. But
there is a high rate of insulin molecules being degraded
by enzymes in the gastrointestinal tract, and the rate of
insulin molecules permeating through intestinal
epithelial barriers is low. Developmental solutions like
ionic liquid-based carriers have thus been explored to
improve insulin stability and intestinal absorption, but
these methods are still in the process of development!®.
The other aspect that influences the therapeutic
outcomes is the method of insulin administration. The
rate and uniformity of insulin absorption may depend on
parameters like injection depth, needle length, site
selection and so forth. It has been clinically proven that
the incorrect injection methods can result in uneven
delivery of drugs and add to the variability of blood
glucose levels, which underlines the necessity of relying
on all traditional insulin treatment methods on the
implementation of appropriate injection practices'!.

The developments of technology have led to insulin
delivery machines that are automated, meant to enhance
the regulation of glucose levels. The closed-loop insulin
delivery technologies combine a continuous glucose
monitor and a programmable insulin pump to vary the
insulin delivery based on current glucose readings.
These systems have been shown to have better glycemic
control in controlled clinical settings; however, their
complexity, high cost, and dependency on advanced
equipment might hamper a wide-scale clinical use'?.
Glycemic variability is a significant clinical issue in
standard insulin treatment. The changes in blood glucose
levels occur because of differences in the absorption of
insulin, metabolic reactions, lifestyle, and individual
patient physiological conditions. The repeated glycemic
fluctuations are linked to higher risks of acute and
chronic complications, hence the necessity of delivering
modes that can ensure a more stable amount of insulin in
the body'®. Besides pharmacokinetic restrictions, one
more significant issue is insulin stability in storage and
handling. Being a protein-based therapeutic agent,
insulin is vulnerable to environmental factors like
changes in temperature and poor storage habits. Living
under adverse conditions could threaten structural
integrity and biological activity, thereby lowering the
therapeutic efficacy and possibly patient safety!*.

The traditional formulations of insulin also have a
challenge in the delivery of sustained and predictable
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insulin release. A significant number of the existing
formulations are aimed at causing rapid or intermediate
pharmacological effects, which may need multiple daily
administrations in order to provide sufficient glycemic
control. To enhance therapeutic consistency, controlled
drug delivery systems have been considered to prolong
drug action and thus ensure long-term regulated insulin
release, although the regulated insulin release is difficult
to achieve with the traditional formulations'®. All these
shortcomings, such as injection burden, glycemic
variability, storage instability and poor bioavailability by
other routes of administration, underpin the importance

Limited physiological
mimicry
« Incomplete basal-bolus

matching
Variable therapeutic
response

of new technologies in insulin delivery. The recent
studies have paid growing attention to the more
advanced carrier systems, such as nanocarrier-based
systems, that seek to provide better insulin stability,
increase bioavailability, and allow the sustained
therapeutic release. These strategies have shown good
potential to address the limitations of the traditional
insulin treatment method and enhance better long-term
diabetes management outcomes'¢. Figure 1 summarizes
the main disadvantages of the traditional insulin
treatment.

Repeated injections
. Daily dosing burden
« Reduced patient comfort

Poor oral bioavailability
»  Enzymatic degradation
» Low intestinal permeability

Conventional Insulin
Delivery Challenges

Glycemic variability
« Unpredictable absorption
. Risk of

hypo-/hyperglycemia

Storage instability
«  Temperature sensitivity
. Loss of potency

Injection-related factors
. Site variation
«  Technique dependence

Figure 1. Major challenges in conventional insulin delivery

4. Polymeric Nanoparticles as Drug Delivery Systems
4.1 Overview of Polymeric Nanoparticles

Polymeric nanoparticles have become one of the most
reliable tools in the contemporary drug delivery field
because they can optimize the therapeutic effect,
stabilize drugs and also allow the control of the drug
release. These nanoscale vectors are largely based on
biodegradable and biocompatible polymers that are
capable of loading active pharmaceutical agents into a
polymer or core-shell format. Their small size and
adjustable surface properties help them to interact better
with living systems whilst protecting the drugs against
early degradation. Consequently, polymeric
nanoparticles have been extensively studied as efficient
agents to deliver different therapeutic molecules such as
small molecules, proteins, and nucleic acids'’. The
recent advancements in nanotechnology have greatly
increased the potential of the polymeric nanoparticles in
pharmaceutical applications. The development of
polymer chemistry and methods of nanoparticles
fabrication has allowed to accurately control of the
properties of nanoparticles (size, morphology, and
surface activity). These properties make it possible to
design systems of delivery that have the ability to

enhance drug loading effectiveness, improve stability
and attain controlled drug release patterns. As a
consequence, polymeric nanoparticles are also
becoming considered as potential carriers of targeted and
sustained drug delivery in numerous therapeutic fields!8.

