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Abstract  

 Up till now, chitosan has confirmed its versatile application in skin, cartilage and bone tissue engineering, 

as well as in drug delivery applications. This study is focused on enzymatic degradation of porous chitosan 

structures usually designed for mentioned purposes. In vitro degradation was monitored during four weeks of 

incubation at physiological temperature and in two different media, phosphate buffer saline solution and water. 

The scaffolds were characterised before and after enzymatic degradation using scanning electron microscopy 

and infrared spectroscopy with Fourier transformations (FTIR). According to the gravimetric analysis, higher 

weight loss of chitosan scaffolds was observed in buffered medium with respect to the water. The results implied 

that the total weight loss obtained in buffer involves physical dissolution of chitosan and lysozyme cleavage of 

glycoside bond. Importantly, FTIR identification of chitosan scaffolds after enzymatic degradation indicated the 

absence of lysozyme activity in water, indicating that weight loss is a result of the chitosan dissolution. This 

finding greatly impacts design of degradation experiments and characterisation of degradation behaviour of 

chitosan-based materials utilised as implants or drug delivery systems.    

5hL Υ млΦмполнκƛǎǎƴΦнспл-сплоΦƧǘǊǊ-мт-мупл 

Corresponding author: Anamarija Rogina, Faculty of Chemical Engineering and Technology, University of                       

Zagreb, HR-10001 Zagreb, Maruliĺev trg 19, p.p.177, Croatia. Email: arogina@fkit.hr   

Keywords: chitosan, scaffold, mechanical performance, lysozyme, enzymatic degradation, SEM, FTIR  

Received: Oct 25, 2017                   Accepted: Dec 20, 2017              Published: Dec 26, 2017 

Editor: Lin Ye, Cardiff China Medical Research Collaborative, Division of Cancer and Genetics, Cardiff University 

School of Medicine, Cardiff, CF14 4XN, UK. 

http://www.openaccesspub.org/
http://openaccesspub.org/
http://openaccesspub.org/journal/jtrr
https://openaccesspub.org/journal/jtrr/copyright-license
https://doi.org/10.14302/issn.2640-6403.jtrr-17-1840
mailto:arogina@fkit.hr


 

 

Freely Available Online  

ǿǿǿΦƻǇŜƴŀŎŎŜǎǎǇǳōΦƻǊƎ μ     W¢ww     //-ƭƛŎŜƴǎŜ       5hLΥ млΦмполнκƛǎǎƴΦнспл-сплоΦƧǘǊǊ-мт-мупл                        ±ƻƭ-м LǎǎǳŜ м tƎΦ ƴƻΦ- мо   

Introduction 

 One of the most important derivatives of chitin 

is chitosan, poly (D-glucosamine), a product of chitin 

deacetylation process. Chitosan is a linear                 

polysaccharide, crystalline polymer insoluble at pH 

greater than 7[1]. Chitosan has proven to be                    

biodegradable, with antibacterial activity and hydrophilic, 

possessing functional groups (ïOH and ïNH2) for 

secondary bonds formation[2]. Moreover, chitosan 

possesses high biocompatibility, good miscibility with 

other polymers and good coating properties for bulk 

implants. Even during degradation, chitosan-oligomers 

are found to be bioactive. Besides, chitosan-oligomers 

can act as probiotics that positively change intestinal 

microflora balance, inhibit growth of harmful bacteria, 

promote good digestion and boost immune                      

function[3, 4]. Chitosan is nontoxic and has been 

approved by FDA for would dressing application[5]. 

 In the pharmaceutical field, chitosan is used as 

a drug delivery system for oral, nasal, parenteral and 

transdermal applications, as well as implant for gene 

delivery. High chemical reactivity has also led to several 

chitosan-drug systems for treating tumours[6-8]. 

Moreover, it is used for encapsulation of living cells as 

an inner core of composite spheres[9]. In many cases, 

cross-linked chitosan membranes are used (mostly with 

glutaraldehyde and genipin)[10-12]. 

 Numerous studies are focused on the 

development of chitosan implants as porous materials 

for the treatment of tissue defects (including cartilage, 

skin and bones) or to accelerate the tissue regeneration. 

