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Abstract

The treatment of difficult-to-heal wounds is a major problem in modern medicine.
The search for new materials and ways to treat wounds is important and timely. Insulin
stimulates proliferation, differentiation and migration of skin fibroblasts and keratinocytes.
Chitosan has beneficial biological properties and can be an effective carrier of insulin.
This review discusses research into the development of chitosan formulations with insulin
to aid local treatment of chronic wounds. The PubMed, Google Scholar, Scopus and Web
of Science databases were searched for studies on chitosan preparations with insulin in terms
of their efficacy in wound healing. Twelve original English-language articles published
in peer-reviewed scientific journals were included in the analysis. Insulin preparations
in a chitosan matrix in the form of gel, hydrogel, injection and non-woven dressing
are highly effective at all stages of the wound-healing process. They show anti-inflammatory
and antimicrobial effects. Insulin from the formulations is released in a prolonged
or controlled manner. However, it seems necessary to learn more about the mechanisms
of insulin action within lesions. Of note, the data are mainly from basic and preclinical
studies. Only one clinical study has been conducted.
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1.  Introduction

One of the greatest challenges of the 21% century is the epidemic of non-communicable
diseases. Chronic diseases are characterised by a slow progression of lesions,
with the risk of many complications, including the development of difficult-to-heal wounds.
The treatment of venous and arterial ulcers and diabetic foot represents a major challenge
for modern medicine. The healing of these wounds does not follow a physiological pattern.
Most chronic wounds stop in the inflammatory phase, with no tendency to progress
to the proliferative phase. There are similar difficulties in effective treatment of burn
wounds. It is estimated that 1.5-2 million people in Europe struggle with difficult-to-heal
wounds [1], including 500,000 in Poland [2].

Insulin is a peptide hormone with hypoglycaemic effects that accelerates wound
healing (in both people with diabetes and healthy individuals) [3]. It exhibits antioxidant
and anti-inflammatory properties. Its application to the skin stimulates the migration
and proliferation of keratinocytes, which have selective receptors for insulin on their
surface. Insulin binding to receptors on the cell surface activates phosphoinositide 3-kinase
(PI3K) and the Akt-dependent pathway, which influences normal endothelial function
and vascular homeostasis [4—6]. It induces early neutrophil recruitment and increases
M2 macrophage and interleukin-10 (IL-10) levels at the wound site. In vitro, it has
been shown to affect the secretion of inflammatory mediators by regulating monocyte
chemotactic protein-1 (MCP-1) expression [7]. Insulin has been confirmed to reduce
the wound-healing time. It accelerates neovascularisation, epithelialisation and remodelling.
At the same time, no systemic (hypoglycaemia, hypokalaemia and hypoaminoacidosis)
or local (pain, allergy and infection) side effects have been reported [8]. Research
is currently underway to develop a topical insulin preparation that exhibits prolonged
release of bioactive insulin.

The development of an innovative dermatological form of insulin — a hydrogel
— has recently received increased attention. Hydrogels are hydrophilic substrates
that are obtained by gelation using polymers. They exhibit adhesive properties
and can therefore be applied to wounds with exudate and as a form of dressing.
This review focuses on the use chitosan, a potential insulin carrier, whose properties
allow the development of a hydrogel with extended active pharmaceutical ingredient
(API) release.

Chitosan is a natural polymer that is biodegradable; biocompatible with the skin;
and exhibits antimicrobial, haemostatic and antioxidant activity. It is formed
by the deacetylation of chitin (a component of insect and arthropod exoskeletons,
among others) and can be used both as a drug carrier and as a material for the creation
of dressings or scaffolds in tissue engineering [9, 10]. It shows potential in wound care
as a component of controlled drug-delivery systems, sponges, membranes, polymer
films and nanofibers. Chitosan-based formulations promote wound healing by acting
as an anti-inflammatory and antimicrobial agent. The main mechanism
of  chitosan’s  antimicrobial action is thought to be its interaction
with negatively charged bacterial cell membranes/walls, which can lead to cell lysis.
Other possible mechanisms include interference with bacterial DNA, inhibition
of protein synthesis and chelation of nutrients from the bacterial environment
(mainly divalent cations necessary for microbial growth) [10, 11]. In the initial stage
of wound healing, chitosan promotes the migration of neutrophils and macrophages
and subsequently stimulates the secretion of growth factors and collagen,
which  accelerates the wound-closure process. It also affects platelet
and erythrocyte aggregation and inhibits fibrinolysis. During the proliferation
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phase, it promotes the growth of granulation tissue. Chitosan can reduce
the intensity of the scarring process, resulting in a visibly smaller scar [12-14].
Hydrogel dressings based on chitosan are characterised by oxygen permeability
and high exudate absorption, keeping the wound site environment moist.
This has the effect of accelerating the healing process [15]. Moreover, chitosan—basic
fibroblast growth factor (bFGF) matrices promote epithelial regeneration and inhibit
bacterial growth [16].

