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ABSTRACT 

Owing to its unique properties, hydrogels are rapidly growing group of materials 

employed in biomedical and pharmaceutical applications. Because of their bio-

compatibility, biodegradability, hydrophilicity, excellent swelling behaviour and 

absence of toxicity, biopolymer-based hydrogels are considered as promising 

wound healing and covering materials.  

The presented work is dealing with preparation of hydrogels from combinations 

of polyelectrolyte biopolymers with opposite charges. Among various biopoly-

mers, protein-polysaccharide combinations are reported as the most promising 

pairs for hydrogel formation which were also used in this work. Nevertheless, it 

should be stressed that hydrogels on the basis of these biopolymers prepared solely 

by physical crosslinking induced by secondary physical forces do not exhibit suffi-

cient mechanical strength after water or wound exudates absorption. To overcome 

this disadvantage, several modifications, such as chemical crosslinking of the hy-

drogel forming polymers, have been investigated and applied. On the other hand, 

improvement of the mechanical strength of hydrogels by crosslinking results in a 

reduction of their ability to absorb wound exudates. Compromise between the 

swelling properties and hydrogels mechanical strength is thus of critical impor-

tance with respect to their successful application.  

In the thesis, development and characterization of physicochemical properties of 

Sodium alginate/Gelatine hydrogels, arising through either physical or chemical 

crosslinking is presented. The work is divided into two main chapters. The first 

part informs on the current status of the knowledge related to hydrogels, their 

properties, preparation and characterization. It describes hydrogel classification, 

methods for their preparation, including chemical and physical crosslinking, theo-

retical background for the swelling behaviour and viscoelastic properties and pro-

vides also information on their practical application. In the second part of this 

work, results obtained during the doctoral work are reported in the form of three 

papers and one patent. Contents of the papers and patent are provided in short ab-

stracts and discussion modules related to the particular state of the solved problem. 

At the end of the thesis, the full-texts of the papers and patent are enclosed. 

 

Key words:  Sodium Alginate, Gelatine, Hydrogels, Crosslinking, Wound Dressing 
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ABSTRAKT 

Díky svým jedinečným vlastnostem jsou hydrogely rychle rostoucí skupinou 

materiálů používanou v biomedicínských a farmaceutických aplikacích. Vzhledem 

k jejich biokompatibilitě, biodegradabilitě, hydrofilitě, schopnostem pohlcovat ka-

paliny a absenci toxicity jsou biopolymerní hydrogely považovány rovněž za mate-

riály vhodné pro podporu hojení ran.  

Představená práce se zabývá přípravou hydrogelů z biopolymerních polyelektro-

lytů s nesoucích opačný náboj. Za jedny z nejslibnějších materiálů lze v tomto 

ohledu považovat kombinace proteinů a polysacharidů, které byly použity v této 

disertaci. Je však třeba zdůraznit, že hydrogely připravené z uvedených biopolyme-

rů fyzikálním síťováním pomocí sekundárních sil nevykazují při kontaktu s vodou 

nebo exsudátem dostatečnou mechanickou pevnost. Tento nedostatek je možno 

odstranit prostřednictvím různých modifikací, například chemickým síťováním 

polymerů, ze kterých je hydrogel připraven. Zlepšení mechanické pevnosti hydro-

gelů síťováním však vede ke snížení jejich schopnosti absorbovat eksudát. S ohle-

dem na úspěšnou aplikaci hydrogelů má tedy zásadní význam nalezení optimálního 

složení, které představuje kompromis mezi jejich absorpční schopností a mecha-

nickou pevností. 

Disertační práce představuje aktivity spojené s vývojem a charakterizací fyzi-

kálně-chemických vlastností hydrogelů složených z alginátu sodného a želatiny, 

které byly připraveny pomocí fyzikálního nebo chemického síťování. Práce je roz-

dělena do dvou hlavních kapitol. První část informuje o aktuálním stavu znalostí 

týkajících se hydrogelů, o jejich vlastnostech, přípravě a charakterizaci. Popisuje 

rovněž klasifikaci hydrogelů, metody jejich přípravy, včetně chemického a fyzi-

kálního síťování, bobtnání, viskoelastických vlastností a poskytuje informace o 

jejich použití v praxi. V druhé části práce jsou formou tří publikací a jednoho pa-

tentu souhrnně prezentovány výsledky získané v průběhu doktorského studia. Ob-

sahy dokumentů jsou představeny v krátkých abstraktech a diskusních modulech 

týkajících se daného řešeného problému. V závěru práce jsou přiloženy plné texty 

článků a patentu. 

 

Klíčová slova: Alginát sodný, želatina, hydrogely, síťování, krytí ran 
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THEORETICAL BACKGROUND 

1. Introduction to hydrogels 

Hydrogels are three-dimensional hydrophilic polymer networks capable of 

swelling to equilibrium in the presence of excess water or biological fluids [1-3]. 

When equilibrated in aqueous medium, they reach their final hydrated network 

structure given by balance of swelling and elastic forces. The hydrophilicity of the 

network is connected with occurrence hydrophilic groups such as hydroxyl (-OH), 

carboxyl (-COOH), amidic (-CONH-), primary amidic (-CONH2) or sulphonic (-

SO3H) in polymer chains. Moreover, it is also possible to produce hydrogels con-

taining a portion of hydrophobic part [2, 4, 5] by blending or copolymerizing hy-

drophilic and hydrophobic polymers. 

Hydrogels can be prepared in various forms including solid moulded forms, 

pressed powder matrices, microparticles, coatings, membranes or sheets as well as 

encapsulated solids [6]. Due to the unique properties of hydrogels, described be-

low, they have recently received considerable attention within the field of bio-

medical application: 

 the high water or biological fluid content makes them compatible with most 

living tissues; 

 soft elastomeric nature provides a minimal mechanical/ frictional irritation to 

the surrounding living cells and tissue; 

 low interfacial tension contributes to a reduction in protein adsorption and 

hence biofouling and cell adhesion; 

 their swelling capacity results in high permeability for low molecular weight 

drug molecules and metabolites [7, 8, 9]. 

Hydrogels are widely used in bio-applications and play an essential role in mod-

ern strategies to cure malfunctions and injuries of living systems. Their structure is 

determined by crosslinks between polymer chains formed via physical interactions 

including H-bonding and hydrophobic forces, and various chemical bonds. Hy-

drogels based on natural and synthetic polymers, as well as on their combinations, 

have been investigated for biomedical applications including drug delivery systems 

[10, 11], tissue engineering [7], wound dressings [12], and healing/ repairing and 

regeneration of a wide variety of tissues and organs. 

Application of hydrogels as wound dressing for treatment of skin wounds and 

burns was encouraged by the concepts of Winter (1962) and Hinman and Maibach 
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(1963), which stated that a moist wound environment can improve epidermal heal-

ing [13, 14]. The main benefit of hydrogels is their ability to create an optimal 

moist environment for wound healing, to provide moisturing of the dry wounds 

and to assure moisture absorption from exudating wounds [13]. Beside this, hy-

drogels offer many other advantages for wound healing such as easy application 

[14, 15], transparency [16, 17], good adhesion [18, 19], oxygen permeability [20], 

the ability to promote analgesia by cooling the skin [14, 21] and autolytic debride-

ment [22]. Currently, numerous hydrogels have been developed for both dry and 

exuding wounds, such as pressure ulcers, skin tears, surgical wounds and burns 

[23]. 

In recent years, smart hydrogels responding to a wide range of stimuli, including 

temperature, pressure, pH, gases, liquids and biological indicators, have attracted 

great interest both in science and technology, since they offer new opportunities for 

medical and pharmaceutical applications in the drug delivery, articular cartilage, 

biomaterial scaffold, corneal replacement and tissue engineering as well as wound 

dressing [24-27]. 

1.1 Hydrogels classification 

Hydrogels can be classified according to their source of origin, ionic charge, 

preparation method, nature of crosslinks and biodegradability, as it is shown in 

Figure 1. 

Ionic charge

Nonionic Cationic Anionic Ampholytic

Hydrogel

BiodegradabilityCrosslinking

Chemically

Physically

Preparation 
method

Homopolymers

Copolymers

Interpenetrating 
polymers

Natural

Synthetic

Hybrid

Source

Biodegradable

Non-biodegradable

 

Fig. 1. Classification of hydrogel 
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Both natural (agarose, alginate, chitosan, collagen, fibrin, gelatine and hyalu-

ronic acid etc.) and synthetic polymers (poly(ethylene oxide), poly(l-

hydroxyethylene), poly(acrylic acid) etc.) can be used for hydrogel forming [3-5]. 

Thus, according to their composition, they can be classified into synthetic, natural 

or hybrid hydrogels. Whilst natural hydrogels have been widely used for biomedi-

cal applications due to their non-toxicity, biocompatibility and biodegradability, 

they also have some limitations such as poor mechanical properties, which need to 

be suppressed by suitable modifications, for example by mixing with synthetic 

polymers. 

Another possibility to classify hydrogels refers to way of their crosslinking. 

Then they can be classified as chemically and physically crosslinked systems [6, 

10]. Via chemical crosslinking, covalent bonds are formed while through physical 

crosslinking non-covalent interactions, such as hydrophobic and ionic interactions, 

are established. Even if chemical crosslinkers employed for hydrogel preparation 

offer better mechanical properties, they are often toxic and their residues must be 

completely removed before biomedical application [12, 24]. 

Regarding to ionic strength, hydrogels may be classified as non-ionic and ionic 

(anionic, cationic, ampholytic). The non-ionic hydrogels can include for example 

polyacrylamide, poly(vinyl alcohol) and poly(N-vinyl pyrrolidone) whilst 

poly(N,N-dimethylacrylamide co-acrylamide) or gelatine can be given as examples 

of the polymers suitable for ionic hydrogels. 

Furthermore, depending on the method of preparation, homopolymer, copolymer 

and interpenetrating hydrogels can be mentioned [11, 26]. Homopolymer hy-

drogels are networks of one type of hydrophilic monomer unit, while copolymer 

hydrogels are formed by different comonomer units and interpenetrating hydrogels 

are formed by mixtures of various homopolymers [28]. 

Finally, classification essential for the biomedical applications can be performed 

based on the biodegradability; biodegradable or non-biodegradable hydrogels can 

be then specified. Here it can be highlighted that devices made of biodegradable 

materials offer essential advantage for bio-applications, as they do not require ad-

ditional surgery intervention for their removal [27]. 

1.2 Preparation of hydrogels 

Hydrogels are crosslinked networks usually formed by hydrophilic polymers. 

This implies that appropriate crosslinks are presented in order to avoid dissolution 

of the hydrophilic polymer chain in aqueous solution. Only such structures, in-
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duced by either chemical or physical crosslinks (Fig.2), ensure specific properties 

inevitable for biomedical applications [10, 28, 29], as for example a suitable me-

chanical strength.  

The crosslinking may take place in two environments: 

 in vitro during the preparation of a hydrogel; 

 in vivo (in situ) after application in a precise location of the human body [3]. 

Physical

crosslinking

Chemical

crosslinking

 

Fig.2. Sketch of chemical and physical crosslinking [3, 28] 

To formulate a crosslinked network from polymer molecules, the polymers have 

to possess chemically active functional groups. Therefore, polymers with carboxyl, 

amine or hydroxyl groups can be explicit as suitable examples for easily 

crosslinked materials acceptable for hydrogel formation [8, 17, 30]. 

1.2.1 Chemical crosslinking 

Chemical crosslinking generally yields more stable hydrogels with better me-

chanical properties compared to physical one. Chemical crosslinking can be 

achieved for instance by radical polymerization of suitable functionalities pre-

sented in polymer, chemical reaction of complementary groups, photopolymeriza-

tion or enzymes [31]. 

Free radical polymerization, widely used method for bio-applications, can be 

performed by several ways. For example, vinyl-bearing macromers are polymer-

ized forming hydrogels with the help of redox or thermal initiators or photopoly-

merization using UV light [8, 29]. While high initiator concentration leads to re-

duced crosslinking time and enhanced mechanical properties, it is important to 

consider the initiator concentration due to possible cytotoxic effects and reduction 

of swelling. The advantage of photo-initiation is a fast crosslinking rate, however 

the disadvantage of the method is that cells exposed to a high-intensity UV irradia-
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tion for prolonged time may have an adverse effect on cellular metabolic activity 

[1]. 

As noted earlier, the solubility properties of water-soluble polymers are gov-

erned by the presence of functional groups [1, 31]. Covalent linkages between 

polymers chains are established by the reaction of functional groups having com-

plementary reactivity. Typical reactions are Schiff base formation [32], Michael 

type additions [33], peptide ligation [34] as well as click chemistry [35]. Among 

them Schiff base formation between an aldehyde and an amino group is the most 

widely used technique. Glutaraldehyde crosslinked gelatine hydrogel, graphically 

presented in Fig. 3, can be mentioned as an example here [36]. 

 

N

N

N

N
N

N

HC

HC

HC

CH

CH

C
H

O O
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NH2
NH3 NH2

Polymer backbone

Polymer backbone

NH2
NH3 NH2

 

Fig.3. Preparation of hydrogels via Schiff base formation [8] employing aldehyde/amine 

containing polymers 

Nevertheless, it should be kept in mind that disadvantage of glutaraldehyde 

utilization consists in its toxicity even at low concentrations, possibility of leaching 

out into the body during matrix degradation, and resulting inhibition of cell growth 

[8]. Therefore, hydrogels prepared via glutaraldehyde crosslinking need to be thor-

oughly extracted with a view to remove any traces of unreacted crosslinker before 

use in bio-applications, and extracts have to be carefully checked for glutaralde-

hyde residues. 

Enzymes often exhibit a high degree of substrate specificity, potentially avoid-

ing side reactions during crosslinking [9]. With this advantage, it is possible to 

control and predict the gelation kinetics, thus control overall crosslinking rate. 

Tianhong Chen et al. [37] compared the ability of transglutaminase and tyrosinase 
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to catalyze the hydrogel formation. In their work, gel formation was catalyzed and 

initiated by adding of the enzymes to solutions of gelatine and blends containing 

gelatine and chitosan [30, 36]. Results of these works showed that tyrosinase-

catalyzed gelatine–chitosan gels were considerably weaker compared to transglu-

taminase-catalyzed gels. The advantage of the enzymatic method consists in the 

gel crosslinking under mild conditions without the need of low-molecular weight 

compounds utilization, radiation, or the prior grafting of crosslinkable functionality 

[29]. Since the gelation kinetics can be well controlled, the enzyme based systems 

are proper for in situ gelling systems [12, 37]. 

1.2.2 Physical crosslinking 

Compared to chemical crosslinking, physical one offers the advantage of the 

generally mild reaction conditions, since no reactive groups, crosslinking agents, 

initiators or photo irradiation are required [8, 23]. Depending on the nature of gel-

ling system, the junctions can be molecular entanglements, ordered crystalline re-

gions, phase separated micro-domains and secondary forces including ionic, hy-

drogen bonding or hydrophobic forces (see examples in Fig. 4) [1, 38]. Neverthe-

less, the main drawback of physically crosslinking hydrogels is their relative insta-

bility, and possible rapid and unpredictable disintegration [38]. 

CH3
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CH CH2
CH3

CH2CH3 CH3

CH2
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water
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O
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O O
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NH3
+CH

C
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O

H H

H N
C

C
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O

H H

H N
C

 

Fig.4. Interactions of specific functional groups in the formation of physically crosslin-

ked gels [38] 

Hydrophobic interactions hydrogels 

Polymers with hydrophobic domains can crosslink in aqueous environments via 

reverse thermal gelation (sol-gel transition). Polymers (or oligomers) with such 
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gelation properties are referred to as gelators and are typically moderately hydro-

phobic [38-40]. The gelation occurs when the hydrophobic segment is coupled to 

the hydrophilic polymer segment of an amphiphilic polymer. These polymers are 

usually water soluble at low temperatures. As the temperature is increased, the hy-

drophobic domains aggregate to minimize the hydrophobic surface area, reducing 

the amount of structured water surrounding the hydrophobic domains and maxi-

mizing the solvent entropy [9, 41]. The temperature at which gelation occurs de-

pends on the concentration of the polymer, the length of the hydrophobic block and 

the chemical structure of the polymer [38]. 

Ionic interaction hydrogels 

Hydrogels involving ionic reactions are formed when a polyelectrolyte is com-

bined with a multivalent ion of opposite charge. When polyelectrolytes of opposite 

charges are mixed, they may form gels or precipitate depending on their concentra-

tion, the ionic strength and pH of the solution. Both naturally occurring and syn-

thetic polyelectrolytes have been ionically crosslinked [27, 40, 42]. For instance, 

alginate is capable of forming ionically crosslinked hydrogels by divalent calcium 

ions at room temperature and under physiological conditions, which can be then 

used for wound dressings [32], encapsulation of enzymes/ cells or the release of 

proteins [43, 44]. In this case, the crosslinking is achieved by the ionical interac-

tion between calcium ions and the carboxyl groups of the blocks of guluronic acid 

residues of two neighbouring alginate chains, resulting in formation of three-

dimensional network (see Fig. 5) [45]. 

