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Abstract

Diabetic wounds are one of the most common and challenging complications of diabetes. Similar to chronic wounds, diabetic wounds
are difficult to treat due to prolonged inflammation, a lack of angiogenesis, abnormal differentiation of new scar tissue, and the occur-
rence of numerous bacterial infections. Moreover, elevated sugar levels in tissues disrupt the healing process by enhancing inflammatory
reactions, disrupting signaling pathways, and leading to the production of abnormal biological structures, which contribute to improper
cell differentiation. Traditional dressings, such as bandages, gauze, and semi-occlusive foams, are inadequate for diabetic wounds with
high exudation; moreover, frequently changing the dressing can cause secondary irritation. Hence, innovative hydrogel dressings are
being developed, which, thanks to their soft polymer matrix, provide an ideal substrate for regenerating tissue. Hydrogels also allow
for the introduction and controlled release of growth factors, making them a promising solution for treating diabetic wounds. Recently,
researchers have focused on insulin, a hormone secreted by the human body to lower blood sugar levels, due to its interesting char-
acteristics, such as supporting anti-inflammatory and proangiogenic processes and stimulating cell migration and proper proliferation.
This review discusses the most important aspects of diabetes and diabetic wounds and traditional and innovative treatment methods,

particularly hydrogel dressings used as systems for insulin delivery in response to glucose concentration.
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1. Introduction

Diabetes mellitus is defined as a complex metabolic
disorder characterized by the presence of hyperglycemia in
the body, resulting from abnormalities in insulin secretion
and action. Hyperglycemia occurs due to insufficient in-
sulin production or an abnormal cellular response to insulin,
leading to a chronic disorder of carbohydrate, fat, and pro-
tein metabolism. Long-term hyperglycemia is associated
with the development of diabetes and can result in serious
health complications, such as damage to the nervous system
and dysfunction of the eyes and kidneys [1]. Currently, di-
abetes is classified into several types, with type 1 diabetes
(T1DM) and type 2 diabetes (T2DM) being the most com-
monly diagnosed. Type 1 diabetes is primarily diagnosed in
young individuals and accounts for approximately 5-10%
of diagnosed diabetes cases [2]. It is characterized by the
autoimmune destruction of S-cells in the islets of Langer-
hans, which are responsible for insulin secretion. Con-
sequently, insulin deficiency arises, necessitating external
insulin supply, hence type I diabetes, also called insulin-
dependent diabetes. In contrast, type 2 diabetes, also re-
ferred to as non-insulin-dependent diabetes, primarily oc-
curs in adults and the elderly. Its development is influenced
by genetic factors as well as lifestyle choices, such as an
unhealthy diet, lack of physical activity, smoking, and ex-
cessive alcohol consumption. As a result, the pancreas must
produce more insulin to maintain normal blood glucose lev-

els. The body’s inability to meet the demand for insulin in
type 2 diabetes accounts for approximately 90-95% of di-
agnosed diabetes cases [3]. Both type 1 and type 2 diabetes
are common forms of the disease that can lead to serious
complications, including the development of diabetic foot
syndrome [4]. The differences in the pathogenesis of type
1 and type 2 diabetes are illustrated in Fig. 1.

Diabetic Foot Syndrome is a condition that affects in-
dividuals with diabetes, characterized by ulcers and wounds
on the lower limbs [5]. These ulcers result from repeated
compressive and shear stresses on the foot, typically occur-
ing in patients with diagnosed peripheral neuropathy. Fac-
tors that increase the likelihood of a wound include the pres-
ence of foot deformities, the application of abnormal loads
during walking, joint mobility disorders, and the occurrence
of minor injuries. In diabetic patients, persistent hyper-
glycemia compromises overall immunity and prolongs in-
flammation in wounds, as well as the wound healing pro-
Coexisting ischemia and infections are significant
impediments to wound healing in these patients. The dis-
ease’s progression is linked to the development of periph-
eral artery diseases and osteomyelitis; in severe cases, com-
plications can lead to tissue necrosis and the need for lower
limb amputation [6]. Among patients with advanced dia-
betic wounds, 17% require amputation of a small part of
the limb, while 5% require a major amputation within one
year of diagnosis [7]. In the most severe cases, amputa-
tion is performed. The risk of death within five years is
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Fig. 1. Basic differences between healthy organism, type I, and type II diabetes. In a healthy individual, the body produces insulin

efficiently, and cells respond to its presence, allowing blood glucose levels to be maintained within a normal range. Type 1 diabetes is an

autoimmune condition resulting in little to no insulin production, while in type 2 diabetes, which is predominantly linked to lifestyle and

genetic factors, insulin is produced but the body cells develop resistance, not responding effectively to its presence; in both cases blood

sugar levels are too high. The image was created with Inkscape v1.4, retrieved from https://inkscape.org.

2.5 times higher for individuals with diabetic foot ulcers
(DFUs) than for those with diabetes alone, and the five-
year mortality rate following diabetes-related amputations
exceeds 70%, which is worse than in many common can-
cers [8]. Given these considerations, there is a critical need
to develop an integrated system that combines the use of
wound dressings, bioactive substances, and antibiotics, as
well as the to implement changes in treatment strategies
concerning wound dressing design and quantitative diag-
nostics, to enhance patient treatment and comfort [9].

Due to the rapid development of nanobiotechnology
in regenerative medicine, this article aims to present cur-
rent trends in the pursuit of improved solutions for future
researchers. This work provides a concise overview of the
challenges associated with treating diabetic wounds, taking
into account the primary pathophysiological factors that in-
fluence the progression of this disease, such as prolonged
inflammation, local hyperglycemia, the presence of reac-
tive oxygen species, insufficient angiogenesis, and bacte-
rial infections. The article discusses currently developed
methods for treating these wounds, which utilize hydrogel
matrix dressings containing polymer micro- and nanocar-
riers with insulin that acts as a growth factor. Recent re-
search on micro- and nanoparticles made from both natural
and synthetic polymers incorporated into hydrogel matrices
is analyzed, highlighting the potential of this system for the
therapy of diabetic wounds. The methods for synthesizing
these carriers and the results of in vitro and in vivo tests pub-
lished in selected articles over the last ten years are briefly
summarized.