The tissue restoration is a complex process that involves 

the interactions between the cells, extracellular matrix 

components and signalling compounds. During the 

healing process, certain regulatory mechanisms 

associated with inflammation and immune responses are 

initiated. Biodegradable implants that accelerate tissue 

healing have to fulfil certain requirements such as 

biocompatibility, bioactivity, mechanical stability and 

appropriate biodegradability. Such implants have to 

degrade at a rate similar to new tissue formation. 

Moreover, mechanical stability of the implant integrated 

with newly-formed extracellular matrix should 

correspond to the mechanical performance of 

surrounding tissue.  

 The biodegradability of chitosan in living 

organisms depends on the degree of deacetylation and 

molecular weight. Chitosan can be degraded by           

enzymes that hydrolyse linkages between                  

glucosamineïglucosamine, glucosamineïN-acetyl-glucosamine 

and N-acetyl-glucosamineïN-acetyl-glucosamine units. In 

human body, chitosan degrades due to the activity of 

lysozyme and bacterial enzymes present in the colon. 

Likewise, degradation of chitosan can be carried out by 

chitosanase, chitin deacetylase and                                          

ȁ-N-acetylhexosaminidase[13, 14]. The wide pallet of 

chitosan properties makes it extensively studied in terms 

of physical, chemical and biological properties.  

 One of the important properties of                 

chitosan-based material is in vitro and in vivo 

degradation behaviour. Numerous in vitro studies have 

investigated the influence of different incubation 

conditions, such as type of a buffer solution, the pH of 

incubation medium, type and concentration of enzyme, 

molecular weight, crystallinity and degree of 

deacetylation on degradation behaviour[15, 16]. Most 

commonly used techniques to characterise the 

degradation behaviour included gravimetric analysis, gel 

permeation chromatography, quantity of reducing sugar 

ends, microstructure imaging using electronic 

microscopy etc. The in vitro degradation studies can 

estimate the materials behaviour in vivo. However, due 

to the complexity of biological environment in the body, 

it is difficult to simulate them in vitro. Lysozyme has 

been found in various human body fluids including 

serum with concentration of 4 ï 13 mg/L and tears with 

100-fold higher concentration[17]. This implies that 

chitosan degradation behaviour strongly depends on the 

implantation site. 

 The purpose of this study was to investigate the 

influence of lysozyme on the degradation behaviour 

under different degradation conditions (phosphate buffer 

saline solution and water). The important results 

obtained by the FTIR identification technique indicated 

that lysozyme activity strongly depends on pH value of 

incubation medium which in the end determines the 

mechanism of chitosan weight loss.  
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Experimental Procedure 

Materials 

 Chitosan (CHT) with deacetylation degree of                

95 ï 98 % and molecular weight, MW, of 100 000 ï 300 

000 g/mol was purchased from Across Organics 

(Belgium). Acetic acid (99.5 %) was purchased from 

Poch Gliwice (Poland), sodium hydroxide (NaOH) from 

Gram-Mol (Croatia), and ethanol (EtOH, 96 %) from 

Kefo (Slovenia). All chemicals were of analytical grade. 

Enzymatic degradation was performed with lysozyme 

(LZ, Ó 90 % proteins, activity Ó 40 000 U/mg,                    

Sigma-Aldrich, Canada).  

 The molecular weight of chitosan was analysed 

using a gel permeation chromatographer at 35 ÁC using 

Waters Breeze GPC system with a 1525 Binary HPLC 

pump (Waters Corporation, Milford, MA) equipped with a 

2414 refractive index detector and four serial columns 

(Ultra hydrogel 7.8 mm ID X 30 cm). The chitosan 

powder was dissolved in acetic buffer (0.5 mol/L 

CH3COOH/0.2 mol/L CH3COONa) with pH = 4.5 which 

was used as a mobile phase at a flow rate of 0.5 mL/min 

and 20 ÕL injection volume. The average molecular 

weight (Mw) of chitosan was determined to be 220 000. 

Preparation of Chitosan Scaffold 

 The porous chitosan structures were obtained 

by thermally induced phase separation as described 

elsewhere[18]. Briefly, chitosan was dissolved in 0.36 % 

(w/w) acetic acid resulting in 1.2 % (w/v) chitosan 

solution. The solution was frozen in an aluminium mould 

at ï22 ÁC over night. Then, frozen samples were 

immersed into neutralization medium consisting of           

1 mol/L NaOH and EtOH (volume ratio 1:1) at ï22 ÁC for 

12 h. Afterwards, samples were immersed into EtOH               

at ï22 ÁC for 12 h and dehydrated by immersion into 

ethanol at ambient temperature for next 24 h. 

