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Abstract 
This work continues previous research into the development of an insulin (INS) hydrogel 

carrier for dermatological applications in chronic wound healing. Insulin has been found 

to play an important role in promoting wound healing, acting at multiple levels. This study 

aimed to develop an insulin hydrogel carrier based on poloxamer 407 (P407) and chitosan 

(CS). Rheological and texture parameters of the formulation were analysed.  

The pharmaceutical availability of insulin was assessed in vitro using the innovative Strat-

M® membrane, which mimics the skin barrier. The hydrogels showed a favourable balance 

between rheological and textural properties and ease of application, especially to 

irregularly shaped wounds and hard-to-reach areas. Insulin was released in a prolonged 

manner, reducing the need for multiple daily applications. The obtained results will be 

used further in planning and performing preclinical and clinical studies. 
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1. Introduction 
Insulin (INS) plays an important role in wound healing, acting at multiple levels. 

It enhances the activity of endogenous growth factors such as IGF-1, which accelerates 

tissue regeneration [1]. INS also stimulates skin fibroblasts for more intensive collagen 

production and has anti-inflammatory effects, as it reduces pro-inflammatory cytokines 

and influences immune cell function, which can reduce chronic inflammation that impedes 

regeneration. In addition, INS improves glucose homeostasis and blood vessel function, 

creating a favourable environment to promote healing [2]. Studies in animal models have 

shown that topical application of insulin promotes angiogenesis, accelerates  

re-epithelialisation and wound closure, and improves the granulation process. One of the 

key advantages of topical insulin application is its safety; there is no risk of 

hypoglycaemia. In addition, insulin is readily available, relatively inexpensive, and well 

tolerated, making it a practical solution for the treatment of hard-to-heal wounds such as 

diabetic ulcers, bedsores, and burn wounds [3]. 

Chitosan-based hydrogels can be a potential carrier for insulin application to the skin. 

According to the Pharmacopoeia, hydrogels are substrates in which the aqueous phase is 

gelled with a suitable substance, usually a polymer. Hydrogel matrices are characterised 

by high physical stability, biocompatibility, hydrophilicity, and low sensitisation potential. 

They can control the release rate of active pharmaceutical ingredients (APIs) and the 

duration of API action. Furthermore, the technology to prepare this drug formulation is 

relatively simple.  

Chitosan-based dressing materials have been found to promote wound healing at every 

stage of the process. In the haemostatic phase, chitosan accelerates platelet aggregation 

and fibrin clot formation. In the inflammatory phase, it stimulates the proliferation of 

neutrophils and macrophages that cleanse the wound, releasing cytokines that promote 

regeneration. In the final stage of healing, chitosan mimics the natural extracellular matrix, 

creating optimal conditions for tissue reconstruction [4]. 

Poloxamer 407 (P407), an ethylene oxide/propylene oxide (EO-PO) copolymer, is 

a non-toxic, non-ionic polymer used as a carrier for various routes of drug administration. 

Its aqueous solutions (≥ 15%) exhibit thermosensitivity. Solutions stay liquid at low 

temperatures, and when the temperature limit (Tsol-gel) is exceeded, they transform into 

a semi-solid form by reverse thermal gelation [5]. Chitosan (CS) in combination with other 

materials can also form the basis for the formulation of thermosensitive hydrogel 

formulations, e.g., chitosan/sodium glycerophosphate, hydroxybutyl chitosan, chitosan/ 

polyol-polymer, chitosan/polymer amphiphile, and chitosan/inorganic alkali salt [6]. 
Other studies [7, 8] confirmed the efficacy of the chitosan/poloxamer and 

chitosan/hyaluronic acid/poloxamer hydrogel carrier. They were found to be effective in 

dihydromyricetin's delivery and therapeutic effect at the wound site. Studies conducted  

in vitro and in vivo indicated good adhesion of the formulations at the wound site, 

prolonged release of API from the polymer matrix, and material biocompatibility in 

contact with human tissues. 

This research aimed to develop a hybrid insulin carrier based on chitosan and 

Poloxamer 407, with a view to the preparation of prescription medicines. To the best of 

our knowledge, no research has been conducted to date on insulin hydrogels in the 

proposed formulation.  
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2. Materials and Methods  
2.1. Materials 

Insulatard® Penfill® (human insulin (INS), isophane, long-acting) was purchased from 

Novo Nordisk (Bagsværd, Denmark) at a concentration of 100 IU/mL. Excipients 

included zinc chloride, metacresol, glycerol, phenol, sodium hydroxide, disodium 

phosphate dihydrate, protamine sulphate, hydrochloric acid, and water for injection. 