2. Pathophysiology of Diabetic Wounds

In the case of normal skin wound healing, this process
consists of a series of complex and orderly events that can

be divided into four main phases: hemostasis, inflamma-
tion, proliferation, and remodelling. During the hemosta-
sis phase, coagulation factors promote clotting, which re-
duces bleeding and provides mechanical support for the
damaged tissue. Subsequently, in the inflammatory phase,
inflammatory cells—such as lymphocytes, monocytes, and
macrophages—eliminate damaged tissue and pathogens. In
the proliferation phase that follows, epithelial cells and fi-
broblasts fill the space left by the lost tissue, leading to a
gradual decrease in the size of the open wound. Once the
wound bed is filled with granulation tissue, it undergoes
remodeling in the scarring phase, transforming into con-
nective tissue that forms a supportive layer for the newly
formed epithelium [10]. In summary, diabetic wounds ex-
hibit deregulated angiogenesis, a chronically sustained sub-
optimal inflammatory response, increased levels of reactive
oxygen species, and persistent bacterial colonization that
often develops into a difficult-to-treat biofilm [11].

2.1 Prolonged Inflammation

Diabetic wound healing is disrupted by several fac-
tors. Diabetes impairs the inflammatory, proliferative, and
scarring phases, negatively affecting wound healing and re-
sulting in scarring. In diabetic wound healing, the inflam-
matory phase is prolonged due to the failure of the tran-
sition between M1 and M2 macrophages, causing an ab-
normal accumulation of inflammatory cells in the wound
and an exaggerated inflammatory response. The excessive
number of inflammatory cells increases the levels of pro-
teases, which damage the extracellular matrix (ECM) and
degrade growth factors and their receptors. This proteolytic
damage to the ECM attracts even more inflammatory cells,
leading to increased production of reactive oxygen species
in the hypoxic conditions present in the wound. Addition-

&% IMR Press


https://inkscape.org
https://www.imrpress.com

ally, reactive oxygen species can activate proteases and in-
hibit their inhibitors, resulting in increased proteolysis and
further damage to the ECM, ultimately causing significant
cellular damage.

In addition, similar to chronic wounds, diabetic
wounds are particularly susceptible to re-injury. The con-
stant reopening of these wounds result in an excessive ac-
cumulation of neutrophils and phagocytes around the dam-
aged tissue. This leads to the extension of what is known
as NETosis, a physiological response in the body aimed at
producing neutrophil extracellular traps (NETs) capable of
trapping pathogens and cleansing the wound through their
engulfment by neutrophils. However, an imbalanced re-
sponse in the case of NETosis within the wound can also
cause direct damage to the epithelium and endothelium,
thereby delaying the wound healing process [12].

2.2 The Impact of High Sugar Levels

In the case of diabetic wounds, elevated blood glu-
cose levels adversely affect the regulation of growth fac-
tors, subsequently impairing cell proliferation and differen-
tiation. This results in phenotypic abnormalities within the
structures of the dermis and epidermis. Fibroblasts in di-
abetic wounds exhibit resistance to proliferation, and this,
coupled with their accelerated aging process, contributes to
poor wound healing. High glucose levels promote acceler-
ated cell growth and the accumulation of oxidized protein
forms in fibroblasts, which ultimately leads to skin atrophy
and dermatosis due to the accumulation of advanced glyca-
tion end products (AGE) [13].

AGE:s are a group of compounds formed under con-
ditions of excessively high blood glucose levels, resulting
from the condensation reaction between glucose and pro-
teins or from the action of reducing sugars on lipids and nu-
cleic acids [14]. AGEs are responsible for the glycosylation
of collagen and the formation of cross-linked, difficult-to-
degrade protein products, which ultimately leads to delayed
angiogenesis and tissue remodeling. Aging processes re-
duce cell proliferation and blood flow in tissues, contribut-
ing to the degradation of extracellular matrix components
and cell apoptosis [15].

2.3 The Influence of Reactive Oxygen Species (ROS) and
the Lack of Angiogenesis

In patients with diabetic wounds, a low density of
blood vessels results in hypoxia and nutritional deficiency
at the wound site. Moreover, a significant reduction in the
density of growth factor receptors on the wound hinders
their normal regulatory function, slowing the rate of skin
regeneration [16]. The insufficient angiogenesis observed
in diabetic wounds is due to the elevated concentrations of
antiangiogenic factors present in the circulatory system of
patients with diabetic foot ulcers. These factors weaken
proangiogenic stimuli and induce changes in capillary mat-
uration factors, leading to a slower maturation of these ves-
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sels in the reconstructed tissues. Additionally, the diabetic
condition causes a deficit in the number of endothelial pro-
genitor cells (EPCs) derived from the bone marrow, further
contributing to reduced tissue vascularization of the tissue.
In diabetic patients, EPCs show a reduced ability to produce
functional angiogenic structures in ischemia models, which
adversely affects the formation of granulation tissue, capil-
lary growth, and collagen deposition in the wound [17].

2.4 Bacterial Infections

Diabetic wounds are also particularly prone to bacte-
rial colonization due to elevated glucose levels in the blood,
which serves as an energy source for bacterial growth and
reproduction. Pathogenic bacteria adhere to the wound sur-
face and subsequently form multicellular aggregates, lead-
ing to biofilm formation. The presence of a biofilm in a
wound significantly reduces the effectiveness of antimicro-
bial agents due to several factors: their inability to pene-
trate the biofilm matrix, the lack of intracellular accumu-
lation of antibiotics, the presence of metabolically inac-
tive bacteria, and the development of antibiotic resistance.
Furthermore, biofilms increase the likelihood of transfer-
ring virulence and antibiotic-resistant genes between bac-
teria, and the rate of genetic mutations in biofilms is higher
than in free-living cells. Additionally, bacterial cells within
biofilms can develop an intracellular communication mech-
anism known as quorum sensing (QS), which helps pro-
tect them from immune cells attack and antibiotic action.
Cells from the biofilm can detach and spread throughout
the wound, forming multimicrobial biofilms that facilitate
mutual growth. In the context of diabetic foot disease, the
best-studied interaction is between Staphylococcus aureus
and Pseudomonas aeruginosa, where substances produced
by P. aeruginosa protect S. aureus, complicating the treat-
ment of infections caused by these bacteria [18]. An inter-
action between P. aeruginosa and S. aureus contributes to
increased antibiotic tolerance, the ability to form biofilms,
and the secretion of virulence factors. In the case of P
aeruginosa, these factors include hydrogen cyanide, ex-
oenzyme S, exotoxin A, and pyocyanin, while for S. au-
reus, they include Panton-Valentine leukocidin (PVL) and
a-hemolysin [19]. Alginate, an exopolysaccharide pro-
duced by P. aeruginosa, protects S. aureus by suppress-
ing the expression of P. aeruginosa virulence genes, which,
under other competitive conditions between these species,
typically inhibit the development of S. aureus [20]. This
protection results from a reduction in the transcription level
of the pvdA gene, responsible for the production of pyover-
dine, an iron-scavenging siderophore, as well as a decrease
in the level of pseudomonas quinolone signal, 2-heptyl-3,4-
dihydroxyquinoline (PQS), which is involved in quorum
sensing [21]. A summary of the most important factors de-
termining the prolonged healing of diabetic wounds [22] is
presented in Fig. 2.
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Fig. 2. A summary of the most important factors determining the prolonged healing of diabetic wounds. Under diabetic foot