4.2 Delivery of Protein and Peptide Therapeutics

This makes the delivery of protein and peptide drugs
quite challenging because they are structurally
complicated, large molecules, and prone to enzymatic
breakdown. The traditional drug delivery systems do not
preserve the stability and bioavailability of these
biomolecules, leading to decreased therapeutic efficacy.
Hence, protein and peptide drugs escaped through
administration and transportation in the body, need
specialized carrier systems to maintain their safety'.
Therapeutics on the basis of peptides are supposed to
have delivery systems that can maintain their biological
functions and, at the same time, allow easy absorption
and distribution. Their high hydrophilia and weak
molecular fold enable them to be especially susceptible
to denaturation and quick clearance. Nanocarrier-based
systems, particularly polymeric nanoparticles, provide a
shielding effect which can be used to increase stability
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and provide a sustained release effect, thus enhancing
the treatment efficacy of peptide drugs?. Inclusion of
insulin inside biodegradable polymeric scaffolds has
been a common subject of research in a bid to enhance
its pharmacokinetic characteristics. Polymeric carriers
have the potential of protecting insulin against
degradation and release insulin gradually by polymer
diffusion and degradation processes. This type of system
can provide a sustained level of therapeutic insulin and
a decreased lapse between drug delivery, which is
especially useful in chronic illnesses like diabetes?!.

4.3 Physicochemical and Release
Mechanisms

Physicochemical properties of polymeric nanoparticles
are the major factors determining their performance as a
drug delivery system. The size of particles, surface
charge, morphology, and polymer composition are

Properties

important factors that influence the stability of
nanoparticles, the route of biodistribution, cellular
uptake, and interaction with biological conditions. These
features thus need to be carefully optimized in order to
achieve efficient drug delivery and reduce any possible
adverse biological reaction??. The other notable benefit
of polymeric nanoparticle systems is that it is possible to
control drug release using various kinetic reactions.
Polymer degradation, polymer swelling, diffusion or a
combination of all three can be used to release drugs out
of a polymer matrix. Knowledge and management of
such release kinetics are also very important to design
delivery systems that are able to sustain therapeutic drug
levels over long periods of time, especially in curing
chronic illnesses that need continuous treatment®®. The
simplified functional scheme of polymeric nanoparticles
is shown in Figure 2, as well as the main characteristics
that define their behaviour in insulin delivery.

Polymeric Nanoparticles for Insulin Delivery

A 4

¥

Polymer matrix

Encapsulated insulin

Surface properties

. Natural polymers . . . Size control
. » Protection from degradation . .

. Synthetic polymers . . Charge modulation
. . Improved stability . .

. Hybrid systems . Functional coating

A

Physicochemical Performance

. Drug loading
. Structural stability
. Controlled release behavior

A 4

Therapeutic Outcome
. Sustained insulin release

. Improved bioavailability

o  Enhanced therapeutic efficiency

Figure 2. Functional design of polymeric nanoparticles for insulin delivery

5. Types of Polymers Used in Insulin Nanoparticle
Formulations

The design of the polymeric nanoparticles to deliver
insulin is dependent on the appropriate choice of
polymeric materials, which can then protect insulin,
enhance the stability of the insulin and provide the
ability to release the drug in a controlled manner. The
polymers in nanoparticle formulations should have the
following properties: biocompatibility, biodegradability,
and the capability to entrap delicate biomolecules
without affecting their biological activities. Natural and
synthetic polymers have been widely researched for use

as insulin nanoparticle systems because of their
desirable  physicochemical and pharmacological
properties?*.