Chitosan (CS, average molecular weight, degree of deacetylation 75 - 85%, viscosity 

approximately 200 – 800 cP) was supplied by Sigma-Aldrich  (St. Louis, MO, USA). 

Poloxamer 407 (P407) and PBS buffer (phosphate-buffered saline, pH 7.4) were also 

provided by Sigma-Aldrich (St. Louis, MO, USA). Acetic acid was purchased from 

Avantor Performance Materials Poland SA (Gliwice, Poland). All reagents used were of 

analytical grade. The Strat-M® membrane was purchased from Merck Millipore 

(Burlington, MA, USA). 

 

2.2. Methods 

2.2.1. Preparation of Hydrogel Based on Poloxamer 407 

15.0 g of Poloxamer 407 was added to a beaker containing 50.0 ml of cold water (4°C). 

The formulation was stirred on a magnetic stirrer (Fisherbrand™ Isotemp™, Thermo 

Fisher Scientific) until the polymer was completely dissolved and a clear solution of 30% 

(m/v) was obtained. After 5 days of refrigerated storage, the sol was brought to room 

temperature. When removed from the fridge, the system was in the sol state, with gelation 

occurring once it reached room temperature. Next, an INS was added, reaching 

a concentration of 1 mg/g (28.57 IU/g). The formulation was mixed mechanically until 

clear formulations were obtained (P407-INS). The preparations showed stability both 

during storage and during the study. 

 

2.2.2. Preparation of Hydrogel Based on Poloxamer 407 and Chitosan 

1.0 g of CS was introduced into 50.0 ml of 0.1 M acetic acid heated to 50°C (which 

accelerated the dissolution process). The formulation was stirred on a magnetic stirrer 

(Fisherbrand™ Isotemp™, Thermo Fisher Scientific) until the chitosan was completely 

dissolved. The formulation was then cooled to 4°C, and 15.0 g of P407 was added under 

continuous stirring. The finished medium, with a concentration of 30% (m/v) P407 and 

2% (m/v) CS, was brought to room temperature after 5 days of storage in the refrigerator, 

and INS was added, reaching a concentration of 1 mg/g (28.57 IU/g). The formulation was 

mixed mechanically until clear formulations were obtained (CS/P407-INS). The 

preparations showed stability both during storage and during the study. 

 

2.2.3. Pharmaceutical Availability Studies 

Pharmaceutical availability testing of insulin from hydrogels was carried out in an Erweka 

DT600 (Husenstamm, Germany) with a Dissolution Enhancer Cell™ (exposure area of 

3.80 cm2). 1 g of INS-containing formulation was introduced into the chambers, covered 

with a Strat-M® membrane (mimicking the skin barrier), and placed in a 200 ml vessel. 

50 ml of PBS buffer was used as an acceptor fluid, while the temperature was 32 ± 1°C 

(temperature at the surface of human skin). The speed of the mini-paddles was set at 

100 rpm, ensuring sink conditions. Released insulin was analysed spectrophotometrically 

(λ = 271 nm) using a CECIL UV-VIS spectrophotometer (CE 3021, Cambridge, UK), 

based on a calibration curve. 
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2.2.4. Analysis of Release Profiles 

INS release profiles were assessed using statistical methods recommended by the US Food 

and Drug Administration (FDA) and the European Medicines Agency (EMA). The 

acceptance criteria were a difference coefficient f1 < 15 and a similarity coefficient  

f2 > 50 [9]: 

f1 = [
∑  |Rt  −  Tt|

∑ Rt

] ·100 (1) 

f2 = 50∙log {[1+ 
1

n
∑(Rt - Tt)

2]
-0.5

∙100} (2) 

where: 

Rt – mean reference dissolution value; 

Tt – mean test dissolution value; 

n – number of time points. 

 

2.2.5. Analysis of Release Kinetics 

INS release kinetics were analysed using DDSolver 1.0 software (Microsoft Excel 2019 

add-on) [9], using zero- and first-order, Higuchi, Korsmeyer-Peppas, Peppas-Sahlin, 

Hixson-Crowell, Hopfenberg, and Baker-Lonsdale mathematical models. Model fit was 

assessed using the coefficient of determination (R²), Akaike's criterion (AIC), and the 

model selection criterion (MSC). Theoretical details on this analysis were described by us 

elsewhere [10]. 