ulcer (DFU) conditions, there is an unbalanced accumulation of immune cells, as well as an increase in the M1/M2 macrophage ratio,

reactive oxygen species (ROS), and pro-inflammatory cytokines. Furthermore, reepithelialization and angiogenesis occur rarely, unlike in

bacterial infections, ultimately leading to chronic, non-healing wounds that remain in a state of low inflammation: angiopoietin-1 (Angl),

angiopoietin-2 (Ang2), tyrosine kinase (Tie2), micro-ribonucleid acids (miRNA: miR26-b and miR-200b), neutrophil extracellular traps

(NETs). The image was created with Inkscape v1.4, retrieved from https://inkscape.org.

3. Traditional and Innovative Methods of
Dressing and Treating Diabetic Wounds

3.1 Traditional Dressings

Dressings are selected based on various wound char-
acteristics, including type, depth, location, extent, amount
of exudation, presence of infection, and tissue adhesion.
Standard dressings such as gauze, fibers, plasters, ban-
dages, and cotton wool have been used for years on wounds
with either normal or abnormal healing processes. Gauze
and bandages, typically applied to dry and well-cleaned
wounds, are primarily used for mechanical tissue protec-
tion. Gauze dressings absorb secretions from open wounds,
while natural cotton bandages are mainly used to treat dry
venous and arterial ulcers. However, wounds with a large
amount of exudate necessitate frequent changes, which can
result in discomfort and pain for the patient, as well as ad-
ditional irritation of the wound [23,24].

In the treatment of diabetic wounds, semipermeable
porous polyurethane dressings are often utilized, as they al-
low gases and water vapor to pass through while blocking
fluids and bacteria. Their thinness, flexibility, and ease of
conformation make them ideal for epithelial and superfi-
cial wounds with low exudate, as well as for lacerated or
shallow wounds. However, due to their lack of absorbency,
they are not suitable for wounds with high exudation, as this
can lead to excessive secretion and maceration of the wound

edges, necessitating frequent dressing changes, sometimes
several times a week [24,25]. Alternatively, foam dress-
ings are used, which consist of a polyurethane or silicone
core surrounded by a semi-occlusive outer layer. Foams
can remain on the wound for several days without risk-
ing tissue maceration. The hydrophobic outer layer pro-
tects against fluids and bacteria while facilitating gas ex-
change. The foam structure allows it to conform to the
shape of the wound, and its absorbent and autolytic proper-
ties make it appropriate for moderately to heavily exuding
wounds, leg ulcers, and granulating wounds [23,24]. An-
other type of dressing is hydrocolloids, which comprises an
inner layer of hydrophilic colloidal particles and an outer
layer of polyurethane. Hydrocolloids prevent the penetra-
tion of water and bacteria but they are impermeable to oxy-
gen, which limits their use in deeper, heavily exuding, or
infected wounds. Additionally, they are less transparent,
making it challenging to inspect the wound, and the gel
formed during use can be mistaken for an infection. Hy-
drocolloids are primarily used in the treatment of superfi-
cial wounds, postoperative wounds, and shallow pressure
ulcers [26].

3.2 Hydrogels as Intelligent Dressings

Dressings are selected based on various wound char-
acteristics, such as type, depth, location, extent, amount of
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exudation, presence of infection, and tissue adhesion. Al-
though traditional dressings fulfil basic functions, they do
not provide adequate wound drainage. As a result, they are
being replaced by modern solutions that actively support
the healing process by accelerating the formation of granu-
lation tissue and facilitating the migration of epithelial cells
from the edges of the wound to its center [24,27].

The most fundamental aspect that must be achieved
by a hydrogel in its application as a medical device is bio-
compatibility. Biocompatibility is defined as the ability of
a biomaterial to perform specific functions while eliciting
an acceptable tissue response from the body. For a bio-
material to be considered biocompatible, it must meet the
criteria specified in the International Standards Organiza-
tion (ISO) 10993 standard. These requirements include not
only the lack of cytotoxicity but also the exclusion of poten-
tial carcinogenic and mutagenic properties of the material.
Moreover, the biomaterial should not cause allergic reac-
tions, and in the case of materials that come into contact
with blood, it is essential to ensure their athrombogenicity
[28]. Additionally, in the design and production of products
made from biomaterials, it is necessary to consider all as-
pects that determine their suitability for a specific purpose
and function. For hydrogel materials, these aspects primar-
ily include chemical, physical, mechanical, and rheological
properties, as well as those related to morphology and bio-
logical activity [29].

The ideal wound dressing system should maintain
high humidity, which provides nutrients and protection
while facilitating cell growth and migration. Moist treat-
ment prevents scar formation, allowing epithelial cells to
close the wound more quickly. The dressing should be easy
to remove without irritating the wound or causing pain; it
should offer mechanical protection, proper gas and vapor
exchange, and be non-toxic and non-allergenic. Addition-
ally, it should be impermeable to bacteria and support tis-
sue regeneration, enabling the delivery of therapeutic sub-
stances. Furthermore, it should be affordable, easy to pro-
duce, and readily available. All of these features can be
achieved by using carefully designed hydrogel dressings
[30,31].

