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Diabetes mellitus is a condition where there is an increase in blood glucose levels
due to either decreased insulin synthesis or decreased insulin use. There are other forms of
diabetes mellitus, but type 1 and type 2 are the most common. The goal of insulin therapy is
to minimize the risk of hypoglycemia while achieving the greatest possible management of
blood glucoese levels. Insulin administered subcutaneously has some drawbacks, including
pain, allergic reactions, hyperinsulinemia, and poor patient compliance. To address these
drawbacks, researchers proposed using smart biodegradable polymer-based devices to
regulate insulin levels and circumvent the challenges of administering insulin orally, as this
review will demonstrate using a variety of techniques. Specifically, this comprehensive review
covers smart stimuli-responsive hydrogels based on poly(N-isopropylacrylamide) (PNIPAAm)
copolymers for temperature- and pH-dependent oral insulin delivery, poly(lactic-co-glycolic
acid) (PLGA) biodegradable microcapsules designed for sustained subcutaneous insulin release
with controlled initial burst, biodegradable insulin-loaded nanoparticles prepared via double
emulsion and microfluidic/salting-out methods, insulin-albumin microbeads as implantable
long-term delivery systems, and glucose-responsive complex polymeric micelles (CPMs) capable
of repeated on-off insulin release.

Keywords: Biodegradable polymer; Diabetes; Drug delivery; Hydrogel; Insulin; Nanoparticles.

An important hormone for proper bodily
metabolism is insulin. While Type I diabetes
typically begins in young adults, Type II diabetes
develops gradually and manifests later in life. Since
there is no cure, insulin therapy remains essential.

Subcutaneous insulin treatment typically contains
50-100 IU per injection. However, frequent
injections can cause pain and induce needle anxiety.
Worldwide enthusiasm for methods that aren’t
invasive, like oral and respiratory routes, is rising
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'3 Because of their sensitivity, quick authorization,
and inadequate absorption via the small intestinal
epithelium, oral administration is convenient but
not optimal for peptide and protein drugs such as
insulin. *° Some researchers tried encapsulating
insulin in liposomes or copolymer particles to
prevent protease-mediated degradation, while
others used additives to improve absorption and
increase gut permeability. ©®* Nonetheless, there
are still issues with their distribution in targeted,
practical, and monitored release formulations. *'°

Beyond polymer-based strategies, non-
polymeric approaches have also gained attention.
Banerjee et al. demonstrated that choline and
geranate (CAGE) ionic liquid significantly enhanced
paracellular insulin transport while providing
enzymatic protection and mucus-layer modulation,
achieving sustained blood glucose reduction for up
to 12 hours following oral administration in rats 51.
Although oral drug administration is convenient,
large molecular weight molecules such as peptides
and proteins have not been widely successful via
this route owing to low absorption, hydrolysis,
and degradation by gastrointestinal enzymes. For
systemic protein and peptide delivery, parenteral
administration is preferred because it bypasses
biological barriers, although it typically requires
frequent dosing. Additionally, local peptide
delivery to the oral mucosa has attracted increasing
attention. '''* Biodegradable polymer systems are
being investigated for the parenteral or mucosal
delivery of peptide vaccines with controlled
release. '* Protein vaccines encapsulated in
biodegradable nanoparticles can reduce adverse
immune responses, antigen dosages, and the
number of required vaccinations. Proteins can also
be delivered to wound sites and bone defects using
biodegradable polymer delivery systems. The main
focus of current research is on controlled-release
systems. '*

Protein-polymer bonds, which offer
benefits over traditional medication therapy, such
as improved patient compliance, reduced plasma
fluctuations, localized delivery, protection of
rapidly degraded drugs, and enhanced therapeutic
efficacy, are being investigated for use with
polymers. '*!'7 Protein delivery techniques employ
biodegradable polymers, both synthetic and
naturally derived; however, most of the research
to date has been preclinical (Table 1).
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Formulation and Evaluation of an Innovative
Smart Polymers Hydrogel for Insulin Delivery
Drug Delivery