HO

COO-

COO-
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OH
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OH

O

O

O

O

O

O
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Fig.5. Three-dimensional structure of CaCl2 crosslinked alginate chains [31, 46, 47] 

Hydrogen bonded hydrogels 

Hydrogen bonded hydrogels formed by mixing of two or more natural polymers 

can display rheological synergism. In such cases they are often applied as in-

jectable hydrogels for drug release [38]. Their viscoelastic properties are more gel-
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like than those of the individual polymers due to the extensive hydrogen bonding 

interactions. For example, blends of gelatine-agar, starch-carboxymethyl cellulose, 

and hyaluronic acid-methylcellulose form physically crosslinked gel-like structures 

with excellent biocompatibility [38, 48]. However, these hydrogen bonded net-

works can dilute and disperse over a few hours in vivo due to an influx of water, 

which restricts their use to relatively short-acting drug release systems [39]. 

Regarding aforementioned facts, it can be noted that a combination of physical 

and chemical crosslinking offers the possibility of obtaining materials with im-

proved physical and mechanical properties without compromising biocompatibility 

[8]. 

1.3 Properties of hydrogels 

As hydrogel structural and functional properties are comparable to many of the 

soft tissues in the human body, they have found numerous applications in biomedi-

cal field [49]. Nevertheless, in such cases utilized hydrogels have to possess a 

combination of favourable properties such as biodegradability, biocompatibility, 

absorption capacity, swelling, permeability, surface smoothness, optical clarity as 

well as mechanical strength [18, 19, 50]. 

These properties of hydrogels, for an intended application, can be tailored by se-

lecting proper starting materials and processing techniques resulting in final hy-

drogel network structure. Exact characterization of this structure is quite compli-

cated due to occurrence of different types of possible networks including regular, 

irregular, loosely or highly crosslinked network types [6, 10, 24, 51]. Therefore, an 

ideal network (usually a Gaussian network) of chains is usually assumed for the 

purpose of the hydrogel network structure characterization, as it is indicated in Fig. 

6 [3, 28]. 



Mc

 

Fig.6. Ideal Gaussian network [3, 28] 
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According to literature review, the most important parameters used for charac-

terization of the hydrogels network structure are the polymer volume fraction in 

the swollen state, the molecular weight of the polymer chain between two 

neighbouring crosslinking points M C, and the corresponding length or mesh size, 

, [5, 41, 52-55]. In addition, one of the other important properties of an elastic 

polymer network is degree of crosslinking, i.e., the number density of junctions or 

crosslinks joining the chain segments into a network structure which gives rise to 

elastic properties [56-58]. 

The polymer volume fraction in the swollen state is a measure of the amount of 

fluid imbibed and retained by the hydrogel. The molecular weight between two 

consecutive crosslinks, which can be either chemical or physical in nature, is a 

measure of the degree of crosslinking of the polymer [24, 52, 53]. It should be 

noted that due to the random nature of polymers only an average values of M C can 

be calculated. The correlation length or mesh size between two adjacent crosslinks, 

, provides a measure of the space available between the macromolecular chains 

[6, 24, 41, 52-54]. These parameters can be determined experimentally, while the 

equilibrium swelling and rubber elasticity theories can serve as a theoretical back-

ground for correlation between these parameters and hydrogel properties [28, 53]. 

1.3.1 Swelling behaviour 

In practice, hydrogels are usually described by their degree of swelling. The 

swelling capacity of a hydrogel can be determined by the amount of space inside 

the hydrogel network available to accommodate water and aqueous liquids. Ab-

sorption in hydrogels is then influenced by many factors, including network pa-

rameters, for example crosslinking density, nature of the solution, hydrogel struc-

ture (porous or poreless), and preparation techniques. Among them, the crosslink-

ing density is the most important factor usable for determination of the swelling 

characteristics of a given hydrogel [8, 59]. 

The swelling behaviour can be seen as a two step process consisting of diffusion 

followed by relaxation [1]. In case of lower crosslinking density, both processes 

take place, while in case of highly crosslinked hydrogels, the relaxation mechanism 

potentially changes toward a single diffusion process as polymer chain movement 

is limited by the high crosslink density (see Fig. 7)  [9]. 
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Fig.7. Swelling curves of polymers with different crosslinking density [1] 

Infinite solubility of hydrogels is prevented by elastic forces, which originate 

from the network crosslinking [8, 41]. Expansion of hydrogel network is induced 

by swelling force which is given by: 

 polymer-solvent interactions 

 electrostatic interactions 

 osmosis [1, 24]. 

    When equilibrated in aqueous medium, the hydrogels reach their final hy-

drated network structure, which brings into balance swelling and elastic forces, as 

it is depicted in Figure 8. Therefore, hydrogels with different swelling capacities 

can be obtained by modulating the contribution of individual forces [1, 60, 61]. 

Coil  conformation
Crosslinks

Extended conformation

Elastic

forces

Swelling forces:

polymer dissolution,

electrostatic, osmotic

 

Fig.8. Elastic and swelling forces in hydrated hydrogel [1, 41] 
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The theoretical description of the swelling of the hydrogels at equilibrium is 

based on the minimization of Gibbs free energy of the gel [41]. According to the 

Flory-Rehner theory [62-64] when polymer network, free of ionic moieties, is in 

contact with an aqueous solution or a biological fluid, it starts to swell due to the 

thermodynamic compatibility of the polymer chains and water. The swelling force 

is counterbalanced by the elastic force induced by crosslinks of the network. At 

equilibrium, these two forces are equal and the Gibbs free energy can be used to 

describe this situation [3, 53]: 

mixeltotal GGG                                                                     (1) 

In equation (1), total totalG is the change of total free Gibbs energy in hydrogel,  

elG is the change of free energy contributed by elastic force of the hydrogel 

(polymer) chains and mixG is the change of free energy of mixing, expressing com-

patibility of the polymer with the molecules of the surrounding fluid. This com-

patibility is usually expressed through the polymer-solvent interaction parame-

ter,  [65]. 

    In a case of ionic hydrogel placed in a swelling agent, there are three contribu-

tions to the total Gibbs free energy of the system; namely elastic )( elG , mixing 

)( mixG , and ionic free energies )( ionG , as given in equation (2) [60, 64, 66]. 

ionmixeltotal GGGG                                                                         (2) 

Non-ionic hydrogels swell in aqueous medium solely due to polymer-water in-

teractions while in case of the ionic hydrogels, swelling is dependent on the pH of 

the aqueous medium, which determines the degree of dissociation of the ionic 

chains. Cationic hydrogels display superior swelling in acidic media since their 

chain dissociation is favoured at low pHs [1, 9]. Similarly, anionic hydrogels dis-

sociate more in higher pH media, hence, displaying superior swelling in neutral to 

basic solutions [1, 41]. 

Ampholytic hydrogels possess both positive and negative charges that are bal-

anced at a certain pH, their iso-electric point. A change in pH can change the over-

all ionic (cationic or anionic) character of this type of hydrogel. For example, am-

pholytic gelatine (type B) dissolves in water less due to its cationic nature compare 

to an acidic medium [12, 32]. 
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Besides non-ionic and ionic hydrogels, the hydrophobically modified hydrogels 

containing a hydrophilic backbone with pendant hydrophobic groups can be also 

employed [10, 50]. In an aqueous solution, the balance between the hydrophilic 

and hydrophobic interactions changes with temperature. Therefore, depending on 

the nature of these groups, hydrophobic association occurs at a specific tempera-

ture resulting then in gelation (for details see Fig. 9) [1]. 

Non-ionic             Cationic                Anionic        Ampholytic Hydrophobically-

modified

Temperature

change favors

aggregation of

hydrophobic

groups

Cationic   Anionic

nature      nature

High pH

favors

repulsive

forces

Low pH

favors

repulsive

forces

No pH

dependency

0            pH          14   

 

Fig. 9. Behaviour of different hydrogels structures [1] 

1.3.2 Mechanical properties 

Besides swelling properties, good mechanical strength and elasticity is important 

for hydrogels intended for bio-applications. However, in most cases, hydrogels 

have weaker mechanical strength and poorer elasticity, missing the sophisticated 

complexity of native tissue. The mechanical strength of the hydrogel can be im-

proved by increasing either the crosslinking density or the concentration of the 

precursors [60, 67, 68]. On the other hand, it could result in a concomitant reduc-

tion of the ability to swell and absorb wound exudate [16, 49]. Therefore, a com-

promise between the hydrophilicity and sufficient mechanical strength of hy-

drogels is critical for their potential application as wound dressing materials. 

The theories of rubber elasticity and viscoelasticity can be used for understand-

ing of the mechanical behaviour of hydrogels. These theories are based on time-

independent and time-dependent recovery of the network structure, respectively 

[68]. Beside these theories dealing with network behaviour, there is variety of 

methods for the mechanical analysis of hydrogels, including elonga-
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tion/compression analysis [3, 68, 69], dynamic mechanical analysis (DMA) [68, 

70] and oscillatory rheometry [3]. 

Viscoelasticity 

Quantitative information on the viscoelastic properties of hydrogels can be ob-

tained by dynamic mechanical analysis. This is frequently used method, measuring 

the response of a sample when it is deformed under periodic oscillation, stress or 

strain, as it is illustrated in Figure 10 [51, 58, 68]. 

 

 

 

 

 

 

 

Fig.10. Typical stress/strain response for different materials during oscillatory measu-

rements [58, 68] 

In the dynamic mode of testing, if the strain is a complex oscillatory function of 

time with maximum amplitude, m , and frequency, , then complex strain,  , can 

be defined by equation (3). 

)exp( tim                                                                                         (3) 

where, m , is the maximum shear strain amplitude,  , stands for the oscillation 

frequency and, t , is the time.  

Correspondingly, the measured response in terms of shear stress, the complex 

stress,  , is defined: 

)exp(   tim          (4) 

 A standard expression for sinusoidal tests is the complex dynamic modulus, G , 

defined as the ratio of the complex stress,  , to the applied complex strain,  : 

Strain, γ 

Angle, ωt 

Angle, ωt 

Stress, σ  δ 

Elastic solid (δ=0)                            

Viscoelastic solid 
(0‹δ‹π/2) 
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


 




G                                                                                                    (5) 

Equation (5) then can be rewritten: 

  ///'sincosexp iGGiiG
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m  













                                        (6) 

where, /G , is referred to as the storage modulus defining the energy stored due to 

the applied  strain, //G ,  is the loss modulus and determines energy of dissipation. 

From these expressions, the tangent of the phase angle can be expressed: 

/

//

tan
G

G
            (7) 

where tan , the loss factor or damping, is a measure of the ratio of the energy dis-

sipated as heat to the maximum energy stored in the material during one cycle of 

oscillation [58, 68-70]. While the phase angle is zero for an elastic solid, it is equal 

to /2 for a viscous liquid [58, 70]. 

TransitionGlassy Rubbery Flow

Temperature

Log (G’’/G’)
log(G’)

log(G”)

G’

G ”



 

Fig.11. General behaviour of the /G , //G  and tan as a function of temperature [71] 

Measurements of viscoelastic properties of hydrogels is influenced by several 

parameters including frequency, temperature, dynamic strain rate, static pre-load, 

time effects such as creep and relaxation [71]. Among them, frequency and tem-

perature effects are most important.  
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As can been seen in the Fig. 11, the viscoelastic materials behave differently in 

various phases over the broad temperature ranges referred to as the “Glassy”, 

“Transition”, “Rubbery”, and “Flow Regions” [68, 71, 72]. In the glassy region the 

polymer chains are stiff in nature. The transition region exists when the materials 

are crossing from the glassy to the rubbery region. In this region, the viscoelastic 

material goes through the most rapid change in stiffness (relaxed state), possesses 

the highest damping characteristics and //G increases as the temperature arises [68, 

71]. The glass transition temperature of a material, Tg, is commonly defined as the 

peak of the loss factor curve. In the rubbery region, the material reaches a lower 

plateau in stiffness and loss factor [71, 72]. As the polymeric material is heated 

beyond the rubbery region, its viscosity, it means resistance to flow, steadily de-

creases. Finally, in the liquid flow region /G shows a sharper reduction because of 

the onset of viscous flow in the polymer [68]. 

log (G′)         

log(G″)

Elastic solid

G″         

G′

log (ω)
Viscoelastic solid

G′

G″

log (ω)

log (G′)         

log(G″)

 

Fig.12. Typical behaviour of the /G and //G of the elastic solid and viscoelastic as a func-

tion of frequency [58] 

The behaviour of the storage modulus, /G , and loss modulus, //G of a model hy-

drogel as a function of frequency, , is shown in Fig. 12. The elastic response of 

the hydrogel is characterized by a storage modulus, which is frequency independ-

ent and a loss modulus, which decreases with reducing frequency [70]. On the 

other hand, a viscoelastic solid shows a plateau with a constant /G in the low fre-

quency region and //G is frequency dependent [58]. 

Rubber elasticity 

Most of hydrogels in their swollen state are considered to be a rubber, which 

means that they are crosslinked networks with rather large free volume allowing 

them to respond to external stresses with a rapid rearrangement of the stretched 

polymer segments. When a hydrogel is in the rubbery region, its mechanical be-
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haviour is dependent mainly on the network structure [3, 58]. However, at low 

temperature, these hydrogels can lose their rubber elasticity and show viscoelastic 

behaviour. 

To derive a relationship between the network characteristics of hydrogel and the 

mechanical stress-strain behaviour, classical and statistical thermodynamics as well 

as phenomenological approaches have been used and an equation of state for rub-

ber elasticity was found to be valid and worthwhile [68]. From classical thermody-

namics, the equation of state for rubber elasticity may be expressed as the sum of 

the internal energy and the entropy of extensions [51, 58, 68]. 

VLVT T

f
T

L

U
f

..













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










            (8) 

where f is the elastic force of the elastomeric polymer in response to a tensile 

force, U is the internal energy, T , is the temperature, and L and V are the length 

and volume of the sample, respectively. For elastomeric polymers, an increase in 

length brings about a decrease in entropy because of changes in the end-to-end dis-

tances of the network chains. The elastic force, f, and entropy, S, are related 

through the Maxwell equation: 

VLVT T

f

L

S

..













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










                 (9) 

Stress-strain analysis of the energetic and entropic contributions to the elastic 

force indicated that entropy accounts for more than 90 % of the stress [3]. For this 

reason, the rubber elasticity entropic model is a reasonable approximation for hy-

drogels [58, 71]. 

 



27 

 

2. Hydrogels in wound dressings 

Wounds can be defined as defects or breaks in the tissue, most often in the skin, 

resulting from physical or thermal damage and can be classified as acute or 

chronic. The acute ones are usually tissue injuries caused by mechanical and 

chemical stress that heal completely with minimal scaring within 8-12 weeks. An-

other category of acute wounds includes burns that arise for example from electri-

cal and thermal sources [22, 73]. Compared to acute wounds, chronic ones take 

longer time to heal. Among chronic wounds diabetic foot ulcers, venous and arte-

rial leg ulcers as well as decubitus ulcers can be mentioned [22]. 

Skin wounds can also be classified according to the number of skin layers that 

are affected. Superficial wounds are the damage of the epidermis alone, while par-

tial thickness wounds are the damage of the epidermis and deeper layers containing 

blood vessels, hair follicles and sweat glands. Full thickness wounds are defined as 

the damage of fat layer or deeper tissue as well [73]. 

The healing of wounds results from a number of overlapping stages, including 

inflammation, migration, proliferation, and maturation [22, 74, 75]. In the first 

stage a rapid achievement of a sterile environment occurs. This is followed by mi-

gration involving transport of growth factors into the exudates and promoting 

movements of epithelial cells, fibroblasts and keratinocytes to the injured area for 

damaged tissue reparation. The next stage, proliferation, consists of wound closure 

and restoration of the epithelial cells. The main function of maturation is to slowly 

organize the closed wound matrix and increase its strength and elasticity [22, 75]. 

Based on the types of wounds and models of healings, numerous wound dressing 

materials including films, foams, hydrocolloids, semi-permeable adhesive films as 

well as hydrogels, were developed [76]. 

The appropriate dressing materials must meet a number of requirements [12, 13, 

16, 20, 22]. They have to 

 be capable of maintaining high humidity at the wound-dressing interface 

whilst removing, through adsorption, excess wound exudate and associated 

toxic compounds; 

 permit the exchange of gases whilst maintaining an impermeable layer to mi-

croorganisms so preventing secondary infections; 

 provide thermal insulation; 20 

 be biocompatible and not provoke any allergic reaction through their pro-

longed contact with tissue; 
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 show minimal adhesion to the surface of the wound so that the dressing can 

be removed without trauma; 

 be physically strong even when wet; 

 be produced in a sterile form; 

 be easy disposable of at the end of use. 

