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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



ABSTRAKT

Diky svym jedine¢nym vlastnostem jsou hydrogely rychle rostouci skupinou
materialii pouzivanou v biomedicinskych a farmaceutickych aplikacich. Vzhledem
k jejich biokompatibilité, biodegradabilité, hydrofilité, schopnostem pohlcovat ka-
paliny a absenci toxicity jsou biopolymerni hydrogely povazovany rovnéz za mate-
rialy vhodné pro podporu hojeni ran.

Pfedstavena prace se zabyva ptipravou hydrogelli z biopolymernich polyelektro-
lytd s nesoucich opa¢ny naboj. Za jedny z nejslibnéjsich materiali Ize v tomto
ohledu povazovat kombinace protein a polysacharidi, které byly pouzity v této
disertaci. Je vsak tfeba zdlraznit, ze hydrogely pfipravené z uvedenych biopolyme-
i fyzikalnim sitovanim pomoci sekundarnich sil nevykazuji pti kontaktu s vodou
nebo exsudatem dostatecnou mechanickou pevnost. Tento nedostatek je mozno
odstranit prostfednictvim riznych modifikaci, naptiklad chemickym sitovanim
polymert, ze kterych je hydrogel pripraven. Zlepseni mechanické pevnosti hydro-
gelt sitovanim vsak vede ke sniZeni jejich schopnosti absorbovat eksudat. S ohle-
dem na uspéSnou aplikaci hydrogelii ma tedy zadsadni vyznam nalezeni optimalniho
slozeni, které piedstavuje kompromis mezi jejich absorpéni schopnosti a mecha-
nickou pevnosti.

Diserta¢ni prace predstavuje aktivity spojené s vyvojem a charakterizaci fyzi-
kalné-chemickych vlastnosti hydrogelt sloZzenych z alginatu sodného a Zzelatiny,
které byly pripraveny pomoci fyzikalniho nebo chemického sitovani. Prace je roz-
délena do dvou hlavnich kapitol. Prvni ¢ast informuje o aktudlnim stavu znalosti
tykajicich se hydrogelt, 0 jejich vlastnostech, piipravé a charakterizaci. Popisuje
rovnéz klasifikaci hydrogelt, metody jejich pfipravy, véetné chemického a fyzi-
kalniho sitovani, bobtnani, viskoelastickych vlastnosti a poskytuje informace o
jejich pouziti v praxi. V druhé ¢asti prace jsou formou tii publikaci a jednoho pa-
tentu souhrnné prezentovany vysledky ziskané v pribéhu doktorského studia. Ob-
sahy dokumentl jsou piedstaveny v kratkych abstraktech a diskusnich modulech
tykajicich se daného feSeného problému. V zavéru prace jsou priloZzeny plné texty
¢lanki a patentu.

Klicova slova: Alginat sodny, Zelatina, hydrogely, sitovani, kryti 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 (-CONH,) 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:

e the high water or biological fluid content makes them compatible with most
living tissues;

o 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;

o 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.

Nonionic Cationic Anionic Ampholytic
I I | H|
I
lonic charge
Natural Homopolymers
Synthetic Source Prﬁf:tﬁ;?n Copolymers
Hybrid Interpenetrating
polymers
Hydrogel
Chemically Biodegradable
Crosslinking Biodegradability
Physically Non-biodegradable

Fig. 1. Classification of hydrogel
12



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-

13



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:

e in vitro during the preparation of a hydrogel;
e invivo (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].

Polymerbackbone

/’\|I—|j|2\/r-\/r" /YN\\\/\

NH3 NH2

N HCw A
0 0 1" CH
NN = N
Glutaraldehyde HC\\ /N
(]

NH> HC
NHs NH; \&/LC//N
H

Polymerbackbone

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].

Hydrophobic lonic

QHz ’\/(f:/_—/\
ater CHsCH- cry Hs & o
Wi ~ -
CH; ’CH CHZ\CH3 NHg"

e~

Hydrogen Bond \_/V‘zlde-r‘fols/
2C~ 2C~ AR
? (Pl O (Pl 07 "NH, non polarsolvent
HooH H Os~NH,
HNJ ’/b HN\C’/O

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 agueous 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].

lonic 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].

o COg %
ﬁ?\&\

Fig.5. Three-dimensional structure of CaCl, 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].

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 ¢, and the corresponding length or mesh size,
C, [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 ¢ 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:

e polymer-solvent interactions
¢ electrostatic interactions
e 0smosis [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].

) Swelling forces:
Elastic polymerdissolution,
forces electrostatic, osmotic

N & A
Zg r
|

o

Coil conformation Crosslinks

Extended conformation

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]:

AG,,, =AG, +AG,, (1)

total

In equation (1), total AG,,is the change of total free Gibbs energy in hydrogel,
AG, is the change of free energy contributed by elastic force of the hydrogel
(polymer) chains and AG,,, 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 (AG,), mixing

(AG,;), and ionic free energies (AG,,,), as given in equation (2) [60, 64, 66].

AG,, =AG, +AG,, +AG,, )

total mix

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].

S

Non-ionic Cationic Anionic Ampholytic Hydrophobically-

- modified
DT @ e ©

No pH Low pH HighpH D % —O %
dependency favors favors

repulsive repulsive 5 «— pH—> 14 Temperature
forces forces change favors
Cationic  Anionic aggregation of

nature nature hydrophobic

groups

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].
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~—Viscoelastic solid
(0¢5¢n/2)

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, y,,, and frequency, @, then complex strain, y*, can
be defined by equation (3).

7' =7meXp(ict) ©3)

where, 7,,, 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, o, is defined:

o’ =o, exp(iat+0) 4)

A standard expression for sinusoidal tests is the complex dynamic modulus, G*,
defined as the ratio of the complex stress, o*, to the applied complex strain, y":
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G -2 (5)

*

v

Equation (5) then can be rewritten:
«_%m

G' =T exp(is) = Zm cos S +i 2™ sin s = G +iG” (6)
Vo m An

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:

1

tans = % (7)

where tans, 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].
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Fig.11. General behaviour of the G',G” and tand 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, Ty, 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")
log(G") log(G")

A G! A
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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].

=), ), ®

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:

2,45,

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].
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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

e be capable of maintaining high humidity at the wound-dressing interface
whilst removing, through adsorption, excess wound exudate and associated
toxic compounds;

e permit the exchange of gases whilst maintaining an impermeable layer to mi-
croorganisms so preventing secondary infections;

e provide thermal insulation; 20

e 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 B -1,4-linked D-mannuronic acid (M) and o -
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*?, Mg*?,
Ba*? and Sr*? (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—o [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 CaCl, 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].