When environmental factors such
as temperature and pH change, intelligent
hydrogels, also known as stimuli-responsive
hydrogels, can sense these changes and respond
by swelling or contracting. This property makes
them effective for gene and drug delivery via
oral routes. '® Since temperature can induce a
volume phase transition and an abrupt change
in the solvation state, it serves as an important
stimulus for hydrogel responsiveness.!” For
temperature-sensitive hydrogels, copolymerized
poly(N-isopropylacrylamide) (PNIPAAm) is
the most frequently utilized synthetic polymer.
To improve efficiency and release patterns for
intravenous insulin delivery, this approach seeks
to optimize the loading technique and monomer
composition for insulin-loaded smart hydrogels.
20 The thermosensitive N-alkyl acrylate polymer
Poly NIPA Am exhibits limited swelling behavior,
poor mechanical properties, and a rapid swelling
transition. These characteristics can be enhanced by
copolymerization with hydrophilic, hydrophobic or
electrostatic moieties. Polymers based on NIPAAm
may be pH-sensitive. Research demonstrates
that whereas hydrophobic co-monomers lower
the LCST (Figure 1), hydrophilic and charged
co-monomers raise it because of their enhanced
hydrophilic characteristics 2!? Figure 1 shows
three panels. Panel (A) — PNIPAAm phase
diagram showing the LCST at ~33°C, with the
one-phase (homogeneous/swollen) region below
and the two-phase (phase-separated/collapsed)
region above the binodal curve. Panel (B) —
Conformational transition schematic showing the
reversible swelling ! collapse mechanism: below
LCST, hydrophilic interactions keep water bound
and the hydrogel is swollen (insulin retained);
above LCST, hydrophobic interactions dominate,
water is expelled, and the gel collapses. Panel
(C) — Drug delivery mechanism through the GI
tract using PNIPAAm/MAA/HEMA copolymer
hydrogel: in the stomach (pH 2, 37°C > LCST),
the hydrogel remains collapsed, protecting insulin
(~20% release); in the intestine (pH 7.4, MAA
ionization triggers swelling), the hydrogel expands
and releases insulin (~80% release), ultimately
achieving blood glucose regulation, Figure 1.
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With a loading efficiency of 54%, the
polymer system exhibited favorable smart-release
behavior at both intestinal and gastric pH values.
Loading efficiency can be further increased by
optimizing the loading procedure. Polymeric
carriers offer the ability to target specific tissues,
improve bioavailability, and prolong circulation
times.”* They have to be safe throughout the
entire drug-delivery process, non-toxic, non-
immunogenic, and easily soluble in water 24.
Hydrogels are three-dimensional polymeric
networks that can absorb large volumes of water
or biological fluids due to their hydrophilic
functional groups.” Their key features include
biocompatibility, biodegradability, and the presence
of biologically recognizable components. They can
be fabricated from polymers that are synthetic or
natural: “Natural and synthetic polymers are a
versatile platform for developing biomaterials in
the biomedical and environmental fields. Natural
polymers are organic compounds that are found in
nature. The most common natural polymers include
polysaccharides, such as alginate, hyaluronic
acid, and starch; proteins, e.g., collagen, silk, and
fibrin; and bacterial polyesters. Natural polymers
have already been applied in numerous sectors,
including drug delivery, tissue engineering, stem
cell morphogenesis, wound healing, regenerative
medicine and food packaging. Various synthetic
polymers, including poly (lactic acid), poly
(acrylic acid), poly (vinyl alcohol), polyethylene
glycol, etc., are biocompatible and biodegradable;
therefore, they are studied and applied in controlled
drug release systems, nano-carriers, tissue
engineering, dispersion of bacterial biofilms, gene
delivery systems, bio-ink in 3D-printing, textiles in
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medicine, agriculture, heavy metals removal, and
food packaging. In the following review, recent
advancements in polymer chemistry that enable the
imparting of specific biomedical functions will be
discussed in detail, including antiviral, anticancer,
and antimicrobial activities. This work contains the
authors’ experimental contributions to biomedical
and environmental polymer applications. This
review is a vast overview of natural and synthetic
polymers used in biomedical and environmental
fields, polymer synthesis, and isolation methods,
critically assessessing their advantages, limitations,
and prospects.’* The objective of the present review
is to highlight efforts aimed at overcoming the
drawbacks of synthetic hydrogels by combining
temperature-dependent smart hydrogels with
nano-encapsulation to develop a nanosystem for
oral insulin delivery. PNIPAAm, MAA, and HEM
were used to synthesize temperature-sensitive
nanoparticles. PNIPAAm hydrogels are ideal for a
variety of applications because they exhibit volume
transitions at 33°C; MAA increases the material’s
strength; and HEM exhibits pH-sensitivity.
Insulin-loaded biodegradable PLGA
microcapsules

