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Abstract 

Introduction: Wounds may be caused by surgery, trauma, or as a result of diseases such as diabetes. The disruption of the 

skin/internal tissues and the contact with the external environment may lead to microbial infection. Wound dressings are capable 

of providing a protection barrier and can accelerate the wound healing process. Chitosan is one of the most promising materials 

for wound dressings, due to its good biocompatibility, low toxicity, hemostatic properties, antibacterial activity and 

biodegradability. The main goal of this work is to produce efficient and safe chitosan based hydrogels and choose the best 

sterilization method. 

Experimental: Three different chitosan based materials were produced starting from BioceraMed formulations, AbsorKi®, 

HidroKi® and HemoKi. The latter was modified by addition of genipin, a cross-linking agent. The dressings were individually 

loaded with two different drugs, Polyhexamethylene biguanide (PHMB, also called polyhexanide) and chlorhexidine diacetate 

(CHX), by soaking in solutions containing each drug. The physical properties (swelling, mechanical properties, wettability and 

morphology) of the materials were studied before and after sterilization. The methods used for sterilization were: steam and pressure, 

high hydrostatic pressure (HHP) and gamma radiation. Chorioallantoic membrane (HET-CAM) tests were done to non-sterilized 

dressings to study potential irritation of the skin. The antibacterial activity of the drugs was assessed by measuring the optical 

density of an incubation solution containing drug loaded WD and bacterial suspension. In vitro drug release studies were 

performed with a Franz diffusion cell system, combined with UV-Vis absorption spectroscopy for drug quantification. Since HHP is 

considered a relatively novel sterilization method its efficiency was evaluated by sterility tests.  

Results: The lyophilized dressings present a porous structure and a high swelling before and after sterilization. HPP increased 

the swelling of AbsorKi®, but all methods decreased the swelling of HemoKi. The drug release profiles indicated that the 

concentrations of PHMB and CHX increased in a controlled way after sterilization within the first 8h for all the methods. The 

only exception was HidroKi® loaded with PHMB. HHP improved the mechanical properties of both dry dressings while for 

HidroKi® a small improvement in the properties was observed after steam and pressure sterilization. The HET-CAM tests 

suggested that the produced materials do not lead to irritation and loaded with drugs can be very effective against bacteria.  

Discussion and Conclusions: HHP revealed an efficient method to ensure the materials sterilization making the drug loaded 

wound dressings potentially efficient devices for the absorption of exudate from the wound bed. The combination of chitosan, 

a natural antibacterial agent, with the studied disinfectant and antiseptic drugs may lead to promising materials to be used as 

drug delivery platforms.  

Keywords: wound dressings, chitosan, drug delivery, HHP, steam and pressure, gamma radiation 

 

1. Introduction 

Wound healing is a very complex process and one of the 

major risks that can occur is contamination of the wound in 

any of the four stages of healing [1]. A wound dressing (WD) 

is a sterile pad designed to be in contact with the wound in 

order to promote healing and protect the wound from further 

harm [2].  Over the years several WD have been on the market,  

such as semi-permeable film or foam dressings, hydrogels, 

hydrocolloid, alginate, bioactive etc [3]. 

Hydrogel-based WD are one of the most promising 

materials in wound care due to their properties, such as high 

capacity of fluid sorption, providing moisture to the wound etc 
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[4].  Chitosan is a natural copolymer widely used in medicine 

due to its biocompatibility, non-toxic,  antimicrobial and 

haemostatic properties [5], [6]. Chitosan WD incorporating 

antibiotic or antiseptic agents are used for local drug delivery 

and effective treatment against infections [7].  

  Sterilization of hydrogels is particuarly challenging for 

the biomedical industry due to the sensitivity of this material 

to common sterilizing agents such as heat and irradiation [8], 

[9]. The existance of water in the hydrogel structure can 

contribute the breakdown of chemical bonds and initiate 

possible alterations in the material properties, affecting their 

safe performance [10]. The outcome of sterilization 

proccesses is even more demanding for combinatory medical 

products including drug delivery systems, in which attention 

must be paid to material integrity and factors related drug 

degradation/stability and changes in the release profile [11-

14].  

In this work was made an effort to develop chitosan based 

WD and evaluate the effects of several sterilization techniques 

on these materials. Two conventional and widely used 

methods, namely steam and pressure and gamma radiation, 

and one relatively new method (HHP) were studied. 

2.1 Materials 

Acetic acid, 2% (v/v) from Sigma-Aldrich®; Lactic 

acid, 2% (v/v) from Sigma-Aldrich®; Chitosan, Chitopharm 

L, 620 kDa – 79.4% D.D. Batch: UPBH3114PR from BASF 

was supplied by BioceraMed (Portugal); Ammonium 

hydroxide 2.5% (v/v) from Panreac; Chlorhexidine diacetate 

from Santa Cruz Biotechnology, Inc.; Polyhexamethylene 

biguanide from Sigma-Aldrich®; Genipin from CarboSynth; 

Sodium Chloride from Fluka Analytical; Potassium Chloride 

from Sigma-Aldrich®; Sodium dihydrogen phosphate 

monohydrate from Merck; Sodium Hydrogen Carbonate from 

PanReac AppliChem; Lysozyme from Fisher BioReagents; 

Mueller-Hinton Broth from Oxoid; Thioglycollate Liquid 

Medium from PanReac AppliChem; CASO Broth from 

Sigma-Aldrich®. 