] ) Electrostatic
Gelatine Sodium alginate interactions
chain

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*? 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.
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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 (CaCl,), 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 | 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 Il was concentrated on the chemical crosslinking of SA/G hydrogels
with two well-known crosslinking agents, calcium chloride (Ca**) 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*") and optimum
crosslinking time (60 min for GTA and 5 min for Ca®")

Most of the Ca®* 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** or GTA showed a smooth and homogeneous mor-
phology, suggesting the good component miscibility and blend homogeneity.

FTIR spectra of the Ca?* crosslinked SA/G hydrogels revealed a small shift in
symmetric stretching carboxyl groups, indicating an ionic binding between the
Ca* ions and the SA. Increasing the G content in hydrogels crosslinked with
GTA significantly changed the shapes of the amide | and Il 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** crosslinked hydrogels compared to the GTA crosslinked ones. Further-
more, the equilibrium swelling in the Ca** 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”* crosslinked hydrogels are more appropriate for biomedical applications.

Paper Il 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 | and Il 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 Al 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:

e 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.

e 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.

e Hydrogels with improved properties were formulated by chemical
crosslinking of SA/G hydrogels performed either withCa*?, which selec-
tively crosslinks SA chains or glutaraldehyde applicable for crosslinking of
gelatine (Paper Il). 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**
crosslinked hydrogels slightly higher compared to GTA crosslinked hy-
drogels of the corresponding composition.

e 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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e 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:

e 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.

e 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.

e The optimization of hydrogel composition and structure promoting and
maintaining the adequate moist environment, required elasticity and me-
chanical strength and comfort usage.

e 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, G’ and
G”, 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. © 2012 Wiley Periodicals,
Inc. ] 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.'™® Currently, there are
numerous wound dressing materials with different
functions (e.g., antibacterial, absorbent, adherence,
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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 pD-mannuronic acid and o-14-linked L-
glucuronic acid. On absorbing moisture, gluronic
acid forms firmer gels while mannuronate acid is
able to form soft, flexible gels.®'° 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.*""
Sodium alginate (SA) used as a wound dressing
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meets the requirements of nontoxicity and a high
level of exudation absorbency.'*'3

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.'*"7 Tt 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)."” 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.***' The main fea-
ture of gelatine is its ability to form a thermally re-
versible network in aqueous media.'”** 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, 141723

The preparation and use of hydrogels based on a
combination of either SA or gelatine with other natu-
ral or synthetic polymers (agar/SA,* chitosan/SA,*
SA/poly(y-glutamic acid),*® polyvinyl alcohol/SA,"
chitosan/gelatine,””  polyvinyl alcohol/gelatine,
oxidized hyaluronan/gelatine,”® gelatine/hyaluro-
nate® 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.**

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.®! 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 (G’) and loss modulus
(G"), 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.****

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
changes®™®” as well as structural defects in the gel
network.*®* Meyvis et al.*> compared the use of
DMA (multi-strain and single strain) and oscillatory
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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.,*”
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 CaCl,,
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, NaCl
and water) constant. An aqueous gelatine solution of
(15-30% w/w) was prepared by dissolving polymer
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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

granules in water at 80°C under continuous stirring
(300 rpm) wuntil 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 (VEGAN\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 * 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:

(Ws —Wp)
D
(Ws — Wp)
5

Swelling % = x 100 D)

Water content % = 100 2)

where Wg and Wp 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 skin®) in the frequency range of 0.1-100
rad/s. The storage modulus (G'), loss modulus (G”),
complex viscosity (n*), and tan delta (6 = G”/G’) 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'. A resolution of 2
cm ™! 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

Journal of Applied Polymer Science DOI 10.1002/app
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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.

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.

Journal of Applied Polymer Science DOI 10.1002/app

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.* and Anmika
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et al.*? 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; and COO™
functional group that can increase the volume
between polymeric chains and the swelling capacity
of the hydrogel by hydrostatic repulsion.**

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 Geliperm® (Geistilich, Switzerland) and Vigi-
lon® (Bard, Crawley, UK).Zl'30 As to water uptake,
the maximum water content of all swelled hydrogels
(Samples C) was in the range of 74-94% (Table II),
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indicating that the SA/G hydrogels could fulfil the
requirement of an ideal wound dressing'>*'** 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 (G') and loss modulus (G”) for SA/G hydro-
gels is depicted in Figure 3. From Figure 3(a) it can be
seen that the G’ of all hydrogels is almost one order of
magnitude higher than G” over the whole angular fre-
quency 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 net-
work 4145 Obviously, after 8 h swelling, the G’ and G”
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.***

In Figure 4(a), the tan 6 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” com-
pare with G/, begins. The angular frequency depend-
ency of the tan 6 values for swelled samples C is
shown in Figure 4(b). Over the whole frequency
range tan & gently increases, along with a slightly
steeper increase of G” with the frequency than that
of G’ [see Fig. 4(a)]. Interestingly, the SA/G 70/30

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 = 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 Sm—

Moisture content (%) 49.2 £ 0.52 46.9 * 0.76 494 * 0.17 49.1 =124 529 = 0.86 Bt

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 £ 040 2025 = 0.54 20.71 £ 026 1996 + 0.14 2092 * 0.56 A

Thickness (mm) 1.54 £ 0.19 123 + 0.12 1.39 = 0.19 1.19 * 0.22 1.02 = 0.16 S —
e 9 2

Swelled samples C (12 h after swelling), n = 3

Weight (g) 1.387 = 0.201 2.285 * 0.47 2295 + 0.64 3.804 = 0.81 3.981 % 0.92

Diameter (mm) 31 =214 38 £3.69 38583 = 3.6 4221 =249 4342 * 3.87

Thickness (mm) 229 = 0.31 2.48 *+ 0.198 2.55 = 0.32 2.83 = 0.49 290 = 0.42 |

Water content (%) 7254 = 468 81.86 = 6.53 84.03 = 396 8797 = 3.46 90.1 = 3.74 Lnt seRy

All measurements were done in triplicate.
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Figure 3 Storage, G/, and Loss, G”, moduli of freshly prepared samples A (a) and 8 h swelled samples C (b).