Step 1: Preparation of the internal aqueous
phase (insulin dissolved in aqueous solution with
hydrophilic additives: water, ethanol, or glycerol)
’! Step 2: Formation of the primary emulsion
(S/0 or W/O) by dispersing the insulin solution
in dichloromethane containing dissolved PLGA
’! Step 3: Double emulsification by adding the
primary emulsion to an external aqueous phase
containing PVA stabilizer under homogenization
’! Step 4: Solvent evaporation (dichloromethane
removed under reduced pressure or continuous

Table 1. Protein delivery techniques employing biodegradable polymers, with corresponding
references

Synthetic derived

polymer

growth hormone-releasing factor, calcitonin, Insulin
Insulin, myoglobin, lysozyme, trypsin,Heparinase, ovalbumin,

albumin, Immunoglobulin

Naturally derived

Insulin, urokinase, YIGSR, gp peptide
Insulin, IL-2, NGF, EGF, TGF
Insulin, IFN, albumin, IFN, GM-CSF
Insulin NGF

Poly(cyanoacrylates) [6]
Poly(anhydrides) [14,15]

polymer

Albumin [16,17]
Collagen [15]
Gelatin [14]
Polysaccharides [17]
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stirring) ’! Step 5: Microcapsule hardening
and collection (centrifugation, washing, and
lyophilization) ’! Step 6: Characterization (particle
size, morphology, encapsulation efficiency, and in
vitro release profiling).

Controlled-release technologies can
enable novel therapeutic applications while
improving both safety and efficacy.”” Many recently
explored biodegradable polymers, such as poly
(lactic acid) (PLA) and poly (lactic-co-glycolic
acid) (PLGA), are widely used as implant matrices
for sustained-release drug delivery. Over the past
10 years, several technologies, including solvent
evaporation,”®* phase division, and aerosol drying,
3931 have been employed for the preparation of PLA
or PLGA microcapsules'
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For oil-in-water (O/W) emulsions, the
solvent evaporation technique is particularly
preferred due to its manufacturing simplicity.
On the other hand, this conventional method
can result in low encapsulation efficiency for
water-soluble agents and a “first burst,” or an
early, quick release. Research has demonstrated
that the drug’s dispersion through the polymeric
matrices or the liquid-filled pores created by the
introduction of water into the matrices regulates
the drug’s initial release from these polymer
matrix structures. *%. This process is affected
by several variables, including the polymer’s
glass transition temperature, copolymer ratio,
manufacturing technique, incorporated drug
properties, and polymer concentration. **-*°. Due

(B) Conformational Transition of PNIPAAmM Hydrogel
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Fig. 1. Schematic representation of the LCST phase behavior and drug delivery mechanism of PNIPAAm-based
smart hydrogels. (A) Phase diagram showing the LCST at approximately 33°C. (B) Reversible conformational
transition between the swollen (below LCST) and collapsed (above LCST) states. (C) Temperature- and
pH-responsive insulin delivery mechanism through the gastrointestinal tract using PNIPAAm/MAA/HEMA
copolymer nanohydrogel
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to rapid drug release from the delivery vehicle
before the release rate stabilizes, this frequently
results in an initial large bolus of drug release.
This phenomenon shortens the practical lifetime
of the device, prompting researchers to investigate
burst release mechanisms and potential mitigation
strategies approach to the controlled release of
drugs involves incorporation of the drug molecules
into the matrix of microscopic polymer spheres or
capsules1-10. Existing methods for preparing such
micro-particles, however, do not always guarantee
a constant release rate, for example, because drug
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molecules may be preferentially trapped at the
surface, have to diffuse through an increasing
thickness of polymer when the particles are non-
eroding, or because the surface area changes
for eroding particles. In other situations, pulsed
release may be required - an application to which
simple polymer microspheres do not readily lend
themselves. Multi-walled microspheres might
solve some of these problems. Here we describe
a one-step process for preparing double-walled
polymer microspheres with diameters ranging from
about 20 to 1,000 micrometers. Our technique 11