5.1 Natural Polymers

The use of natural polymers is the most explored in
insulin  nanoparticle formulations due to the
biocompatibility of polymers and low toxicity. Natural
polymers tend to be highly biologically compatible and
can also be effectively allowed to interact with the
membranes of biology, potentially increasing drug
absorption and therapeutic efficacy. Natural polymers
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are an efficient encapsulation system of peptide drugs in
the case of insulin delivery and guarding them against
enzymatic degradation?. Chitosan is one of the natural
polymers that has been widely investigated owing to its
mucoadhesive and permeation-promoting
characteristics. Chitosan nanoparticles should be used
because they will allow the particles to interact with
biological tissues better and improve the conduction of
drugs across biological barriers. Engineered chitosan
nanoparticles have shown encouraging results in
attentive insulin delivery in experimental systems in
formulation studies, and thus, they can be applied in
advanced insulin delivery functions?®.

5.2 Synthetic Polymers

Nanoparticle systems are common in synthetic polymers
due to the increased ability of synthetic polymers to
control physicochemical properties like molecular
weight, degradation rate, and structural stability. The
most commonly used materials in the insulin
nanoparticle formulations are poly(lactic-co-glycolic
acid), polyethene glycol and polycaprolactone. The
polymers enable the accurate control of nanoparticle
size, drug loading capacity and release kinetics, and their
use is appropriate in the design of sustained-release
insulin delivery systems?’. The use of synthetic
polymers in drug delivery systems also allows the
making of nanoparticles of high structural integrity and
with reproducible manufacturing properties. These
materials may be designed to maximize the insulin
encapsulation and control its release by the use of
polymer degradation or diffusion, and increase
therapeutic efficacy in diabetes management?.

5.3 Modified and Hybrid Polymer Systems

Current studies have been directed at the creation of
modified polymeric systems in a bid to enhance the
performance of insulin nanoparticles. Adjusted
polymeric nano-formulations are capable of controlling
the binding and the release of insulin by modifying the
interaction of polymers and their structural alterations.
These systems enable better control over drug release
behaviour and can be wuseful in improving
pharmacokinetic behaviour in pharmacokinetic insulin
delivery®. Besides polymer modification, the method of
fabrication applied when preparing nanoparticles also
affects the functionality of the insulin delivery system.
The emulsion-based approaches, nanoprecipitation, and
solvent evaporation have been investigated as methods
of producing insulin-loaded polymeric nanoparticles
with maximized size, encapsulation efficiency, and
release characteristics®®. Moreover, nanoparticles of
polymer, which undergo biodegradation, have been
extensively explored in oral insulin delivery. The
systems are meant to prevent the gastrointestinal
breakdown of insulin and increase the intestinal
absorption using appropriate polymer matrices. It has
been shown that nanoparticle formulations developed
using various biodegradable polymers can enhance the
stability of insulin and its bioavailability, and this
technology can be used as a novel advanced drug
delivery system in the treatment of diabetes®'. The key
polymer groups employed in the preparation of insulin
nanoparticles, functional benefits, drawbacks, and
applicability in sustained insulin administration are
summarized in Table 1. Figure 3 displays a simplified
scheme of polymer choice in the design of the insulin
nanoparticle.

Table 1. Major polymer classes used in insulin nanoparticle formulations
Polymer Representative Key functional Main limitation tl"yplc.al r.elevance to
class examples advantage insulin delivery
. . o - Useful for
Natural Chitosan, alginate, High . biocomp atlbﬂ.lty Batch * variability gnd mucoadhesive and
. and mild encapsulation | lower mechanical . .
polymers dextran, gelatin .\ absorption-enhancing
conditions strength
systems
Synthetic | PLGA, PCL, PEG- | Doter control over | p ool burstrelease or | SUitable for sustained
degradation and release . . and reproducible insulin
polymers based polymers . formulation complexity
behavior release
Hybrid Natural-synthetic Combines bioactivity More . complex | Improves balap ce
L ) .. formulation between loading,
polymers combinations with structural stability L .
optimization protection, and release
. Thiolated or | Enhanced binding, | Additional  synthesis | Supports tailored release
Modified . . . S . O
functionalized targeting, or | and  characterization | and improved insulin
polymers S : . e
derivatives responsiveness required stability

IJDDT, Volume 16 Issue 41s, 2026 Page 920



Advanced Polymeric Nanoparticles for Sustained Insulin Delivery in Type 1 Diabetes

Natural Polymers

Synthetic Polymers

Modified / Hybrid Systems

Examples:
Thiolated polymers
Functionalized polymers
Natural-synthetic blends

« High biocompatibility

« Mild processing

« Mucoadhesive behavior
Limitations: Limitations:
« Batch variability
« Lower mechanical strength