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 G’ and G” on the
swelling time of the hydrogels with different ratios
of SA/G at the angular frequency ® of 0.39 rad s '
is shown. The viscoelastic moduli gradually decrease
for up to 4 h swelling time. After this time period
elapses, changes of G’ and G” 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 G’ and G” of samples A and C with different
compositions, recorded at the angular frequency of

0.8 SA/G
—n—70/30
—o— 60/40
—a—50/50
0.6 1 —eo— 40/60
—e—30/70

0.4 4 .70"
24
-—0’.::/ "4‘
- A .
e S

tan 5 (G"'/G")

0.2 -

(a) log o (rad.sec™)

0.39, 3.9 and 39 rad sfl, are depicted in Figure 6.
Comparing samples A and C, it is obvious that after
8 h of swelling both G’ and G” drop notably; inter-
estingly G” undergoes a more significant change.
Furthermore, as can be seen from Figure 6(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, 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

0.8
oD ONERe 22 < w e
‘,‘=g>‘_.:6-0<2
_e-o-2-0-0-1
= 0.64 ®-g- _._.,.—.—-l-l-‘l\.,./
Q l" .
e
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g 04 —a—70/30
—e— 60/40
—A— 50/50
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A
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Figure 4 Effect of angular frequency on tan & of samples A (a) and C (b).
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Figure 5 Effect of swelling time on storage modulus, G/,
and loss modulus, G”, of SA/G hydrogels.

continuous phase (SA/G 70/30) or needle-like dis-
persed 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 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
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intensive interactions by the balanced anionic car-
boxylate groups (—COO™) of SA and the cationic
protonated amino groups (NH;) of gelatine.*®

Figure 7 presents the relation between complex
viscosity, n* and angular frequency for samples C
with various SA/G compositions and shows that n*
decreases linearly with angular frequency. Further-
more, decreased m* of samples C have a similar
trend as observed for G’ and G” [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 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' (AG”)
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 G' of unswelled samples was found for SA/G
70/30, the highest G’ values of fully swelled hydro-
gels 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. 8(b)]. The results
also reveal that the levels of G” follow the trend
described for G'. However, the magnitude of G”

changes (AG”) is independent of hydrogel
4.5
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Figure 6 The effect of composition on storage modulus, G’, and loss modulus, G”, of samples A (a) and samples C (b).
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Figure 7 Effect of angular frequency on complex viscos-
ity of samples C.

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 appro-
priate for wound dressing.**”

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
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Figure 8 Relation between viscoelastic properties (G’ and G”) at angular frequency of 0.39 rad s

ling (%) for samples C.
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3274 cm ' typical for hydroxyl stretching and a
peak at 1637 cm ™' which corresponds to a stretch of
C=O0. Peaks at 1521, 1458, 1408, and 1349 cm™' in
the SA spectrum indicate the anti-symmetric stretch
and symmetric stretch of —COO™ in associated car-
boxylic acid salt.’’”* Two other interactions in the
C—O stretch of C—OH groups can be found at 1030,
1080 cm ' and the peak at 1248 cm ™! corresponds to
the anti-symmetric stretching of C—O—C.

The FTIR spectrum of SA/G 0/100 exhibits a peak
at 3309 cm ™' due to the N—H stretching in second-
ary amides, the C=0 stretching at 1631 cm™" for the
amide I, which is characteristic of the coil structure
of gelatine,”” as well as N—H deformation at 1550
cm ! for amide I1.>' Most of the remaining peaks, at
1040, 1079, 1317, 1346, 1404, and 1453 cm ' can cor-
respond to the stretching of C—O bonds. Further-
more, on close inspection of the lower wave number
region of the spectrum, two bands are observed at
2877 and 2940 cm ', 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 ™). These results are in agreement with
the observation reported by Pawde et al.*

The spectra of SA/G hydrogels show peaks at
3265, 1631, 1453, 1408, 1334, 1081, 1028, and 993
cm ! which indicate O—H stretch, the COO~ (asym-
metric), COO™ (symmetric), C—0O, C—O—H, respec-
tively, exhibiting strong intermolecular hydrogen
bonding.’”? Particularly, the intensity of some
peaks decreases with increasing of SA (e.g., 1234
cm ). The adsorption peak, thanks to the stretching
of C—O—C ethers coupled with the 1241 and 1119
cm ! of G, shifts to 1234 cm~!. Moreover, the gelat-
ine band related to amides 1T 1551 cm ' weakens
and almost disappears in the SA/G 70/30 sample.
The band of SA/G 30/70 at 3291 cm ™' shifts to a

3.5
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Figure 9 FTIR spectra for: (a) SA/G-100/0, (b) SA/G-70/30, (c) SA/G-60/40, (d) SA/G-50/50, (¢) SA/G-40/60, (f) SA/

G-30/70, and (g) SA/G-0/100.

lower wavenumber (3265 cm™ ') 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'®. Currently, there are numerous wound dressing materials with different functions
(e.q., 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 8 -1,4-linked D-mannuronic
acid and a -1,4-linked L-glucuronic acid. Upon absorbing moisture, gluronic acid forms firmer
gels while mannuronate acid is able to form soft, flexible gels®*°. 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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©CoO~NOUITA,WNPE

Journal of Polymer Science Part B: Polymer Physics

Their high moisture absorption occurs via the formation of a strong hydrophilic gel, which limits
wound secretions and minimizes bacterial contamination* **. Sodium alginate (SA) used as a
wound dressing meets the requirements of nontoxicity and a high level of exudation
absorbency™? 2,

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®*™*". 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)*""°. 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® #. The main feature of gelatin is its ability to form a thermally reversible

17, 22

network in aqueous media 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'* 1" %,

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?®, chitosan/ sodium alginate®,
sodium alginate/ poly(y-glutamic acid)?®, polyvinyl alcohol/ sodium alginate', chitosan/
gelatin®’, polyvinyl alcohol/ gelatin®®, oxidized hyaluronan/ gelatin®®, gelatin/ hyaluronate®® 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™®.
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®, are of
concern during hydrogel properties development and help to meet the requirements for its
absorption efficacy, elasticity as well as painless removal®** *.

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

3436 a5 well as structural

behaviour is often complicated by compositional and swelling changes
defects in the gel network®”*®. Meyvis et al.*! 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.*® 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, NaCl 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 (VEGAWLMU, 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 Spectr oscopy

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™. A

resolution of 2 cm™ 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:

(W,—Wp)
Swelling % = ——
Wp

X 100 (1)

Water content % = '“15_,_“13 2 % 100; (@)

where ws and wp 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

John Wiley & Sons, Inc.
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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 °C (surface temperature of human

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

©CoO~NOUITA,WNPE

complex viscosity (4*), and tan delta (6= G”/G’) of the samples were recorded as a function of
13 frequency. Each measurement was performed at least twice, on two different disk specimens

15 from the same hydrogel sample.
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RESULTSAND DISCUSSION

Mor phology 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™ typical for hydroxyl
stretching and a peak at 1637 cm™ which corresponds to a stretch of C=0. Peaks at 1521, 1458,

1408 and 1349 cm™ in the SA spectrum indicate the antisymmetric stretch and symmetric stretch

John Wiley & Sons, Inc.
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40,41 " Two other interactions in the C-O stretch of

of — COO in associated carboxylic acid salt
C—OH groups can be found at 1030, 1080 cm™ and the peak at 1248 cm™ corresponds to the
antisymmetric stretching of C-O-C.