Hydrogel dressings are highly regarded for their supe-
rior properties compared to traditional bandages and gauze,
which do not maintain a moist environment and can cause
irritation to wounds. Due to their elasticity and softness,
hydrogels easily adapt to soft tissues and are particularly ef-
fective in treating deep wounds with irregular shapes. They
provide a moist environment, absorb exudate, and sup-
port tissue homeostasis. Their three-dimensional, porous
structure mimics the natural extracellular matrix, promot-
ing fibroblast proliferation, epithelialization, neovascular-
ization, and new tissue remodeling. Hydrogels can be mod-
ified through the addition of antibacterial, antiviral, and
antifungal agents, growth factors, biomolecules, or cells.
Currently, functional hydrogel dressings are being devel-
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oped with antimicrobial, anti-inflammatory, and antioxi-
dant properties, as well as the capability for controlled de-
livery of substances in response to stimuli [32,33].

4. The Potential of Using Insulin to Treat
Diabetic Wounds

4.1 The Influence of Insulin as a Bioactive Factor in the
Wound Healing Process

Insulin is a peptide hormone composed of 51 amino
acids, with a total mass of 5808 Da. The synthesis of insulin
is carried out by the 3 cells of the pancreas, located in the
islets of Langerhans. The human pancreas contains one to
two million islets, which house various endocrine cells—
primarily /3 cells that secrete insulin, « cells that produce
glucagon, and § cells that secrete somatostatin. These islets
constitute only 1-2% of the surface area of the human pan-
creas, yet they receive 10% of the total blood supply of the
pancreas. This abundant blood flow enables the high rate of
insulin secretion, which is activated in response to appropri-
ate concentrations of glucose in the blood. Consequently,
insulin plays a crucial role in regulating the body’s energy
supply by balancing micronutrients during a meal. Its main
task is to transport glucose into insulin-dependent cells and
tissues, such as the liver, muscle, and adipose tissue. In
addition to its primary role in regulating blood glucose lev-
els, insulin also possesses anti-inflammatory properties and
supports tissue regeneration [34,35].

The general anti-inflammatory properties of insulin
are derived from metabolic synthesis pathways that regulate
cell proliferation, survival, migration, anti-inflammatory
activity, and angiogenesis. Insulin receptors—specifically
insulin receptor substrates (IRS-1 and IRS-2), extracellu-
lar signal-regulated kinase (ERK), and protein kinase B
(Akt)—located in keratinocytes and epidermal fibroblasts,
are upregulated in wounded skin compared to intact skin,
indicating a potential role of the insulin signaling pathway
in wound healing. The effects of insulin on wound healing
include an increased expression of laminin (alpha3betal)
integrin receptors in keratinocytes and increased levels of
Laminin 332 (LN332). Local administration of insulin to
skin wounds has been shown to stimulate the migration and
proliferation of fibroblasts and endothelial cells, as well
as the production of extracellular matrix proteins. Addi-
tionally, insulin supports keratinocyte migration in a dose-
dependent manner by activating the nuclear transcription
factor kappa B (NF-xB) and promotes wound closure itself
by activating ERK1/2 and PI3K signaling pathways. The
presence of insulin has a beneficial effect on the regulation
of oxidative and inflammatory reactions, resulting in ad-
vanced infiltration and degradation of macrophages. More-
over, insulin increases collagen deposition in regenerating
tissues. In areas where insulin was used, an increased pres-
ence of chemokines such as interleukins (IL-4, IL-13, and
IL-10) was observed, along with a simultaneous decrease
in the production of interferon + (IFN-v), further indicat-
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ing the anti-inflammatory effect of insulin. Additionally, use of micro- and nanocarriers provide opportunities for the
insulin affects the inactivation of tumor necrosis factor « effective delivery of insulin to diabetic wounds [37].

(TNF-c), which mediates the inflammatory pathway dur- In chronic wounds, there is increased activity of prote-
ing fat metabolism. Insulin also prevents cell apoptosis in-  olytic enzymes such as matrix metalloproteinases (MMPs)
duced by inflammatory processes and promotes angiogen- and serine proteases, which degrade the extracellular ma-

esis by stimulating the expression of vascular endothelial  trix and destroy growth factors and their receptors. This, in
growth factor (VEGF), as signaled by Akt. It also influ-  turn, contributes to a limited supply of growth factors in the

ences the maturation of developing blood vessels by restor- wound area, resulting in impaired healing. In the context
ing impaired signaling pathways, including the PI3K/Akt  of diabetic wounds, the proteolytic enzyme that exhibits
and mitogen-activated protein kinases/extracellular signal- increased activity is the insulin-degrading enzyme (IDE),

regulated kinase (MAPK/ERK) metabolic pathways, and  which leads to a local deficiency of normally occurring in-
by increasing the expression of vascular endothelial growth  sylin in the tissues, thereby delaying tissue healing. Con-
factor (VEGF) and angiopoietin-1 [36]. A summary of the  versely, in wounds that are undergoing the healing process,

above information is summarized in Fig. 3. IDE activity decreases as healing progresses, similar to the
changes in the levels of proinflammatory cytokines. Nev-
4.2 The Problem of Delivering Insulin to Wounds ertheless, the presence of insulin-degrading proteases is the
The positive effect of insulin on the processes occur- ~ primary reason for the necessity of protecting insulin from

ring during the inflammatory and proliferative phases has biodegradation during local delivery [38].
been recognized by researchers looking for its potential use An equally important aspect related to the delivery of
in the treatment of chronic wounds. However, the local ad- insulin to diabetic wounds is its controlled release. A too
ministration of insulin in an aggressive wound environment  rapid release of insulin into the wounds may lead to the
is a major challenge due to the presence of degrading pro- development of local hypoglycemia, and once it penetrates

teases, the need to control or self-regulate insulin delivery,  into the muscles and circulatory system, it can disrupt glu-
the need to overcome natural barriers and the selection of  cose homeostasis throughout the body. To counteract this,
the appropriate formulation. The main issue in delivering systems with prolonged insulin secretion and insulin re-
insulin to diabetic wounds is the impact of proteases present ~ lease in response to stimuli are employed. To overcome the