Examples: Examples:
Chitosan PLGA
Alginate PCL
Gelatin PEG-based polymers
Advantages: Advantages:

« Controlled degradation
« Reproducible formulation
« Tunable release

« Formulation complexity
« Possible burst release

Advantages:
» Improved insulin binding
« Tailored release
« Better stability balance

Limitations:
» Additional optimization
» More complex characterization

Figure 3. Polymer selection strategy for insulin nanoparticle formulation

6. Formulation Strategies for Polymeric Insulin
Nanoparticles

The polymeric nanoparticle insulin delivery needs
serious consideration of the methods of preparation that
do not alter the structure of insulin, but, on the contrary,
provide the efficient encapsulation of the insulin and the
controlled release. Since insulin is a sensitive peptide
that is easy to degrade and denature, formulation
measures should utilize mild processing conditions and
appropriate polymer systems to retain the biological
activity of insulin. Different methods of nanoparticle
fabrication have thus been implemented to enhance the
loading efficiency of drugs, stability of the particle and
kinetics of release in an insulin delivery system?2.

6.1 Double Emulsion Solvent Evaporation

A technique that is most popular in the production of
insulin-loaded polymeric nanoparticles, especially with
hydrophilic drugs, is the double emulsion solvent
evaporation method. This is done by means of an
aqueous insulin solution being emulsified in an organic
phase with a biodegradable polymer to create a primary
water-in-oil emulsion. This initial emulsion is again re-
emulsified in an external aqueous solution to form a
water-oil-water system, and solvent evaporation is then
conducted to form nanoparticles. The approach
facilitates the effective encapsulation of insulin and
permits the control of the particle properties through
altering the parameters of the formulations, including the
polymer concentration and the type of stabilizer.

6.2 Microfluidic-Assisted Nanoparticle Preparation

Recently, techniques of fabrication with microfluidics
have attracted attention to the manufacture of
nanoparticles using polymers with high uniformity and
reproducibility. These systems employ the use of
controlled micro-scale channels in the regulation of fluid
mixing and nanoparticle formation under highly precise
conditions. Microfluidic methods offer superior control
of particle size distribution, encapsulation efficiency and
stability compared to the traditional emulsion-based

methods. This kind of control over formulation
parameters renders microfluidic-aided preparation an
excellent approach towards advanced insulin
nanoparticle systems development®*.

6.3 Ionic Gelation Technique

Nanoparticles made out of natural polymers like
chitosan are normally prepared using the ionic gelation
method. The method is based on the electrostatic
interactions between oppositely charged molecules in
the form of nanoparticles and crosslinking agents to
create stable structures in nanoparticles under mild
conditions. Ionic gelation has some benefits, especially
in the encapsulation of sensitive biomolecules such as
insulin, since harsh organic solvents and high processing
temperatures are eliminated. Enhanced ionic gelation
systems have proven to have better encapsulation
efficiency and regulated drug release properties in the
insulin nanoparticle systems>>.

6.4 Nanoprecipitation Method

Another common technique that has been used in the
production of polymeric nanoparticles and, in particular,
peptide and protein therapeutics is nanoprecipitation. In
this method, the polymer solution of the drug is quickly
added to a non-solvent phase, causing spontaneous
nanoparticle formation in the form of polymer
precipitation. Nanoprecipitation techniques that do not
involve water have also been established to reduce
peptide denaturation and enhance the drug loading
efficiency. Such systems are able to produce
nanoparticles with a non-dispersed size and greater
stability; thus, they are applicable when using them in
peptide drug delivery?®.

6.5 Gel-Based Delivery Systems

Another new approach to insulin delivery is a gel-based
system, especially in the preparation of sustained and
responsive drug delivery systems. Insulin-loaded
nanoparticles can be placed inside the polymeric gels
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and hydrogels to have a longer period of drug release and
better therapeutic control. They have discussed the use
of these systems as both constant and glucose-reactive
insulin delivery that could offer the potential to maintain
the stability of insulin and lower the number of insulin

doses in the management of diabetes’. Table 2 provides
a comparative data of the key formulation methods that
have been employed to prepare polymeric insulin
nanoparticles.