The FTIR spectrum of SA/G 0/100 exhibits a peak at 3309 cm™ due to the N—H stretching in
secondary amides, the C=0 stretching at 1631 cm™ for the amide I, which is characteristic of the
coil structure of gelatin,?* as well as N-H deformation at 1550 cm™ for amide 11*°. Most of the
remaining peaks, at 1040, 1079, 1317, 1346, 1404, and 1453 cm™ 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™, 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™). These results are in agreement with the observation reported by Pawde et
al.?.

The spectra of SA/G hydrogels show peaks at 3265, 1631, 1453, 1408, 1334, 1081, 1028 and 993
cm, which indicate O—H stretch, the COO~ (asymmetric), COO~ (symmetric), C-O, C-O—-H
respectively, exhibiting strong intermolecular hydrogen bonding*® **. Particularly, the intensity
of some peaks decreases with increasing of SA (e.g.1234 cm™). The adsorption peak, thanks to
the stretching of C—O-C ethers coupled with the 1241 and 1119 cm™ of G, shifts to 1234 cm™.
Moreover, the gelatin band related to amides 11 1551 cm™ weakens and almost disappears in the
SA/G 70/30 sample. The band of SA/G 30/70 at 3291 cm™ shifts to a lower wavenumber (3265
cm™) 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.** and Anamika et al.**. 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 NH, and COO"
functional group® that can increase the volume between polymeric chains and the swelling
capacity of the hydrogel by hydrostatic repulsion** **.

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)*" .
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

1-3, 21, 46

of an ideal wound dressing and prevent a wound from accumulation of fluid by absorbing

the exudates.

John Wiley & Sons, Inc.

Page 12 of 35



Page 13 of 35

©CoO~NOUITA,WNPE

Journal of Polymer Science Part B: Polymer Physics

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* “®, 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** *°.

In Figure 5(a), the tan ¢ 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 & values for swelled samples C is shown in Figure 5(b). Over the whole
frequency range tan & 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 ® of 0.39 rad.s™ is shown. The viscoelastic moduli

gradually decrease for up to 4 hours swelling time. After this time period elapses, changes of G’

John Wiley & Sons, Inc.
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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™, 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 (NHs") of gelatin®.

Figure 8 presents the relation between complex viscosity, #*, and angular frequency for samples

C with various SA/G compositions and shows that #* decreases linearly with angular frequency.

John Wiley & Sons, Inc.
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Furthermore, decreased n* 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” (AG”) 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 (AG”) 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® >2.
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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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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, (€) 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) SAJG - 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 6 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™ 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
Gelatin (G) [g] 3 4 5 6
Sodium alginate (SA) [g] 7 6 5 4
Poly Ethylene Glycol (PEG) [g] 2 2 2 2
Glycerol [g] 2 2 2 2
Sodium Chloride (NaCl) [g] 0.2 0.2 0.2 0.2
Water [g] 20 20 20 20

John Wiley & Sons, Inc.
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TABLE 2 Physical characteristics of the SA/G hydrogel samples

Page 26 of 35

Hydrogel
composition 70/30 60/40 50/50 40/60 30/70
SA/G

Samples after preparation A (before drying), n =3
Weight () 0.735+0.064  0.729+0.051 0.894+0.117  0.858+0.161  0.87620.094
Diameter (mm) 25.0+0.00 25.040.00  25.0+0.00 25.0+0.00 25.0+0.00
Thickness (mm) 1.94+0.23 174018  1.99+0.21 1.70+0.33 1.7620.25
Moisture content  492+052  46.9+0.76  49.4:017  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) 19.8240.40  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 1.1940.22 1.0240.16

Swelled samples C (12 h after swelling),n =3

Weight (g) 1.38740.201  2.285+0.47  2.295+0.64  3.804+0.81 3.981+0.92
Diameter (mm) 31+2.14 38+3.69 38583436  42.21+2.49 43.42+3.87
Thickness (mm) 2.29+0.31 24840198  2.55+0.32 2.83+0.49 2.90+0.42
Water content 72544468  81.86+6.53  84.03+3.96  87.97+3.46 90.143.74

(%)

*All measurements were done in triplicate.

John Wiley & Sons, Inc.
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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 | and Il 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, CaCl,, Na,HPO,4 and NaH,PO4, 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™. A

resolution of 2 cm™ 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):

(Ws—Wp)

SD = -100 [%] ; (1)

where Ws and Wy, 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°, Switzerland) using a
double shear sandwich fixture. Applied force amplitude of 0.02 N and the displacement
amplitude of 10 um 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 6 (tan 6 = 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 €) 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™, a strong carbonyl peak at 1637 cm™ and a broad peak of primary amine (N-H
stretching) at 3305 cm™. The spectrum of SA/G-100/0 has peaks at 1030 and 1089 cm™ assigned
to the typical of SA saccharide structure [42-44], carboxyl group peaks at 1602 and 1408 cm™,
and a typical hydroxyl peak (O-H) at around 3349 cm™. 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, NH,-HO) and electrostatic attraction (NH," or NHs"-



COOQ) 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 | (C-O stretching), 11 (N-H
deformation), and 11l (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 | and Il 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 | 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™, 2871 cm™), amide 111 (1407cm™) and C-
H and C-O stretching (around 1090 and 1030 cm™) 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 tano dependence on
frequency, as it is depicted in Fig. 6. As can be seen from Fig. 6(a), the tan ¢ curve of all the
SA/G-0.5GP samples are nearly frequency independent, and close to each other in a narrow
range (tand =0.6 to 0.7). This behaviour indicates dominant viscoelastic relaxations of the
formed networks. As it is clear from Fig. 6(b), tand of all SA/G-1.0GP gels except of 70/30,
decreases gradually with increasing frequency and a more elastic behaviour (tané =0.5 to 0.6) is
observed in the high frequency range (10+200 Hz). On the other hand, values of tano 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
inG’.