2.2 Preparation of chitosan based wound dressings 

The production of AbsorKi® (dry dressing) and 

HidroKi® (hydrated dressing) was based strictly on 

formulations provided by BioceraMed while HemoKi (dry 

dressing) was further developed by adding genipin, a natural 

cross-linking agent. The first step in the synthesis of 

AbsorKi® was to fully dissolve chitosan (3% m/m) in an 

acetic acid solution (2% v/v). Then the solution was placed in 

Petri dishes and was put a freezer at -80oC overnight. 

Afterwards, the plates were lyophilized for 24 hours. For the 

coagulation of the hydrogels was used an ammonia solution 

(2.5% v/v) where the lyophilized samples were immersed into 

for 10 min.  Before the final lyophilization the samples were 

washed with DD water to remove any remaining ammonia. 

To produce HemoKi, chitosan (3% m/m) was added 

in an acetic acid solution (2% v/v) and stirred until it was 

dissolved completely. Then genipin, which was previously 

dissolved in DD water, was added in the chitosan solution 

(1mg/mL) and stirred until it became homogeneous. For the 

cross-linking of the hydrogel, the chitosan-genipin solution 

was placed in the oven for 15 hours at 26oC. Finally, the 

samples were lyophilized in the aforementioned conditions.  

HidroKi® was prepared by dissolving chitosan (3% 

m/m) in a solution of lactic acid in DD water (2% v/v) and 

then was deposited in silicone moulds. In this case, ammonia 

vapour was used in the coagulation step. A solution of 

ammonia (2.5% v/v) was prepared and placed in a Petri dish 

in the bottom of a glass chamber to create ammonia vapour. 

The plates containing the chitosan solution were suspended on 

top of this chamber which was airtight sealed. After 24 hours 

the samples were removed from the chamber and were washed 

with DD water three times and were left to dry for 30min to 

remove any remaining ammonia. Finally, they were stored 

inside airtight sealed bags with 3mL of DD water to guarantee 

that the samples would remain hydrated. The final WD are 

presented in Fig. 1. 

 

Figure 1:Photos of the final form of the dry dressings. (A) AbsorKi® and (B) 
HemoKi with the characteristic blue colour on the right and HidroKi® (C). 

2.3 Drug loading and drug release procedures 

Samples of the three materials were drug-loaded by 

soaking, at 36 °C, in 5 mL of drug solutions: 0.5 mg/mL of 

PHMB for 24 h, 180 rpm and 5 mg/mL of CHX for 24 h, 180 

rpm and 5 mg/mL. Polyhexanide was dissolved in pseudo 

extracellular fluid solution (PECF) while chlorhexidine was 

dissolved in DD water due to its low solubility in saline 

solution.  

Drug release experiments for all dressings, before 

and after sterilization, were performed using a Franz cell 

diffusion system. Six receptor cells were filled with preheated 

PECF solution (6.5 mL) and were placed into the Franz cell 

system. The drug loaded samples were fixed between the 

donor and receptor compartment. The diffused drug was 

magnetically stirred constantly. Aliquots of 200 μL were 

removed at predetermined times to measure the drug 

concentration in solution, being replaced by the equal volumes 
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of fresh preheated PECF solution. Six experiments were 

carried out for each system. Due to an error occurred during 

the coagulation of AbsorKi® it was impossible to obtain drug 

loaded samples (CHX) for steam and pressure and gamma 

radiation. Therefore, this dressing was submitted only to HHP 

sterilization. 

The concentration of released drugs in the collected 

solutions was determined using a UV-Vis spectrophotometer 

(Multiskan GO, Thermo Scientific), at λ=235nm for PHMB 

and λ=255nm for CHX. 

2.4 Sterilization 

To study the effects of sterilization on the dressings 

three different sterilization methods were used: steam and 

pressure, high hydrostatic pressure (HHP) and gamma 

radiation and. The dry dressings (AbsorKi® and HemoKi) 

were sterilized by all methods and HidroKi® was sterilized 

only by steam and pressure and HHP. For all methods were 

sterilized blank and drug loaded samples.  

2.4.1 Steam and pressure 

In the steam and pressure sterilization, the parameters 

applied for all materials were: temperature at 121⁰C, pressure 

of 1 bar and time period of 20 minutes. The blank dressings 

were sterilized in falcons: the dry ones were simply placed in 

tubes and the hydrated ones were incubated with 3mL of DD 

water. During the sterilization process HidroKi® samples 

were loading in drug solutions (5mL). 

2.4.2 High hydrostatic pressure 

For the HHP sterilization, AbsorKi® and HemoKi 

samples (blank or drug loaded) were sealed in bags from 

which the air was removed with vacuum. Blank HidroKi® 

samples were packaged with DD water to maintain their 

hydrated state throughout the sterilization process while the 

drug loaded samples were immersed in drug solutions (5mL). 