 

2.2.6. Rheological Tests 

Rheological parameters of INS-containing hydrogels were analysed using an RM 200 

rotational rheometer (Lamy Rheology Instruments, France) with an MK-CP 2445 system 

(plate/plate, 24 mm, 0.45° angle). Measurements were performed at 32 ± 0.1°C using 

a CP-1 PLUS heating system. The sample (approximately 1 g) was stabilised for 30 min, 

and then the dynamic viscosity dependence on shear rate (1.0 - 100.0 s-1) was measured 

for 15 min. Analysis was performed with Rheomatic-P software using Casson, Bingham, 

and Herschel-Bulkley models. The fit was assessed by coefficient of determination (R2) 

analysis. The viscosity of the developed formulations was tested at three shear rates:  

30, 50, and 100 s-1. Lower shear rates reflect the behaviour of the hydrogel under resting 

conditions, while higher shear rates represent its behaviour during application to the skin. 

 

2.2.7. Texture Analysis 

Texture characteristics of INS-containing hydrogels were assessed using a Texture 

Analyzer TX-700 (Lamy Rheology Instruments, France) with a hemispherical probe 

(8 mm). Two tests were performed: CRT (Compression Directe/Relaxation/Tension; 

measurement parameters: 5.0 mm distance, 0.05 N force to start, 20 s relaxation time, 

0.5 mm/s down speed) and TPA (Tension/Penetrometry; measurement parameters: 

5.0 mm distance, 0.05 N force to start, 0.5 mm/s down speed). The parameters analysed 

were: hardness 1 and 2, adhesiveness, cohesiveness, and elasticity. The tests were 

conducted at 32 ± 0.1°C, and the results’ analysis was performed in RheoTex (TX-700, 

version TX-UK01/2019). Theoretical details were described by us elsewhere [10]. 

 
2.2.8. pH Measurement 

The pH of the hydrogels was determined potentiometrically using a SevenCompactTM 

S210 laboratory pH-meter equipped with an InLaB®Expert Pro-ISM electrode. 
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2.2.9. Statistical Analysis 

The experimental data represent the mean value with standard deviation (SD). Differences 

were analysed using the two-sample Student's t-test (p < 0.05). Calculations were 

performed using Statistica 13.1 software (StatSoft, Kraków, Poland). 

 

 

3. Results and Discussion 
The obtained INS-containing formulation based on P407 (P407-INS) was colourless, 

while the formulation based on poloxamer 407 and chitosan (CS/P407-INS) was yellow. 

Both samples were characterised by slight turbidity and were homogeneous in the visual 

assessment. There was no stratification of the samples or precipitate formation at 4°C and 

32°C (Figure 1). The P407-INS hydrogel showed a pH of 7.45, while the pH of the 

CS/P407-INS-based hydrogel was 5.35. 

 

 

 

Figure 1. P407-INS and CS/P407-INS formulations at 4°C and 32°C. 

 

Analysis of the insulin release profiles of the developed hydrogel carriers (Figure 2) 

showed that after 10.5 h, 23% of the initial insulin dose was released from the P407-based 

hydrogel, while 21% of the initial insulin dose was released from the CS/P407 carrier. 

A gradual, prolonged release of the hormone was observed. The release profiles of  

P407-INS and CS/P407-INS were similar (f1 factor < 15; f2 factor > 50; Table 1). 

According to the guideline, two dissolution profiles are considered similar if the f1 value 

falls within the range of 0 to 15 and the f2 value is between 50 and 100 [10].  

The study used the Strat-M® membrane, an alternative to human skin in drug 

permeation studies. The results obtained with the usage of this membrane give similar data 

to studies on human skin [11, 12]. The advantage of Strat-M® is non-animal conditions 

testing.  
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Figure 2. Release profiles of insulin from P407-INS and CS/P407-INS hydrogels 

through Strat-M® membrane (mean ± SD, n = 6). 

 

Table 1. Analysis of the difference coefficient (f1) and the similarity coefficient (f2) 

between the release profiles of developed insulin hydrogels. 

Compared hydrogels f1 f2 Dissolution profile 

P407-INS 

CS/P407-INS 
8.57 88.94 Similar 

 

The various mathematical models were applied to describe the INS release from  

P407-INS and CS/P407-INS hydrogels (Table 2). It was found that insulin is released from 

the P407-INS hydrogel according to the Peppas-Sahlin model (R2 = 0.9967, 

AIC = 38.3316, MSC = 5.4075), suggesting the involvement of two mechanisms. Initially, 

the release of INS occurs by diffusion and erosion, then is determined by swelling and 

relaxation of the polymer chain [13, 14]. In turn, the release of INS from the  

CS/P407-INS hydrogel matrix occurs according to the Korsmeyer-Peppas model 

(R2 = 0.9972, AIC = 29.5771, MSC = 5.5838). The n = 0.662 value of the Korsmeyer-

Peppas coefficient, within the range 0.45 < n < 0.89, suggests that the polymer matrix 

erosion is a predominant release mechanism, with an associated Fick diffusion effect. 