2.  Methods

2.1. Research Question

The aim of this study was to review the literature on chitosan formulations containing
insulin in terms of their efficacy in wound healing. The research question was:
can chitosan-based hydrogels be effective insulin carriers for topical application?

2.2.  Eligibility Criteria

Two authors searched the PubMed, Google Scholar, Scopus and Web of Science databases
to identify articles on efficacy studies on dermal chitosan preparations with insulin.
The following keywords were used: chitosan, insulin, drug-delivery system,
topical therapy, dermal drug delivery, transdermal penetration, hydrogel, injection,
microneedle devices, microneedle patch, needle-free injection, polymeric particles,
electrospinning, wound dressing, bioactive dressings, wound healing, and diabetic
foot ulcers. The inclusion criteria were: original English-language articles published
in peer-reviewed journals within the last 20 years that included data from basic,
preclinical or clinical studies. Various formulation technologies developed exclusively
for epidermal, transdermal and subdermal applications to produce a topical effect
were included. The exclusion criteria were: articles in which the insulin chitosan
preparation was applied by another route (e.g. oral, ocular, mucosal and body cavities),
review articles, newsletters, abstracts from conference proceedings and studies published
on websites or in books.

3.  Review of Studies on the Development of Chitosan Formulations
With Insulin to Promote Skin Wound Healing

Skin wound healing is a complex, multi-stage process involving haemostasis,
inflammation, neovascularisation, epithelialisation, granulation tissue formation,
extracellular matrix deposition and tissue remodelling [16]. The ideal preparation
for treating and accelerating wound healing should have the ability to stop bleeding,
to prevent bacterial infection, to absorb wound exudate and to allow gas exchange,
and it should be biodegradable and non-toxic [17]. Developing an effective
and inexpensive wound treatment for patients remains a challenge.
Biomaterial-based formulations can provide a simple and safe therapeutic option.
Chitosan has favourable biological properties and can be an effective insulin carrier.
This biopolymer could be used to produce various dermal forms of the drug.
An analysis of the available literature indicates that the challenge is to develop a chitosan
formulation of insulin that will enable efficient release and permeation of the hormone
through the skin and ensure efficacy (Table 1).
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Table 1. Review of the studies on chitosan preparations with insulin.
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3.1. Formulations for topical application and lubrication

3.1.1. Preclinical Studies

Zanchetta et al. [28] prepared a hydrogel based on chitosan and hydroxypropyl
methylcellulose with insulin (Chi/HPMC/Ins). The in vitro studies with a human
keratinocyte cell line (HaCaT) demonstrated that the gel had no cytotoxicity and stimulated
keratinocyte migration, resulting in faster wound closure. The formulation accelerated
wound healing by influencing the granulation process and regenerating hair follicles.
These results were also confirmed in an in vivo model. The authors monitored
wound healing over 20 days and found that the wound area tended to regress more
inthe Chi/HPMC/Inshydrogelgroupafterdays3(p<0.05),7(p<0.01)and 10(p<0.05)compared
with the saline group, and on days 7 and 10 (p < 0.01) compared with the Chi’HPMC
group. The authors also demonstrated that topical application of hydrogel with insulin
does not affect blood glucose levels.

Zhu et al. [21] described a pH-sensitive hydrogel based on oxidised hyaluronic
acid (OHA) and succinylated chitosan (SCS), in which insulin-containing micelles
were embedded. They added epidermal growth factor (EGF), a wound healing stimulator,
to the hydrogel as a bioactive ingredient. The resulting formulation showed
biocompatibility and significant efficacy in wound healing in a rat model. After just 6 days
of hydrogel application, the wound area had decreased by 75%, compared with 45.5%
after gauze-placebo application. The authors also found improved collagen and myofibril
deposition at the wound site. The developed formulation promoted fibroblast proliferation
and the integrity of the internal tissue structure. In the case of the bioactive hydrogel,
in addition to a faster healing rate of the lesional skin, there was formation of new blood
vessels, glands and hair follicles on day 12 of therapy. The authors did not perform
statistical analysis.