Insulin-loaded PLGA microcapsule preparation

Step 1: Internal

aqueous phase

Insulin + hydrophilic additives (water, ethanol, glycerol)
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Fig. 2. Flow chart of the insulin-loaded PLGA microcapsule preparation process
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involves the phase separation of a polymer mixture
owing to solvent evaporation: with an appropriate
choice of interfacial tensions and evaporation rate,
a spherical droplet of one polymer forms a highly
uniform layer on the other. This process, which
can be adapted to yield multi-walled microspheres,
should enable the engineering of highly specific
drug-release properties. *¢ This-work-introduees
incatin £ Latiomt} PLG
) . tasting.
. > o : _ong g
. ; ; , P3
Il Isofs I'EI'I% i
Fhe—objectiveis—toproduceA novel insulin

formulation that uses PLGA as the delivery method
was developed to provide a long-lasting, consistent
release of insulin. The study reported on insulin
therapy for patients with type 1 diabetes who have
insufficient endogenous insulin production. The
objective was to produce an ongoing flow profile
of insulin through the microcapsule following a
single subcutaneous injection, comparable to the
steady-state basal insulin concentration in healthy
individuals. *” For in vivo applications, the desired
release profile should feature minimal initial burst,
consistent long-term release, and rapid clearance
upon depletion. An uncontrolled insulin burst could
lead to severe hypoglycemia. Tight control of the
initial insulin release from PLGA microcapsules
is essential to achieve a basal insulin profile. The
distribution of insulin molecules within the PLGA
microcapsules was carefully controlled to address
the widely held view that drug presence on the
PLGA surface is the primary cause of burst insulin
release. * Long-term regulated-release devices are
often thought to have burst releases. Yet, a study
involving PLGA microparticles discovered that
the burst release was reduced when an organic
solvent—water combination was employed during
preparation. * Nevertheless, the simple addition
of water alone was insufficient to prevent the
initial insulin release from PLGA microspheres,
indicating the need for a systematic and rational
approach to insulin formulation. For insulin release
during the first burst, the internal phase conditions
in the double emulsion process are critical. When
dichloromethane is added, the solid or granular
state of insulin particles can transition to a liquid
state through the introduction of amphiphilic
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character by the hydrophilic additives (water,
ethanol, or glycerol).

This prevents insulin accumulation on
the PLGA surface by allowing the hydrophilic
portion of the insulin molecule to participate in
forming a stable internal phase during double
emulsification. For the first release of the medicine
in microcapsules made using solvent absorption
and the numerous emulsion procedure, it was
discovered that the state of the initial solution was
important. The goal was to achieve sustained insulin
release over an extended period, characterized by
suppressed initial burst, steady-state release, and
rapid terminal decline.* Hydrophilic additives
such as ethanol, glycerol, and water were found
to be effective in suppressing the initial burst
release of insulin in both in vitro and in vivo
tests. In particular, glycerol produced remarkable
results, exhibiting an almost zero-order release
pattern in vivo. The incorporation of glycerol
resulted in a heterogeneous distribution of insulin
molecules, preventing the majority of insulin from
accumulating on the outer surface of the PLGA
microcapsules. *! Additionally, glycerol influenced
the annealing behavior of PLGA molecules, further
contributing to the suppression of initial insulin
burst release. *!