in the wound, which perform insulin proteolysis upon con- above limitations, several drug delivery systems have been
tact, disturbing the tertiary conformation of the protein and  developed to control the pharmacokinetic profiles of vari-
leading to a loss of its bioactivity. The primary require- ous analogs. Therapeutic efficacy depends on many factors
ments and difficulties associated with insulin delivery to di- related to pharmacokinetics, distribution, cellular uptake,
abetic wounds are summarized in Fig. 4. Therefore, meth- metabolism, excretion, and toxicity, all of which are influ-
ods that protect against the proteolytic degradation of in- enced by the method and route of administration. The main

sulin in tissues are highly desirable. Currently developed  goals of developing these systems are to improve the sta-
solutions in the form of injectable hydrogel systems and the bility of therapeutic substances in vivo, increase the control
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of their release in response to stimuli, and direct the action
of drugs to a specific site [39,40]. In a clinical study re-
ported by Z. Zhang et al. [41], it was demonstrated that in
most individuals with developing diabetic foot syndrome,
the condition of the wound improved following insulin in-
jection into the wound. However, among the 32 participants
studied, characteristic symptoms of hypoglycemia were ob-
served in two cases, which included palpitations, dizziness,
pallor, and cold sweats. Additionally, the study indicate
that local injection of insulin into the wound can both re-
duce systemic blood glucose levels and enhance wound clo-
sure, shorten healing time, and improve wound remodeling
by modulating inflammation, accelerating epithelialization,
and promoting neovascularization [41]. In other clinical
study where insulin was formulated in solutions, sprays,
creams, or dressings, no adverse systemic effects (such as
hypoglycemia, hypokalemia, or hypoaminoacidemia) or lo-
cal adverse effects (including infection, pain, or allergenic-
ity) were noted. Considering the aforementioned factors, it
is essential to develop a continuous delivery system for this
hormone to minimize the risk of local hypoglycemia and
enhance patient comfort, thereby eliminating the need for
injections [42].
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At the same time, taking biomechanical aspects into
account, injectable systems are being developed to coun-
teract additional irritation at the site and address the need to
treat very complex and deep wounds. These systems utilize
materials that consist mainly of biodegradable and biocom-
patible soft polymers, which are available in the form of
hydrogels, microspheres, microgels, and gels cross-linking
in situ [43]. The use of injectable materials in the form of
dressings, which also enable self-regulating insulin deliv-
ery, allows for the treatment of very deep tissue defects.
Injectable dressings perfectly conform to the edges of these
defects, fill them, are minimally invasive, reduce the risk of
irritation, and minimize the risk of hypoglycemia [44].

4.3 Micro- and Nanocarriers as Insulin Delivery Systems

When administering insulin via injection, oral meth-
ods, or transdermal means, it is essential to protect this pep-
tide from enzymatic degradation. Delivering insulin in its
unchanged form is undesirable due to its low bioavailabil-
ity, which results from rapid hormone degradation caused
by enzymes. This necessitates the use of higher doses, con-
sequently increasing the risk of local hypoglycemia. To
mitigate this risk, micro- and nanocarriers are developed to
safeguard insulin against degradation, facilitate the use of
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smaller doses, and ensure controlled, gradual release to the
target site, thus eliminating the burst effect [45]. In compar-
ison to traditional insulin delivery systems, encapsulating
insulin in organic or inorganic nano- and micro-delivery ve-
hicles can significantly enhance its pharmacological prop-
erties, such as solubility, blood half-life, and toxicity, lead-
ing to safer and more effective therapy [46].

Such carriers can be designed to increase therapeu-
tic efficacy and minimize side effects, protect against pre-
mature degradation and denaturation upon contact with the
physiological environment, enhance penetration through
physiological barriers like the skin, and incorporate stimuli-
responsive elements that enable controlled substance re-
lease on demand [46]. Additionally, nanoparticle carriers
may offer further benefits, such as enhancing drug stability
and reducing skin irritation that can occur with certain med-
ications. Nanoparticles effectively shield peptides from the
action of skin peptidases, directing their delivery to the skin
or within it [47]. This capability is attributed to the unique
properties of nanomaterials, including a high surface-to-
volume ratio and specific shape factors resulting from their
small size compared to bulk material [45].

Liposomal and polymeric micro- and nanocarriers
made from biocompatible, bioavailable, and biodegradable
components have demonstrated improved therapeutic out-
comes compared to traditional methods. Furthermore, the
process of both covalent and non-covalent attachment of
polyethylene glycol polymer chains to molecule (PEGy-
lation) of these carriers enhances drug solubility, reduces
immunogenicity, decreases dosing frequency, and prolongs
serum half-life. Therefore, PEGylation is considered one of
the key strategies in local insulin delivery [45]. Currently,
systems utilizing micro- and nanocarriers embedded in hy-
drogel matrices are being developed as dressings for dia-
betic wounds. Due to their unique microstructure and high
water content, these carriers better mimic the surrounding
soft tissues and support their regeneration compared to con-
ventional dressings, such as hydrocolloid patches or semi-
permeable polyurethane foam dressings [24,25].

Such systems have been developed by numerous
teams, including scientists from the group of H. Wang et
al. [48], who created a microgel containing chitosan mi-
crospheres with insulin. The preparation process involved
transferring a solution of chitosan and acetic acid along in-
sulin through a glass membrane into an emulsion of paraffin
and ether with the emulsifier. Cross-linking of the emul-
sion and the formation of the microgel was achieved by
adding tripolyphosphate, while the hardening of the chi-
tosan droplets was conducted using glutaraldehyde. In vitro
study demonstrated that the solidification state of the micro-
gel could be adjusted based on the encapsulation efficiency,
the shape of the microspheres, the activity of the drug, and
the insulin release profile.

Another example is the system of poly(lactide-co-
glycolide) nanoparticles loaded with insulin and suspended

in a structured hydrogel of poly(vinyl alcohol)-borate, ob-
tained by the group of Abdelkader [49]. This material effec-
tively contributed to the improvement of the wound healing
process. Similar effects were demonstrated by the complex
of chitosan nanoparticles with insulin.