Prior to sterilization, water was heated in an external water 

bath and then it was poured in an insulation vessel alongside 

with the samples. Once the water temperature reached the 

70oC, the insulation vessel was placed in the machine. The 

software program used had the following settings: temperature 

at 70oC, pressure at 600MPa and time duration of 10 minutes 

[15], [16].  

2.4.3 Gamma radiation 

Lyophilized blank and drug loaded AbsorKi® and 

HemoKi samples were irradiated with 25 kGy using a Cobalt-

60 source with a dose rate of 5 KGy/h. 

2.5 Physical Characterization 

Blank and drug loaded samples were characterized with 

respect to some of their physical properties. 

2.5.1 Swelling capacity 

The swelling kinetics of the three different materials 

was assessed before and after sterilization. Before the assay 

starts, the hydrated samples were blotted gently with 

absorbent paper to remove the excess of water from their 

surface. All samples had a dimension of 8 mm diameter. They 

were pre-weighted and afterwards were immersed in DD 

water and incubated for 48 hours at room temperature. At pre-

determined time intervals, the samples were retrieved, 

carefully blotted with absorbent paper, weighted in the 

balance and immersed again in DD water. This process was 

repeated until the sample’s weight reached equilibrium and the 

swelling stagnated. The weight of the samples was registered 

each hour for the first 8 hours and, after that, at 24 hours and 

48 hours. The swelling capacity was calculated using the 

equation: 

(%)𝑆𝐶 =
𝑊𝑡 −𝑊0

𝑊0

× 100 

where Wt is the weight of the hydrogel at each time point 

measured and W0 is the initial weight. 

2.5.2 Wettability 

The wettability was determined by measuring the 

contact angles of captive air bubbles placed with the aid of an 

inverted needle underneath the sample-substrate system which 

was immersed in water. A video camera (jAi CV-A50, Spain) 

connected to a microscope Wild M3Z (Leica Microsystems, 

Germany) was used to acquire the images which were 

analysed afterwards with ADSA software (Axisymmetric 

Drop Shape Analysis, Applied Surface Thermodynamics 

Research Associates, Toronto, Canada). Wettability studies 

were conducted only for HidroKi® since the extremely porous 

surface of the lyophilized samples made the measurement 

impossible. 

2.5.3 Mechanical properties 

To evaluate the mechanical properties of the 

dressings were carried out tensile tests for the lyophilized 

dressings and compression tests for the hydrated before and 

after sterilization. Tensile strength (TS), %elongation (%E), 

Young’s modulus (YM), breaking strength (BS) of AbsorKi® 

and HemoKi were calculated after tensile tests. The 

compression strength (CS) and Young’s modulus were 

measured after conducting compression tests.  All the values 

were determined by using the TA.XT Express Texture 

Analyzer (Stable Micro Systems).  



Drug loaded chitosan wound dressings: choosing the best sterilization method 

 4  
 

2.5.4 Morphology 

The morphology of the samples was analysed using 

a Field Emission Gun (FEG) SEM JEOL JSM-7001F SEM. 

Before the SEM analysis, the surfaces were coated with gold 

(Au) and palladium (Pd). For the tests, samples were cut in 

small discs (5 mm diameter), placed in the -80⁰C freezer for 1 

day and lyophilized overnight. SEM images were obtained 

under the following magnifications: x40, x200 and x1000. 

2.5.4 Irritation (HET-CAM test) 

Fertilized hen’s eggs were incubated (Intelligent 

Incubator 56S) at 37 ± 0.5°C with 60 ± 3% RH for 8 days. 

During this period the eggs were manually rotated 180° three 

times a day and on the 9th day they were cut using a rotary 

saw (Dremel 300, Breda). Upon the removal of the cut part of 

the shell, with the aid of a scalpel, the inner membrane was 

moistened with a 0.9% NaCl solution and the eggs were 

incubated again for 30 minutes. Then the inner membrane was 

removed carefully and the chorioallantoic membrane (CAM) 

was exposed. Triplicates of non- sterilized AbsorKi®, 

HemoKi and HidroKi® samples (discs of 8 mm diameter) 

were placed directly on the CAM, and remained there for 5 

minutes. NaCl (0.9%) and NaOH (1 M) solutions (300μL) 

were used as negative and positive controls, respectively. The 

progress of the process was observed within the time that was 

mentioned above and the occurrence of possible lysis, 

haemorrhage and coagulation of the blood vessels on the 

CAM was documented. 

2.6 Microbiological tests 

2.6.1 Sterility testing 

 Since HHP sterilization is a relatively recent method, 

its reliability needs to be evaluated. Therefore, sterility tests 

were carried out only for the dressings subjected to this 

method. The conditions applied during steam and pressure 

sterilization and sterilization by gamma radiation ensure that 

the dressings are sterile. 

For the sterility tests two mediums were prepared: 

Thioglycolate Medium (TIO) used for observation of potential 

bacterial growth and Caso-Broth (Tryptone-Soya) for fungal 

growth. The Thioglycolate Medium was incubated at 30oC for 

14 days while the Caso-Broth was incubated at 25oC for the 

same period of time. Triplicates of the different type of 

dressings (discs of 8 mm diameter) were immersed in 50 mL 

of the mediums contained in Schott flasks, under aseptic 

conditions, and then they were placed in the oven under the 

appropriate temperature depending on each microorganism. 