Dehydrated samples were left to dry at atmospheric 

conditions.  

Characterization of Shitosan Scaffold 

 The morphology of scaffolds was imaged using 

scanning electron microscope TESCAN Vega3SEM 

Easyprobe with electron beam energy of 10 keV. 

Previously to imaging, samples were sputtered with 

palladium/gold plasma for 120 s. The estimation of pore 

size distribution was determined on 280 pores measured 

on different chitosan samples. 

 The porosity of chitosan scaffolds (n = 3) was 

estimated using Archimedes principle performed in 

phosphate buffer saline solution (PBS, ȍ = 1.0 g/mL) at 

ambient temperature. The open porosity (ű) of scaffold 

was calculated according to the following equation: 

              

                         (1) 

 

 Vpore is calculated as the weight of absorbed 

solution (PBS) divided by the density of the buffer. The 

amount of water absorbed in the pores was corrected by 

the swelling of non-porous chitosan samples. The 

scaffoldôs volume (Vscaffold) was calculated as the ratio of 

scaffolds weight and experimentally determined density 

of non-porous chitosan film (ȍ = 1.97 g/mL). 

 The swelling capacity was evaluated by 

scaffoldôs immersion in phosphate buffer saline solution 

(pH = 7.5) and distilled water (pH = 6.50). Previously to 

immersion, scaffolds (n = 3) were weighted to obtain 

initial weight and subsequently immersed for 24 h at 

ambient temperature. Swollen samples were carefully 

weighted. The capacity of scaffold to absorb water was 

calculated as a difference in weight before and after 

swelling with respect to the initial weight of the sample. 

 The mechanical performance of chitosan 

scaffold was evaluated in terms of compressive and 

tensile strength in wet state (PBS, pH = 7.5) at ambient 

temperature. The compressive test was performed on 

previously swollen cylindrically-shaped samples (n = 5, 

diameter of 8 mm) with mechanical instrument Seiko 

TMA/SS6000 (Seiko Instrument Inc., Japan) with 

deformation rate of 50 Õm/min. The tensile test was 

carried out by the same instrument on previously 

swollen samples (n = 5, diameter of 8 mm, height 

between 1 and 2 mm) until 10% of deformation with 

deformation rate of 1000 Õm/min. The compressive and 

tensile moduli were determined as a slope of the      

stressïstrain curve.  

 The scaffolds identification was carried out by 

infrared spectroscopy with Fourier transformations 

(FTIR) with a diamond crystal (Bruker Vertex 70) at            

20 ÁC, in the spectral range of 4000 ï 400 cm-1 with 24 
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Figure 2. Physical properties of chitosan scaffolds in terms of porosity, swelling and mechanical performances. 

Significant difference (p<0.05) between the groups is designated with asterisk (*). 

Figure 1. SEM micrograph a); and pore size distribution b) of the cross section of chitosan scaffold. 
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scans and 4 cm-1 resolution. 

In Vitro Degradation Test    

 The degradation of chitosan scaffolds (n = 3) 

was performed in two media: phosphate buffer saline 

solution (PBS, pH = 7.4) and distilled water containing 

800 mg/L of lysozyme at 37 ÁC in an orbital shaker at  

50 rpm. Enzymatic degradation was monitored during 

four weeks, while the lysozyme solution was refreshed 

every third day. At predetermined time (1, 2, 3 and 4 

weeks) samples were removed from the medium, 

rinsed with distilled water and dried in the oven at                 

50 ÁC until constant mass. The samples were weighted 

before (m1) and after in vitro degradation (m2). The 

degradation degree (ǧm) was determined as the 

weight loss with respect to the initial weight of the 

sample:                                                                                                  

 

 (2) 

  

 As a control, samples were incubated at the 

same conditions without lysozyme. During the 

degradation, pH of medium was measured by Schott 

CG 842 using BlueLine 14 electrode with a precision             

of 0.01. 

Statistical Analysis 

 Statistical comparison of the data was 

performed using ANOVA one-way test. A p value <0.05 

was considered to be statistically significant. All data 

are presented as a mean value corrected by standard 

deviation (mean Ñ SD).  