Formulation of Biodegradable Insulin-Loaded
Nanoparticles

—Approximately 8.5% of the global
population is affected by diabetes mellitus, a
condition that often necessitates multiple daily
insulin injections. The study aimed to develop
insulin-loaded, controlled-release nanoparticles
using biocompatible, biodegradable polymers.
Two production methods are examined, along
with the factors influencing the physicochemical
characteristics of the resulting nanoparticles. ** This
approach may offer improved therapeutic outcomes
for diabetic patients. Insulin-loaded nanoparticles
have been produced using two different methods:
a modified double emulsion/solvent evaporation
method involving two successive emulsification
steps. In the initial step, a primary emulsion
comprising polymer dissolved in dichloromethane
and insulin dissolved in an aqueous phase is
prepared and encapsulated within an oil phase. In
the subsequent step, dichloromethane is removed
by evaporation, and polyvinyl alcohol (PVA) is
used as a stabilizer to homogenize the dispersion.*
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Another promising method for
nanoparticle preparation is the microfluidic/salting-
out technique *, which offers precise, user-friendly
instrumentation with improved control over
particle size and polydispersity. In this process,
polymers are dissolved in chloroform, and insulin
becomes solubilized in an aqueous solution using
PVA stabilizer. * The polymer nanoparticles are
subsequently formed by salting out with sodium
borate. ©°. This study looks into the synthesis of
insulin-loaded nanoparticles using three different
polymers. Poly (D, L-lactide-co-glycolide) PLGA
Resomer® RG 503 H is the primary polymer; it is
biocompatible, biodegradable, and FDA-approved
for clinical use.*** The ratio of glycolic to lactic
acid can be adjusted to tailor the hydrophilicity
and degradation rate of PLGA. Poly(DL-lactide-
co-caprolactone) is another biocompatible and
biodegradable polyester. The nonionic surfactant
poloxamer 188 can enhance insulin release by
increasing the porosity of the nanoparticles. *¢

Six insulin-loaded nanoparticle
formulations were prepared for evaluation, with
three formulations per method. PLGA was used
as the matrix in the first, PLGA and 5% Poly(DL-
lactide-co-caprolactone) in the second, and
PLGA and 5% Poloxamer 188 in the third. The
nanoparticles were characterized for particle size,
zeta potential, morphology, FTIR spectroscopy,
DSC thermal analysis, and in vitro drug release.
The primary physicochemical characteristics
investigated were particle size, polydispersity
index (PDI), and release profiles of the insulin-
loaded nanoparticles.?” Compared with the double
emulsion method, the microfluidic approach yielded
nanoparticles with smaller mean particle size and
narrower size distribution. The nanoparticles
exhibited a smooth, spherical morphology with
no visible pores or surface defects. Chemical
integrity and thermal stability were confirmed by
FTIR and DSC analysis. However, the release
profiles of the nanoparticles varied, with a
pronounced initial burst release observed for the
double emulsion formulations. According to the
study’s findings, the physicochemical properties
of the nanoparticles—particularly particle size,
polydispersity, and release profiles—are improved
when using the microfluidic approach. Further
optimization through in vivo studies and surface
hydrophilicity modifications is warranted. *
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The key physical parameters of the
insulin-loaded nanoparticles are summarized
as follows: Nanoparticles prepared via the
microfluidic/salting-out method exhibited a mean
particle size of 180-250 nm, a polydispersity index
(PDI) of 0.08-0.15, zeta potential values ranging
from “18 to “25 mV, and encapsulation efficiencies
0f 40-53%. In contrast, nanoparticles prepared by
the double emulsion method showed larger mean
particle sizes (300-450 nm), higher PDI values
(0.20-0.35), zeta potentials of “15 to “22 mV, and
comparable encapsulation efficiencies (38—50%).
The PLGA-based formulations (Resomer® RG
503 H) generally showed superior size control
and narrower polydispersity compared with
formulations incorporating poly(DL-lactide-co-
caprolactone) blends.