Ribeiro et al. [22] prepared chitosan nanoparticles containing insulin and then placed
them in a hydrogel based on the finished product Sepigel®. The resulting nanoparticles
were homogeneous in size and shape (particle size = 245.9 nm; zeta potential = 39.3 mv)
and stable for up to 56 days at 4°C. The authors evaluated the hydrogel in a rat model
of diabetes. There was more efficient migration of pro-inflammatory cells at the initial
stage of wound healing, followed by stimulation of migration of keratinocytes, epithelial
cells and fibroblasts. Angiogenesis and granulation were also stimulated. Histological
examination of tissues after 3 days of treatment with insulin-chitosan nanoparticles
and chitosan nanoparticles alone showed a polymorphic nuclear infiltrate. This indicates
that chitosan was involved in cell chemotaxis. Of note, the authors found no difference
in wound healing between rats treated with the insulin-chitosan nanoparticle-based
preparation and those treated with insulin alone.

Sharda et al. [27] investigated the efficacy of chitosan nanoformulation containing
insulin to treat burn wounds. The resulting nanoparticles were spherical with a diameter
of ~30 nm and a zeta potential of 28.8 mV (at pH 6.0) and 23.2 mV (at pH 7.4).
The in vitro release of hormone across the dialysis membrane at 37°C occurred
in a rapid and prolonged manner. Within the first 2 h, 74% of the API dose had been
released, while at the end of the 36-h study, 90% of the loaded insulin was released.
The authors confirmed the therapeutic properties of the developed nanoformulation
in vitro using human keratinocyte cultures and in vivo using a mouse model
of a burn wound. Five days after application of the chitosan/insulin nanopreparation,
there was a 29% reduction in wound size; all other treatments showed no progress
in wound healing. After 20 days of nanoparticle therapy, the wound surface
was 96% healed, insulin alone and a commercially available preparation had resulted
in 68% and 77% would healing, respectively. In addition, stimulation of collagen
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deposition, suppression of the pro-inflammatory cytokine IL-6, activation
of the anti-inflammatory cytokine IL-10 and modulation of the Nrf-2 pathway
were confirmed.

3.1.2. Clinical Study

Dawoud et al. [29] developed a chitosan-based mucoadhesive hydrogel in which insulin
was encapsulated in liposomes (particle size = 257.751 nm; zeta potential = 20.548 mv).
This hydrogel showed a biphasic insulin release profile, with an initiating dose (rapid API
release) and a prolonged release dose (up to 24 h). Stability testing showed that liposomes
with insulin stored at 25°C lost approximately 30% of the active ingredient after 14 days,
while those stored in aqueous dispersion at 4°C showed high stability for up to 6 months.
The authors confirmed the efficacy of chronic wound therapy in a clinical study involving
15 patients with chronic wounds and aged between 21 and 75 years. They excluded
patients diagnosed with severe infection (suppurative wounds, wound exudates
and bleeding), those who smoked, those who were taking immunosuppressants and those
with debilitating chronic diseases. The test group (10 patients) received liposomal chitosan
gel loaded with insulin, while the control group (5 patients) received liposomal chitosan gel
without insulin. The test group showed a reduction in erythema and a 16-fold faster wound
healing rate compared with the control group. There were no adverse systemic effects
(headaches dizziness and sweating) and no hypoglycaemia. The wounds healed properly
and were not infected. None of the participants reported complaints of pain during treatment.
The researchers concluded that liposomal chitosan gel with insulin is a promising API
delivery system with high stability.