Results 

Scaffoldôs Microstructure 

 The microstructure of prepared chitosan 

scaffolds was investigated by SEM imaging. The highly 

porous structure is clearly observable in figure 1a. The 

honeycomb-like pores with good interconnectivity were 

founded on scaffoldôs cross section, which is important 

parameter in development of artificial grafts. Such 

microstructure allows a non-hindered diffusion of 

nutrients, oxygen and metabolic waste through entire 

volume of scaffold. The estimation of pore size using 

electronic microscopy (fig.1b) indicates macroporous 

material with the majority of pores ranging from 100 to 

250 Õm.  

Scaffoldôs Physical Properties 

 Figure 2 summarises physical properties of 

chitosan scaffolds in terms of open porosity, swelling 

and mechanical performances under compressive and 

tensile loading. The estimated porosity of 98.5 Ñ 0.2% 

confirms highly porous structure observed by SEM 

analysis. Such porous structure allows material to 

absorb large quantity of water, as confirmed by the 

swelling ratio determined in PBS and water. The values 

of swelling ratio of 29.4 and 36.5 for PBS and water, 

respectively, indicate the ability of chitosan scaffold to 

absorb 30 times greater amount of water with respect 

to its weight. Apart from scaffoldôs porosity, this ability 

originates also from the chitosan hydrogen nature.  

 Chitosan has been extensively characterized by 

compressive and tensile test [19, 20], indicating its 

greater resistance when subjected to traction. In this 

study, previously swollen chitosan scaffolds were 

tested in wet state allowing elastic behaviour of 

chitosan. During swelling, chitosan spongy-like texture 

transforms to hydrocolloid with greater ability to 

deform. This is clearly visible from 40-fold difference of 

elastic modulus regarding to the one determined under 

compression.   

Degradation Behaviour of the Scaffold 

 The effect of enzymatic degradation on 

microstructure of chitosan scaffolds was analysed by 

SEM. Morphology of the surface and cross section of 

chitosan scaffolds incubated four weeks in PBS and 

water containing lysozyme is given in figure 3. 

According to the micrographs, significant difference in 

the material treated in LZ/PBS and LZ/H2O was not 

observed. However, CHT scaffold treated in LZ/PBS 

exhibit more irregular pore boundaries with signs of 

breakdown in the continuity of honey-comb like 

microstructure, with respect to the scaffold incubated 

in LZ/H2O. Moreover, sheet-like structure appeared on 

the surface of scaffold after 21 days in LZ/PBS, which 

has been previously reported by Qasim et al.[21]. After 

four weeks, the formation of large pores was evident 

on scaffolds incubated in both degradation media with 

greater pore roughness and discontinuity with respect 
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to the initial scaffold. 

 To support observations provided by electron 

microscopy, we investigated the degradation behaviour 

using gravimetric method. According to the                

literature[1], the weight loss of porous chitosan 

depends on the initial concentration of chitosan 

solution, degree of deacetylation, distribution of 

molecular weight and swelling properties. Since we 

investigated chitosan materials with very high 

deacetylation degree (95 ï 98%), it is no surprise to 

obtain lower weight loss due to the low sensitivity of 

amine groups to lysozyme. The degradation degree 

(ǧm) of chitosan scaffolds incubated in LZ/PBS and LZ/

H2O is depicted in figure 4. The weight loss of chitosan 

scaffold (fig. 4a) exhibit the highest value of                  

17.3 Ñ 0.8 % after four weeks of incubation in LZ/PBS. 

On the other hand, weight loss resulted from the                 

LZ/H2O incubation (fig. 4b), shows maximum value of  

13.0 Ñ 1.9 % after first week, which is higher than 

scaffold incubated in LZ/PBS at the same time point 

(8.3 Ñ 1.2 %). The control samples incubated in PBS 

and H2O without lysozyme showed a similar trend of 

losing weight with approximately seven percent of total 

loss after first week, which remains constant during 

degradation study. 

 To gather more insight into degradation 

behaviour, we monitored the pH of incubation media 

(fig. 4c). The buffered-medium (LZ/PBS and PBS) did 

Figure 3. Microstructure of chitosan cross section (left) and surface (right) after four 

weeks of incubation in different  lysozyme solutions. 
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