In another study, J. Zhu et al. [50] developed gels
based on oxidized hyaluronic acid and succinyl chitosan,
integrating them with insulin-containing micelles. This sys-
tem demonstrated the ability to stimulate inflammatory cell
proliferation, angiogenesis, and wound maturation. Addi-
tionally, it was shown that the combination of both types of
polymers using the applied procedure led to the formation
of a hydrogel with improved mechanical properties. Scien-
tists from Lee’s team [51] also obtained an injectable form
of hydrogels, developing a material based on trehalose that
ultimately protected the encapsulated insulin against ther-
mal degradation. The polymer used in this study, contain-
ing trehalose side chains with poly(ethylene glycol), was
functionalized with phenylboronic acid (PBA) [51]. This
resulted in a hydrogel that cross-links after injection and
responds to glucose concentration, releasing insulin in its
presence. Moreover, thanks to trehalose, the hydrogel pro-
vided excellent protection against heat stress for insulin,
which opens up the potential use of this material without
the need for cooling.

In a recent study from 2024, F.C. Zanchetta
and the team [52] recognized the potential of insulin-
polysaccharide formulations in biohybrid hydrogel sys-
tems for regulating oxidative stress and inflammatory re-
sponses. They developed a hydrogel-based system con-
taining insulin, chitosan, and hydroxypropylmethylcellu-
lose (Chi/HPMC/Ins), which synergistically combined the
bioactivity of the protein with the biocompatibility and hy-
drogel properties of polysaccharides. The resulting bioma-
terial exhibited no cytotoxicity, promoted faster gap closure
in the scratch test, and in in vivo tests demonstrated that
wounds treated with Chi/HPMC/Ins hydrogel led to faster
wound closure, formation of more organized granulation
tissue, and hair follicle regeneration.

In another study, C-H. Lee’s team [53] devel-
oped absorbable and biocompatible PLGA-based core-
shell nanofibrous membranes that sustainably released in-
sulin/vildagliptin for two weeks and at least four weeks,
respectively. The functional and sustained delivery of
vildagliptin increased the migration rate of endothelial pro-
genitor cells (EPCs) and improved the healing of diabetic
wounds. The obtained nanofibrous scaffolds increased epi-
dermal thickness, promoted wound closure, and reduced
the expression of a-SMA. The researchers concluded that
the PLGA core-shell electrospun insulin/vildagliptin film is
biomechanically and biologically effective in promoting di-
abetic wound healing while reducing fibrosis effects, which
is beneficial for restoring cell function and granulation.

In a study conducted by X. Gao’s team [54],
Michael addition was used to internally cross-link bioac-
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tive maleated chitosan/thiolated hyaluronan (mCH/tHA)
multilayer coatings on poly(L-lactic acid) (PLLA) nanofi-
brous mats (referred to as P-mCH/tHA), aiming to achieve
sustained insulin release (IN). Physicochemical studies
showed that P-mCH/tHA demonstrated higher tensile
strength, an accelerated degradation rate, greater antibac-
terial activity, and sustained insulin release compared to P-
CH/HA and pure PLLA mats. Moreover, P-CH/HA dis-
played improved adhesion, spreading, and proliferation of
mesenchymal stem cells in comparison to other PLLA mats.
In vivo studies conducted in a mouse model of diabetes re-
vealed that P-rmCH/tHA 1IN facilitated the fastest wound
closure among all groups, promoting reepithelialization,
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angiogenesis, and increased collagen deposition in wounds.
This suggests that the coating combined with IN is promis-
ing for the development of new bioactive wound dressings.

In the work of L. Fang ef al. [55], a thermosensi-
tive hydrogel, poloxamer (Pox), was applied topically to
the wound in combination with insulin injection to inves-
tigate improvements in wound healing. Compared to the
control animals (healthy mice), those treated with polox-
amer plus insulin (Poxin) exhibited accelerated wound clo-
sure and healing rates; the expression of both alpha-smooth
muscle actin (a-SMA) and transforming growth factor beta
1 (TGF-£1) was significantly higher than those in the con-
trol group and the Pox-treated animals during the first seven
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days post-surgery, although they decreased significantly by
day 14. Therefore, the researchers concluded that the hy-
drogel combined with insulin accelerates wound healing.

4.4 Glucose-Responsive Hydrogels as Dressings and Drug
Delivery Systems for Diabetic Wounds Treatment

Glucose-responsive hydrogels are particularly benefi-
cial in the treatment of chronic diabetic wounds, where the
skin repair processes are impaired due to elevated blood
glucose levels. Hyperglycemia induces chronic inflamma-
tion, alters the angiogenesis process, and increases the pro-
duction of glycation end products, resulting in severe ox-
idative stress conditions. Hence, hydrogels that release in-
sulin in response to high glucose concentration in the wound
have significant potential for application in diabetic wound
treatment [56]. Glucose-responsive hydrogels can be cate-
gorized into three types based on the responsive agent em-
ployed: glucose oxidase (GOx), concanavalin A (Con A),
and phenylboronic acid (PBA) groups. These delivery sys-
tems release insulin via glucose-induced changes in binding
capacity or structural alterations, such as matrix swelling
or shrinkage, material dissolution, changes in pore size, or
degradation [57,58].

A summary of the mechanisms of action of glucose-
sensitive hydrogels is depicted in Fig. 5. Glucose oxidase is
anaturally derived enzyme comprised of glycoproteins that
catalyzes the oxidation of glucose to gluconolactone, gen-
erating hydrogen peroxide (H2O>) as an intermediate. Glu-
conolactone is then hydrolyzed to gluconic acid in an aque-
ous environment, resulting in a local decrease in glucose
levels and pH, which limits local hyperglycemia and the
proliferation of pathogenic bacteria (Fig. 5A). However, the
generation of HoO4 as a byproduct results leads to reduced
oxygen levels and increased tissue hypoxia, an undesirable
effect. Therefore, in most hydrogel systems that incorpo-
rate this enzyme, local physicochemical changes in the en-
vironment, such as pH, H,O5 concentration, or oxygen lev-
els, are used for the controlled release of insulin. The use
of hydrogels sensitive to pH or HoO4 changes loaded with
GOx allows for a more controlled release of insulin while
minimizing the side effects associated with elevated con-
centrations of HyO2 and gluconic acid, such as increased
oxidative stress, tissue hypoxia, and reduced GOx activity
[571.