The evaluation of the sterility was done by visual inspection 

of turbidity, which indicates the presence of microorganisms 

in the medium due to contaminated samples. 

2.6.2 Antibacterial activity  

The antibacterial activity of the dressings, which 

presented the best release profiles and physical properties, was 

tested against P. Aeruginosa (ATCC 15662) and S. Aureus 

(ATCC 25923) by turbidimetry in Mueller-Hinton Broth 

(MHB, BD Quilaban. The bacterial suspension was prepared 

by removing colonies from the respective bacteria and by 

adding them to a 0.9% NaCl sterile solution to achieve a 

turbidity of 0.5 McFarland for P. Aeruginosa and 1 McFarland 

for S. Aureus. Afterwards it was added to the broth. 

Triplicates of each sample (discs of 5 mm diameter) 

were placed individually in a 24-well plate. Then, 10 μL of 

bacterial suspension and 500 μL of MHB were deposited on 

each well. Three of these wells corresponded to the positive 

control. Only the wells corresponding to the negative control 

did not contain any bacteria. Then the plates were incubated 

in the oven at 37oC under stirring at 100rpm for 24 hours.  

After 24h, 200 μL of homogenized solution were 

extracted and placed individually in a 96-well plate. The 

optical density was measured using a spectrophotometer 

(Platos R 496 Microplate Reader) by reading the wavelength 

at 630 nm.  All the procedures mentioned previously were 

carried out in a laminar flow chamber to guarantee aseptic 

conditions. The experiment was performed for both drugs 

PHMB and CHX. 

3. Results 

3.1 Evaluation of physical properties 

The evaluation of the effect of different sterilization 

methods on the materials, was done by comparing the obtained 

results from sterilized and non-sterilizes samples. 

3.1.1 Swelling capacity results 

AbsorKi® sterilized by HHP exhibited the highest 

swelling (2296.5%) among all the other sterilized samples. 

Steam and pressure and gamma radiation samples increased 

the swelling capacity up to 692.6% and 1467.2%, 

respectively, relatively to the non-sterilized samples 

(531.3%). The swelling profiles of AbsorKi® are represented 

graphically in Fig. 2. 

All sterilization methods led to a decrease in the 

swelling capacity of HemoKi. The lowest swelling (310.9%) 

resulted from steam and pressure sterilization. The swelling 

ratio of the samples sterilized by HHP increased (1195.3%) 

compared to the steam and pressure sterilization but it is still 
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lower compared to the non-sterilized samples. Finally, the 

sterilization by gamma radiation led to highest swelling 

capacity (1467.2%) compared to the other two sterilization 

methods. The swelling capacities of HemoKi are 

demonstrated in Fig. 3. 

 

Figure 2: Swelling profile of AbsorKi® (with and without sterilization) in 

DD water for 48 hours at room temperature. The error bars are the maximum 
± standard deviations (n = 4). 

 

Figure 3: Swelling profile of HemoKi (with and without sterilization) in DD 

water for 48 hours at room temperature. The error bars are the maximum ± 

standard deviations (n = 4). 

In Fig. 4 is presented the swelling of non-sterilized 

HidroKi® and sterilized by steam and pressure and by HHP. 

It is obvious that both methods increased the ability of 

HidroKi® to absorb water compared to the non-sterilized 

material (8.2%). Steam and pressure sterilization caused the 

most significant change leading a swelling capacity of 35%, 

while HHP led to 28.1%. 

 

Figure 4: Swelling profiles of HidroKi® prior and upon sterilization in DD 

water for 48 hours at room temperature. The error bars are the maximum ± 

standard deviations (n = 4). 

3.1.2 Wettability results 

Sterilization by HHP caused an increase of 

approximately 5o in the contact angle compared to non-

sterilized samples (42o ± 4o vs 38o ± 6o), thus decreasing the 

wettability. Steam and pressure sterilization had a small effect 

on the wettability of HidroKi®, relatively to non-sterilized 

samples, since the difference between the contact angles 

before and after sterilization is not significant. 

3.1.3 Mechanical properties results 

The experimental results of AbsorKi® for the 

different tested conditions are listed in Table 1. The values of 

YM indicate that the irradiation made the material more rigid 

(low tensile strain) and the BS was reduced to the half 

compared to non-sterilized samples. On the other hand, 

sterilization by HHP resulted to a significantly higher TS 

value is, which makes the dressing capable of remaining intact 

for longer time while it is being elongated. The YM is 

moderate but higher than the values obtained with the other 

samples. Regarding the findings for the effect of steam and 

pressure on AbsorKi®, it can be inferred that there was a slight 

change in the properties of the sterilized samples compared to 

the non-sterilized. The material lost a part of its elasticity 

(lower YM) and the capacity to resist to load (lower TS). 

Table 1: Mechanical properties of AbsorKi® obtained from tensile test. 