3.2. Injectable Hydrogel

3.2.1. Basic Study

Kempe et al. [18] developed a chitosan hydrogel in combination with insulin-containing
glycerol-2-phosphate (B-GP). The addition of B-GP to chitosan gave the hydrogel
thermosensitive properties. As a result, at room temperature, the formulation was in the form
of a sol and when administered, at physiological temperature, it turned into a gel,
making it suitable for injection. The minimum concentration of B-GP providing
this property was 6%, and as its concentration increased, the gelation rate of the formulation
increased. In an oscillatory rheology study, the authors confirmed the formation of strong
elastic gels as a result of the thermo-gelation of chitosan-B-GP systems. The authors
examined the insulin release profile from samples with 8% and 16% [-GP. During the first
48 h, there were no significant differences between the two samples: approximately 50%
of the insulin was released. In the later stages of the study, the amount and rate of insulin
release were greater in the sample with the higher B-GP concentration (16%). In the final
stage of release, 85% of the hormone was released from the formulation containing 8%
B-GP, while 90% of the API was released from the formulation containing 16% B-GP.
The release occurred by diffusion from the gel matrix.

3.2.2. Preclinical Studies

Li et al. [23] used hydrogel injections to treat diabetic foot ulcers. They prepared
an insulin carrier based on N-carboxyethyl chitosan (N-chitosan), hyaluronic acid-aldehyde
(HA-ALD) and adipic acid dihydrazide (ADH). The authors developed an injectable
formulation that was characterised by a self-healing structure and a sustained release
of the active substance that was sensitive to environmental pH. The dynamic acylhydrazone
bonds present in the gel were responsible for the increase in the rate of insulin release
as the pH decreased. As a result, the active ingredient was released faster from the sample
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at pH 6.5 than from the sample at pH 7.4, reaching approximately 60% of the released
API dose after 10 and 14 days, respectively. The hydrogel exhibited high biocompatibility,
low cytotoxicity and promoted migration and proliferation of the cells tested in vitro.
In a rat model of induced diabetes, injection of the hydrogel with insulin resulted
in significantly faster wound healing (as early as 16 days) compared with the control.
The hydrogel shortened the duration of inflammation and promoted collagen synthesis,
epithelial formation and the formation of new blood vessels. The bioactive dressing
was effective in alleviating peripheral neuropathy of diabetic wounds.

Zhao et al. [19] developed a pH- and glucose-responsive injectable hydrogel
to treat diabetic wounds. The formulation was based on phenylboronic-modified chitosan
(CSPBA), polyvinyl alcohol and OHC-PEG-CHO based on the Schiff base reaction.
As ina previous study, insulin release occurred in a prolonged manner, and the rate of release
increased with decreasing pH and increasing glucose concentration. The addition of chitosan
to the gel resulted in a decrease in the amount of insulin released from the formulation,
which is due to the ability of chitosan to lower blood glucose concentrations. The addition
of insulin and fibroblasts to the carrier promoted neovascularisation, and collagen
deposition and promoted diabetic wound healing. The study confirmed the observations
of Kondo et al. [30] that chitosan shows potential to prevent diabetes.

3.3. Hydrogel Dressing

3.3.1. Preclinical Studies

Hussein et al. [25] conducted a study in a rat model of streptozotocin-induced diabetic foot
syndrome. Topical treatment was based on subcutaneous administration of insulin at a dose
of 2 IU/rat per day and topical application of a chitosan/zinc oxide (ZnO) nanocomposite
membrane. The developed membrane showed an increase in surface roughness
as the percentage of chitosan and ZnO increased, leading to an increase in its surface area.
The authors showed that the combination of the two therapies resulted in a significant
increase in the expression of the phosphatidylinositol 3-phosphatidyl kinase (PI3K)
and mitogen-activated kinase (MAPK) genes, which were suppressed in untreated
diabetic wounds. PI3K and MAPK are involved in signalling pathways that lead
to an enhanced anti-inflammatory response and, as a result, accelerated wound healing.
Insulin, as a bioactive component of hydrogel formulations, can induce the expression
of these genes [31]. The formulation also increased the expression of the microRNAs
miR-125 and miR-132, which have anti-inflammatory effects and stimulate cell migration
and proliferation at the wound site [25]. The authors concluded that the proposed treatment
could activate the PI3K/MAPK signalling pathway and some of the miRNAs that promote
diabetic wound healing.