Temperature dependencies of tan ¢ of all tested hydrogels are depicted in Fig. 8. As can be
seen from the figure, tan o 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 ¢ 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) SAIG 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
(@), 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 6 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



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/IG
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,
(9) SA/G 80/20
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Nazev vynalezu:

Sucha substance hydrogelu pro kryti ran a
zpisob jeji pFipravy

Anotace:

Suchd substance hydrogelu pro kiyti ran vyrobend z
prirodnich a syntetickych polymeri obsahuje Zelatinu a algjndt
sodny v hmotnostnim poméru 3:7 az 7:3, pficemZ tyto dvé
slozky dohromady tvoii 100 hm.d.. a soutasné substance
obsahujc 15 az 25 hm.d. polyethyléngivkolu. 15 a2 25 hm.d.
glycerinu. 10az 40 hm d. polyvinylalkohelovych nanovlaken.
I az 3 hmd. chloridu sodného, pripadné dal3i b&na aditiva.
Zpusob ptipravy suché substance tohoto hydrogelu pro kryti
ran spociva v tom. Ze za stalého michani pki korstantni teploté
75az 85 °C se pitpravi vychozi polymemi roztok zelatiny ve
180 az 220 hm.d. vody. po rozpudténi celého objemu zclatiny
s¢ k vychozimu vodnému polymernimu roztoku selatiny
pridaji dalsi slozky - algindt sodny. polyethyléngl ykol, chlorid
sodny a glycerin. ptipadné rakytnikovy olej, michani této
smési pak pokratuje po dobu 5 az6 min. pii 250 a2

350 o¥/min.. k vysledné viskézni hmoté hydrogelu se pak
postupné pfida frakce polyvinylalkoholovych nanovliken a
rychlost michini se sniZi na 150 2 50 ot/min. nakonee se
viskdzni hmota za asepticky ch podminek ddvkuje do misck a
podrobi zrani pri pokojové teploté 20 az 25 °C, béhem neho?
s¢ z viskézni hmoty zcela odstrani obsah vody a ziska se
finalni sucha substance hydrogelu ve tvaru plochého téliska.,
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Such4 substance hydrogelu pro kryti ran a zpiisob jeji pripravy

QOblast techniky

Vynalez se tyké suché substance hydrogelu pro kryti ran pouZitelného na Zivych télech, zejména
lidskych. Predmétem vynalezu je rovnéZ zplsob pfipravy takové substance hydrogelu pro kryti
ran.

Stav techniky

Dosud jsou znamé riizné hydrogely pro kryti ran ze syntetickych a pfirodnich polymeri, stejné
jako zpisoby jejich ptipravy. Jsou zaméfeny na ziskdni produktu s nejlepSimi mechanickymi,
botnacimi 2 dal¥imi dilezitymi fyzikalnimi vlastnostmi, jako i s antibakteridlnimi a hojivymi
vlastnostmi.

Na hydrogely pro kryti ran je kladeno vice riiznych poZadavki. Tyto hydrogely by mély byt
mékké a pHjemné zranénému t&lu a soutasné by mély odoldvat manipulacim b&hem pfiloZeni
a celé aplikace. Tyto pozadavky jsou ponékud protichGdné a je obtizné jim v dostatedné mife vy-
hovét.

Jedna ze zndmych metod vyroby hydrogelu pro kryti ran je uvedena v dokumentu
WO 03/034900, ktery popisuje intradermalin{ zaplatu s propustnym nosi¢em s ndnosem gelu na
bazi polyvinylpyrolidonu s uréitou primémou molekulovou hmotnosti (nejlépe 900.000 az
1.500.000 Dalton) v mnoZstvi opt. 15 aZ 20 % hm. Zaplaty mohou obsahovat jednu nebo vice
pFisad, jako je &inidlo pro hojeni ran, 1é¢iva, modifikatory viskozity a zvlh€ujici pfisady. Hydro-
gelovy material je umistén na podkladu vytvofeném z materidlu s dostalujicimi mechanickymi
vlastnostmi a proto nejsou na hydrogel kladeny z tohoto hlediska Z4dn¢ zv1astni poZzadavky.

Dalii postup spojeni polymerniho hydrogelu a substratu je popsén v patentu US 5 480 717. Tento
proces spojuje polymemni hydrogel se substratem, aby byl ziskan hydrogelovy laminat se znacné
zvysenou odolnosti proti delaminaci. Podle tohoto patentu je jako synteticky polymer pro hydro-
gel preferovan sitovany polyvinylpyrolidon o urité molekulové hmotnosti (opt. 200.000 aZ
300.000 Dalton) v mnoZstvi nejlépe 40 aZ 50 % hm. ve vodném roztoku. Sitovani hydrogelu je
diilezité vzhledem k vysledné hodnoté adheze, ale nesouvisi s minimem mechanickych vlastnosti,
které jsou od materialu vyzadovény, nebot’ tyto jsou zajiitény nosnym substritem. Je zde uvede-
no, e pokud je molekulova hmotnost polyvinylpyrolidonu pfili¥ vysoka, neni moZno ziskat roz-
tok o dostatedné vysoké koncentraci polyvinylpyrolidonu a proto adheze k polymernim adheziv-
nim vrstvam po ozéfeni neni vyhovujici. Navic koncentrace polyvinylpyrolidonu pfedpokladané
v tomto patentu jsou relativné vysoké, a to miZe vést k citelnému rilstu ceny takovych hydrogeld.

Polyvinylpyrolidon je vhodnym syntetickym polymerem pro piipravu hydrogeld pro kryti ran,
jak miize byt ziejmé z dalsiho patentu US 4 871 490. Postup podle tohoto patentu je zaloZen na
liti vodného roztoku syntetického polymeru, napfiklad polyvinylpyrolidonu, pfirodniho polyme-
ru, napiiklad agaru, a takzvaného zmékdujiciho &inidla, napfiklad polyethylenglykolu do formy
udélujici tvar tomuto hydrogelu. Po ozéfeni je ziskén hydrogel pro kryti ran podle tohoto patentu.
Na rozdil od dive uvedenych hydrogeldl je to samonosny material a jako takovy vyZaduje urCité
mechanické vlastnosti. Komeréni receptury obsahuji kolem 7 % hm. polyvinylpyrolidonu a tako-
vé mnoZstvi mizZe byt stdle povaZovano za pfili§ vysoké vzhledem k cené vyrobku. Navic tyto
receptury jsou povaZovény za dobré pokud jde o kryti spalenin, zatimco jejich mechanickée vlast-
nosti, chovani pfi botnéni a sufeni ponékud zaostavaji za souasnymi pozadavky.

S cilem odstranéni nékterych nevyhod jiZ uvedenych postupl a smési piichazeji dalsi metody
a receptury, jako je smés podle patentu US 5 306 504. Toto feSeni je zaloZeno na sitovaném
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polyvinylpyrolidonu, ktery je michan s vodorozpustnym multifunkénim amin obsahujicim poly-
merem. Polyvinylpyrolidon ma kyselé skupiny otevirajici cyklus, které mohou reagovat se zasa-
ditymi aminovymi skupinami multifunk&niho amin-obsahujiciho polymeru za vznikn nerozpust-
né, ale ve vodé botnajici sitované anfolytické soli. Pfiprava probihd ve vodném prostiedi s obsa-
hem vody 40 az 80 % hm. Zmé&kéovadlo — napfiklad polyethylenglykol — miZe byt pouzito pro
ziskéni potfebné lepivosti. Zmékcovadlo miZe zvysovat lepivost, piitom viak sniZuje pevnost
gelu.