Among many dressings, special attention has been paid to hydrogels due to their 

unique properties that can fulfil the essential requirements of ideal wound cover 

material including immediate pain control, easy application, transparency allowing 

healing follow up, absorbing and preventing loss of body fluids, providing barrier 

against bacteria, oxygen permeability, controlling of drug dosage, promoting anal-

gesia by cooling the skin and facilitating autolytic debridement [14, 21]. Further-

more, it is also known that hydrogels can promote fibroblast proliferation by reduc-

ing the fluid loss from the wound surface and protect the wound external noxae 

and help in maintaining a micro-climate for biosynthetic reactions on the wound 

surface necessary for cellular activities [30, 77]. 

Hydrogels, as basic materials for manufacturing of wound dressings were in-

vented in 1989 by Rosiak et al [76]. Since then, there are a number of commer-

cially available hydrogel wound dressings in a number of physical forms including 

granules, sheets, fibres as well as flakes [12, 17, 64]. It can be noted that hydrogels 

are useful for all stages of wound healing with the exception of infected or heavily 

exuding wounds. The wound healing efficacy of hydrogels can be improved by 

incorporation of drugs, growth factors and biologically active materials [78-80]. 

Wound dressing hydrogels can be prepared from either natural (e.g. alginate, 

hyaluronic acid, chitosan, collagen, fibrin, gelatine and cellulose) or synthetic 

polymers (poly(l-hydroxyethylene), poly(lactide-co-glycolide), poly(ethylene gly-

col) and poly(propylene fumarate)) [36, 64]. Natural based wound dressing hy-

drogels are considered as promising covering options because of their non-toxicity, 

biocompatibility, biodegradability but also hydrophilicity, and excellent swelling 

behaviour. While, they have a form of flexible and durable covering material per-

meable to water vapour and metabolites, they protect the wound against bacterial 

infection [12, 81]. Among the various natural polymers used for hydrogel prepara-

tion, gelatine and alginate are easily available in abundance and, therefore, are 

comparatively cheap. 

In this work, gelatine and alginate have been utilized as main precursors for 

preparation of wound dressing hydrogels. Hence, a concise, relevant background 

on these two biopolymers is provided. 
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2.1 Alginate 

Alginate is a water soluble, linear polysaccharide extracted from brown sea-

weed, composed of altering blocks of β -1,4-linked D-mannuronic acid (M) and α -

1,4-linked L-glucuronic acid (G) [43, 82-85]. The important feature of alginates is 

their ability to form gels by electrostatic interaction between the carboxylic moie-

ties on the G blocks of L-glucuronic acid and divalent cations, such as Ca
+2

, Mg
+2

, 

Ba
+2

 and Sr
+2

 (see Fig. 5) [86]. The composition sequence (M/G ratio), G-block 

length and molecular weight of polymer are critical factors affecting the physical 

properties of alginate and its resultant hydrogels [45, 87]. For example, mechanical 

properties of alginate hydrogels can be improved by increasing the length of G-

block and molecular weight of polymer. 

The alginate hydrogels are well known as biocompatible, degradable and non-

toxic materials widely applied as carriers for drug delivery [88], hemostatic wound 

dressings [89, 90] and immuno-isolation systems for transplantation [46, 91]. The 

use of alginate-based hydrogels as wound dressings can be attributed to their abil-

ity to form strong, hydrophilic gels upon contact with moisture [22, 92, 93]. A 

number of reports have also suggested that certain alginate dressings can enhance 

wound healing by stimulating monocytes to produce elevated levels of cytokines, 

such as interleukin–6 and tumor necrosis factor–α [32, 94, 95]. Production of these 

cytokines at wound sites results in pro-inflammatory factors that are advantageous 

to wound healing [87]. Furthermore, it was observed that calcium ions released 

from alginate hydrogels crosslinked with CaCl2 play a physiological role aiding the 

haemostasis during the first stage of wound healing [22]. Alginate wound dressing 

can be used on different types of wounds with medium to high amount of exudates 

such as leg ulcers, burns, pressure ulcers and surgical wounds [95].  

2.2 Gelatine 

Another natural polymer that can be applied for hydrogels preparation is gela-

tine. It can be defined as a water soluble, biodegradable polypeptide obtained ei-

ther by acidic (type A gelatine) or alkaline hydrolysis (type B gelatine) of collagen 

derived from natural sources such as skins, bones, and connective tissues of ani-

mals [17, 36]. Type B has more carboxyl groups and a lower isoelectric point (IEP 

4.8  5.0) than type A (IEP 7.0  9.0). For practical applications, both gelatine 

types can be combined in order to optimize desired characteristics of the final 

product, with type A imparting firmness and type B providing plasticity [12, 32, 

96]. 
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Gelatine offers a uniquely broad range of properties for a wide variety of appli-

cations in the medical and health care industry such as artificial organs and tempo-

rary scaffolds for damaged tissues [77]. Properties such as biodegradability, bio-

compatibility, proangiogenic and non-immunogenic characteristics, low level of 

cytotoxicity and haemostatic effect make gelatine also a suitable wound dressing 

material [37, 97]. In addition, gelatine based hydrogel has the potential to mimic 

the extracellular matrix, which may promote the tissue regeneration necessary for 

healing [32]. However, due to the high water content, mechanical properties of hy-

drogels based on pure gelatine often fail to fulfil the requirements for wound dress-

ing, especially in terms of its mechanical properties [98, 99]. 

In order to overcome this problem, a number of approaches including crosslink-

ing techniques have been employed in order to improve mechanical integrity of 

gelatine hydrogels [100]. The amino acid composition of gelatine provides options 

for multifunctional crosslinking in side chains via amino, carboxyl and hydroxyl 

groups that react with a wide variety of established crosslinkers such as carbodiim-

ides, glutaraldehyde or genipin [36]. However, it should be kept in mind that 

chemical crosslinking involves additional difficulties connected to the removal of 

unreacted crosslinker that is usually toxic. Further methods such as photo-

crosslinking can also be applied after functionalization of gelatine chain with 

methacrylate or phenolic groups, although, the introduction of strongly physically 

interacting functional groups at the side chain might lead to the formation of a re-

versibly physically crosslinked network [101]. The mechanical properties of the 

crosslinked hydrogels significantly depend on gelatine content, Bloom index and 

the crosslinking density [36, 102]. 

A wide range of potential biomedical applications of gelatine have been docu-

mented in the literature. Crosslinked gelatine hydrogel has been investigated as a 

peripheral nerve guide conduit material [103], bone substitute [104], protein releas-

ing matrix [26, 105, 106] as well as wound dressing [32, 98]. 

2.3 Combination of sodium alginate and gelatine 

Single polymer hydrogels can seldom fully satisfy the requirements of efficient 

wound dressing materials due to their weak structure formed by limited interchain 

interactions. However, hydrogels formed by combinations of polyelectrolyte bio-

molecules with opposite charges offer distinct advantages arising from the strength 

of the multiple intermolecular associations involved [36, 107]. 
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According to literature review, the most promising biopolymer pairs for hy-

drogel formation are protein-polysaccharide combinations. The presence of differ-

ent polysaccharides in such hydrogels may increase viscosity, promote or inhibit 

gelation and enhance gel strength, while the presence of protein may be used for 

introduction of degradability, temperature induced phase transition and sensitivity 

to the presence of biologically active molecules [107]. From this point of view, a 

composite hydrogel matrix derived from sodium alginate (SA) and gelatine (G) 

could have the synergic beneficial aspects of both the polymers. For instance, the 

composite hydrogel can introduce the haemostatic effect of gelatine and the wound 

healing promoting ability of alginate [94]. Furthermore, Sakai et al. [122] observed 

that low cell-adhesiveness and poor support of cell proliferation of alginates can be 

enhanced by combination it with gelatine. Practical examples of SA/G products for 

biomedical application are presented in Table 1. 

Physical crosslinking induced by electrostatic interaction between sodium algi-

nate and gelatine is presented in Figure 13. The interaction occurs between the 

negatively charged carboxyl groups on the alginate and positively charged amino 

groups of arginine, lysine or histidine in gelatine [36]. 

Sodium alginate

chain
Gelatine

chain

Electrostatic 

interactions

NH3

NH3

NH3

OOC

OOC

OOC

+ -

+ -

+ -

 

Fig. 13. Hydrogel formed by electrostatic interaction between sodium alginate and gela-

tine 

Nevertheless, hydrogels on the basis of these biopolymers prepared by physical 

crosslinking induced by secondary physical forces including chain entanglement, 

ionic interaction, and van der Waals forces, do not exhibit sufficient mechanical 

strength after absorption of the wound exudates. They dissolve in the wound secre-

tion at body temperature and thus cannot be completely removed from the wound 

[123]. To suppress this dissolution, several modifications, such as chemical 

crosslinking of either alginate or gelatine, have been investigated [122]. 
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Several works have been performed to study formulation, characterization as 

well as application of crosslinked materials based on a combination of sodium 

alginate and gelatine [32, 95, 97, 99, 108, 109, 117-119, 124]. Z. Dong et al. [99] 

reported an approach using Ca
+2

 as crosslinking agent to prepare drug (ciproflox-

acin hydrochloride) loaded film from alginate and gelatine by solvent casting 

method. It has been successfully applied for localized drug delivery in vivo or in 

vitro with controllable release rate. C. Xiao et al. [117] studied blend films from 

sodium alginate and gelatine and examined their characteristics stating that the 

strong intermolecular bonds and ionic interactions in the blend films resulted in the 

enhancement of their mechanical properties and thermal stability. B. Balakrishnan 

et al. [95] used borax to crosslink oxidized alginate and gelatine to develop in situ 

forming hydrogel wound dressings and obtained material with significantly im-

proved fluid uptake and good tuneable degradation properties. Oxidized algi-

nate/gelatine hydrogel was mainly investigated for wound dressing [32, 95, 122], 

cardiac tissue [125], cartilage [126] and bone tissue engineering [109]. Accord-

ingly, sodium alginate/gelatine composite materials (e.g. films, hydrogels) demon-

strated improved performance and favourable mechanical and swelling properties 

compared with single polymer materials.  



33 

 

3. Summary 

The growth of comprehensive medical and pharmaceutical wound care has led 

to considerable attention directed towards the development of wound dressing ma-

terials. The ideal dressing material needs to ensure that the wound remains free of 

infection and moist with exudates but not macerated, while also fulfilling prerequi-

sites concerning structure and biocompatibility. Among these materials, hydrogels 

based on polymeric and biopolymeric materials are considered as promising op-

tions because of their insoluble, swellable and hydrophilic properties. The survey 

given above shows that sodium alginate and gelatine can be ideal candidates for 

preparation of medical hydrogels, suitable for production of highly hydrophilic and 

biocompatible wound dressings. 
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AIMS OF THE DOCTORAL STUDY 

The main objectives of this doctoral study are formulation, preparation and 

characterization of biopolymer based hydrogels aimed at the production of 

highly hydrophilic and biocompatible wound dressings.  The following goals are 

pursued within the framework of this thesis: 

 Development of sodium alginate/gelatine (SA/G) hydrogels, their charac-

terization and critical evaluation of physico-chemical properties influencing 

their application in wound dressing; 

 Selection of suitable crosslinking agent for SA/G hydrogels via testing of 

various crosslinkers including calcium chloride (CaCl2), glutaraldehyde or 

genipin; 

 Examination of morphology and verification of miscibility and blend ho-

mogeneity between SA and G with the help of scanning electron micros-

copy; 

 Investigation of the chemical composition of the hydrogels by means of 

Fourier transform infrared spectroscopy; 

 Testing of swelling behaviour as a function of various factors including 

composition of the hydrogels, swelling time and environment; 

 Evaluation of viscoelastic properties as a function of hydrogel composition 

in terms of SA/G ratio as well as swelling time, performed by measurement 

of an oscillatory shear rheological analysis and dynamic mechanical analy-

sis; 

 Finding the optimal composition of SA/G hydrogels with the viscoelastic 

response fully comparable with that of human skin, showing simultane-

ously very good absorption properties.  
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SUMMARY OF THE PAPERS 

The key findings of the doctoral thesis are highlighted as summaries of each 

of the three papers  and patent.  

Paper I was focused on the preparation and characterization of physically 

crosslinked SA/G hydrogels with various concentrations of sodium alginate and 

gelatine to obtain highly hydrophilic and biocompatible wound dressing mate-

rial.  

The effects of SA/ G ratio (30/70 to 70/30) on the morphology and chemical 

structure were examined via SEM and ATIR-FTIR, respectively. Swelling prop-

erties were determined gravimetrically and viscoelastic properties of prepared 

hydrogels were monitored by using an oscillatory shear rheological analysis.  

It was found that the samples with SA as the matrix had a droplet-like mor-

phology with the droplets formed of minor G phase, while samples with G as the 

matrix rendered a fibrous morphology of imbedded SA phase. As to hydrogel 

chemical structure, significant changes in the shape and intensity of FTIR ab-

sorption frequencies of either SA or G were observed and attributed to the pres-

ence of intermolecular interactions including hydrogen-bonding and electrostatic 

attractions between SA and G chains/molecules.   

According to swelling test using water as a swelling medium, the  absorption 

ability of the hydrogels was promoted with the increase of the G content, due to 

the enhanced hydrophilicity, which is more favorable for the diffusion of water 

molecules into the hydrogels. As to water uptake, the maximum water content 

expressed as the equilibrium swelling degree was significantly dependent on 

SA/G ration laying in the range of 270 to 1100 %. This indicated that SA/G hy-

drogels can easily prevent a wound from accumulation of fluid by absorbing the 

exudates.  

The viscoelastic properties of SA/G hydrogels notably depended on their 

composition and were related to the swelling behaviour of hydrogels. The in-

crease in viscoelastic module was observed when the content of SA rose, proba-

bly due to the increased number of SA chains that produce a dense net-

work.SA/G ratio in terms of a compromise between appropriate viscoelastic 

properties and absorption abilities was found to be SA/G 50/50 showing the vis-

coelastic response fully comparable to that of human skin while simultaneously 

retaining very good absorption properties. 

Based on the results it was however concluded, that SA/G hydrogels prepared 

by physical crosslinking induced only by secondary physical forces have a loose 

network structure and insufficient mechanical strength after the wound exudates 

absorption.  
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Paper II was concentrated on the chemical crosslinking of SA/G hydrogels 

with two well-known crosslinking agents, calcium chloride (Ca
2+

) and glutaral-

dehyde (GTA).The main attention was paid to finding an optimal balance be-

tween the mechanical strength and water uptake of crosslinked SA/G hydrogels, 

with a different ratio between SA and G, by the optimization of their composi-

tion and structure. The physicochemical properties of the resultant hydrogels 

were systematically investigated through SEM, FTIR, DMA and a swelling test. 

The hydrogel composition of SA/G was widened and ranged from 20/80 to 

80/20. Testing of crosslinking agent performance resulted in finding of their op-

timum concentration of 0.2 % for GTA and 2.5 % for Ca
2+

) and optimum 

crosslinking time (60 min for GTA and 5 min for Ca
2+

) 

Most of the Ca
2+

 crosslinked SA/G hydrogels revealed an interconnected 

morphology with small aggregate structures whereas GTA crosslinked ones in-

dicated different morphologies depending on G content. In particular, the mor-

phologies underwent a change from compact to an island like structure with in-

creasing G content in the  hydrogels. The SA/G-50/50 hydrogel samples 

crosslinked with either Ca
2+

 or GTA showed a smooth and homogeneous mor-

phology, suggesting the good component miscibility and blend homogeneity.  

FTIR spectra of the Ca
2+

 crosslinked SA/G hydrogels revealed a small shift in 

symmetric stretching carboxyl groups, indicating an ionic binding between the 

Ca
2+

 ions and the SA. Increasing the G content in hydrogels crosslinked with 

GTA significantly changed the shapes of the amide I and II bands in the FTIR 

spectra, thus confirming the G – GTA crosslink formation. 

Swelling test showed that the equilibrium swelling was slightly higher for the 

Ca
2+

 crosslinked hydrogels compared to the GTA crosslinked ones. Further-

more, the equilibrium swelling in the Ca
2+

 crosslinked hydrogels noticeably de-

creased with an increasing SA content; whereas in the case of GTA crosslinked 

hydrogels, equilibrium swelling declined as  a G content rose. 

DMA results revealed the enhanced viscoelastic properties and improved 

thermal stability of the crosslinked hydrogels when compared with non-

crosslinked materials.  

Among the tested hydrogels, the sample with composition of SA/G 50/50  

showed high miscibility, homogeneity, and provided a good balance of swelling 

and viscoelastic properties. However, due to the known toxicity of GTA, the 

Ca
2+

 crosslinked hydrogels are more appropriate for biomedical applications.  

Paper III was aimed on the development of naturally derived SA/G hy-

drogels crosslinked with genipin (GP). The main aim of the GP application was  

to overcome the cytotoxic effects of the GTA crosslinking. 

According to FTIR analyses, spectra of SA/G hydrogels crosslinked with GP 

showed minor variations with respect to those of uncrosslinked samples, with 
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only moderately increase of the relative intensity of the amide I and II bands. 