Sterilization 

method 

Tensile 

strength, 
MPa ± SD 

Elongation at 

break, % ± 
SD 

Young’s 

Modulus, 
MPa ± SD 

Breaking 

strength, 
MPa ± SD 

No 

sterilization 
0.5 ± 0.3 2 ± 2 0.6 ± 0.1 0.3 ± 0.2 

Steam and 

pressure 
0.27 ± 0.15 3 ± 2 0.09 ± 0.04 0.2 ± 0.2 

HHP 3 ± 2 16 ± 4 1.2 ± 0.4 1.8 ± 0.4 

Gamma 
radiation 

0.19 ± 0.05 2.1 ± 1.2 0.03 ± 0.01 0.15 ± 0.05 

The results from the mechanical tests of HemoKi 

which are presented in Table 2. Sterilization by gamma 

radiation has a negative effect on the material by lowering its 

resilience and resistance to strain. Sterilization by steam and 

pressure made the material more brittle and stiff (lower TS and 

YM values). The only sterilization method that improved in 

general the properties of HemoKi samples is HHP. According 

to the value of TS it is obvious that the material became more 

resistant and can withstand more stress until it raptures 

completely. The E% increased significantly implying that the 

shape of the material is retained during the application of force 

while the elasticity is also increased. 
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Table 2: Mechanical properties of HemoKi obtained from tensile test. 

Sterilization 

method 

Tensile 

strength, 
MPa ± 

SD 

Elongation at 

break, % ± SD 

Young’s 

Modulus, 
MPa ± SD 

Breaking 

strength, 
MPa ± SD 

No 
sterilization 

1.7 ± 0.8 10 ± 7 0.19 ± 0.04 1.2 ± 0.8 

Steam and 

pressure 
1.4 ± 0.7 20 ± 9 0.12 ± 0.07 1.4 ± 0.7 

HHP 4.6 ± 0.9 39 ± 7 0.9 ± 0.2 3.9 ± 0.7 

Gamma 

radiation 
1.16 ± 0.02 14 ± 3 0.17 ± 0.02 1.1 ± 0.1 

In Table 3 are listed the results from the compression 

tests for HidroKi®. From the YM and CS values obtained after 

sterilization by HHP and steam and pressure sterilization, it 

can be inferred that the material is not resilient and not 

resistant when force is applied. However, the obtained values 

after steam and pressure sterilization are slightly increased 

compared to the HHP values. 

Table 3:Mechanical properties of HidroKi® obtained from compression test. 

Sterilization method 
Young’s Modulus, 

MPa ± SD 

Compression strength, 

MPa/mm ± SD 

No sterilization 0.028 ± 0.004 0.27 ± 0.02 

Steam and pressure 0.031 ± 0.005 0.32 ± 0.07 

HHP 0.024 ± 0.004 0.26 ± 0.01 

3.1.4 Morphology results 

SEM images of all dressings before sterilization 

demonstrate that the lyophilization process allows obtaining 

matrices with a highly interconnected porosity (Fig. 4 A-B) 

and that the surface of the hydrated sample is very irregular 

with many well defined pores (Fig. 5C). 

 

Figure 5: SEM images of AbsorKi® (A), HemoKi (B) and HidroKi® (C) 

before sterilization at magnification x200. 

From the SEM images of dressings after steam and 

pressure sterilization can be seen that the surface of AbsorKi® 

(Fig. 6A) still has pores but is more flat compared to the non-

sterilized. For HemoKi. The pores have almost been removed 

and the surface appears to be very smooth and dense (Fig. 5B). 

The surface of HidroKi® became more rough and the pores 

are not well defined anymore (Fig. 6C). 

HHP generated tremendous alterations on 

AbsorKi®, the surface is very compressed and smooth while 

there are no evident signs of pores (Fig. 7A) compared to the 

surface of non-sterilized material. The surface of HemoKi 

became denser and compressed uniformly but small pores still 

exist (Fig. 7B). Similar was the effect of HHP on HidroKi®. 

Its surface was compressed and the size of the pores decreased 

(Fig. 7C). 

 

Figure 7: SEM images of AbsorKi® (A), HemoKi (B) and HidroKi® (C) 

after HHP sterilization at magnification x200. 

Fig. 8A presents the effect of sterilization by gamma radiation 

on AbsorKi®. The surface is very rough and the pores seem 

to be enhanced compared to the other sterilization methods. 

Moreover, the surface of HemoKi is still smooth and dense in 

some parts but in others it became irregular and slightly rough. 

Unlike it happened after HHP, numerous small pores are still 

evident on the surface of the sample. 

 

Figure 8: SEM images of AbsorKi® (A) and HemoKi (B) after gamma 
radiation sterilization with 25 kGy at magnification x200. 

3.1.5 Irritation (HET-CAM test) results 

Images of CAM (Fig. 9 A-C) after 5-minute exposure 

to non-sterilized samples of the three different materials did 

not show any visual lysis, haemorrhage or coagulation. On the 

other hand, Fig. 9E shows the response of CAM to the positive 

control (addition of NaOH) where haemorrhage and 

coagulation of the CAM was observed almost instantly and 

increased with time. 

 

Figure 9: Chorioallantoic membrane images after 5-minute contact with not 

sterilized: AbsorKi® samples (A); HemoKi samples (B), HidroKi® samples 

(C); negative control (D) and positive control (+). 