One example of such a system is an injectable micro-
gel consisting of a network of dextran nanoparticles, devel-
oped by L.R. Volpatti’s team [59]. In the process of creating
a porous network, alginate and chitosan were used to coat
acid-sensitive dextran, resulting in both positively and neg-
atively charged particles. The resulting nanosheet was then
modified by degradation in an acidic environment to coat it
with insulin, catalase, and GOx. The hydrogel functioned
based on the disintegration of the nanosheet in the pres-
ence of hyperglycemia, leading to the simultaneous release
of insulin. Another example is the biomaterial developed
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by J. Yang et al. [60], who designed a glucose-responsive,
multifunctional, injectable, self-healing drug-loaded metal-
organic hydrogel (DG@Gel) that responds to the presence
of glucose via the loading of glucose oxidase. When in-
jected into a diabetic wound, GOx in DG@Gel altered the
hyperglycemic wound microenvironment by decomposing
excess glucose into hydrogen peroxide and glucuronic acid,
which lowered the wound pH. The reduced pH promoted
the release of zinc ions and deferoxamine mesylate (DFO),
displaying both antibacterial and angiogenic activity in di-
abetic wound healing. In vitro studies revealed the antibac-
terial activity of DG@Gel and its ability to promote cell
proliferation, migration, and tube formation, while in vivo
studies showed that DG@Gel could induce reepithelializa-
tion, collagen deposition, and angiogenesis during wound
healing in diabetic mice, with good biocompatibility and
biodegradability. The results suggest that this hydrogel is a
promising innovative dressing for treating diabetic wounds.

Concanavalin A (Con A) belongs to the lectins, a class
of carbohydrate-binding proteins that are used as natural re-
ceptors in the formation of glucose-responsive hydrogels.
Systems for glucose-regulated insulin release based on Con
A are based on physical cross-linking of Con A within a gly-
cosylated backbone that contains insulin. Con A physically
binds to the glycosylated functional groups of the hydrogel
network, creating a tightly complex matrix with small pores
that effectively traps insulin within the hydrogel. When glu-
cose penetrates the polymer matrix, competitive binding oc-
curse between glucose and Con A. Due to the higher affin-
ity of Con A for glucose compared to glycosylated groups,
glucose replaces the glycosylated polymer. This process
leads to the degradation of the hydrogel network, which is
manifested through its swelling and the release of insulin
by diffusion or transition from gel to sol phase (Fig. 5B).
Unfortunately, this mechanism is characterized by a rela-
tively slow reaction time and a slow release of Con A from
the hydrogel, thus limiting the therapeutic potential of the
system. To address this, modifications are implemented to
increase stability by conjugating Con A with poly(ethylene
glycol) chains. This results in a more hydrophilic and stable
Con A system, showing improved solubility, stability, and
affinity for glucose, which improves the sensitivity of the
hydrogel and reduces the lag time of the release reaction. A
similar improvement is achieved through the covalent im-
mobilization of Con A in the hydrogel matrix via carbodi-
imide cross-linking, which prevents the leaching of Con A
from the polymer, thereby increasing the stability of the gel
and allowing for repeatable swelling behavior [57,61].

An example of such a solution is provided by the work
of R. Yin et al. [62], who employed the reverse phase emul-
sion cross-linking technique to create glucose-sensitive mi-
crogels using Con A. The study explored the potential of
using microgels cross-linked with genipin (ConA/GEA-Cs)
as a glucose-sensitive drug delivery system [62]. In this
research, the polymeric ligand for Con A was prepared as
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an acrylated glucosyloxyethyl derivative of chitosan (GEA-
Cs). This strategy facilitated rapid cross-linking of the hy-
drogel bound to ConA via genipin, contributing to the in-
creased stability of the system [62]. The study demon-
strated that insulin released from this system retained its
tertiary structure, thus preserving its bioactivity [62].

Despite their ubiquity and excellent glucose selectiv-
ity, GOx and Con A, as protein-based systems, are sus-
ceptible to environmental changes and are typically char-
acterized by antigenicity, instability, and high costs. Con-
sequently, they are not suitable for long-term storage or
use. Hence, more stable hydrogels are being developed,
using phenylboronic acid as a synthetic equivalent of the
glucose-sensitive agents (Fig. 5C). One of the most signif-
icant chemical properties of boronic acids, which has ex-
panded their application in medical devices, is their ability
to form reversible covalent complexes with diols. When
glucose, which contains a diol functional group, enters
the hydrogel, phenylboronic acid residues form reversible
complexes with it, shifting the equilibrium towards posi-
tively charged boron residues. This reaction alters the over-
all charge density of the gel, increasing the proportion of
cationically charged residues. The increased charge en-
hances the hydrophilicity of the hydrogel, which, combined
with ionic repulsion within the gel, leads to a pronounced
swelling reaction. Conversely, the reaction of boronate an-
ions with a diol leads to the formation of a complex that
shifts the equilibrium towards the hydrophilic and nega-
tively charged PBA. This glucose-dependent change in the
ratio between uncharged and charged borates influences the
solubility of the polymer, providing the basis for the release
of diol-sensitive insulin.

Two forms of boronic acids create esters with diols
through the loss of water: one form has the parent hy-
droxyl group replaced by carbon substituents while the
other has two hydroxyl groups substituted by carbon. Un-
fortunately, the bond between neutral boronic acid and di-
ols is also considered hydrolytically unstable due to their
high susceptibility to hydrolysis. Additionally, PBA is
less selective for glucose than GOx and Con A. Neverthe-
less, systems based on the use of phenylboronic acid in
glucose-sensitive hydrogels, compared to those based on
GOx and Con A proteins, are characterized significantly
higher reactivity, long-term stability, and the possibility
of long-term storage [61,63]. Consequently, numerous
studies are being conducted to develop glucose-sensitive
hydrogels that employ phenylboronic acids. For exam-
ple, Y. Dong et al. [64] developed an injectable stimuli-
responsive hydrogel based on the complexation of glucose
and boronic acid. The hydrogel showed shear-thinning and
self-healing properties, rapidly transitioning from a gel to
a fluid state in response to shear, and demonstrated con-
trolled release in vitro in response to glucose concentration.
In another study, Z. Guo et al. [65] developed a stimuli-
sensitive microneedle hydrogel dressing with unique
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glucose-responsive phenylborate groups through the in
situ copolymerization of gelatin methacrylate, the glucose-
responsive monomer 4-(2-acrylamidoethylaminoformyl)-
3-fluorobenzeneboronic acid (AFPBA), and gluconic in-
sulin (G-insulin). The resulting material showed controlled
glucose-dependent insulin release, and in in vivo studies
conducted on mice with streptozocin-induced type I dia-
betes, insulin release was found to reduce inflammation, in-
crease collagen deposition, and improve the hyperglycemic
wound environment, thereby accelerating the wound heal-
ing process.