Similar results have been reported by others [13–15]. 

Rheological analysis of pharmaceutical preparations allows their technology to be 

optimised, taking into account changes during storage, transport, and use [16]. The 

rheological properties of hydrogels play a key role in their therapeutic effect. Based on the 

flow curve (Figure 3) and the data in Table 3, it is shown that the hydrogels studied are 

non-Newtonian fluids, diluted by shear with a flow limit. An increase in shear rate leads 

to disintegration of the matrix, lowering the viscosity, facilitating application to the skin, 

improving API bioavailability, and spreading the formulation [17].  
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Table 2. Mathematical models describing the kinetics of insulin release from P407-INS 

and CS/P407-INS. 

Kinetic model Hydrogel 
Model 

parameters 

R2 

adjusted 
AIC MSC 

zero order  
P407-INS 

CS/P407-INS 

k0 = 0.043 

k0 = 0.040 

0.9121 

0.9187 

115.4781 

109.1437 

2.1930 

2.2685 

first order  
P407-INS 

CS/P407-INS 

k1 = 0.00045 

k1 = 0.00044 

0.9441 

0.9462 

104.60 

99.2484 

2.6462 

2.6808 

Higuchi  
P407-INS 

CS/P407-INS 

kH = 0.901 

kH = 0.826 

0.9683 

0.9683 

91.0273 

86.5427 

3.2118 

3.2102 

Korsmeyer-Peppas  

P407-INS 

 

CS/P407-INS 

kKP = 0.356 

n = 0.656 

kKP = 0.314 

n = 0.662 

0.9955 

 

0.9972 

44.8654 

 

29.5771 

5.1352 

 

5.5838 

Peppas-Sahlin 

 

P407-INS 

 

 

CS/P407-INS 

kPS1 = –1.838 

kPS2 = 1.270 

m = 0.254 

kPS1 = –0.145 

kPS2 = 0.382 

m = 0.320 

0.9967 

 

 

0.9970 

 

38.3316 

 

 

31.4030 

 

5.4075 

 

 

5.5077 

Hixson-Crowell 
P407-INS 

CS/P407-INS 

kHC = 0.000 

kHC = 0.000 

0.9345 

0.9379 

108.41 

102.6843 

2.4874 

2.5376 

Hopfenberg 

 

P407-INS 

 

CS/P407-INS 

kHB = 0.000 

n = 786.320 

kHB = 0.000 

n = 498.129 

0.9415 

 

0.9437 

106.6176 

 

101.2696 

2.5622 

 

2.5966 

Baker-Lonsdale 

model 

P407-INS 

CS/P407-INS 

kBL = 0.0 

kBL = 0.0 

0.9615 

0.9618 

95.6351 

90.9872 

3.0198 

3.0250 

Note. R2 adjusted, adjusted determination coefficient, AIC, Akaike Information Criterion; MSC, 

Model Selection Criteria. 

 

 

Table 3. Apparent viscosity values at different shear rates. 

Hydrogel 
η (30 s-1) 

[Pa·s] 

η (50 s-1) 

[Pa·s] 

η (100 s-1) 

[Pa·s] 

P407-INS 10.9 ± 0.129 7.09 ± 0.126 3.96 ± 0.159 

CS/P407-INS 17.4 ± 0.452 13.2 ± 0.442 7.89 ± 0.217 

Note. Mean ± SD, n = 3, T = 32 ± 0.1°C 
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Figure 3. Flow curves of P407-INS and CS/P407-INS hydrogels at 32 ± 0.1°C 

(mean ± SD, n = 3) 

 

Selected rheological models were applied to describe the rheograms, showing that the 

studied formulations best fit the Herschel-Bulkley model (highest values of the R² 

determination coefficient). The n = 0.314 - 0.323 flow behaviour index indicates that 

hydrogels belong to non-Newtonian pseudoplastic fluids (n < 1). A lower n value of  

P407-INS hydrogel indicates a stronger shear-thinning effect and a more pronounced 

pseudoplasticity of this hydrogel compared to CS/P407-INS. The yield stress τ0 

determined from the Herschel-Bulkley model (Table 4) defines the minimum stress 

necessary to maintain hydrogel flow. A higher τ0 value indicates a stronger formulation 

structure, while a lower value promotes better flowability [18]. 