Figure 6: SEM images of AbsorKi® (A), HemoKi (B) and HidroKi® (C) 

after steam and pressure sterilization at magnification x200 



Drug loaded chitosan wound dressings: choosing the best sterilization method 

 7  
 

3.2 Evaluation of drug release profiles of WD 

The PHMB release profiles for AbsorKi®, HemoKi 

and HidroKi® are shown in Figs. 10, 11 and 12, respectively. 

The AbsorKi® results show that all the release curves are 

similar. It is observed an initial burst in the first 8h and then a 

plateau is reached. The drug concentration after gamma 

radiation and HHP lower compared to steam and pressure and 

non-sterilized releases (Fig. 10). 

 

Figure 10: PHMB release profiles from AbsorKi® samples non-sterilized 

and sterilized by three different methods. The error bars are the maximum ± 
standard deviations (n = 6). 

Similar behaviour can be observed from the release 

curves of HemoKi. The dressings release most of the drug 

within the 8h and then the release is sustained. For all the 

methods the released amount of PHMB is not very different 

(Fig. 11). 

 

Figure 11: PHMB release profiles of HemoKi samples sterilized by the three 
different methods and not sterilized. The error bars are the maximum ± 

standard deviations (n = 6). 

For HidroKi® can be seen that the release of the drug 

from the samples sterilized by steam and pressure and HHP is 

very low. In the first 8 hours the drug was released from both 

dressings but the amount is significantly low. After the 48 

hours the releases from all dressings reached a plateau (Fig. 

12). 

 

Figure 12: PHMB release profiles of HidroKi® non-sterilized samples and 

sterilized by the two different methods. The error bars are the maximum ± 

standard deviations (n = 6). 

In Figs. 13, 14, 15 are presented the CHX release 

profiles of AbsorKi®, HemoKi and HidroKi®, respectively. 

In the first hours of release from AbsorKi® there is a burst and 

most of the drug is released after the 24 hours (Fig. 13). 

 

Figure 13: CHX release profiles of AbsorKi® samples sterilized by HHP and 
without sterilization. The error bars are the maximum ± standard deviations 

(n = 6). 

HemoKi release profiles demonstrate that within the 

first 8 hours the release of CHX in the case of steam and 

pressure sterilization is slow and the total amount of drug 

increased slightly compared to the CHX release from samples 

sterilized by HHP and gamma radiation where the released 

amount is almost equal. The concentration of CHX released 

by non-sterilized samples has a similar release curve but the 

amount is lower relatively to the sterilized samples (Fig. 14).  

It is possible to see that both HidroKi® sterilized 

samples yield similar release profiles with no significant 

difference between the released amount of CHX. In the first 8 
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hours the concentration of the released drug is low but remains 

sustained (Fig. 15). 

 

Figure 14: CHX release profiles of HemoKi samples non-sterilized and 

sterilized by the three different methods. The error bars are the maximum ± 
standard deviations (n = 6). 

 

Figure 15: CHX release profiles of HidroKi® samples sterilized by the two 

different methods, steam and pressure and HHP sterilization. The error bars 
are the maximum ± standard deviations (n = 6). 

3.3 Evaluation of microbiological tests 

3.3.1 Sterility results 

After the 14 days of incubation the dry samples did 

not show any turbidity in the medium. Therefore, both 

AbsorKi® and HemoKi were sterilized successfully by HHP. 

The hydrated samples showed some turbidity suggesting 

possible contamination. Extracted liquid of the turbid medium 

was spread on a Petri dish containing Mueller Hinton Agar. 

Afterwards the plate was incubated for 24 hours at 36°C. 

Bacterial colonies were formed on the plate verifying the 

contamination. Since the other two mediums with the 

HidroKi® samples were sterile, it was concluded that the 

bacterial colonies were formed due to cross contamination in 

the lab and it was not related to the sterilizing process. 

3.3.1 Microbiological activity 

The antibacterial activity of the drug loaded samples 

was assessed by measuring their optical density after being 

incubated individually with solution containing S. Aureus and 

P. Aeruginosa, respectively. The tested samples were loaded 

with PHMB and CHX and were sterilized with different 

methods. For the selection of each method not only the drug 

release profiles were considered but also results referring to 

the properties of the materials after being submitted to 

different sterilization methods.  

Table 4: Selected sterilization methods for testing the antimicrobial activity 

of the dressings. 

 AbsorKi® HemoKi HidroKi® 

PHMB HHP HHP HHP 

CHX HHP HHP 
Steam and 
Pressure 

Fig. 16 demonstrates the relative values for the 

optical densities (OD) of the incubated solutions containing 

bacteria obtained after 24 h of contact with samples loaded 

with PHMB and CHX, respectively. It is obvious that all 

dressings affected the bacterial growth by destroying the vast 

majority of the bacteria in the well-plate. 

 

Figure 16: Relative values of the optical density of the incubation solutions 
containing S. aureus and P. aeruginosa, with PHMB and CHX, respectively 

The errors are the maximum ± standard deviations (n=3). 

4. Discussion 

After skin damage, the process of wound healing is 

very complex. It involves not only several biological 

processes and mechanisms but also the risk of contamination 

when the wound is in contact with pathogenic microorganisms 

[17]. Therefore, the production of medical products that 

protect the wound and accelerate the wound healing process is 

imperative. In this work, an effort was made to produce 

efficient drug loaded chitosan based wound dressings and 

study the effect of various sterilization methods on them. 