Aby se dosahlo G¢innéjsiho priibéhu procesu spojenim dvou operaci do jednoho kroku, byla vyvi-
nuta technologie popsana v patentu US 5 540 033, tykajici se vyroby sterilné baleného adhezivni-
ho hydrogelu. Smés obsahujici radiainé sit'ovatelny polymer a sougasné inhibitor sitovani je
podle tohoto patentu obvyklym zptsobem tvarovana do pozadovaného tvaru, nasledné je tvarova-
nd smés uzaviena do t&sného obalu a vystavena ddvce zafeni postadujici k soutasnému sitovani
a sterilizaci smési, ¢imz se ziska findlni hydrogelovy vyrobek. Polymery pouzité v této metods
Jjsou piedeviim polyethylenoxid, polyvinylpyrolidon a/nebo jejich smés (opt. 15 az 25 % hm.
polyvinylpyrolidonu). Inhibitor sitovani je s vyhodou antioxidant, jako je kyselina askorbova.
Pokud jde o dalsi ptisady, mizZe byt pouzito zvih€ujici ¢inidlo, jako je polyethylenglykol, aby se
zlepsily fyzikalni vlastnosti hydrogelu. Také miize byt pfitomen urychlova¢ sitovani, jako je
ethylenglykoldimethakrylat. Touto metodou Ize pfipravit hydrogel s nejméng 80% podilem gelu
a absorptni kapacitou (méfeno podilem gelu) nejméné 5. Tato sofistikovana smés umoZiluje
dosahnout dalsiho zlepSeni vlastnosti hydrogelu a dovoluje provadét sitovani a sterilizaci v jed-
nom kroku. Nicméné obsah syntetického polymeru a poéet aditiv miize vést k vy3si cené ziskané-
ho produktu,

Zelatinujici systém podle patentu US 5 578 661 se sklada z vodné smési nejméné tii polymernich
komponent. Prvni z nich je vodorozpustny polymer, napiiklad polyvinylpyrolidon, v mnoZstvi 3
az 35 % hm. Tato slozka miize byt michana s polyethylenoxidem v hmotnostnim poméru 10 : 1
az 25 : 1. Druha polymerni sloika je kyselé skupiny obsahujici polymer a tteti slozkou je poly-
mer obsahujici aminoskupiny, napfiklad heparin a agar. Smés miiZe také zahrnovat pfidavné sloz-
ky jako baktericidni latky a antibiotika pro lé¢ebné (iinky a také zvihéujici prisady pro zvyseni
rozpustnosti tfeti nebo druhé slozky ve smési. Jako zvlhdujici ptisada je preferovan polyethylen-
glykol. Pokud jde o obsah polyvinyipyrolidonu v ptikladech, je zde uvadéno kolem 10 % z celko-
vé hmotnosti smési. Zelatinadni pomér jako métitko absorpéni kapacity hydrogelu miZe pfekro-
git 5. Tento gelotvorny systém obsahuje velky podil polymemnich sloZek a mnoZstvi dalSich pi-
sad a tak mizZe byt stejné jako predchozi systém ponékud nékladny.

Po vzoru jiz uvedenych hydrogelovych systémil byl s cilem dal3iho zlepieni fyzikalnich vlast-
nosti ziskanych hydrogelovych materialii v aplikacich pro kryti ran, zvlasté¢ mechanickych vlast-
nosti a chovani pii botnani a suSeni, vyvinut material podle patentové piihlasky
US 2008/0033064. Tento zpusob piipravy hydrogelu pro kryti ran zahmmuje krok pfipravy vycho-
ziho vodného roztoku obsahujiciho nejméné 15 % syntetického polymeru sitovatelného zafenim
(vztazeno na hmotnost smési), dale nejméné jedno zvlh&ujici Einidlo, pfirodni polymer a vodu,
naliti tohoto vodného roztoku do formy pro tvarovani, ponechani vodného roztoku ve formé ke
zrani po dobu postacujici k ziskdni polotovaru o obsahu nejméng 35 % syntetického polymeru,
dale odstranéni takto tvarovaného polotovaru z formy a podrobeni G&inku zafeni, aby byl poloto-
var sitovan a sterilizovan. Vodny roztok obsahuje nejméné 15 % syntetického polymeru, ktery je
radiacné sitovatelny. Tento hydrogelovy systém, tak, jak je popsan, umoZfuje dosazeni jesté
lepsich vlastnosti finalniho produktu — hydrogelu pro kryti ran — a navic metoda vyhodné spojuje
dva kroky — sitovani a sterilizaci. Nicméné (i&innost tohoto systému — stejné jako pfedchoziho —
zavisi na obsahu radia¢né sitovatelného polymeru — polyvinylpyrolidonu. Aby byly splnény tyto
pozadavky zavislé na obsahu polyvinylpyrolidonu, jsou tim zaroved nepiiznivé ovlivnény jiné
charakteristiky hydrogelu, které musi byt proto dodate¢né zlepsovany dodanim dalsich slozek do
tohoto systému. Tim vysledna cena hydrogelu roste. To je hlavni nevyhoda dosavadnich metod
ptipravy hydrogelii pro kryti ran, kterou viak neni mozno pfekonat bez podstatné zmeny v sesta-
v€& téchto hydrogelii a v technologickém procesu.
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S cilem odstranéni vy3e uvedenych nevyhod a nedostatkii hydrogeli pro kryti ran znamych ze
stavu techniky a technologii pro jejich ptipravu byl vyvinut hydrogel pro kryti ran podle uzitného
vzoru CR 18770. Podstata tohoto technického fe¥eni spodiva v tom, Zze hydrogel obsahuje poly-
vinylpyrolidon s molekulovou hmotnosti 30 aZ 50,000 Dalton, karboxymethylcelulozu nebo kola-
gen, agar, polyethylenglyko! s molekulovou hmotnosti 200 az 20,000 Dalton, glycerin, piipadné
obsahuje alespofi jedno antibakteridlni a/nebo antiseptické Cinidlo, s vyhodou kyselinu boritou,
pfiemz viechny uvedené siozky dohromady piedstavuji do 10 hm. % hydrogelu a zbyvajici Cast
do 100 hm, % tvoii voda.

Hydrogel pro kryti ran podle uvedeného uZitného vzoru ma s vyhodou kruhovy nebo tvercovy
tvar, tloust'ku 2 az 3 mm a plochu 500 az 6000 mm?®.

Vysledny produkt ma obsah vlhkosti kolem 94 az 90 %. Ubytek hmotnosti ve finainim produktu
(hydrogelu) oproti potate&ni hmotnosti roztoku je kolem 10 az 30 hm. %. Pokud jde o hlavni
polymery, je mozné doplnit polyvinylpyrrolidon bud’ karboxymethylcelulézou, nebo kolagenem
k dosaZeni viceméné podobného G€inku.