Gao et al. [26] developed a composite dressing. The authors investigated the therapeutic
efficacy of hyaluronan/chitosan multilayer-coated PLLA (poly(L-lactic acid) nanofibrous
mats (P-mCH/tHA) loaded with insulin, providing an extended hormone release profile.
The dressing was obtained using an electrospinning technique. The authors suggest
that coating the PLLA dressing with additional bioactive layers may increase not only
its physical resistance to mechanical factors, but also its degradation rate and water absorption
capacity, which is important for the treatment of oozing wounds. The dressings showed
antimicrobial activity against Escherichia coli, mediated by the chitosan incorporated
into the formulation. Insulin release occurred over 9 days, initially rapidly over 3 h,
then in an extended manner. The dressing significantly improved wound healing
in a diabetic mouse model by promoting angiogenesis, re-epithelialisation and increased
collagen deposition.
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Ehterami et al. [20] used the electrospinning method to develop a polymer
fibre-based dressing. They coated insulin-delivering chitosan nanoparticles
(particle diameter = 294.5 nm; zeta potential = 17.89 mV) with electrospun
poly(e-caprolactone)/collagen (PCL/COLL). The tested dressing showed high
mechanical strength, a good exudate absorption capacity and a prolonged insulin release
profile. The formulation was biocompatible and exhibited antimicrobial properties. In a rat
model, wounds covered with the PCL/COLL/Cs-Ins dressing for 14 days showed almost
complete healing, while wounds covered with the control showed 45% healing.

Chen et al. [24] developed one of the most innovative hydrogel dressings. It is based
on a quaternary chitosan derivative and F108 micelles coated with benzaldehyde
groups. The micelles encapsulated CORM-401, which exhibited the ability to release
carbon monoxide, which has antioxidant, anti-inflammatory and antimicrobial effects.
An additional bioactive component was insulin, suspended in a three-dimensional hydrogel
structure. The formulation exhibited the ability to absorb fluids over 40 times its weight,
showing self-regenerative properties. In response to pro-inflammatory factors including
oxidative stress, CORM-401 released carbon monoxide at the wound site, which effectively
neutralised reactive oxygen species while increasing the expression of haem oxidase
1 (HO-1). The carbon monoxide released also exerted antimicrobial activity,
which was enhanced by the negatively charged chitosan chains. Carbon monoxide
released in the wound had an anti-inflammatory effect by inhibiting the expression
of pro-inflammatory cytokines (IL-1p and IL-6) and tumour necrosis factor (TNF).
The release profile of insulin from the formulation was pH and oxidative stress dependent,
reaching its highest value (more than 80% of the released API within 5 days at a low pH
and high oxidative stress, conditions corresponding to the wound environment.
There was a synergistic effect of insulin with released carbon monoxide. A parallel study
in a rat model with induced diabetes confirmed the therapeutic properties of the developed
hydrogel dressing. The wound, which was additionally infected with a methicillin-resistant
Staphylococcus aureus strain, healed 97% after 15 days of therapy compared with 66%
for the control (phosphate-buffered saline) sample. The hydrogel dressing promoted
angiogenesis, collagen synthesis and more intense granulation of the wound.

4. Considerations When Developing an Insulin Preparation

for Dermal Administration
The studies included in the review confirm that insulin is a hormone with a high potential
to promote wound healing. It stimulates the proliferation, differentiation and migration
of skin fibroblasts and keratinocytes. It is involved in the production of the extracellular
matrix, including collagen [32]. However, there has been limited research on its mechanism
of action. Wertheimer et al. [33] conducted studies in a mouse model lacking the insulin
receptor (IR) in the skin. The authors observed reduced proliferation of rodent skin
keratinocytes, suggesting that insulin, through the IR, regulates differentiation and glucose
transport in keratinocytes. Moreover, impaired insulin secretion can lead to abnormalities
in wound healing in patients with diabetes [34]. The properties of insulin predispose
it to be used as an ingredient in dermatological preparations to promote wound healing
[35, 36]. The challenge is to ensure the effective action of the hormone when applied
to the skin. Insulin-degrading enzymes (IDEs), which are zinc metallopeptidases,
are present in the skin and wound serous fluid [37, 38], so it is crucial to develop
an optimal carrier for insulin to ensure API stability and safety of its application.
It is also important that the matrix components do not affect the loss of insulin bioactivity.
Studies suggest that hydrogels based on biodegradable polymers have the potential
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to stabilise a hormone such as insulin and promote its prolonged and controlled
release into the wound bed as the polymer degrades [39, 40]. It should be noted that
according to pharmacopeia guidelines, wound and burn preparations should be sterile.
Polymer preparations can be sterilised using an autoclave, but this process may lead
to a loss of viscosity, which should be considered at the pre-formulation stage of the drug
formulation [41].