Insulin-albumin microbeads represent a
biodegradable implantable system for insulin
delivery

Recent work has further demonstrated
that surface-functionalized biodegradable PLGA
nanocarriers can be precisely engineered to
achieve glucose-triggered, self-programmed
insulin release, offering significant improvements
over conventional controlled-release matrices 52.
Various implantable drug delivery systems have
been designed to release drugs gradually into the
bloodstream for optimal therapeutic effectiveness.
Implant performance may be compromised if
tissue—implant interactions and the formation of
fibrous capsules around implants are not adequately
addressed. Serum albumin microbeads cross-linked
with glutaraldehyde were previously developed
to control progesterone release in rabbits. This
approach inspired the investigation of insulin-
albumin microbeads as a delivery platform. The
effects of fibrous capsule formation on insulin
release kinetics, as well as long-term in vivo
glucose regulation and microbead degradation
rates, were investigated. ¥ A study was conducted
to evaluate an implantable insulin delivery system
using insulin-albumin microbeads implanted
in diabetic rats. The rats maintained elevated
blood insulin levels for almost 2 months after
implantation of the glutaraldehyde-crosslinked
tiny beads. Complete in vivo degradation of the
microbeads required over five months, during
which the treated animals gained weight, while
the untreated diabetes controls lost weight. Fibrous
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capsules that formed around the microbeads
following implantation appeared to modulate the
rate of insulin release.
A complex polymeric micelle that is glucose-
responsive, enables repeated on-off release and
insulin protection

Poly (ethylene glycol)-b-poly
(aspartic acid-co-aspartamidophenylboronic
acid) (PEG-b-P(Asp-co-AspPBA)) and poly(N-
isopropyl acrylamide)-b-poly(aspartic acid-co-
aspartamidophenylboronic acid) (PNIPAM-b-
P(Asp-co-AspPBA)) were combined to create a
glucose-responsive complex synthetic micelle
(CPM). At a PNIPAM-to-PEG weight ratio of 6:4,
these copolymers self-assembled into complex
micelles with a distinct core—shell-corona structure.
The glucose-responsive P(Asp-co-AspPBA) core
was covered by the collapsing PNIPAM shell,
which enabled the CPM to swell and contract
in response to changes in glucose concentration.
This property enabled repeated and controlled
insulin release in response to glucose levels of. *
Furthermore, the CPM effectively protected the
encapsulated insulin from protease degradation.
As aresult, this glucose-responsive CPM provides
a simple and effective platform for constructing a
self-regulated insulin delivery system for diabetes
management. The biodegradable micelle, featuring
a stable PNIPAM shell surrounding a glucose-
responsive core, exhibits reversible swelling in
response to glucose, thereby enabling repeatable
and controllable insulin release.’'=2,

CONCLUSION

This review comprehensively examines
the current landscape of smart, biodegradable
polymer-based devices for insulin regulation.
Stimuli-responsive hydrogels, particularly those
based on PNIPA Am copolymers, have demonstrated
promising glucose- and pH-dependent insulin
release behavior, achieving insulin release rates
of approximately 20% and 80% at pH 2 and
7.4, respectively, which favors intestinal over
gastric release. PLGA-based microcapsules and
nanoparticles offer tunable sustained-release
profiles with encapsulation efficiencies ranging
from 40% to 78%, particularly when hydrophilic
additives such as glycerol are employed to suppress
the initial burst release. The microfluidic fabrication
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approach has shown improved control over
nanoparticle size distribution and polydispersity
compared with conventional double-emulsion
methods. Glucose-responsive complex polymeric
micelles with core—shell-corona architectures
present a self-regulated insulin delivery strategy,
protecting encapsulated insulin from protease
degradation while enabling repeatable on—off
release in response to physiological glucose
fluctuations. Furthermore, non-polymeric
strategies, including choline and geranate (CAGE)
ionic liquid formulations, have emerged as
complementary approaches for oral insulin
delivery by overcoming mucosal and enzymatic
barriers. Implantable insulin—albumin microbead
systems have demonstrated sustained insulin
release for up to two months in vivo, offering
versatility in implantation locations. Despite these
advances, challenges remain regarding long-term
biocompatibility, scalability of manufacturing
processes, and clinical translation. Future research
should focus on combining glucose-responsive and
sustained-release strategies with advanced surface
engineering to develop clinically viable closed-
loop insulin delivery systems.
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