Table 2. Common formulation strategies for polymeric insulin nanoparticles

Ionic gelation

Electrostatic interaction
between polymer and
crosslinker

Mild conditions
suitable for
peptides

Limited polymer
compatibility

Formulation Basic principle Major advantage | Key limitation Common outcome
strategy
. Entrapment of insulin in . Risk of insulin | Good encapsulation
Double emulsion | water—oil-water Widely wused for ) .
. . e leakage and batch | with tunable particle
solvent evaporation | emulsion followed by | hydrophilic drugs A .
variability characteristics
solvent removal
. - Controlled mixing in | Excellent size | Requires Improved  control
Microfluidic- - . . - . )
assisted preparation microchannels for | uniformity and | specialized over partlcle size and
nanoparticle formation reproducibility equipment stability
Efficient

encapsulation  with
reduced processing
stress

responsive release

S Polymer  precipitation Simple and rapid May.affect loading Narrow particle size
Nanoprecipitation after solvent reparation efficiency for distribution
displacement prep hydrophilic drugs
Gel-based Embedding nanoparticles Prolor}ged and Formulation Sustalned. insulin
) . L . sometimes . release with reduced
incorporation or insulin in gel matrices complexity

dosing frequency

7. Mechanisms of Sustained Insulin Release

Insulin delivery systems are sustained systems which are
aimed at sustaining therapeutic concentrations of forms
of drugs over long durations, whilst showing minimal
variation in the level of blood glucose. Controlled
insulin release is especially significant in the
management of diabetes since the process enables them
to replicate physiological insulin secretion and avoids
the high administration frequency. Polymer nanoparticle
systems offer a number of ways in which insulin may be
released in slow amounts; they include diffusion,
polymer breakdown, swelling release, and glucose-
sensitive mechanisms. The mechanisms involve the
need to comprehend them so that the development and
implementation of delivery systems that are capable of
long-term glycemic control and enhanced therapeutic
outcomes can be achieved?®.

7.1 Diffusion-Controlled Release

One of the most prevalent mechanisms that controls the
release of drugs out of polymeric nanoparticles is
diffusion-controlled release. The insulin molecules are
released into the biological environment through the
polymer matrix or nanoparticle surface in this process,
and the molecules diffuse through the polymer matrix or
nanoparticle surface. Diffusion rate is also determined
by a variety of factors that include polymer composition,
particle size, drug loading, and the physicochemical
properties of the encapsulated drug. These parameters
can be adjusted to allow diffusion-based systems to
deliver gradual and predictable insulin release over
prolonged durations, which can be useful to achieve
constant levels of blood glucose®.

7.2 Degradation-Controlled Release

Another mechanism that has facilitated sustained release
of insulin by nanoparticle systems is polymer
degradation. Gradually, the polymer chains of
biodegradable polymer matrices release the insulin
molecules that are encapsulated. In this process, the
release duration of the drug can be prolonged and the
period of therapy enhanced. It has been established that
insulin complexes that have been loaded into polymeric
carriers can sustain long-term glycemic control because
of the continuous release of the complex due to
progressive degradation of the polymer network within
the biological environment*.

7.3 Swelling and Hydrogel-Based Release

There are certain polymeric systems that make use of
swelling to control insulin release. When placed in these
systems, the polymer networks absorb water in the
environment surrounding them and swell to form
channels through which insulin molecules can diffuse.
The hydrated hydrogel-based system is most adaptable
to such mechanisms as the hydrated structure allows the
controlled swelling and release of the drug. Protein-
polymer hydrogel has been considered in insulin
delivery and is promising in in situ formation and
sustained release profile with physiological conditions*!.

7.4 Glucose-Responsive Release Systems

Glucose-sensitive delivery systems are the new-
generation approach of insulin release that is developed
to resemble the physiological reaction of pancreatic 8-
cells. The systems are designed to secrete insulin due to
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the increased glucose level, which delivers self-
regulated drug delivery. Different materials and carrier
systems have been created which react to glucose
concentration by either an enzyme reaction, a glucose
binding molecule or an alteration in the polymer
structure. These intelligent delivery systems have a lot
of potential in the treatment of diabetes since they can
perform insulin release that can be switched to meet
changes in metabolism*2. The recent studies have also
gone a step further to design glucose-responsive insulin
delivery platforms that can be used to translate the
laboratory innovations into clinical practice. These
systems  combine  responsive  polymers  and
nanomaterials, which respond in a dynamic manner to
the level of blood glucose and release insulin. It is
possible to achieve better glycemic control and
minimize the chances of hypoglycemia by uniting
controlled release processes and glucose responsiveness,
which is one of the promising paths of next-generation
insulin delivery regimes*®.