5.  Select Aspects of Innovative Chronic Wound Management

Many patients with chronic wounds undergo basic surgical treatment involving tissue
debridement, wound dressing and subsequent tissue reconstruction or amputation
of dead limbs. For several years, there has been intensive research to develop effective, safe
and accessible treatments for chronic wounds. Despite promising results on the benefits
of epidermal insulin administration, there are no dermatological preparations containing
this hormone available on the market. This is undoubtedly due to the difficulty of developing
a technological formulation of insulin and the need for more knowledge on its effective
and safe use. Recently, off-the-shelf preparations for the treatment of chronic wounds
containing growth factors —specialised proteins that stimulate cell growth and differentiation
and tissue regeneration — have become available. A significant drawback of these therapies
is their high cost to the patient. Regranex® Gel 0.01% was approved by the U.S. Food
and Drug Administration (FDA) in 1997 as a formulation for the treatment of diabetic
foot ulcers. This carboxymethylcellulose (CMC)-based formulation contains becaplermin,
a recombinant human platelet-derived growth factor (rhPDGF-BB). The formulation
is non-sterile. A number of clinical studies have confirmed its high efficacy,
but an increased risk of cancer following its application has been suggested [42, 43].
In 2001, Japan launched Fiblast® Spray containing recombinant fibroblast growth factor
(rhbFGF) for the treatment of diabetic foot ulcers and second-degree burn wounds. The very
good results of the clinical trials have not been recognised internationally [44]. Currently,
drugs containing recombinant human EGF (rhEGF) — Heberprot-P®,60 Regen-D™ 150,
and Easyef® — are also used clinically [45]. Hydrogel systems containing stem
and epithelial cells are also undergoing clinical trials [46].

Another alternative therapy for chronic wounds is formulations based on silver
nanoparticle (AgNPs). The FDA has approved several silver-based biocomposites
for the treatment of chronic wounds, including Acticoat™, Bactigras™, Aquacel™,
PolyMem Silver™ (Aspen) and Tegaderm™ (3M) [47]. Different materials are used
to carry AgNPS; they act in a similar manner but differ in the intensity of bactericidal action
in the wound. Nanosilver shows the ability to penetrate deep into the wound, while ionic
silver acts at the wound bed surface. Preparations containing AgNPs are highly effective
against many bacterial strains, including multidrug-resistant bacteria [48]. It should
be emphasised that the use of these dressings for large wound areas is not recommended.
Despite the great advances in knowledge in the development of formulations
for the treatment of chronic wounds, many authors suggest the need to understand
the mechanisms of action of protein-peptide substances within the affected tissues.
This would allow the optimisation of polymeric peptide dressing technology.
The results of studies discussed in this review indicate the great therapeutic potential
of chitosan-based insulin preparations in the treatment of chronic wounds. Their undoubted
advantage is the low cost of therapy for the patient. The FDA has approved chitosan for use
in wound dressings [49], and formulations based on this polymer are commercially
available (e.g. Axiostat®, Celox™ and ChitoFlex®). The association of chitosan
and insulin can have a synergistic effect.
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6. Conclusions

Chitosan preparations with insulin show great potential in treating difficult-to-heal
skin wounds. Studies have confirmed their effectiveness in gels, hydrogels, injections
and fibrous dressings. They have a positive effect at all stages of the wound healing
process. However, it should be noted that the data are mainly from basic and preclinical
studies. Only one clinical study has been conducted, in which the authors developed
a liposome-based insulin carrier embedded in a chitosan-based mucoadhesive hydrogel.
Due to the species differences between humans and animals, the available data regarding
the benefits of chitosan formulations with insulin are insufficient. The reviewed
literature indicates that when applied to the skin, insulin does not cause hypoglycaemia,
suggesting that it is safe to use. At present, however, the mechanism of action of insulin
in healthy and lesional skin has not been determined. It is likely that these factors, as well
as the difficulties associated with ensuring insulin stability and product sterility,
are the reasons why there is no dermatological preparation of insulin on the market.
We suggest further research in this direction.
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