Pokud jde o ostatni sloiky, agar pluisobi jako Zelatinagni ginidlo, polyethylenglykol jako hojici
slo¥ka a glycerin predstavuje zvlhéujici &inidlo. Kyselina borita, je-li pouzita, piisobi jako anti-
septické a antibakterialni &inidlo. Pitomnost kyseliny borité zplsobuje, ze hydrogel pro kryti ran
odolava mikrobialnim infekcim na mensich popaleninach a feznych poranénich kize a kromé
toho zplisobuje chladivy pocit.

Znac¢nou vyhodou hydrogelu podle tohoto uzitného vzoru je jeho piizniva cena. Tento hydrogel
je ekologicky pratelsky a snadno se skladuje a pouziva. Pokud jde o jeho uZzivatelské vlastnosti,
jeho semitransparentni charakter umoZfiuje stalé monitorovani hojiciho procesu, coz je velmi
dilezita vyhoda. Navic tento hydrogel zlepsuje podminky hojiciho procesu diky svym absorpc-
nim schopnostem a je nelepivy na pokoZku.

Posledni z uvedenych hydrogeli predstavuje velmi dobrou a Gspénou alternativu v oblasti 16&i-
vych hydrogelii. Nicméng, tento i viechny dtive znamé hydrogely pro medicinské aplikace jsou
na trhu dostupné v mokré formé, s vysokym obsahem vody. Tato skute¢nost je zpiisobena snahou
dosahnout nejvyssiho uzivatelského komfortu ohledné rychlosti uziti; nicméné na druhé strané
ma tato skutednost své citelné nevyhody. :

Hlavni spole¢nou nevyhodou viech takzvanych ,,mokrych hydrogeli je skutecnost, Ze nemohou
byt skladovany po dlouhy &as vzhledem k moZné ztraté vody a/nebo moZnému mnoZeni bakterii.
Soucasné jsou ,,mokré hydrogely" velmi citlivé a naro&né na dodrZeni sterilnich aseptickych pod-
minek béhem manipulace a skladovéani. Mokré hydrogely obsahuji obvykle az 95 % hm. vedy,
coz je prakticky rovnovazny stav, proto také nejsou schopné absorbovat vétsi mnozstvi télnich
tekutin uvolnénych b&hem hojiciho procesu, co? je jejich zna¢nou nevyhodou. Vysoky obsah
vody u mokrych hydrogelii se u nich také promita do znacného zvy3eni ndklad( na dopravu a tim
i do zvy3eni finalni ceny vyrobku.

Podstata vynalezu

Uvedené nevyhody a nedostatky dosud znamych hydrogeld pro kryti ran a zpisobi jejich ptipra-
vy jsou do znaéné miry odstranény u suché substance hydrogelu pro kryti ran podle vynalezu
a zpuisobu vyroby substance tohoto hydrogelu. Podstata vynalezu spoiva v tom, e sucha sub-
stance hydrogelu obsahuje Zelatinu a alginat sodny v hmotnostnim poméru 3:7 az 7:3, pficemz
tyto dvé slozky spole¢né tvoii 100 hmotnostnich dilii (hm.d.) smési a soudasn€ sucha substance
obsahuje polyethylenglykol v mnoZstvi 15 az 25 hm.d., glycerin v mnoZstvi 15 az 25 hm.d,,
nanovlakna z polyvinylalkoholu v mnoZstvi 10 az 40 hm.d., chlorid sodny v mnozstvi | az
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3 hm.d., pfipadné jiné obvyklé pFisady. Sucha substance hydrogelu mize dale obsahovat rakytni-
kovy olej v mnoistvi az 15 hm.d. Tato suché substance je tvoiena plochym téliskem, s vyhodou
kruhového nebo ovalného tvaru, o tloust'ce | az 2 mm a plose 400 az 200 000 mm.

Zpusob pripravy suché substance hydrogelu podle vynilezu spodiva v tom, ze kontinudlnim
michanim Zelatiny ve 180 az 220 hm. d. vody pii konstantni teploté 75 az 85 °C se pFipravi
vychozi vodni polymerni roztok Zelatiny, po rozpuiténi celého objemu Zelatiny jsou k tomuto
roztoku pfidany ostatni slozky smési kromé nanovliken, nadez se smés kontinualné micha po
dobu 5 az 6 min. pfi 250 az 350 ot/min., ¢imz se vytvofi viskézni hmota hydrogelu, potom se
postupné pfida frakce nanovlaken z polyvinylalkoholu, nadez se rychlost michani viskézni hmoty
srizi na 150 az 50 ot/min. a nakonec se viskozni hmota nalije do plochych misek, kde zraje pii
pokojové teploté 20 az 25 °C, dokud se neodpafi veskerd voda, &im2 se ziska koneéna sucha
substance hydrogelu.

Zelatina napomaha regeneraci poranéné tkang a absorbuje krev nebo uvolnéné télni tekutiny,
alginat sodny zadrZuje vodu a pisobi jako antimikrobidlni &inidlo. Polyethylenglykol pisobi jako
nahrada poskozené kozni membrany, glycerin jako zvlhéujici &inidlo, chlorid sodny jako surfak-
tant. Nanoviakna z polyvinylalkoholu vytvaFeji vldknitou matrici a zlepsuji mechanickou pevnost
vzniklého celku. Olej rakytnikovy pisobi jako hojivy prostredek a také pomaha zmensit nasledné
Jizvy léCenych ran,

Hlavni vyhodou suché substance hydrogelu pro kryti ran podle vynalezu je skuteénost, Ze tato
substance mize byt dlouhodobé skladovana ve srovnani se znamymi ~mokrymi“ hydrogely. Pro-
dlouZeni Zivotnosti je zde dano dvéma hlavnimi divody: nehrozi nebezpedi ztraty vody a navic je
v suché substanci velmi ztizeno mnozeni bakterii.

Dalsi dileZitou vyhodou suché substance hydrogelu pro kryti ran podle vynalezu Jje skuteénost,
ze¢ jeji hmotnost je snizena pod 50 % (cca na 40 %) oproti mokrym hydrogelim. Vyrobky podle
vynilezu jsou lehké a tim jsou také nizsi jejich naklady na dopravu.

Jinou dileZitou vyhodou ,suchych hydrogeli podle vynalezu je skutednost, ¢ mohou byt pred
vlastnim pouZitim pfipraveny s niz$im stupném nasyceni vodu — pod rovnovaznym bodem — a tak
mohou nisledné absorbovat pomémé znaéné mnozstvi exudatii v pribéhu hojiciho procesu.

Popsan¢ hydrogely podle vynalezu mohou obsahovat néktera pomocna lédiva — vodorozpustné
prostfedky k ochrang rany, urychleni hojeni a prevenci infekce. Vysledna mokra matrice pfipra-
vena pfed pouZitim je makroporézni a tak ma dobrou propustnost pro kyslik. Vzhledem K pii-
tomnosti polyvinylalkoholovych nanovidken mize byt hydrogel podle vynalezu pouZit jako gazo-
vy polstafek nebo pénovy obvaz.