These findings were attributed to the formation of heterocyclic compound of GP 

linked to the G and also the formation of the secondary amide group as a result 

of the reaction between G and GP.  

The degree of swelling was found to be higher than 200 % in all samples, 

confirming that the SA/G-GP hydrogels can be considered as an efficient wound 

dressing with a high absorption capacity. It was also found that with increasing 

GP concentration, the swelling degree markedly reduced and the thermal stabil-

ity enhanced under physiological conditions (PBS buffer, pH 7.4 at 37C). 

DMA analysis revealed that the SA/G hydrogels with GP, could form relatively 

strong elastic gels which showed satisfactory viscoelastic properties. Since GP 

shows low toxicity, crosslinked hydrogels could be a promising candidate for 

biomedical applications. 

CZ patent 302380 and WO 2011/100935 A1 international patent applica-

tion were directed towards improvement of mechanical properties of physically 

crosslinked hydrogels described in Paper I. The invention covers the hydrogel 

composition containing G and SA in weight ratios of 30/70to 70/30, together 

with polyethylene glycol, glycerine, nanofibres of polyvinyl alcohol in the 

amount of 10 – 40 % (w/w), sodium chloride and sea buckthorn oil. Among the 

individual hydrogel components, G helps regeneration of damaged tissues, SA 

absorbs fluids and acts as antimicrobial agent, polyethylenglykol acts as a sub-

stitute of damaged skin and glycerine as a humectant. Nanofibres of polyvinyl 

alcohol create a fibre matrix and improve mechanical strength of the product. 

Presence of sea buckthorn oil promotes a healing process and also helps to di-

minish subsequent scars of healed wounds. 

A part of the invention describes also method for hydrogel preparation. The 

procedure starts with preparation of initial aqueous polymeric solution of G at 

75 – 85°C followed by addition of further components such as SA, polyethylene 

glycol, glycerine and respectively sea buckthorn oil under stirring. Then polyvi-

nyl alcohol nanofibres are added and finally, the viscous mass is poured into 

acrylic dishes where it is kept at room temperature of 20 – 25°C until the whole 

volume of water is removed and the final dry material of hydrogel is achieved. 

Hydrogel is delivered in a dry form which, according to the invention, enables 

its' long term storage ability. This is advantageous mainly due to absence of loss 

of water during storage and, moreover, in the dry substance the germ prolifera-

tion is extremely reduced. One more important advantage of "dry" hydrogels is 

their high absorption capacity during the healing process. 
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CLOSING REMARKS 

The presented doctoral thesis is focused on the preparation and characteriza-

tion of hydrogels suitable for wound dressings. As a material, combination of 

sodium alginate and gelatine blended in different ratios was used. Hydrogels 

were crosslinked either through weak physical forces or using chemical 

crosslinking agents. Based on the experiments performed, the following conclu-

sions can be drawn: 

 Physically crosslinked SA/G hydrogels were successfully prepared and 

characterized. Within the tested composition, hydrogels showed excellent 

swelling properties in water at room temperature. However, the weak 

physical crosslinking was the reason for insufficient strength of the formed 

gel and the hydrogels gradually disintegrated under swelling at 37 °C 

(physiological temperature) which, led to deterioration of their mechanical 

properties.  

 The above given drawback related to rapid hydrogel disintegration was re-

duced by incorporation of polyvinylalcohol nanofibers in the SA/G matrix 

at the amount of 10 to 40 wt. %. The nanofiber role is primary seen in the 

formation of  a supporting matrix for otherwise soft and gell-like polymers 

resulting in improvement of  mechanical strength of the swelled hydrogels 

and can be considered as one possible option for improvement of the for-

mulation. 

 Hydrogels with improved properties were formulated by chemical 

crosslinking of SA/G hydrogels performed either withCa
+2

, which selec-

tively crosslinks SA chains or glutaraldehyde applicable for crosslinking of 

gelatine (Paper II). Physicochemical characterization proved differences 

between the crosslinked and uncrosslinked SA/G hydrogels which depend-

ed on the concentration and type of crosslinking agents, crosslinking time 

and the composition of the hydrogels. The resulting hydrogels showed sig-

nificantly improved viscoelastic properties and  thermal stability. Swelling 

was tested in physiologically relevant conditions, in phosphate buffered sa-

line with pH 7.4 at 37 °C and revealed the equilibrium swelling of the Ca
2+

 

crosslinked hydrogels slightly higher compared to GTA crosslinked hy-

drogels of the corresponding composition.  

 Hydrogels composed of SA/G crosslinked with genipin provided fully 

naturally based and biocompatible product. It was also demonstrated that 

the choice of the crosslinking agent in the preparation of the hydrogels 

plays a very important role in providing and maintaining favourable swell-

ing, mechanical properties and good biocompatibility.  
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 Characterization of physically and chemically crosslinked hydrogels using 

SEM, swelling tests and rheology evidenced that equal ration of both con-

stituents in matrix can be considered as a preferred hydrogel composition. 

Samples with SA/G 50/50 provided compromise between satisfactorily 

mechanical properties of hydrogels and their absorption abilities.SEM 

analyses, swelling tests and rheological characterization proved that equal 

ration between the constituents afforded samples with high miscibility, 

homogeneity, desired viscoelastic properties and absorption abilities.  
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CONTRIBUTIONS TO THE SCIENCE AND PRACTICE 

The major contribution of this doctoral thesis comes from the research find-

ings that extend knowledge on the following items: 

 The development of biopolymer based hydrogels for biomedical applica-

tions and, finding of suitable crosslinking agents and optimizing their con-

centration that provide stable and biocompatible product. 

 The preparation of smart, advanced materials based on the combination of 

sodium alginate and gelatine, showing the swelling behaviour dependent on 

pH of swelling medium.  

 The optimization of hydrogel composition and structure promoting and 

maintaining the adequate moist environment, required elasticity and me-

chanical strength and comfort usage.  

 The finding of promising candidates for medical dressings applicable for 

wound healing and management. 
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ABSTRACT: In this study, sodium alginate/gelatine
(SA/G) hydrogels were prepared to obtain wound dressing
with good, moist, healing, and biocompatibility properties.
The physicochemical properties of hydrogels were eval-
uated by scanning electron microscopy, Fourier transform
infrared spectroscopy, and a swelling test. Dynamic visco-
elastic properties including the storage, loss moduli, G0 and
G00, and loss angle, tan delta of both freshly prepared and
swelled gels were examined in oscillatory experiments. Its
results revealed that tested SA/G hydrogels exhibit highly

elastic behavior similar to the viscoelastic response of
human skin. Based on the performed analysis, it could be
suggested that the SA/G hydrogel is a potential wound
dressing material providing and maintaining the adequate
moist environment required to prevent scab formation and
the dehydration of the wound bed. VC 2012 Wiley Periodicals,
Inc. J Appl Polym Sci 126: E79–E88, 2012

Key words: sodium alginate; gelatine; hydrogels; wound
dressing; swelling behavior; viscoelastic properties

INTRODUCTION

The expansion of comprehensive medical and phar-
maceutical wound care has led to considerable atten-
tion being placed on the development of wound
dressing materials. The ideal dressing material needs
to ensure that the wound remains free of infection
and moist with exudates but not macerated, while
also fulfilling prerequisites concerning structure and
biocompatibility. In addition, it should permit the
exchange of gases, maintain an impermeable layer to
microorganisms so as to prevent secondary infection,
not inflame any allergic reaction through prolonged
contact with tissue, and it should be removed with-
out trauma and pain. Furthermore, the dressing
must be physically strong even when wet, and easy
to dispose of when removed.1–8 Currently, there are
numerous wound dressing materials with different
functions (e.g., antibacterial, absorbent, adherence,

and debridement) and physical forms (e.g., film,
foam, gel) as well as materials (e.g. carrageenan, al-
ginate, collagen). Among these materials, hydrogels
based on polymeric and biopolymeric materials
forming a three-dimensional network, are considered
as promising options because of their insoluble,
swellable, and hydrophilic properties. Moreover,
they can be fabricated to be flexible, durable, and
permeable to water vapour and metabolites while
also safely covering the wound to prevent bacterial
infection. Due to these advantages, hydrogels pos-
sess most of the desirable characteristics of an ideal
dressing.
Alginates belong to a group of the extensively

studied and commonly used gel-forming agents,
composed of rather stiff linear polysaccharides. They
are obtained by extraction from seaweed, where
they occur naturally as mixed calcium and sodium
salts of alginic acid consisting mainly of residues of
b-1,4-linked D-mannuronic acid and a-1,4-linked L-
glucuronic acid. On absorbing moisture, gluronic
acid forms firmer gels while mannuronate acid is
able to form soft, flexible gels.8–10 The use of algi-
nate-based hydrogels as dressing can be attributed
to their ability to form gels on contact with moisture.
Their high moisture absorption occurs via the forma-
tion of a strong hydrophilic gel, which limits wound
secretions and minimizes bacterial contamination.4,11

Sodium alginate (SA) used as a wound dressing
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meets the requirements of nontoxicity and a high
level of exudation absorbency.12,13

Gelatine (G), another natural polymer, is a colla-
gen-derived connective tissue protein with unique
gelation properties attributed to a physical crosslink-
ing of the triple-helix conformation of native colla-
gen.14–17 It can be obtained either from acidic (Type
A gelatine) or alkaline hydrolysis (Type B gelatine)
collagen. Type B has more carboxyl groups and a
lower isoelectric point (IEP-4.8-5.0) than Type A
(IEP-7.0-9.0).17–19 Gelatine has been used in a wide
variety of wound dressings because of its high water
absorption and ability to activate microphages and
haemostasis in bleeding wounds.20,21 The main fea-
ture of gelatine is its ability to form a thermally re-
versible network in aqueous media.17,22 The struc-
tural network in gelatine-based hydrogels is a
combination of elastic, triple-helix conformation, and
a viscous chain, disorder of polypeptide fragment,
units.14,17,23

The preparation and use of hydrogels based on a
combination of either SA or gelatine with other natu-
ral or synthetic polymers (agar/SA,24 chitosan/SA,25

SA/poly(c-glutamic acid),26 polyvinyl alcohol/SA,11

chitosan/gelatine,27 polyvinyl alcohol/gelatine,20

oxidized hyaluronan/gelatine,28 gelatine/hyaluro-
nate29 etc.) as wound dressings is being widely
reported, while it is referred that these hydrogels
posses a good biocompatibility and fulfil the
required quality criteria for wound dressing mate-
rial. However, the combination of SA and gelatine
(G) within the list of commercial products of hydro-
gels for health care applications, especially for
wound treatment or wound protection was studied
sporadically.29,30

The interest in hydrogels is also motivated by
their soft consistency derived from their high water
content and their tissue-like behavior caused by their
specific viscoelastic performance.31 These viscoelastic
properties are strictly related to the internal struc-
ture of hydrogels in terms of, e.g., crosslinking den-
sity, chain length, degree of swelling, and molecule
stiffness of the used polymer. Optimized viscoelastic
properties, such as storage (G0) and loss modulus
(G00), investigated using dynamic mechanical analy-
sis (DMA) and rheometric analysis,32 are of concern
during hydrogel properties development and help to
meet the requirements for its absorption efficacy,
elasticity as well as painless removal.33,34

However, so far there are only a few reports con-
cerning DMA and/or rheometric analyses of wound
dressing hydrogels. The use of these methods for
investigation of hydrogel viscoelastic behavior is of-
ten complicated by compositional and swelling
changes35–37 as well as structural defects in the gel
network.38,39 Meyvis et al.32 compared the use of
DMA (multi-strain and single strain) and oscillatory

shear rheometry for the characterization of pharma-
ceutical hydrogels. They reported that the choice of
method for the mechanical characterization of hydro-
gels depends on the accuracy, speed of measurement,
and the amount of sample available. The best agree-
ment was found between the ‘‘multi- strain’’ DMA
and rheometer results. In their review, Anseth et al.,37

thoroughly resolved the mechanical properties of
polymer-based hydrogels using tensile and DMA
tests in dependence on monomers used, polymeriza-
tion conditions and effect of degree of swelling. They
reported that the mechanical properties are highly de-
pendent on polymer structure, especially the cross-
linking density and the degree of swelling.
For this study, ‘‘SA/G hydrogels’’ with various

concentrations of SA and gelatine were prepared
with the aim to obtain and characterize blends of SA
and G as a reference system suitable for highly
hydrophilic and biocompatible wound dressings and
other medical applications. Desirable properties of
SA and gelatine were the motivation behind the
choice of these natural materials and were priori-
tized over the fact that physically crosslinked gelat-
ine-based hydrogels are known to dissolve as they
are immersed in physiological buffer saline or water
at intended service temperature (above 35�C).
Blended hydrogels having increase insolubility will
be objective of future work utilizing crosslinking of
either G, or SA via glutaraldehyde, and CaCl2,
respectively.
The viscoelastic properties of SA/G hydrogels

were studied using an oscillatory shear rheological
analysis and correlated to the various compositions
of the hydrogels. Scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectros-
copy, and a swelling and viscoelastic technique were
utilized for the study of the prepared materials.

MATERIALS AND METHODS

Materials

SA, gelatine (Type B, 250 bloom), glycerol, and so-
dium chloride (NaCl) (analytical grade) were
obtained from Lachema (Czech Republic). Polyethyl-
ene glycol (PEG, MW: 3000 g/mol) was purchased
from Sigma (Czech Republic). Reverse osmosis puri-
fied water was used for the hydrogel preparation
and swelling measurements.

Preparation of SA/G hydrogels

The ‘‘SA/G hydrogels’’ were prepared using various
concentrations of SA and G while keeping the
amount of other components (PEG, glycerol, NaCI
and water) constant. An aqueous gelatine solution of
(15–30% w/w) was prepared by dissolving polymer
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granules in water at 80�C under continuous stirring
(300 rpm) until a homogeneous solution was
obtained. After dissolving G, relevant portions of
SA, PEG, NaCl and glycerol (see Table I) were
added. Then, the stirring rate was reduced to 100
rpm and continued at 80�C for another 5 min until a
viscous hydrogel was formed. The prepared hydro-
gel was poured into circular moulds (diameter 25
mm) with a thickness of 2 mm and cooled down
(samples denoted ‘‘A’’). Finally, the samples were
dried (samples denoted ‘‘B’’) at room temperature
for 72 h. For purpose of comparison, reference sam-
ples composed of pure G and pure SA were pre-
pared using the identical procedure.

Scanning electron microscopy

The cross-sectional morphologies of the SA/G
hydrogels were examined by SEM at an accelerating
voltage of 20 kV (VEGA\\LMU, TESCAN, Czech
Republic). Cross-sectional specimens were prepared
by fracturing of B samples in liquid nitrogen to
examine miscibility and morphology of the blended,
dried systems preceding swelling phase. Before ob-
servation, the specimens were coated with a thin
layer of gold under a vacuum. SEM images were an-
alyzed using an image analysis VEGA Software.

Swelling behavior

The SA/G hydrogels were immersed in distilled
water (pH 7.0) at room temperature (23 6 2�C). The
degree of swelling was determined gravimetrically.
The swelled samples (denoted C) were taken from
the water at selected time intervals (1, 2, 3, 4, 8, 12 h),
wiped with tissue paper, weighed and placed in
water again. The percentage of swelling and water
content were calculated using the following equation:

Swelling% ¼ WS �WDð Þ
WD

� 100 (1)

Water content% ¼ WS �WDð Þ
WS

� 100 (2)

where WS and WD are the weights of the swollen
and dry samples, respectively.

Viscoelastic properties

The viscoelastic properties of the SA/G hydrogels
were measured by rotational rheometer (Rheomet-
rics ARES Rheometer, TA Instruments) using a par-
allel-plate 25 mm in diameter. All measurements
were performed in the linear viscoelastic regime
with a strain of 1%. The measurement went through
frequency scanning at 33�C (surface temperature of
human skin40) in the frequency range of 0.1–100
rad/s. The storage modulus (G0), loss modulus (G00),
complex viscosity (g*), and tan delta (d ¼ G00/G0) of
the samples were recorded as a function of fre-
quency. Each measurement was performed at least
twice, on two different disk specimens from the
same hydrogel sample.

Fourier transform infrared spectroscopy

The chemical composition of the samples B was
investigated by FTIR spectroscopy. Attenuated total
reflectance/Fourier transform infrared (ATR–FTIR)
spectroscopy was conducted with a FTIR instrument
(Nicolet 320, Nicolet Instrument Corporation) using
a Zn-Se crystal and the software package OMNIC
over the range of 4000–1000 cm�1. A resolution of 2
cm�1 was maintained in all cases.