In another work, Z. Xu’s team [66] utilized gallic acid
(GA), known for its strong antioxidant properties, to mod-
ify chitosan (CS) chains by incorporating them into a hy-
drogel based on poly(ethylene glycol) and diacrylate (PEG-
DA), creating a new hybrid antioxidant hydrogel (PEG-
DA/CS-GA). Then, polyethyleneimine (PEI) was modified
with glucose-sensitive phenylboronic acid (PBA) to load
insulin (PEI-PBA/insulin NP). Insulin was immobilized in
the PEG-DA/CS-GA hydrogel via borate bonds between
PBA and polyphenol groups on CS-GA. Studies demon-
strated that the PEG-DA/PEI-PBA/insulin/CS-GA (PPIC)
hydrogel exhibited excellent biocompatibility, antioxidant
properties (DPPH removal rate >95%), and protection of
cells against oxidative stress. The PPIC hydrogel showed
glucose-dependent insulin release and effectively regulated
blood glucose levels. Both in vitro and in vivo results con-
firmed that PPIC hydrogel promoted angiogenesis, trans-
formed the inflammatory microenvironment, and acceler-
ated wound healing within 20 days. All these results indi-
cate that PPIC hydrogel is an effective platform for treating
diabetic wounds.

5. Conclusions

Diabetes, recognized as a civilization disease, is as-
sociated with numerous complications, among which dia-
betic wounds and Diabetic Foot Syndrome are some of the
most challenging and costly to treat. Current therapies and
dressings, although they bring positive results, fall short of
meeting the needs of patients. Hence, the use of hydro-
gel dressings that enable controlled insulin delivery to di-
abetic wounds demonstrates clear therapeutic potential, as
discussed in this paper. Innovative bioactive hydrogel sys-
tems leverage the synergistic effect of insulin as a growth
factor alongside the favorable properties of hydrogel matri-
ces that support tissue regeneration.

Insulin delivery systems for diabetic wounds that uti-
lize micro- and nanoparticles embedded in hydrogel matri-
ces are particularly interesting. However, the application
of such technologies is accompanied by certain limitations.
One primary contraindication for using nanotechnology so-
lutions is the risk of exacerbating allergic and inflammatory
reactions caused by certain drug carriers. Nanoparticles can
induce oxidative stress, autophagy, and apoptosis in ker-
atinocytes and fibroblasts. The cytotoxicity of nanomateri-
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als is influenced by factors such as particle size, shape, sur-
face charge, stability, and concentration. Therefore, when
developing new nanomaterials for wound healing, it is cru-
cial to appropriately tailor their physicochemical properties
to minimize toxicity to skin cells. This can be achieved
by incorporating stabilizers and surfactants and selecting
materials with low sensitizing potential. Moreover, stud-
ies show that nanomaterials can cause DNA damage and
reduce gene methylation, suggesting a potential carcino-
genic effect. The contact of nanomaterials with blood in
wounds, resulting from blood vessel disruption, can lead
to hemolysis. To mitigate this risk, the physicochemical
properties of nanomaterials can be modified, or they can be
coated with biologically active substances, such as phos-
pholipids and polysaccharides. Therefore, current research
on insulin micro- and nanocarriers should focus not only on
their fundamental parameters, such as size, shape, stabil-
ity, and drug encapsulation efficiency, but primarily on the
surface modification of these structures. This may involve,
for instance, incorporating active groups through chemical
modifications or attaching polymer conjugates, proteins, or
antigens that would offer protection to the carrier against
an aggressive immune response. This approach would min-
imize the risk of the aforementioned side effects resulting
from undesirable reactions of the body to nanomaterials.

Conversely, a significant limitation of hydrogel ma-
trices that reduces their effectiveness as dressings is their
poor mechanical properties and limited ability to adhere to
tissues. For a hydrogel to adequately support wound re-
generation, its microstructure must closely mimic the struc-
ture of the tissue, providing appropriate porosity to enable
cell migration and proliferation, as well as possessing suf-
ficient strength and stiffness to support proper cell differen-
tiation. In the case of biodegradable hydrogels, the rate of
degradation must be synchronized with the rate of new tis-
sue regeneration, ensuring that the polymer structure dimin-
ishes concurrently with the formation of new tissue. An-
other challenge is to enhance the adhesion of the hydro-
gel to the wound edges and ensure its ability to fill the en-
tire wound surface, irrespective of its complexity. Conse-
quently, the design of hydrogel matrices should focus on
enhancing these properties, which can be achieved through
the use of nanoadditives or the development of new in situ
cross-linking techniques, as exemplified by injectable hy-
drogels [67].

In the case of hydrogels that respond to glucose levels,
it is crucial to achieve an effective insulin release process
while maintaining appropriate mechanical properties of the
gel and minimizing the content of reaction by-products.
Current research on the use of glucose oxidase (GOx), con-
canavalin A (Con A), and boric acid (PBA) indicates that,
although these systems provide the most controlled insulin
delivery among the technologies currently being developed,
they possess limitations that hinder further advancement.
Therefore, an important direction for research is to explore
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methods to enhance the effectiveness of the response to glu-
cose stimuli—either by introducing new factors or by mod-
ifying the structure of the hydrogel network. However, hy-
drogels also hold great potential as dressings due to their
ability to perform dual functions: protecting wounds and
serving as scaffolds for regenerating tissue, while support-
ing the processes of cell multiplication and proliferation
through the controlled release of growth factors. Future
work should also prioritize addressing the most urgent chal-
lenges, including the difficulties of encapsulating insulin
and preserving its bioactivity during the loading and release
process from carriers, as well as enhancing the mechanical
properties of the resulting hydrogel matrices.
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