Several tests were conducted in order to assess the properties 

of the developed materials, namely AbsorKi®, HemoKi and 

HidroKi® before and after sterilization and, if possible, to 

choose the best sterilization method. 

Due to its water uptake capacity, the swelling of WD 

has an important role in wound healing because it affects the 

amount of exudate that can be absorbed from the wound [18]. 

With the exception of HidroKi®, the other dressings with and 

without sterilization exhibit extremely high capacities for 
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water sorption, which is associated with their spongy texture 

which was achieved due to lyophilization [19]. All 

sterilization methods increased the swelling capacity of 

AbsorKi® and of HidroKi®, but decreased the swelling 

capacity of HemoKi. For HidroKi® it was observed that non-

sterilized samples demonstrate very low swelling capacity, 

while both sterilization methods (steam and heat and HHP) 

improved significantly this property. the swelling of the 

samples AbsorKi® and HidroKi® sterilized by HHP 

increased compared to the non-sterilized samples. However, 

as observed for HemoKi, it is possible that the pressure and 

the increased temperature induced further cross-linking of the 

material. The matrix became denser and the porosity 

decreased resulting in lower water sorption than the 

unsterilized material. This fact is in agreement with the Flory 

theory and studies of other authors [20-23]. 

Wettability is a very important parameter for the 

function of WD because it influences the rate of fluid 

absorption by these products, especially for exudate wounds 

[24] and also affects the cells and microorganisms’ adhesion 

[25]. In general, from the experimental data it was clear that 

the material is hydrophilic (low contact angle values) since 

chitosan is a biopolymer known for its hydrophilicity. 

Comparison of the contact angle values of sterilized and non-

sterilized samples shows that that HHP decreased slightly the 

wettability of HidroKi® but overall, one may conclude that 

the sterilization process did not affect the wettability of the 

material. Moreover, the fact that the contact angle values 

maintained stable throughout the experiments indicates that 

the hydrogel is in equilibrium with the solution and there will 

be no further wetting of the surface. 

WD should possess appropriate mechanical 

properties, such as adequate strength, stiffness and flexibility, 

because they must be stress resistant in order to withstand the 

normal stress encountered during their application and 

handling [26]. Overall the studied materials are weak and that 

can be fractured or be compressed easily. Such behaviour 

could be expected since there are other studies stating that it is 

common for porous structures to exhibit inferior mechanical 

properties compared to dense structures [26, 27]. The 

properties of AbsorKi® and HemoKi changed significantly 

after HHP, while for HidroKi® a small improvement was 

observed after steam and pressure sterilization. More 

specifically, the results obtained with AbsorKi® indicated 

gamma radiation, among all the other methods, worsened its 

properties. The values of YM indicate that the irradiation 

made the material less rigid (low TS value) and the BS was 

reduced to the half compared to non-sterilized samples. This 

fact might have happened because irradiation induced changes 

in the matrix of the hydrogel and caused massive chain 

scission. On the other hand, sterilization by HHP appears to 

improve the material’s properties. The TS value is higher 

significantly, making the dressing capable of remaining intact 

for longer time while it is being elongated. These changes are 

a consequence of the high pressure that was applied to the 

sample (600 MPa) and can alter the intermolecular distances 

and modify hydrophobic interactions and electrostatic bonds 

[28], increasing the YM. After steam and pressure AbsorKi® 

became less rigid (lower YM) and the capacity to resist to load 

decreased (lower TS). Similar behaviour was observed for 

HemoKi. Once again, sterilization with gamma radiation has 

a negative effect on the material by lowering its resistance to 

strain. Sterilization by steam and pressure made HemoKi less 

brittle and stiff. Probably during the autoclaving process some 

thermal degradation occurred enhancing the mobility of the 

chains. Concerning the HHP effect, according to the value of 

TS and YM it is obvious that the material became more 

resistant and can withstand more stress until it raptures 

completely. Concerning HidroKi®, HHP almost had no effect 

on its mechanical properties. This characteristic could be 

explained by the fact that the samples are in contact with water 

during the sterilization; thus, the pressure is transmitted 

through the liquid and is applied uniformly in all directions. In 

contrast with the dry samples, the effects of steam and 

pressure on the hydrated samples are positive. Steam heat also 

did not lead to significant differences on YM and CS. 

Therefore, it is not possible to conclude about the best 

sterilization method for HidroKi®. 

The SEM analysis revealed significant changes in the 

surface morphology of all samples after sterilization for all the 

different methods that were applied. HHP reduced the sponge-

like character of HemoKi and AbsorKi®. Regarding HemoKi, 

the presence of genipin led to a more compact structure, which 

was affected by the conditions during the sterilization and 

most likely was further cross-linked. Important changes in the 

surface morphology of HidroKi® were observed for both 

steam and pressure sterilization and HHP. However, these 

sterilization methods benefited the swelling capacity of the 

material and did not cause any deterioration to its mechanical 

properties. 

The results from the HET-CAM tests did not exhibit 

any signs of visual lysis, haemorrhage or coagulation which 

implies that none of the materials induces skin irritation.  