RESULTS AND DISCUSSION

Morphology of SA/G hydrogels

The effects of SA and G contents on the morphology
of dried SA/G hydrogels (sample B) are shown in
SEM micrographs in Figure 1. The morphologies of
SA/G 100/0 and SA/G 0/100 are depicted in Figure
1(a,b), respectively. From the figures, it is seen that
the pure SA sample shows a particle-like, aggregate
structure while the pure G sample exhibits uniform,
relatively homogenous morphology.
The morphologies of SA/G hydrogel materials of

various compositions (70/30, 60/40, 50/50, 40/60,
and 30/70) are shown in Figure 1(c–g), respectively.
By comparison, it is obvious that the morphologies
of the pure samples differ significantly from the bi-
nary blends. The morphologies of the SA/G-70/30,
60/40, and 50/50 samples reveal structures having

TABLE I
Composition of the SA/G Hydrogels

Hydrogel composition SA/G (g) 70/30 60/40 50/50 40/60 30/70

Gelatine (G) 3 4 5 6 7
Sodium alginate (SA) 7 6 5 4 3
Poly ethylene glycol (PEG) 2 2 2 2 2
Glycerol 2 2 2 2 2
Sodium chloride (NaCl) 0.2 0.2 0.2 0.2 0.2
Water 20 20 20 20 20
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uniform SA as a matrix and G as dispersed phase
[Fig. 1(c–e)]. On the other hand, samples with a pre-
vailing amount of G, SA/G 40/60 and 30/70, have
G as the matrix and SA as the dispersed phase [Fig.
1(f,g)]. It should be noted that for the samples with
SA as the matrix, a droplet-like morphology of
minor G phase is observed, while samples with G as
the matrix render a fibrous morphology of SA
phase.

Swelling behavior of G/SA hydrogels

The degree of swelling indicates the ability of the
dressing to absorb the wound fluid and exudates.

The swelling behavior of SA/G hydrogels as a func-
tion of time is shown in Figure 2. As can be seen, all
samples demonstrate a rapid increase in swelling
degree within the first 4 h, and this swelling contin-
ues to increase slowly for up to 12 h (Table II). How-
ever, within the tested time interval, only the samples
with lower G content reach the equilibrium swelling.
It is furthermore obvious that swelling degree
decreases with an increase of SA content in the
hydrogels, which can be attributed to the structure of
the SA matrix, with pores of small sizes hindering
the diffusion of water molecules into the hydrogel
structure. A similar behavior for SA-based hydrogels
has been reported by Bajpai et al.41 and Anmika

Figure 1 SEM micrographs of dried hydrogels: (a) SA/G-100/0, (b) SA/G-0/100, (c) SA/G-70/30, (d) SA/G-60/40,
(e) SA/G-50/50, (f) SA/G-40/60, and (g) SA/G-30/70.
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et al.42 The increase in the swelling degree of hydro-
gel samples with high G content refers to the strong
hydrophilicity of G molecules, which is reportedly
due to the presence of an ionizable NH�

2 and COO�

functional group that can increase the volume
between polymeric chains and the swelling capacity
of the hydrogel by hydrostatic repulsion.41,43

A maximum swelling degree of SA/G hydrogels
at 1176% was observed in the composition SA/G
30/70. Even such a level of swelling is not a final
value and would be slightly higher when approach-
ing equilibrium state. Analogous swelling behaviors
were observed for the commercial hydrogel dress-
ings GelipermVR (Geistilich, Switzerland) and Vigi-
lonVR (Bard, Crawley, UK).21,30 As to water uptake,
the maximum water content of all swelled hydrogels
(Samples C) was in the range of 74–94% (Table II),

indicating that the SA/G hydrogels could fulfil the
requirement of an ideal wound dressing1–3,21,44 and
prevent a wound from accumulation of fluid by
absorbing the exudates.

Viscoelastic properties of G/SA hydrogels

The angular frequency dependence of the storage
modulus (G0) and loss modulus (G00) for SA/G hydro-
gels is depicted in Figure 3. From Figure 3(a) it can be
seen that the G0 of all hydrogels is almost one order of
magnitude higher than G00 over the whole angular fre-
quency range and both the G0 and G00 of all samples
slightly increase with angular frequency. In addition,
an increase in G0 and G00 values is observed when the
SA concentration rises, probably due to the increased
number of SA chains that produce a dense net-
work.41,45 Obviously, after 8 h swelling, the G0 and G00

of all samples drop dramatically because of the pres-
ence of water, which increases mobility of the gel net-
work and decreases stiffness [Fig. 3(b)]. It should be
noted that the described viscoelastic behavior of
swelled SA/G hydrogels is in agreement with the
viscoelastic response of human skin reported in the
literature.46,47

In Figure 4(a), the tan d of samples A is plotted
against angular frequency. At first, a plateau is
observed until 5 rad/s, then an increasing trend,
due to the enhanced influence of the viscous part,
attended by a more significant change in G00 com-
pare with G0, begins. The angular frequency depend-
ency of the tan d values for swelled samples C is
shown in Figure 4(b). Over the whole frequency
range tan d gently increases, along with a slightly
steeper increase of G00 with the frequency than that
of G0 [see Fig. 4(a)]. Interestingly, the SA/G 70/30

Figure 2 Effect of composition and time on the degree of
swelling.

TABLE II
Physical Characteristics of the SA/G Hydrogel Samples [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Hydrogel composition SA/G 70/30 60/40 50/50 40/60 30/70 Image of hydrogels

Samples after preparation A (before drying), n ¼ 3
Weight (g) 0.735 6 0.064 0.729 6 0.051 0.894 6 0.117 0.858 6 0.161 0.876 6 0.094
Diameter (mm) 25.0 6 0.00 25.0 6 0.00 25.0 6 0.00 25.0 6 0.00 25.0 6 0.00
Thickness (mm) 1.94 6 0.23 1.74 6 0.18 1.99 6 0.21 1.70 6 0.33 1.76 6 0.25
Moisture content (%) 49.2 6 0.52 46.9 6 0.76 49.4 6 0.17 49.1 6 1.24 52.9 6 0.86

Dried samples B (after drying), n ¼ 3
Weight (g) 0.373 6 0.032 0.386 6 0.027 0.452 6 0.059 0.452 6 0.082 0.412 6 0.046
Diameter (mm) 19.82 6 0.40 20.25 6 0.54 20.71 6 0.26 19.96 6 0.14 20.92 6 0.56
Thickness (mm) 1.54 6 0.19 1.23 6 0.12 1.39 6 0.19 1.19 6 0.22 1.02 6 0.16

Swelled samples C (12 h after swelling), n ¼ 3
Weight (g) 1.387 6 0.201 2.285 6 0.47 2.295 6 0.64 3.804 6 0.81 3.981 6 0.92
Diameter (mm) 31 6 2.14 38 6 3.69 38.583 6 3.6 42.21 6 2.49 43.42 6 3.87
Thickness (mm) 2.29 6 0.31 2.48 6 0.198 2.55 6 0.32 2.83 6 0.49 2.90 6 0.42
Water content (%) 72.54 6 4.68 81.86 6 6.53 84.03 6 3.96 87.97 6 3.46 90.1 6 3.74

All measurements were done in triplicate.
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and 30/70 samples are slightly more elastic than the
other samples, most probably due to the different
morphologies of the prepared hydrogels.

In Figure 5, the dependence of G0 and G00 on the
swelling time of the hydrogels with different ratios
of SA/G at the angular frequency x of 0.39 rad s�1

is shown. The viscoelastic moduli gradually decrease
for up to 4 h swelling time. After this time period
elapses, changes of G0 and G00 are not so prominent.
This observation complies with the swelling behav-
ior depicted in Figure 2 describing the effect of com-
position and time on the degree of swelling.

The G0 and G00 of samples A and C with different
compositions, recorded at the angular frequency of

0.39, 3.9 and 39 rad s�1, are depicted in Figure 6.
Comparing samples A and C, it is obvious that after
8 h of swelling both G0 and G00 drop notably; inter-
estingly G00 undergoes a more significant change.
Furthermore, as can be seen from Figure 6(a), both
G0 and G00 of samples A decrease with the increasing
contents of G. The swelled samples C, contrary to
the freshly prepared samples A, do not follow the
same decreasing tendency of the storage and loss
moduli with G content increase [Fig. 6(b)]. The maxi-
mum values of moduli for samples C were found in
the compositions SA/G 70/30 and 30/70. The visco-
elastic properties of these hydrogels are influenced
by stiff molecules of SA representing either the

Figure 3 Storage, G0, and Loss, G00, moduli of freshly prepared samples A (a) and 8 h swelled samples C (b).

Figure 4 Effect of angular frequency on tan d of samples A (a) and C (b).
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continuous phase (SA/G 70/30) or needle-like dis-
persed particles (SA/G 30/70) in hydrogel structure.
The local minimum of G0 and G00 was observed for
hydrogel compositions of SA/G 60/40 and 40/60.
The authors believe that such behavior could be
caused by phase separation phenomenon. Using
SEM, it was determined that the morphology of 60/
40 and 40/60 compositions induced specific porosity
levels in a continuous phase matrix (SA/G 60/40) or
in discontinuous phase particles (SA/G 40/60).
Interestingly, viscoelastic moduli of G/SA 50/50 are
higher than those of 40/60 and 60/40 at measured
angular frequencies. This can be a consequence of
attraction forces between the charged ions leading to

intensive interactions by the balanced anionic car-
boxylate groups (ACOO�) of SA and the cationic
protonated amino groups (NHþ

3 ) of gelatine.
48

Figure 7 presents the relation between complex
viscosity, g*, and angular frequency for samples C
with various SA/G compositions and shows that g*
decreases linearly with angular frequency. Further-
more, decreased g* of samples C have a similar
trend as observed for G0 and G00 [Fig. 6(b)].
The storage and loss moduli of samples C as a

function of the swelling degree are represented in
Figure 8(a,b). As can be seen in Figure 8(a), the high-
est values of G0 are observed for the hydrogel of
SA/G 70/30 composition. Notably, for this hydrogel
the smallest change of swelling degree (200–300%)
was connected with the most significant decline of
storage modulus. On the other side, only a minor G0

change over the widest region of swelling degree
(400–1200%) was determined for the hydrogel with
the opposite SA/G ratio of 30/70. The changes of
swelling degree as well as changes of G0 (DG00)
observed for samples with the composition of SA/G
60/40, 50/50, and 40/60 lie between the above men-
tioned SA/G 30/70 and 70/30 hydrogels. Further-
more, from Figure 8(a) it is clear that while the high-
est G0 of unswelled samples was found for SA/G
70/30, the highest G0 values of fully swelled hydro-
gels were recorded simultaneously for SA/G 70/30
and SA/G 30/70 samples.
Values of G00 for all studied samples are almost an

order of magnitude lower than those of G0 over the
entire range of swelling [see Fig. 8(b)]. The results
also reveal that the levels of G00 follow the trend
described for G0. However, the magnitude of G00

changes (DG00) is independent of hydrogel

Figure 5 Effect of swelling time on storage modulus, G0,
and loss modulus, G00, of SA/G hydrogels.

Figure 6 The effect of composition on storage modulus, G0, and loss modulus, G00, of samples A (a) and samples C (b).
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composition, thus differing significantly from the
behavior of G0 and indicating predominant elastic
response within the course of hydrogel swelling.

The described results, namely the values of elastic
(G0) and viscous (G00) moduli and the swelling
degrees of the prepared samples, indicate that the
viscoelastic properties of SA/G hydrogels are appro-
priate for wound dressing.49,50

FTIR characterization of SA/G hydrogels

The FTIR spectra of G/SA hydrogels are shown in
Figure 9. The FTIR spectrum of SA/G-100/0 indi-
cates the characteristic absorption peaks observed at

3274 cm�1 typical for hydroxyl stretching and a
peak at 1637 cm�1 which corresponds to a stretch of
C¼¼O. Peaks at 1521, 1458, 1408, and 1349 cm�1 in
the SA spectrum indicate the anti-symmetric stretch
and symmetric stretch of ACOO� in associated car-
boxylic acid salt.51,52 Two other interactions in the
CAO stretch of CAOH groups can be found at 1030,
1080 cm�1 and the peak at 1248 cm�1 corresponds to
the anti-symmetric stretching of CAOAC.
The FTIR spectrum of SA/G 0/100 exhibits a peak

at 3309 cm�1 due to the NAH stretching in second-
ary amides, the C¼¼O stretching at 1631 cm�1 for the
amide I, which is characteristic of the coil structure
of gelatine,22 as well as NAH deformation at 1550
cm�1 for amide II.51 Most of the remaining peaks, at
1040, 1079, 1317, 1346, 1404, and 1453 cm�1 can cor-
respond to the stretching of CAO bonds. Further-
more, on close inspection of the lower wave number
region of the spectrum, two bands are observed at
2877 and 2940 cm�1, due to aliphatic symmetric and
CAH stretching, respectively (The response of CAH
bonds is presented by the absorption peaks at 2940
and 2877 cm�1). These results are in agreement with
the observation reported by Pawde et al.20

The spectra of SA/G hydrogels show peaks at
3265, 1631, 1453, 1408, 1334, 1081, 1028, and 993
cm�1, which indicate OAH stretch, the COO� (asym-
metric), COO� (symmetric), CAO, CAOAH, respec-
tively, exhibiting strong intermolecular hydrogen
bonding.51,52 Particularly, the intensity of some
peaks decreases with increasing of SA (e.g., 1234
cm�1). The adsorption peak, thanks to the stretching
of CAOAC ethers coupled with the 1241 and 1119
cm�1 of G, shifts to 1234 cm�1. Moreover, the gelat-
ine band related to amides II 1551 cm�1 weakens
and almost disappears in the SA/G 70/30 sample.
The band of SA/G 30/70 at 3291 cm�1 shifts to a

Figure 7 Effect of angular frequency on complex viscos-
ity of samples C.

Figure 8 Relation between viscoelastic properties (G0 and G00) at angular frequency of 0.39 rad s�1 and degree of swel-
ling (%) for samples C.
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lower wavenumber (3265 cm�1) with an increasing
concentration of SA which reflects increased hydro-
gen bonding between SA and G.

CONCLUSIONS

In this work, SA/G hydrogels based on SA and
gelatine (G) are introduced as potential wound
dressing materials. To evaluate the performance of
SA/G hydrogels for wound dressing applications,
the morphology, swelling behavior and viscoelastic
properties of hydrogels with various ratios of SA
and G have been investigated. The results demon-
strate that SA/G ratio remarkably influences the
structure and morphology of hydrogels. In particu-
lar, it is obvious that with a decrease in SA content,
the respective hydrogel morphology changes from
particle-like to fibrous-like. It can also be observed
that the hydrogel morphology closely correlates with
the swelling degree, which decreases with an
increase in SA content. Results from the determina-
tion of water content and swelling behavior show
that hydrogels exhibit a high capability to absorb
fluid, making them promising materials for exuda-
tive wound dressings. The viscoelastic properties of
SA/G hydrogels notably depend on their composi-
tion and are related to the swelling behavior of
hydrogels. The viscoelastic properties of SA/G
hydrogels decreased, with an increased swelling
degree due to water absorption into the hydrogel
structure. The optimum SA/G ratio in terms of a

compromise between viscoelastic properties and
absorption abilities was found to be SA/G 50/50.
The hydrogel with this composition shows the visco-
elastic response fully comparable with that of
human skin while simultaneously retaining very
good absorption properties.

This article was created with support of Operational Pro-
gram Research and Development for Innovations co-funded
by the European Regional Development Fund (ERDF) and
national budget of Czech Republic, within the framework of
project Centre of Polymer Systems (reg. number: CZ.1.05/
2.1.00/03.0111).
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ABSTRACT: In this study, sodium alginate/gelatin (SA/G) hydrogels were prepared in order to 

obtain wound dressing with good, moist, healing and biocompatibility properties. The 

physicochemical properties of hydrogels were evaluated by scanning electron microscopy, Fourier 

transform infrared spectroscopy and a swelling test. Dynamic viscoelastic properties including the 

storage and loss moduli, G’ and G’’, were examined in oscillatory experiments for both freshly 

prepared and swelled gels. The rheological characterization indicated that SA/G hydrogels exhibit 

highly elastic behavior similar to the viscoelastic response of human skin. The obtained results 

suggest that the SA/G hydrogel is a potential wound dressing material providing and maintaining 

the adequate moist environment required to prevent scab formation and the dehydration of the 

wound bed. 

KEYWORDS: sodium alginate; gelatin; hydrogels; wound dressing; swelling behavior; 

viscoelastic properties  
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INTRODUCTION The expansion of comprehensive medical and pharmaceutical wound care 

has led to considerable attention being placed on the development of wound dressing materials. 

The ideal dressing material needs to ensure that the wound remains free of infection and moist 

with exudates but not macerated, while also fulfilling prerequisites concerning structure and 

biocompatibility. In addition, it should permit the exchange of gases, maintain an impermeable 

layer to microorganisms so as to prevent secondary infection, not inflame any allergic reaction 

through prolonged contact with tissue, and it should be removed without trauma and pain. 

Furthermore, the dressing must be physically strong even when wet, and easy to dispose of when 

removed
1-8

. Currently, there are numerous wound dressing materials with different functions 

(e.g., antibacterial, absorbent, adherence, debridement) and physical forms (e.g., film, foam, gel) 

as well as materials (e.g. carrageenan, alginate, collagen). Among these materials, hydrogels 

based on polymeric and biopolymeric materials forming a three-dimensional network, are 

considered as promising options because of their insoluble, swellable and hydrophilic properties. 