8. Routes of Administration for Polymeric Insulin
Nanoparticles

Polymeric insulin nanoparticles’ therapeutic
performance also largely depends on the route of
administration, as the various pathways entail different
physiological barriers, absorption properties and
formulation needs. The choice of a proper route is thus
necessary to decrease the insulin deterioration, enhance
bioavailability, and attain prolonged glycemic
regulation. The recent development in nanoparticle
design has greatly increased the utility of various modes
of delivery other than traditional modes of
administration of drugs, especially in enhancing patient
compliance and decreasing the expenses of having to
administer drugs repeatedly**.

8.1 Oral Administration

Oral delivery is one of the most preferred ways of
administration of insulin due to its convenience, patient
acceptability, and its ability to replicate the physiological
pathway of endogenous insulin by use of portal
circulation. But the oral insulin has some significant
obstacles, such as acidic gastric environments, enzyme
breakdown, and poor intestinal permeability. To address
these limitations, polymeric nanoparticles have been
studied to the point of guarding insulin in biodegradable
scaffolds and mucosal uptake through improved oral
bioavailability and decreasing treatment efficacy**.

8.2 Subcutaneous Administration

Subcutaneous delivery has remained the most common
route in which insulin is delivered, and it is very relevant
in polymeric nanoparticle formulations. Subcutaneous
systems based on nanoparticles can be used as depot
vehicles which release insulin at slow rates over long
periods, thus decreasing the frequency of injections and
enhancing pharmacokinetic predictability. Recent

developments in subcutaneous biomacromolecule
delivery have been concentrated on higher tolerance
with tissue, reduced burst release and improved
sustained release dynamics of the nanoparticle systems
in the treatment of diabetes®.

8.3 Transdermal Administration

Transdermal delivery is a non-invasive method of
delivering drugs as opposed to injections and has
received significant interest with regard to insulin
delivery. Due to the significant interference caused by
the stratum corneum towards peptide delivery,
polymeric nanoparticle systems are frequently combined
with advanced penetration methods to enhance
transdermal delivery. One of the most promising
solutions has been the micro and nanoneedle-assisted
systems, which have the ability to form transient
microchannels in the skin and allow efficient delivery of
insulin with little painful experiences, increasing
delivery efficacy and tolerability*®. Besides the use of
microneedle strategies, polymeric transdermal systems,
including films, gels, patches, and nanoparticle-loaded
matrices, have also been investigated in sustained insulin
delivery. These systems have the benefit of controlled
drug delivery, enhanced skin compliance and decreased
invasiveness. Their implication of giving sustained
therapeutic effect and the absence of degradation in the
gastrointestinal tract make them desirable in the future
insulin delivery scaffolds*.

8.4 Intranasal Administration

Non-invasive routes of administration of insulin have
attracted attention to the intranasal route as a highly
vascularized mucosal surface with high potential
systemic absorption. Nasal delivery has the potential to
circumvent first-pass metabolism and therefore provide
more therapeutic options, especially where targeting the
central nervous system is required. The recent findings
have put a lot of emphasis on the possibilities of nasal
insulin administration as a way of controlling glycemic
cases and as a way of addressing neurological
implications, as the range of administration routes
continues to expand*®. The latest developments in nasal
insulin administration focus on the application of special
carriers and mucoadhesive agents to enhance the
retention period, insulin resistance to enzyme
breakdown, as well as epithelial carriage. Nanoparticle
polymeric formulations are specifically appropriate in
this route, as they may enhance mucosal contact, and
they may assist in the maintenance of the release
behavior. Despite the need for additional optimization,
intranasal delivery is also a promising option to use in
future insulin nanomedicine applications*. Table 3 is a
comparison of the key administration routes studied in
relation to polymeric insulin nanoparticles, the benefits
of this approach, biological impediments and the
potential application in translation.