Chronic wounds and large burns are susceptible to 

infection from pathogenic microorganisms. They can either be 

not very extensive and can be cured by local drug delivery or 

be more severe and their healing might require even surgical 

treatment [29]. Two widely used antiseptic drugs, PHMB and 

CHX, were chosen to be incorporated in our WD. In order to 

simulate the actual drug release from the wound dressings to 

the skin, all the drug release experiments were performed 

using a Franz cell diffusion system. Also, the time frame that 

was set for these experiments was the 48 hours since it is 

unlikely that wound dressings will be used for more than two 
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days on the wound. From the data gathered from all sterilized 

materials, it can be inferred that the drug release of both 

PHMB and CHX is controlled for the first 8 hours (except for 

CHX in HidroKi®). Significant differences were noted 

regarding the concentration of the released drug. This 

variation among the two drugs could be due to the affinity of 

each drug to the different materials. Two of the materials are 

lyophilized and the other is hydrated; thus, the drugs could 

favour more one of these environments. Lyophilization is 

commonly used for the introduction of pores on a surface. The 

freezing rate and the freezing temperature can affect the pore 

size and this can further affect the amount of drug that enters 

in the material [30]. For HemoKi, the presence of genipin 

might also affect the interaction of the drug molecules with the 

hydrogel.  Furthermore, the differences between the 

sterilization methods, might be attributed to possible 

interactions or chemical bonds which were formed between 

the material and the drug molecules during the sterilization 

process. Since the materials are immersed in drug solution for 

the loading process, the drug-loaded dressing can be affected 

by the sterilization conditions which occur at the same time, 

such as increased temperature during steam and pressure 

sterilization and high pressure during HHP. The only method 

that does not require the drug loading process and the 

sterilization process to happen simultaneously is gamma 

radiation. The samples are irradiated (25kGy) after the 

lyophilization but the gamma rays can influence the chemical 

or physical bonds of the material and induce further cross-

linking in the case of HemoKi. Finally, further modifications 

in the hydrogels’ matrix may have occurred but they were not 

detected by the studied properties of the materials. 

 

Microbiological tests were performed in order to 

evaluate and reassure the microbiological safety of the 

developed (WD). Infection spread has not been associated 

only with wound contamination from pathogens but also with 

medical devices. Terminal sterilization ensures a high safety 

of the products [31, 32]. Among the most commonly used 

sterilization methods are steam and pressure and sterilization 

by gamma radiation. HHP is a quite recent but very promising 

sterilization method. Therefore, sterility tests were conducted 

in order to assess the efficiency of this method. The obtained 

results indicated that HHP could successfully eliminate all 

microorganisms from the developed materials. The applied 

pressure is so high that can inactivate the cellular processes of 

pathogenic microorganisms. 

Finally, the antimicrobial activity of the used drugs 

was evaluated by measuring the OD of an incubation solution 

consisting bacteria and the developed materials loaded with 

drug. Only one method per dressing was chosen for the test 

based on the drug release profiles and the properties of the raw 

material. The information gained from the OD showed that all 

the different drug loaded WD were able to inhibit the bacterial 

growth very effectively. For all the different conditions, 

AbsorKi® displayed very promising applications because it 

killed the vast majority of bacteria in the solution, although 

HemoKi and HidroKi® appeared to be very effective as well. 

This behaviour is possibly related with the nature of the 

material combined with the antimicrobial effect of chitosan. 

More specifically, dry dressings do not favour the adherence 

of bacteria on their surface while hydrated dressings are more 

susceptible to this process. Nonetheless, it is not easy to make 

safe conclusions about this claim without conducting further 

tests associating the produced dressings with their natural 

bioburden and the wound bioburden. 

5. Conclusions 

The objective of this work was to develop efficient 

and safe chitosan based drug loaded WD and evaluate the 

effect of the sterilization on the WD. Chitosan was the main 

component of all materials due to its biocompatibility and 

antimicrobial properties. The sterilization methods used were: 

steam and pressure, HHP and gamma radiation. The porous 

structure of dry dressings allows them to absorb a very high 

amount of fluid. Sterilization, especially HHP, improved the 

water uptake of AbsorKi® while the swelling of HemoKi 

decreased after sterilization suggesting that all methods 

induced further cross-linking of genipin. Concerning 

HidroKi®, the sterilization method that most improved the 

swelling was steam and pressure. Regarding the wettability of 

HidroKi® (the only that was possible to measure), it was 

found that none of the sterilization methods leads to 

significant changes. The mechanical tests revealed that all 

dressings have low resistance and elasticity. However, 

sterilization of AbsorKi® and HemoKi by HPP led to a 

remarkable improvement in the tensile strength and elasticity. 

For HidroKi® a small improvement in the properties was 

observed after steam and pressure sterilization. All 

sterilization methods caused changes in the surface 

morphology of the materials. The most impressive 

modifications were caused by HHP which led to compression 

of the dry dressings and thickness decrease. From the drug 

release of both drugs for the WD, one can conclude that, 

overall, the different sterilization methods increased the 

concentration of the released drug. The only case where both 

steam and pressure and HHP sterilization decreased this 

concentration was when HidroKi® was loaded with PHMB. 

None of the developed WD exhibits any sign of irritation and 

combined with drugs can be very effective against bacteria.  
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