Moreover, they can be fabricated to be flexible, durable, and permeable to water vapor and 

metabolites while also safely covering the wound to prevent bacterial infection. Due to these 

advantages, hydrogels possess most of the desirable characteristics of an ideal dressing.  

Alginates belong to a group of the commonly used gel-forming agents that have been extensively 

studied. They are composed of rather stiff linear polysaccharides and are obtained by extraction 

from seaweed, where they occur naturally as mixed calcium and sodium salts of alginic acid. 

Alginic acid is a linear copolymer consisting mainly of residues of β -1,4-linked D-mannuronic 

acid and α -1,4-linked L-glucuronic acid. Upon absorbing moisture, gluronic acid forms firmer 

gels while mannuronate acid is able to form soft, flexible gels
8-10

. The use of alginate-based 

hydrogels as dressing can be attributed to their ability to form gels upon contact with moisture. 
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Their high moisture absorption occurs via the formation of a strong hydrophilic gel, which limits 

wound secretions and minimizes bacterial contamination
4, 11

. Sodium alginate (SA) used as a 

wound dressing meets the requirements of nontoxicity and a high level of exudation 

absorbency
12-13

.  

Gelatin (G), another natural polymer, is a collagen-derived connective tissue protein with unique 

gelation properties attributed to a physical crosslinking of the triple-helix conformation of native 

collagen
14-17

. It can be obtained either from acidic (Type A gelatin) or alkaline hydrolysis (Type 

B gelatin) collagen. Type B has more carboxyl groups and a lower isoelectric point (IEP- 4.8-

5.0) than Type A (IEP- 7.0-9.0)
17-19

. Gelatin has been used in a wide variety of wound dressings 

because of its high water absorption and ability to activate microphages and haemostasis in 

bleeding wounds
20, 21

. The main feature of gelatin is its ability to form a thermally reversible 

network in aqueous media
17, 22

.  The structural network in gelatin-based hydrogels is a 

combination of an elastic, triple-helix conformation and a viscous chain disorder of polypeptide 

fragment units
14, 17, 23

.  

The preparation and use of hydrogels based on a combination of either sodium alginate or gelatin 

with other natural or synthetic polymers (agar/ sodium alginate
24

, chitosan/ sodium alginate
25

, 

sodium alginate/ poly(γ-glutamic acid)
26

, polyvinyl alcohol/ sodium alginate
11

, chitosan/ 

gelatin
27

, polyvinyl alcohol/ gelatin
20

, oxidized hyaluronan/ gelatin
28

, gelatin/ hyaluronate
29 

etc.) 

as wound dressings has already been reported. The publications revealed that these hydrogels 

posses a good biocompatibility and fulfill the required quality criteria for wound dressing 

material. However, the combination of sodium alginate (SA) and gelatin (G) has not yet been 

reported within the list of commercial products of hydrogels for health care applications, 

especially for wound treatment or wound protection.   
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The interest in hydrogels is also motivated by their soft consistency derived from their high 

water content and their tissue-like behavior caused by their specific viscoelastic performance
30

. 

These viscoelastic properties are strictly related to the internal structure of hydrogels in terms of, 

e.g., cross-linking density, chain length, degree of swelling and molecule stiffness of the used 

polymer. Optimized viscoelastic properties, such as storage (G’) and loss modulus (G’’), 

investigated using dynamic mechanical analysis (DMA) and rheometric analysis
31

, are of 

concern during hydrogel properties development and help to meet the requirements for its 

absorption efficacy, elasticity as well as painless removal
32,

 
33

. 

However, so far there are only a few reports concerning DMA and/or rheometric analyses of 

wound dressing hydrogels. The use of these methods for investigation of hydrogel viscoelastic 

behaviour is often complicated by compositional and swelling changes
34-36

 as well as structural 

defects in the gel network
37, 38

. Meyvis et al.
31

 compared the use of DMA (multi-strain and single 

strain) and oscillatory shear rheometry for the characterization of pharmaceutical hydrogels. 

They reported that the choice of method for the mechanical characterization of hydrogels 

depends on the accuracy, speed of measurement, and the amount of sample available. The best 

agreement was found between the “multi- strain” DMA and rheometer results. In their review, 

Anseth et al.
36 

thoroughly resolved the mechanical properties of polymer-based hydrogels using 

tensile and DMA tests in dependence on commonomer composition, polymerization conditions 

and effect of degree of swelling. They reported that the mechanical properties are highly 

dependent on polymer structure, especially the crosslinking density and the degree of swelling.  

For this study, “SA/G hydrogels” with various concentrations of sodium alginate and gelatin 

were prepared with the aim to obtain and characterize wound dressings suitable for medical 

applications. Desirable properties of sodium alginate and gelatin were the motivation behind the 
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choice of these natural materials and the production of highly hydrophilic and biocompatible 

wound dressings. The ability of both sodium alginate and gelatin to form gel by physical 

crosslinking was employed with advantage. The viscoelastic properties of SA/G hydrogels were 

studied using an oscillatory shear rheological analysis and correlated to the various compositions 

of the hydrogels. Scanning electron microscopy, Fourier transform infrared spectroscopy, and a 

swelling and viscoelastic technique were utilized for the study of the prepared materials.  
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EXPERIMENTAL 

Materials  

 Sodium alginate, gelatin (Type B, 250 bloom), glycerol, and sodium chloride (NaCl) (analytical 

grade) were obtained from Lachema (Czech Republic). Polyethylene glycol (PEG, MW: 3000 

g/mol) was purchased from Sigma (Czech Republic). Reverse osmosis purified water was used 

for the hydrogel preparation and swelling measurements. 

Preparation of SA/G hydrogels   

The “SA/G hydrogels” were prepared using various concentrations of SA and G while keeping 

the amount of other components (PEG, glycerol, NaCI and water) constant. An aqueous gelatin 

solution of (15-30% w/w) was prepared by dissolving polymer granules in water at 80 °C under 

continuous stirring (300 rpm) until a homogeneous solution was obtained. After dissolving G, 

relevant portions of SA, PEG, NaCl and glycerol (see TABLE 1) were added. Then, the stirring 

rate was reduced to 100 rpm and continued at 80 °C for another 5 minutes until a viscous 

hydrogel was formed. The prepared hydrogel was poured into circular molds (diameter 25 mm) 

with a thickness of 2 mm and cooled down (samples denoted “A”). Finally, the samples were 

dried (samples denoted “B”) at room temperature for 72 hours. For purpose of comparison, 

reference samples composed of pure G and pure SA were prepared using the identical procedure. 

Characterization of SA/G hydrogels 

Scanning Electron Microscopy  

The cross-sectional morphologies of the SA/G hydrogels were examined by scanning electron 

microscopy (SEM) at an accelerating voltage of 20 kV (VEGA\\LMU, TESCAN, Czech 
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Republic). Cross-sectional samples were prepared by fracturing in liquid nitrogen. Prior to 

observation, the samples were coated with a thin layer of gold under a vacuum. SEM images 

were analyzed using an image analysis VEGA Software.  

Fourier Transform Infrared Spectroscopy 

 The chemical composition of the samples B was investigated by Fourier transform infrared 

spectroscopy. Attenuated total reflectance/ Fourier transform infrared (ATR-FTIR) spectroscopy 

was conducted with a FTIR instrument (Nicolet 320, Nicolet Instrument Corporation, USA.) 

using a Zn-Se crystal and the software package OMNIC over the range of 4000-1000 cm
-1

. A 

resolution of 2 cm
-1

 was maintained in all cases.  

Swelling Behavior 

The SA/G hydrogels were immersed in distilled water (pH 7.0) at room temperature. The degree 

of swelling was determined gravimetrically. The swelled samples (denoted C) were taken from 

the water at selected time intervals (1, 2, 3, 4, 8, 12 hours), wiped with tissue paper, weighed and 

placed in water again. The percentage of swelling and water content were calculated using the 

following equation:  

                                                 ;                                                  (1) 

                                             ;                                            (2)  

where wS and wD are the weights of the swollen and dry samples, respectively. 

Viscoelastic properties 

The viscoelastic properties of the SA/G hydrogels were measured by rotational rheometer 

(Rheometrics ARES Rheometer, TA Instruments, USA) using a parallel-plate 25 mm in 
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diameter. All measurements were performed in the linear viscoelastic regime with a strain of 1%. 

The measurement went through frequency scanning at 33
 o

C (surface temperature of human 

skin
39

) in the frequency range of 0.1-100 rad/s. The storage modulus (G′), loss modulus (G”), 

complex viscosity (η*), and tan delta (δ= G”/G’) of the samples were recorded as a function of 

frequency. Each measurement was performed at least twice, on two different disk specimens 

from the same hydrogel sample. 
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RESULTS AND DISCUSSION 

Morphology of SA/G hydrogels 

The effects of SA and G contents on the morphology of dried SA/G hydrogels (sample B) are 

shown in SEM micrographs in Figure 1. The morphologies of SA/G 100/0 and SA/G 0/100 are 

depicted in Figure 1(a) and (b), respectively. From the figures it is seen that the pure SA sample 

shows a particle-like, aggregate structure while the pure G sample exhibits uniform, relatively 

homogenous morphology. 

The morphologies of SA/G hydrogel materials of various compositions (70/30, 60/40, 50/50, 

40/60 and 30/70) are shown in Figure 1(c)–(g), respectively. By comparison, it is obvious that 

the morphologies of the pure samples differ significantly from the binary blends. The 

morphologies of the SA/G-70/30, 60/40 and 50/50 samples reveal structures having uniform SA 

as a matrix and G as dispersed phase (Figure 1(c)–(e)). On the other hand, samples with a 

prevailing amount of G, SA/G 40/60 and 30/70, have G as the matrix and SA as the dispersed 

phase (Figure 1(f), (g)). It should be noted that for the samples with SA as the matrix, a droplet-

like morphology of minor G phase is observed, while samples with G as the matrix render a 

fibrous morphology of SA phase.  

FTIR Characterization of SA/G hydrogels 

The FTIR spectra of G/SA hydrogels are shown in Figure 2. The FTIR spectrum of SA/G-100/0 

indicates the characteristic absorption peaks observed at 3274 cm
-1

 typical for hydroxyl 

stretching and a peak at 1637 cm
-1

 which corresponds to a stretch of C=O.  Peaks at 1521, 1458, 

1408 and 1349 cm
-1

 in the SA spectrum indicate the antisymmetric stretch and symmetric stretch 
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of – COO¯  in associated carboxylic acid salt
40, 41

.  Two other interactions in the C–O stretch of 

C–OH groups can be found at 1030, 1080 cm
-1

 and the peak at 1248 cm
-1 

corresponds to the 

antisymmetric stretching of C–O–C.  

The FTIR spectrum of SA/G 0/100 exhibits a peak at 3309 cm
-1

 due to the N–H stretching in 

secondary amides, the C=O stretching at 1631 cm
-1

 for the amide I, which is characteristic of the 

coil structure of gelatin,
22

 as well as N–H deformation at 1550 cm
-1

 for  amide II
40

. Most of the 

remaining peaks, at 1040, 1079, 1317, 1346, 1404, and 1453 cm
-1

 can correspond to the 

stretching of C–O bonds. Furthermore, on close inspection of the lower wave number region of 

the spectrum, two bands are observed at 2877 and 2940 cm
-1

, due to aliphatic symmetric and C–

H stretching, respectively. (The response of C–H bonds is presented by the absorption peaks at 

2940 and 2877 cm
-1

). These results are in agreement with the observation reported by Pawde et 

al.
20

.  

The spectra of SA/G hydrogels show peaks at 3265, 1631, 1453, 1408, 1334, 1081, 1028 and 993 

cm
-1

, which indicate O–H stretch, the COO
−
 (asymmetric), COO

−
 (symmetric), C–O, C–O–H 

respectively, exhibiting strong intermolecular hydrogen bonding
40, 41

. Particularly, the intensity 

of some peaks decreases with increasing of SA (e.g.1234 cm
-1

). The adsorption peak, thanks to 

the stretching of C–O–C ethers coupled with the 1241 and 1119 cm
-1 

of G, shifts to 1234 cm
-1

.
 
 

Moreover, the gelatin band related to amides II 1551 cm
-1 

weakens and almost disappears in the 

SA/G 70/30 sample. The band of SA/G 30/70 at 3291 cm
-1 

shifts to a lower wavenumber (3265 

cm
-1

) with an increasing concentration of SA which reflects increased hydrogen bonding 

between SA and G.  
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Swelling behavior of G/SA hydrogels 

The degree of swelling indicates the ability of the dressing to absorb the wound fluid and 

exudates. The swelling behaviour of SA/G hydrogels as a function of time is shown in Figure 3. 

As can be seen, all samples demonstrate a rapid increase in swelling degree within the first 4 

hours, and this swelling continues to increase slowly for up to 12 hours (TABLE 2). However, 

within the tested time interval, only the samples with lower G content reach the equilibrium 

swelling. It is furthermore obvious that swelling degree decreases with an increase of SA content 

in the hydrogels, which can be attributed to the structure of the SA matrix, with pores of small 

sizes hindering the diffusion of water molecules into the hydrogel structure. A similar behavior 

for SA-based hydrogels has been reported by Bajpai et al.
42

 and Anamika et al.
43

. The increase in 

the swelling degree of hydrogel samples with high G content refers to the strong hydrophilicity 

of G molecules, which is reportedly due to the presence of an ionizable NH2¯ and COO¯  

functional group
44

 that can increase the volume between polymeric chains and the swelling 

capacity of the hydrogel by hydrostatic repulsion
42, 44

.  

A maximum swelling degree of SA/G hydrogels at 1176 % was observed in the composition 

SA/G 30/70. Even such a level of swelling is not a final value and would be slightly higher when 

approaching equilibrium state. Analogous swelling behaviours were observed for the commercial 

hydrogel dressings Geliperm
®

 (Geistilich, Switzerland) and Vigilon
®

 (Bard, Crawley, UK)
21, 45

. 

As to water uptake, the maximum water content of all swelled hydrogels (samples C) was in the 

range of 74÷94 % (TABLE 2), indicating that the SA/G hydrogels could fulfill the requirement 

of an ideal wound dressing
1-3, 21, 46

 and prevent a wound from accumulation of fluid by absorbing 

the exudates.  
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Viscoelastic properties of G/SA hydrogels  

The angular frequency dependence of the storage modulus (G’) and loss modulus (G”) for SA/G 

hydrogels is depicted in Figure 4. From Figure 4(a) it can be seen that the G’ of all hydrogels is 

almost one order of magnitude higher than G” over the whole angular frequency range and both 

the G’ and G” of all samples slightly increase with angular frequency. In addition, an increase in 

G’ and G” values is observed when the SA concentration rises, probably due to the increased 

number of SA chains that produce a dense network
42,

 
48

. Obviously, after 8 hours swelling, the 

G’ and G” of all samples drop dramatically because of the presence of water, which increases 

mobility of the gel network and decreases stiffness (Figure 4(b)). It should be noted that the 

described viscoelastic behavior of swelled SA/G hydrogels is in agreement with the viscoelastic 

response of human skin reported in the literature
44, 49

.  

In Figure 5(a), the tan δ of samples A is plotted against angular frequency. At first, a plateau is 

observed until 5 rad/s, then an increasing trend, due to the enhanced influence of the viscous 

part, attended by a more significant change in G” compare to G’, begins. The angular frequency 

dependency of the tan δ values for swelled samples C is shown in Figure 5(b). Over the whole 

frequency range tan δ gently increases, along with a slightly steeper increase of G” with the 

frequency than that of G’ (see Fig. 5(a)).   Interestingly, the SA/G 70/30 and 30/70 samples are 

slightly more elastic than the other samples, most probably due to the different morphologies of 

the prepared hydrogels. 

In Figure 6, the dependence of G’ and G” on the swelling time of the hydrogels with different 

ratios of SA/G at the angular frequency ω of 0.39 rad.s
-1

 is shown. The viscoelastic moduli 

gradually decrease for up to 4 hours swelling time.  After this time period elapses, changes of G’ 

Page 13 of 35

John Wiley & Sons, Inc.

Journal of Polymer Science Part B: Polymer Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

and G” are not so prominent. This observation complies with the swelling behavior depicted in 

Figure 3 describing the effect of composition and time on the degree of swelling.  