 

Table 4. The results of the mathematical modelling of the rheograms. 

Hydrogel 
Herschel-Bulkley Bingham Casson 

τ0 n K R2 τ0 R2 τ0 R2 

P407-INS 116.2 0.314 161.1 0.996 342.0 0.923 228.7 0.969 

CS/P407-INS 121.1 0.323 199.4 0.988 437.7 0.891 287.6 0.950 

Note. τ0, the yield stress [Pa]; K, the consistency index [Pa·sn]; n, the flow behavior index;  

R2, determination coefficient. 

 

The hardness of the hydrogel determines the ease of application. The higher the hardness 

value, the harder the sample. The low hardness values of both hydrogels, being within 

a range of 0.294 - 0.188 N (Table 5), indicate easy spreading of the formulation. 

Cohesiveness, indicating the ability to rebuild the structure, was higher for CS/P407-INS, 

suggesting a higher drug yield. Adhesiveness, which correlates with retention time at the 

wound site, was higher for P407-INS, providing its longer adhesion. Greater deformation 

resistance was demonstrated by CS/P407-INS hydrogel (94.8%). The obtained results are 

consistent with the literature [14]. 
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Table 5. Mechanical parameters of P407-INS and CS/P407/INS hydrogels. 

Hydrogel Relaxation [%] Hardness 1 [N] Hardness 2 [N] 

P407-INS 92.0 0.294 0.279 

CS/P407-INS 94.8 0.188 0.181 

p < 0.05 < 0.05 < 0.05 

Hydrogel Cohesiveness Adhesiveness [mJ] Elasticity 

P407-INS 0.955 1.0 0.949 

CS/P407-INS 1.064 0.8 0.891 

p < 0.05 < 0.05 < 0.05 

Note. Mean ± SD, n = 3, T = 25 ± 0.1°C 

 

The developed P407-INS and CS/P407-INS hydrogels are characterised by appropriate 

rheological and textural properties, enabling convenient application, especially to wounds 

with irregular shapes and hard-to-reach areas [19]. An additional advantage of these 

formulations is the use of a ready-to-use human insulin preparation that contains 

metacresol and phenol with antimicrobial activity, which minimises the risk of microbial 

contamination. An aqueous environment is conducive to the growth of microorganisms 

that can enter the hydrogel matrix from the skin surface. In addition, the zinc chloride 

present in the formulation, which exhibits protease inhibitory activity [20], may contribute 

to insulin stability in the hydrogel matrix and at the wound site. 

The study confirmed that 23% of the INS was released from the P407-based hydrogel, 

while 21% of the initial insulin dose was released from the CS/P407 carrier. The gelation 

mechanism of poloxamer is based on micelle packing and entanglement [21]. Gratieri  

et al. [22] found that the incorporation of chitosan into the polymer matrix of poloxamer 

probably increases its entanglement, affecting drug diffusion. Chitosan promotes the 

absorption of free water derived from the dehydration of the micelle core, enhancing the 

elastic behaviour of the formulation at 35°C. It also increases the viscosity and 

cohesiveness of the hybrid hydrogel. The more compact cross-linking of the matrix 

correlates with impaired API diffusion, leading to reduced hormone release. 
The above-discussed results suggest the need for further research into optimising the 

hydrogel carrier of insulin to increase its bioavailability. The inclusion of sorption 

promoters in the formulation could be considered. The risk of enzymatic breakdown of 

insulin in the skin (peptidases are present in epithelial cells) is also an important issue to 

be aware of. This problem can be potentially eliminated by adding enzyme inhibitors (e.g., 

aprotinin, bestatin, soybean trypsin inhibitor) to the hydrogel matrix. Importantly, cholic 

acid salts also show the ability to inhibit aminopeptidase activity [23]. 

 

 

4. Conclusions 
The developed P407-INS and CS/P407-INS hydrogels provide a balance between 

rheological performance, texture, and ease of application. Prolonged release of the 

hormone eliminates the need for frequent hydrogel replacement.  

Further research should include optimisation of the formulation composition, 

including the use of additional enzyme inhibitors and/or sorption promoters, which may 

increase the stability and bioavailability of the active substance. We also suggest 

conducting cytotoxicity and biocompatibility studies on the developed hydrogel 
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formulations to assess their comprehensive safety for use on the skin. Finally, preclinical 

and clinical studies are needed to confirm the efficacy of insulin-containing hydrogels in 

chronic wound management. 
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