Table 3. Routes of administration for polymeric insulin nanoparticles and their advantages and barriers

IJDDT, Volume 16 Issue 41s, 2026 Page 923



Advanced Polymeric Nanoparticles for Sustained Insulin Delivery in Type 1 Diabetes

Route Main advantage Major biological | Delivery goal Current translational
barrier status

Oral High patient | Enzymatic Improve bioavailability | Promising but still
acceptability and | degradation and poor | and reduce injection | limited by inconsistent
physiological portal | intestinal burden absorption
pathway permeability

Subcutaneous | Established clinical | Injection burden and | Prolonged depot-like | Most clinically
route with predictable | local wvariability in | release practical for near-term
administration absorption application

Transdermal | Non-invasive and | Stratum corneum | Improve adherence | Advancing with
potentially painless | barrier through sustained skin- | microneedle and
delivery based delivery polymer-assisted

systems

Intranasal Rapid absorption and | Limited residence | Enhance non-invasive | Promising but requires
avoidance of first-pass | time and mucosal | systemic or targeted | further optimization
metabolism clearance delivery

9. Current Research Advances, Challenges and
Future Research

The recent advances in the delivery of insulin have
shifted the traditional form of insulin injections to
systems that are more user-friendly and more in-touch
with technology. Of these, insulin delivery via
microneedles has been seen as a viable minimally
invasive intervention that can enhance compliance levels
in patients as well as improve transdermal insulin
delivery. These systems are associated with painless
administration as well as the potential of controlled
release, but the dilemmas associated with dose loading,
mechanical strength, mass production and stability over
time continue to restrain their further clinical
translation®®. Similar to the innovations that rely on
materials, the technologies of automated insulin delivery
have improved over recent years significantly. Practical
research on open-source automated insulin delivery
systems has also shown promising results in the areas of
safety, glycemic regulation, and patient satisfaction,
indicating the increased role of digital and patient-
centred approaches in diabetes management®.
Automated insulin delivery has also spilt into the wider
diabetes care discourse, with the development of more
interest in changing these systems to suit more patient
groups and enhance algorithm-driven insulin control®2,
Oral administration of insulin has also been a key area
of current research due to its potential of enhancing
convenience and its ability to depict physiological
delivery of insulin via the portal circulation. Recent
nanosystems have also used a wide variety of materials
and architectures, which help to protect insulin against
gastrointestinal degradation, enhance epithelial-to-
epithelial transport, and increase systemic absorption.
These oral nanoplatforms are versatile and represent a
dramatic change in the multifunctional design of carriers
and indicate the maturity of insulin formulations that
involve nanotechnology®. In spite of these advances,
there are still significant obstacles such as enzyme
degradation, low  permeability,  gastrointestinal
instability and uneven bioavailability, all of which are
still limiting successful clinical translation®*. Besides the
formulation and device-related developments, the larger

issue of the establishment of new insulin delivery
systems into the standard practice context is not that
trivial. The possibilities of next-generation diabetes
technologies, as well as their complexity, can be
described with the help of open-source and automated
delivery platforms. Problems concerning regulatory
control, interoperability of these devices, user education,
cost, and reliability of the data should be addressed prior
to the adoption of such systems in the common clinical
practice®.

In prospective studies, it is desirable that future research
should focus on designing insulin delivery systems that
are able to combine sustained release, glucose
responsiveness, biocompatibility and ease of
administration at scalable and cost-effective systems.
There is also a requirement to put more emphasis on the
long-term safety studies, reproducible manufacturing
techniques and translational evaluation in populations
that are relevant in practice. The intersection of
biomaterials science, nanotechnology and digital
therapeutics will probably constitute the next stage of
innovation, and the end result is more effective, yet more
accessible and patient-centered insulin delivery systems.

10. Conclusion

Polymeric nanoparticles are one approach that is
otherwise a highly promising insulin delivery method in
type 1 diabetes since they are capable of shielding
insulin against degradation, enhancing bioavailability
and regulating insulin delivery by diffusion,
degradation, swelling, and  glucose-responsive
processes. They are versatile and can be formulated
using natural, synthetic, and hybrid polymers and
adapted to be given by oral, subcutaneous, transdermal,
and intranasal routes. The current advances in
formulation technologies and intelligent delivery design
have further enhanced their ability to minimize injection
load, minimize glycemic fluctuations, and provide more
physiological insulin replacement. Although these
improvements have been made, significant obstacles
persist, such as instability of formulation, low oral
bioavailability, scale-up challenges, reproducibility,
long-term safety and translational uncertainty. The
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clinical adoption will also be based on the development
of systems that integrate sustained release and glucose
responsiveness, biocompatibility, manufacturability and
acceptability by the patients at a reasonable cost. In
general, the field of polymeric insulin nanoparticles is
shifting away from proof-of-concept into translational
relevance, which will have to be reinforced with stronger
in vivo demonstration, standard characterization, and
design with clinical implications.
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