The G’ and G’’ of samples A and C with different compositions, recorded at the angular 

frequency of 0.39, 3.9 and 39 rad.s
-1

, are depicted in Figure 7. Comparing samples A and C, it is 

obvious that after eight hours of swelling both G’ and G” drop notably; interestingly G” 

undergoes a more significant change. Furthermore, as can be seen from Figure 7(a), both G’ and 

G” of samples A decrease with the increasing contents of G. The swelled samples C, contrary to 

the freshly prepared samples A, does not follow the same decreasing tendency of the storage and 

loss moduli with G content increase (Fig. 7(b)). The maximum values of moduli for samples C 

were found in the compositions SA/G 70/30 and 30/70. The viscoelastic properties of these 

hydrogels are influenced by stiff molecules of SA representing either the continuous phase 

(SA/G 70/30) or needle-like dispersed particles (SA/G 30/70) in hydrogel structure. The local 

minimum of G’ and G” was observed for hydrogel compositions of SA/G 60/40 and 40/60. The 

authors believe that such behaviour could be caused by phase separation phenomenon. Using 

SEM, it was determined that the morphology of 60/40 and 40/60 compositions induced specific 

porosity levels in a continuous phase matrix (SA/G 60/40) or in discontinuous phase particles 

(SA/G  40/60). Interestingly, viscoelastic moduli of G/SA 50/50 are higher than those of 40/60 

and 60/40 at measured angular frequencies. This can be a consequence of attraction forces 

between the charged ions leading to intensive interactions by the balanced anionic carboxylate 

groups (-COO¯ ) of SA and the cationic protonated amino groups (NH3
+
) of gelatin

50
.  

Figure 8 presents the relation between complex viscosity, η*, and angular frequency for samples 

C with various SA/G compositions and shows that η* decreases linearly with angular frequency. 
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Furthermore, decreased η* of samples C have a similar trend as observed for G’ and G” (Figure 

7(b)). 

The storage and loss moduli of samples C as a function of the swelling degree are represented in 

Figure 9(a), (b). As can be seen in Figure 9(a), the highest values of G’ are observed for the 

hydrogel of SA/G 70/30 composition. Notably, for this hydrogel the smallest change of swelling 

degree (200-300%) was connected with the most significant decline of storage modulus. On the 

other side, only a minor G’ change over the widest region of swelling degree (400-1200%) was 

determined for the hydrogel with the opposite SA/G ratio of 30/70. The changes of swelling 

degree as well as changes of G’ (∆G”) observed for  samples with the composition of SA/G 

60/40, 50/50 and 40/60 lie between the above mentioned SA/G 30/70 and 70/30 hydrogels. 

Furthermore, from Figure 9(a) it is clear that while the highest G’ of unswelled samples was 

found for SA/G 70/30, the highest G’ values of fully swelled hydrogels were recorded 

simultaneously for SA/G 70/30 and SA/G 30/70 samples.  

Values of G” for all studied samples are almost an order of magnitude lower than those of G’ 

over the entire range of swelling (see Fig 9(b)). The results also reveal that the levels of G” 

follow the trend described for G’. However, the magnitude of G” changes (∆G”) is independent 

of hydrogel composition, thus differing significantly from the behavior of G’ and indicating 

predominant elastic response within the course of hydrogel swelling. 

The described results, namely the values of elastic (G’) and viscous (G”) moduli and the swelling 

degrees of the prepared samples, indicate that the viscoelastic properties of SA/G hydrogels are 

appropriate for wound dressing
51, 52

.  
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CONCLUSIONS  

In this work, SA/G hydrogels based on sodium alginate (SA) and gelatin (G) are introduced as 

potential wound dressing materials. In order to evaluate the performance of SA/G hydrogels for 

wound dressing applications, the morphology, swelling behavior and viscoelastic properties of 

hydrogels with various ratios of SA and G have been investigated. The results demonstrate that 

SA/G ratio remarkably influences the structure and morphology of hydrogels. In particular, it is 

obvious that with a decrease in SA content, the respective hydrogel morphology changes from 

particle-like to fibrous-like. It can also be observed that the hydrogel morphology closely 

correlates with the swelling degree, which decreases with an increase in SA content. Results 

from the determination of water content and swelling behavior show that hydrogels exhibit a 

high capability to absorb fluid, making them promising materials for exudative wound dressings. 

The viscoelastic properties of SA/G hydrogels notably depend on their composition and are 

related to the swelling behavior of hydrogels. The viscoelastic properties of SA/G hydrogels 

decreased, with an increased swelling degree due to water absorption into the hydrogel structure. 

The optimum SA/G ratio in terms of a compromise between viscoelastic properties and 

absorption abilities was found to be SA/G 50/50. The hydrogel with this composition shows the 

viscoelastic response fully comparable to that of human skin while simultaneously retaining very 

good absorption properties.  
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TABLES CAPTION:  

TABLE 1 Composition of the SA/G hydrogels 

TABLE 2 Description of the SA/G hydrogel samples 
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FIGURES CAPTION: 

FIGURE 1 SEM micrographs of dried hydrogels: (a) SA/G-100/0, (b) SA/G-0/100, (c) SA/G-

70/30, (d) SA/G-60/40, (e) SA/G-50/50, (f) SA/G-40/60, (g) SA/G-30/70. 

FIGURE 2  FTIR spectra for: (a) SA/G-100/0, (b) SA/G -70/30, (c) SA/G -60/40, (d) SA/G – 

50/50,  (e)  SA/G - 40/60,  (f) SA/G -30/70, (g) SA/G -0/100. 

FIGURE 3 Effect of composition and time on the degree of swelling.  

FIGURE 4 Storage (G’) and Loss (G’’) moduli of freshly prepared samples A (a) and 8 hours 

swelled samples C (b). 

FIGURE 5 Effect of angular frequency on tan δ of samples A (a) and C (b).  

FIGURE 6 Effect of swelling time on storage modulus (G’) and loss modulus (G’’) of SA/G 

hydrogels.  

FIGURE 7 The effect of composition on storage modulus (G’) and loss modulus (G’’) of 

samples A (a) and samples C (b). 

FIGURE 8 Effect of angular frequency on complex viscosity of samples C. 

FIGURE 9 Relation between viscoelastic properties (G’ and G’’) at angular frequency of 

0.39 rad.s
-1

 and degree of swelling (%) for samples C.  
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TABLE 1 Composition of the SA/G hydrogels 

Hydrogel composition SA/G 70/30 60/40 50/50 40/60 30/70 

Gelatin (G) [g]  3 4 5 6 7 

Sodium alginate (SA) [g] 7 6 5 4 3 

Poly Ethylene Glycol (PEG) [g] 2 2 2 2 2 

Glycerol [g] 2 2 2 2 2 

Sodium Chloride (NaCl) [g] 0.2 0.2 0.2 0.2 0.2 

Water [g] 20 20 20 20 20 
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TABLE 2 Physical characteristics of the SA/G hydrogel samples  

Hydrogel 

composition 

SA/G 

70/30 60/40 50/50 40/60 30/70 
Image of 

hydrogels 

Samples after preparation  A (before drying), n = 3 

Weight (g) 0.735±0.064 0.729±0.051 0.894±0.117 0.858±0.161 0.876±0.094 

Diameter (mm) 25.0±0.00 25.0±0.00 25.0±0.00 25.0±0.00 25.0±0.00 

Thickness (mm) 1.94±0.23 1.74±0.18 1.99±0.21 1.70±0.33 1.76±0.25 

Moisture content 

(%) 
49.2±0.52 46.9±0.76 49.4±0.17 49.1±1.24 52.9±0.86  

Dried samples B (after drying),  n = 3 

Weight (g) 0.373±0.032 0.386±0.027 0.452±0.059 0.452±0.082 0.412±0.046 

Diameter (mm) 19.82±0.40 20.25±0.54 20.71±0.26 19.96±0.14 20.92±0.56 

Thickness (mm) 1.54±0.19 1.23±0.12 1.39±0.19 1.19±0.22 1.02±0.16 

 

Swelled samples C  (12 h after swelling), n = 3 

Weight (g) 1.387±0.201 2.285±0.47 2.295±0.64 3.804±0.81 3.981±0.92 

Diameter (mm) 31±2.14 38±3.69 38.583±3.6 42.21±2.49 43.42±3.87 

Thickness (mm) 2.29±0.31 2.48±0.198 2.55±0.32 2.83±0.49 2.90±0.42 

Water     content 

(%) 

72.54±4.68 81.86±6.53 84.03±3.96 87.97±3.46 90.1±3.74 

 

 

*All measurements were done in triplicate. 
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SEM micrographs of dried hydrogels: (a) SA/G-100/0, (b) SA/G-0/100, (c) SA/G-70/30, (d) SA/G-
60/40, (e) SA/G-50/50, (f) SA/G-40/60, (g) SA/G-30/70  

153x153mm (600 x 600 DPI)  
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FTIR spectra for: (a) SA/G-100/0, (b) SA/G -70/30, (c) SA/G -60/40, (d) SA/G – 50/50,  (e)  SA/G 
- 40/60,  (f) SA/G -30/70, (g) SA/G -0/100  
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Effect of composition and time on the degree of swelling  
89x69mm (600 x 600 DPI)  

 

 

Page 29 of 35

John Wiley & Sons, Inc.

Journal of Polymer Science Part B: Polymer Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Storage (G’) and Loss (G’’) moduli of freshly prepared samples A (a) and 8 hours swelled samples C 
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Effect of angular frequency on tan δ of samples A (a) and C (b)  
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Effect of swelling time on storage modulus (G’) and loss modulus (G’’) of SA/G hydrogels  
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Relation between viscoelastic properties (G’ and G’’) at angular frequency of 0.39 rad.s-1 and 
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Abstract 

In an attempt to overcome the cytotoxicity problem of the chemically crosslinked hydrogels, 

genipin (GP) was used for development of a naturally crosslinked wound dressings based on 

sodium alginate (SA) and gelatine (G). The prepared hydrogels were characterized by Fourier 

transform infrared spectroscopy (FTIR), scanning electron microscopy, swelling tests, and 

dynamic mechanical analysis (DMA). FTIR spectra of SA/G-GP hydrogels revealed an increase 

in amide I and II absorbancies indicating the formation of heterocyclic compound of GP linked 

to the G and also the formation of the secondary amide group as a result of the reaction between 

G and GP. With increasing GP concentration, the swelling degree was markedly reduced and the 

thermal stability enhanced. DMA analysis revealed that the SA/G hydrogels with GP, could form 

relatively consistent elastic gels with appropriate viscoelastic properties and swelling behaviour. 

Since GP is assigned to have low toxicity, prepared hydrogels appear to be a promising candidate 

for biomedical applications, such as wound dressings. 

 

 

  



1. Introduction 

In recent years there has been a growing interest in the use of natural polymers, including 

sodium alginate (SA) [1-6] and gelatine (G) [7-11], for the development of hydrogels for 

biomedical applications. In the case of uncrosslinked SA/G hydrogels, the main limitation arises 

from their rapid dissolution in aqueous media near 37 C, as the formed SA/G matrix is 

stabilized only by the electrostatic interactions between carboxyl groups of SA and amino groups 

of G [13-15]. The improved thermostability and mechanical properties of the hydrogels can be 

achieved through chemical or physical crosslinking [13, 16-21]. However, for chemical 

crosslinkers such as formaldehyde, glutaraldehyde and carbodiimides, problems can occur 

related to cytotoxic effects of unreacted agents that may impair the biocompatibility of the 

hydrogel [17, 22-26]. To avoid these drawbacks, physical crosslinking is preferred for the 

preparation of biocompatible hydrogel, since neither reactive groups nor crosslinking agents are 

required. Nevertheless, it is difficult to obtain the appropriate strength of crosslinked network 

solely by physical bonds. It is, therefore, desirable to exploit a suitable chemical crosslinking 

agent that can form stable and biocompatible hydrogels, acceptable for example as wound 

dressing, without cytotoxic reaction. 

It has been reported that a naturally occurring crosslinking agent, genipin (GP), obtained from 

the fruits of Gardinia Jasminoides Ellis [16, 22, 23, 27-29], can fulfil requirements of 

biocompatibility, as it is about 5000–10,000 times less cytotoxic than glutaraldehyde [16, 30-32]. 

Therefore, it has increasingly been employed for crosslinking of G [11, 16-18, 23-24, 33-35], 

particularly for biomedical applications. According to Sung et al. [36], Liang et al. [37] and 

Butler et al. [38], the reaction between G and GP is a two-step process comprising  two distinct 

reactions. The first reaction occurs when the GP molecules undergo a nucleophilic attack by the 

primary amines of G, resulting in the heterocyclic linking of GP to the G amine. This reaction is 

followed by the second one, in which the ester group on GP undergoes a nucleophilic 

substitution. The resultant covalent crosslinks between the primary residues leave minimal 

residual toxicity [31, 32, 39-41]. Liang et al. [24], investigating the structure of GP or 

carbodiimide- crosslinked gelatine hydrogels using gel permeation chromatography, found that 

besides intramolecular and short-range intermolecular crosslinks, additional long-range 

intermolecular crosslinks could be introduced into GP crosslinked gelatine hydrogel. The 

cytotoxicity of this hydrogel was found to be lower than that of carbodiimide crosslinked 



material. Bigi et al. [17] reported that gelatine films crosslinked by GP show mechanical, thermal 

and swelling properties comparable to those crosslinked with glutaraldehyde (GTA) 

simultaneously presenting lower cytotoxicity. Chang et al. [23] used GP for G hydrogel 

crosslinking with intention to develop a wound dressing membrane and they found that the tissue 

inflammation observed after hydrogel application was less severe and the healing rate was 

notably faster than those observed for GTA crosslinked dressing. The authors emphasized that 

the biocompatibility of the GP crosslinked dressing was superior compared to GTA crosslinked 

one. These encouraging results and biologically advantageous properties of GP based hydrogels 

were motivation for using this naturally occurring crosslinking agent to prepare SA/G based 

hydrogels for wound dressings. 

The purpose of the study was to develop and characterize naturally derived SA/G hydrogels 

crosslinked by GP. The main attention was paid to the optimal  hydrogels composition for the 

production of biocompatible wound dressing with satisfactory swelling and viscoelastic 

properties. Obtained hydrogels were thoroughly characterized using scanning electron 

microscopy, Fourier transform infrared spectroscopy, swelling tests, and dynamic mechanical 

analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Materials and methods 

2.1. Materials  

Low viscosity sodium alginate (W2011502) with a high content of mannuronic acid (molar 

ratio of mannuronic acid to guluronic acid (M/G) of 1.56) and a molecular weight of around 

40000 g/mol was purchased from Sigma-Aldrich (Czech Republic). Gelatine (Type B, bovine 

skin, bloom 225 with a molecular weight of 142000 g/mol), polyethylene glycol (PEG), NaCl, 

glutaraldehyde (25% aqueous solution) were obtained from Sigma-Aldrich (Czech Republic). 

Genipin (molecular weight 226.23 g/mol, 98% by HPLC) was purchased from Sigma-Aldrich 

(USA). Glycerol, CaCl2, Na2HPO4 and NaH2PO4, NaOH were supplied by Lachema (Czech 

Republic). The reverse osmosis purified water was used for the hydrogel preparation. 

2.2. Preparation of SA/G-GP hydrogels  

Gelatine was dissolved in water at temperature of 50 °C under continuous stirring at 100 rpm 

to obtain 10 wt% solutions. The pH of aqueous gelatine solution was adjusted to 7.5 with 0.1 N 

NaOH at 37 C and filtered. Then, GP was added to the G solutions to obtain G-GP reaction 

mixtures with two different weight percentages of GP, 0.5 and 1. The G-GP mixture was kept at 

35 C under continuous stirring at 150 rpm till the crosslinking reaction was finished, resulting in 

the change or the originally light-yellow G solution colour to dark-blue gel with enhanced 

viscosity. Whereas the G-GP mixture with 1.0 wt% of GP afforded a consistent dark-blue gel 

within 3 hours, the lower G amount required a longer reaction time of 5 hours.  

SA/G-GP blends with different weight ratios of SA/G: 0/100, 20/80, 30/70, 40/60, 50/50, 

60/40, 70/30, 80/20 and 100/0 were prepared by addition of filtered 10% aqueous SA solution to 

reacted G-GP and the stirring rate was reduced to 100 rpm and continued at 35 °C for another 30 

min. Further, the SA/G-GP blends were added with 0.1 wt% of PEG and glycerol under vigorous 

stirring which continued for 1020 min at 35 C. Obtained homogeneous gel was poured into 

circular moulds and cooled down to room temperature. The fresh samples were taken out of the 

moulds and dried at room temperature for 72 h. Finally, dried samples were washed several 

times in deionized water to remove GP residues and dried again. SA/G samples with 0.5 and 1.0 

GP contents were coded as: SA/G-0.5GP and SA/G-1.0GP, respectively.  

 



2.3. Characterization of SA/G-GP hydrogels  

2.3.1. Scanning Electron Microscopy  

The cross-sectional morphologies of the SA/G-GP hydrogels were examined by scanning 

electron microscopy (SEM) at an accelerating voltage of 20 kV (VEGA\\LMU, TESCAN, Czech 

Republic). Cross-sectional samples were prepared by fracturing in liquid nitrogen. Prior to 

observation, the samples were coated with a thin layer of gold under vacuum.  

2.3.2. Fourier Transform Infrared Spectroscopy 

  The chemical composition of the samples was verified by Fourier transform infrared 

spectroscopy. Attenuated total reflectance/Fourier transform infrared spectroscopy (ATR-FTIR) 

was conducted with a FTIR instrument (Nicolet 320, Nicolet Instrument Corporation, USA) 

using a Zn-Se crystal and software package OMNIC over the range of 4000-1000 cm
-1

. A 

resolution of 2 cm
-1

 was maintained in all cases.  

2.3.3. Swelling Behaviour   

The swelling degree (SD) was determined gravimetrically, as follows. The SA/G-GP 

hydrogels were immersed in Phosphate buffered saline (PBS) with pH 7.4 at 37 °C. The swelled 

samples were taken from the PBS at selected time intervals of 0.5, 1.5, 3, 5, 8, 12 and 24 hours, 

wiped with tissue paper, weighted and placed in PBS again. The SD, in percentage, was 

calculated using Equation (1): 

                                               

 

    
       

  
          ;                   (1) 

where WS and WD are the weights of the swollen and dry samples, respectively. 

2.3.4. Dynamic Mechanical Analysis 

Visco-elastic properties of the SA/G-GP hydrogels were determined with the help of 

dynamic mechanical analyzer (Mettler Toledo, model DMA/SDTA 861
e
, Switzerland) using a 

double shear sandwich fixture. Applied force amplitude of 0.02 N and the displacement 

amplitude of 10 µm assured the linear viscoelastic regime during all experimental conditions. 

Firstly, the frequency sweep test was carried within frequency range of 0.1-200 Hz at 37 °C. 

Consequently, the storage modulus, G′, loss modulus, G″ and tan δ (tan δ = G’’/G’) of 

swelled samples were recorded as a function of temperature over the range of +5 °C to +40
  
°C at 

a frequency of 10 Hz and a heating rate of 3 °C/min.  



3. Results and Discussion 

3.1. Morphology of SA/G-GP hydrogels  

SEM analysis, performed on the cross-sections of dried SA/G hydrogels in order to evaluate 

the effect of the content of both polymers and GP on samples morphologies, of SA/G-0.5GP and 

SA/G-1.0GP are depicted in Figure 1 and 2, respectively.  

SEM images clearly indicate significant changes in the morphology of the studied hydrogels  

in dependence on their composition. Compared to uncrosslinked blends [12], the crosslinked 

ones are morphed into more dense structures. The homogeneous inter-connected network 

structure of G matrix with SA noticed as fibrous layers is observed (see Fig. 1(a) and 2 (a)) for 

samples with high G content (80%). Moreover, comparing Fig. 2 b) to e) and g), it is obvious 

that increasing SA content in the hydrogels is connected with further changes in their structure, 

namely transition from discontinuous fibrous to more uniform morphology.  Another example of 

the morphology change is found for SA/G-70/30 hydrogel crosslinked with 1.0GP having 

characteristics droplet-like morphology (Fig. 2 f). As it is clear from Figs. 1 (e), (f) and 2 (g), 

coarse-grained internal structure is observed in samples with SA contents above 40% (0.5GP) 

and 80 (1.0GP). In this connection, it is also noteworthy that the viscoelastic properties of these 

samples (SA/G-0.5GP-60/40, 70/30 and SA/G-1.0GP-80/20) could not be determined due to the 

phase separation of individual hydrogel component. Finally, it should be noted that for hydrogels 

with SA content of 50% (Fig. 1(d) and 2 (d)), the observed samples itemize smooth and 

homogenous cross-sectional surface  morphology, irrespective of GP content, which is 

characteristic for good miscibility of the blend.  

3.2. FTIR of the SA/G-GP hydrogels  

FTIR spectra of uncrosslinked SA/G blends together with SA/G-0/100 and SA/G-100/0 

samples are presented in Figure 3 (a). SA/G-0/100 are characterized by amino bands at 1241 and 

1544 cm
-1

, a strong carbonyl peak at 1637 cm
-1

 and a broad peak of primary amine (N-H 

stretching) at 3305 cm
-1

. The spectrum of SA/G-100/0 has peaks at 1030 and 1089 cm
-1

 assigned 

to the typical of SA saccharide structure [42-44], carboxyl group peaks at 1602 and 1408 cm
-1

, 

and a typical hydroxyl peak (O-H) at around 3349 cm
-1

. The shift of hydroxyl, carbonyl, and 

amino bands in the spectra of these uncrosslinked SA/G hydrogels confirms that G and SA 

formed hydrogen bonding (COOH-HO, NH2-HO) and electrostatic attraction (NH2
+

 or NH3
+
- 



COO
-
) in prepared blends [44-46]. This is in accord with previous studies which have revealed 

the peak shifts, differences in peak shapes and the appearance of new bands dependent on 

changes in the ratio of SA and G [12].   

When SA/G hydrogels are submitted to crosslinking with GP, conformational changes can 

occur as a result of structural rearrangement of chains forming covalent bonds. Increasing 

content of GP from 0.5 to 1.0 wt% did not produce any changes in the vibrational spectra of 

prepared hydrogels. Hence only the FTIR spectra of SA/G-1.0GP samples with the same ratio of 

SA/G as in the case of uncrosslinked hydrogel are depicted in Fig. 3 (b) , together with GP used 

for crosslinking. In the figure it can be seen that new peaks does not appear after the reaction 

with GP, which corresponds to observations published in [11, 18, 47]. The structural changes 

related to crosslinking could be revealed by differences in amides I (C-O stretching), II (N-H 

deformation), and III (C-N stretching and N-H deformation) in the spectra, compared to SA/G 

blends without crosslinking [12]. It can be observed that spectra of crosslinked SA/G-GP 

samples are attended with only minor variations with respect to their composition [33,47] and the 

relative intensity of the amide I and II bands is moderately increased, at almost similar wave 

numbers as it is observed for uncrosslinked hydrogels. In addition, the relative intensity of these 

bands grows as the G content in the SA/G-GP hydrogels is arisen, which can be attributed to the 

formation of heterocyclic compound of GP linked to the gelatine [38]. Furthermore, the apparent 

increase in the intensity of the amide I band also indicates the formation of the secondary amide 

group formed by the reaction between the amino groups of G and ester groups of the GP [33, 

47]. Moreover, overlapping N-H and O-H stretching bands results in a shift towards lower 

wavenumbers and a decrease in the relative intensity (Fig. 3(b)), probably due to the 

conformational changes of G after reaction with GP [30, 46, 48].  The other peaks related to the 

C-H asymmetric and symmetric stretching (2937 cm
-1

, 2871 cm
-1

), amide III (1407cm
-1

) and C-

H and C-O stretching (around 1090 and 1030 cm
-1

) observed on the spectra of all samples remain 

unchanged. 

3.3. Swelling behaviour of SA/G-GP hydrogels 

The swelling behaviour of SA/G-GP hydrogels with different ratios of SA/G and crosslinker 

concentrations expressed as a function of the swelling time is depicted in Fig. 4. It can be seen 

that the SA/G-0.5GP samples (Fig. 4(a)) except of 70/30 and 60/40, have similar swelling 



tendency; the swelling ratio increases gradually during the first 3 hours, then its increase 

continues slowly up to 8 hours and finally its slight decline begins. SA/G-0.5GP 70/30 and 60/40 

samples shows sharp increase in the swelling within the first 1.5  and 3 hours, respectively, 

followed by sample dissolution, indicating presence of insufficiently crosslinked network 

structure related to low G content. Furthermore, it is obvious that the increase of both G and GP 

content induces a decrease of swelling degree (compare Fig. 4(a) and (b). On the other hand, 

with increasing content of SA, increased swelling is observed resulting even in disintegration of 

the SA/G-0.5GP hydrogels with 50, 60 and 70% SA content in PBS with pH 7.4, due to a 

significant increase in the carboxylic group content [49, 50] and imperfectly crosslinked G. It can 

be seen in Fig. 4 that equilibrium swelling of SA/G-1.0GP hydrogels is lower than that of SA/G-

0.5GP hydrogels. This may be explained by the fact that higher concentration of GP results in 

extended crosslinking of the G restricting the mobility of the polymer chains hindering thus 

moisture uptake and increasing the gel strength.  

As can be seen in Fig. 4(b), SA/G-1.0GP 70/30 sample exhibits significantly higher swelling, 

compared to other SA/G-1.0GP hydrogels, that may be attributed to the relatively long distance 

between crosslinking points and weak network strength. In other words, lower content of G leads 

to a lower level of crosslinking in connection with higher polymer chains mobility. 

Furthermore, it should be noted that the swelling behaviour of SA/G-1.0GP hydrogels is 

similar to the swelling of hydrogels crosslinked with GTA evaluated in a previous study [12], 

whereas the swelling of fewer crosslinked SA/G-0.5GP samples is higher. Definitely, swelling 

degree found to be higher than 200% for all tested samples indicating that prepared SA/G-GP 

hydrogels can be considered as an efficient wound dressing with a high absorption capacity. 

3.4. Viscoelastic properties of SA/G-GP hydrogels  

The frequency dependence of the viscoelastic properties of SA/G hydrogels crosslinked with 

GP in a swollen state is shown in Fig. 5. As can be seen from the figure, the values of both 

moduli G’ and G’’ of all samples, except of SA/G-1.0GP-70/30, show a negligible frequency 

dependence, which demonstrates that the hydrogels have a mechanically stable network. As it is 

clear from Fig. 5(a) the level of G’ of SA/G-0.5GP hydrogels is, found to be approximately one 

order magnitude higher than the G’’ within the experimental frequency range, indicating that the 

elastic behaviour of the sample predominates over its viscous one. Arise in the GP concentration 



from 0.5 to 1.0 wt% is reflected in more than one and a half order of magnitude increase of the 

G’ compared to G’’, which is likely due to a higher crosslinking density (Fig. (5b)). The 

viscoelastic behaviour of SA/G-1.0GP-70/30 sample differ significantly from the remaining 

samples. For this sample G’ increases gradually with raising frequency of deformation (0.1 and 

200 Hz), whereas the values of G’’ is almost frequency independent. The weaker network 

stability of this sample at low frequencies (0.11Hz) could be attributed to relatively low 

crosslink density resulting also in a high equilibrium swelling of matrix (see Fig. 4(b)). This 

corresponds to dissolution of the sample after 12 hours of swelling. Furthermore, it should be 

noted that decline in G content in tested GP crosslinked hydrogels is connected with decrease of 

G’ due to the number reduction of gelatine chains serving as elastically active segments. 

The viscoelastic behaviour of hydrogels can also be described using the tan dependence on 

frequency, as it is depicted in Fig. 6. As can be seen from Fig. 6(a), the tan δ curve of all the 

SA/G-0.5GP samples are nearly frequency independent, and close to each other in a narrow 

range  (tan =0.6 to 0.7). This behaviour indicates dominant viscoelastic relaxations of the 

formed networks. As it is clear from Fig. 6(b), tan  of all SA/G-1.0GP gels except of 70/30, 

decreases gradually with increasing frequency and a more elastic behaviour (tan =0.5 to 0.6) is 

observed in the high frequency range (10200 Hz). On the other hand, values of tan  for SA/G-

1.0GP 70/30 are significantly higher than the others in the entire frequency range tested showing 

a loose network structure even if higher GP concentration is used.  

 The temperature dependent dynamic viscoelastic properties of GP crosslinked SA/G 

hydrogels in the equilibrium swelling state is presented in Fig. 7. It is obvious that G’ is higher 

than G’’ in all tested samples confirming that materials behave as solid-like gels. Besides, both 

G’ and G’’ of all samples are almost unchanged within the whole temperature range. Only in 

case of SA/G-1.0GP-20/80 the G’ and G’’ slight decrease with increasing temperature is 

presented. It can be also highlighted that an increase in GP concentration promotes enhancement 

in G’.  

Temperature dependencies of tan δ of all tested hydrogels are depicted in Fig. 8. As can be 

seen from the figure, tan  values for SA/G-0.5GP hydrogels  are significantly higher compared 

to hydrogels where higher concentration of crosslinking agent are used. Exception here is SA/G-

1.0GP-70/30 sample showing insufficient crosslinking density resulting in the highest tan  



value observed. Moreover, it can be noted that tan δ is relatively insensitive to temperature 

changes, except of SA/G-1.0GP-70/30 (Fig. 8 (b)).  

Finally it should be mentioned that the viscoelastic properties of GP crosslinked SA/G 

hydrogels are quite close to those of GTA crosslinked hydrogels evaluated in a previous study 

[12]. 

 

  



4. Conclusions 

The study was focused on the development and characterization of hydrogels based entirely on 

natural, biocompatible materials. For this purpose sodium alginate/gelatine matrix crosslinked 

with genipin was employed as a promising candidate for biomedical applications. The prepared 

hydrogels were characterized by FTIR spectroscopy, SEM, swelling test as well as by DMA. The 

SEM images confirmed that the morphologies of the hydrogels were dependent on their 

composition in terms of SA, G, and GP content. It was proved that GP influence was more 

pronounced for samples with higher SA content. The performed FTIR analysis revealed that GP 

as a crosslinker induced the formation of heterocyclic amines and ester bonds between G and GP 

molecules, which influenced the swelling and viscoelastic properties of the prepared hydrogels. 

The swelling degree of tested samples was found between 250÷500%, which confirmed that 

SA/G-GP hydrogels possess a high absorption capacity. According to the DMA results, the 

elasticity of swelled hydrogels increased with increasing content of G and GP. SEM 

photomicrographs proved that GP crosslinked hydrogels, with an equal ratio of both components 

SA/G-1.0GP 50/50, posses high miscibility, homogeneity and provide good balance of swelling 

and dynamic viscoelastic properties.  

The results substantiated that the GP crosslinked SA/G hydrogels are promising materials with 

favourable swelling, mechanical properties and anticipated good biocompatibility, which can 

find application in moist wound dressings.  
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Figures Caption: 

Figure 1. SEM micrographs of dried hydrogels crosslinked with 0.5 wt% GP
 
: (a) SA/G 20/80, 

(b) SA/G 30/70, (c) SA/G 40/60, (d) SA/G 50/50,  (e) SA/G 60/40, (f) SA/G 70/30 

Figure 2. SEM micrographs of dried hydrogels crosslinked with 1.0 wt% GP
 
: (a) SA/G 20/80, 

(b) SA/G 30/70, (c) SA/G 40/60, (d) SA/G 50/50,  (e) SA/G 60/40, (f) SA/G 70/30,   (g) SA/G 

80/20 

Figure 3.  FTIR spectra of uncrosslinked SA/G hydrogels with SA/G-0/100 and SA/G-100/0 

(a), and 1.0 wt%. GP crosslinked  SA/G hydrogels with  original GP (b) 

Figure 4. Swelling degree of the SA/G hydrogels crosslinked with 0.5 wt%. (a) and 1.0 wt%. 

GP (b) in PBS (pH 7.4) at 37 °C as a function of swelling time 

Figure 5. Storage (G’) and Loss (G’’) moduli of SA/G-0.5GP hydrogels (a) and SA/G-1.0GP 

hydrogels (b) as a function of frequency at 37 °C 

Figure 6. Effect of angular frequency on tan δ of SA/G-0.5GP hydrogels (a) and SA/G-1.0GP 

hydrogels (b) at 37 C 

Figure 7. Dynamic viscoelastic properties of the SA/G-0.5GP hydrogels (a) and SA/G-1.0GP 

hydrogels (b) as a function of temperature at 10 Hz 

Figure 8. Tan delta of the SA/G-0.5GP hydrogels (a) and SA/G-1.0GP hydrogels (b) as a 

function of temperature at 10 Hz 
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Figure 2. SEM micrographs of dried hydrogels crosslinked with 1.0 %wt GP
 
: (a) SA/G 

20/80, (b) SA/G 30/70, (c) SA/G 40/60, (d) SA/G 50/50,  (e) SA/G 60/40, (f) SA/G 70/30,   

(g) SA/G 80/20  
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Fig. 3. FTIR spectra of uncrosslinked SA/G hydrogels with SA/G-0/100 and SA/G-100/0 (a), 

and 1.0 % wt. GP crosslinked  SA/G hydrogels with  original GP (b). 

 



 

  

Fig. 4. Swelling degree of the SA/G hydrogels crosslinked with 0.5 % wt. (a) and 1.0 % wt. GP 

(b) in PBS (pH 7.4) at 37 °C as a function of swelling time.  
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Fig. 5. Storage (G’) and Loss (G’’) moduli of SA/G-0.5GP hydrogels (a) and SA/G-1.0GP 

hydrogels (b) as a function of frequency at 37 °C 
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Fig. 6. Effect of angular frequency on tan δ of SA/G-0.5GP hydrogels (a) and SA/G-1.0GP 

hydrogels (b) at 37 C 

 

 



  

Fig. 7. Viscoelastic properties of the SA/G-0.5GP hydrogels (a) and SA/G-1.0GP hydrogels 

(b) as a function of temperature at 10 Hz 
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 Fig. 8. Tan delta of the SA/G-0.5GP hydrogels (a) and SA/G-1.0GP hydrogels (b) as a 

function of temperature at 10 Hz 
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