Priklady provedeni vynalezu

Vynalez je blize objasnén pomoci nasledujicich piikladd konkrétniho provedeni.

Priklad |

Vychozi polymerni roztok. obsahujici 40 hm.d. Zelatiny ve 190 hm.d. vody, byl pfipraven za sta-
lého michani pfi konstantni teploté 75 °C. Jakmile byl rozpustén cely objem Zelatiny, byly ptida-
ny dalsi slozky: 60 hm.d. alginatu sedného, 16 hm.d. polyethylenglykolu, 1.5 hm.d. chioridu sod-
n¢ho a 16 hm.d. glycerinu. Michani této smési pak pokraovalo po dobu 5 min. pii 250 ot/min.
K vysledné viskozni hmoté hydrogelu byla pak postupné p¥idana frakce polyvinylalkoholovych
nanovlaken v mnoZzstvi 15 hm.d. a rychlost michani byla sniZena na 60 ot/min. Nakonec byla
viskozni hmota za aseptickych podminek ddvkovana do akrylovych misek o kruhovém priméru
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velikosti 25 mm ve tlousfce 2 mm. Pak by! hydrogel uvolnén z misek a susen pfi pokojove tep-
lot& 20 °C. Béhem procesu zrani byl z viskézni hmoty zcela odstranén obsah vody a byla ziskana
finalni sucha substance hydrogelu ve tvaru plochého kruhového téliska. Vysledny produkt svétle
luté barvy mél tlouitku 1,4 mm a plochu 490 mm’,

Pro pouziti tohoto produktu pro kryti ran na lidskem nebo zvitecim t&le je pied aplikaci tfeba
ponofit jej do sterilni destilované vody p#i pokojové teploté v aseptickém prostfedi.

Piiklad 2

Vychozi polymerni roztok, obsahujici 60 hm.d. Zelatiny ve 210 hm.d. vody, byl pfipraven za sta-
I¢ho michani pfi konstantni teploté 85 °C. Jakmile byi rozpustén cely objem Zzelatiny, byly pfida-
ny dal$i slozky: 40 hm.d. algindtu sodného, 24 hm.d. polyethylenglykolu, 2,5 hm.d. chloridu sod-
ného, 24 hm.d. glycerinu a 10 hm.d. rakytnikového oleje. Michani této smési pak pokracovalo po
dobu 6 min. p¥i 350 ot/min. K vysledné viskozni hmoté hydrogelu byla pak postupné ptidana
frakce polyvinylalkoholovych nanovlaken v mnozstvi 35 hm.d. a rychlost michani byla sniZena
na 140 ot/min. Nakonec byla visk6zni hmota za aseptickych podminek davkovana do akrylovych
misek stcjné jako v ptikladZ 1. Pak byl hydrogel uvolnén z misek a sulen pfi pokojové teploté
25 °C. Béhem procesu zrani byl z viskozni hmoty zcela odstranén obsah vody a byla ziskana
finalni sucha substance hydrogelu ve tvaru plochého kruhového téliska. Vysledny produkt oran-
7ové barvy mél tloustku 1,6 mm a plochu 490 mm’.

Pro pouZiti tohoto produktu pro kryti ran na lidském nebo zvifecim téle je pied aplikaci opét
tfeba ponotit jej do sterilni destilované vody pti pokojové teploté v aseptickém prostredi.

Priimyslova vyuzitelnost

Hydrogel pro kryti ran podle vynalezu bude pouzivan pro 1ékafské cely pfi o3etfovani spalenin
a velkych ran. Miize byt pouzit v chirurgii pro pooperacni pééi, kde umozni snadné a bezbolestné
sledovani hojiciho procesu. Diky svym absorp&nim schopnostem najde uziti také ve specidlnich
aplikacich pro kryti pomalu se hojicich nebo velmi podkozenych tkani. Hydrogel pro kryti ran
podle tohoto vyndlezu mize pomoci také v aktualnich krizovych situacich pro rychiou prvni
pomoc a odetfeni zranénych osob. Mozné jsou rovné¥ nékteré aplikace ve veterinarnim Iékafstvi.

PATENTOVE NAROKY

1. Sucha substance hydrogelu pro kryti ran vyrobena z ptirodnich a syntetickych polymert,
vyzna&ujici se tim, e obsahuje Zelatinu a alginat sodny v hmotnostnim poméru 3 : 7
az 7: 3, pritem2 tyto dvé& slozky dohromady tvofi 100 hm.d., a soucasné substance obsahuje 135
a# 25 hm.d. polyethylenglykolu, 15 aZ 25 hm.d. glycerinu, 10 aZ 40 hm.d. polyvinylaikoholovych
nanovlaken, | a%z 3 hm.d. chioridu sodného, pripadné dalsi aditiva.

2. Sucha substance hydrogelu pro kryti ran podle niroku 1, vyznacuj ici se tim, Ze
obsahuje az 15 hm.d. rakytnikového oleje.

3. Sucha substance hydrogelu pro kryti ran podle naroku 1, vyzna ¢ujici se tim. Ze
je tvotena plochym té&liskem, s vyhodou kruhoveho nebo ovalného tvaru, o tloustce | az 2 mm
a ploge 400 az 200 000 mm’.
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4. Zpusob pripravy suché substance hydrogelu pro kryti ran podle naroku 1, pfipadné 2 a/nebo
3, vyznadujici se tim, Ze zastalého michani pti konstantni teploté 75 az 85 °C se pri-
pravi vychozi polymerni roztok Zelatiny ve 180 az 220 hm.d. vody, po rozpusténi celého objemu
zelatiny se k vychozimu vodnému polymernimu roztoku Zelatiny pridaji dalsi slozky — alginat
sodny, polyethylenglykol, chlorid sodny a glycerin, ptipadné rakytnikovy olej, michani této smé-
si pak pokracuje po dobu 5 az 6 min. p¥i 250 az 350 ot/min, k vysledné viskozni hmot& hydrogelu
se pak postupné piida frakce polyvinylalkoholovych nanovlaken a rychlost michani se snizi na
150 az 50 ot/min, nakonec se visk6zni hmota za aseptickych podminek davkuje do misek a pod-
robi zrani pti pokojové teploté 20 az 25 °C, béhem né&hoz se z viskézni hmoty zcela odstrani
obsah vody a zisk4 se finalni sucha substance hydrogelu.

K.onec dokumentu
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Dry material of hydrogel for wound dressing and its method of preparation

Field of Invention

The invention relates to dry substance of hydrogel for wound dressing used on bodies, in
particular human bodies. The presented invention “also relates to the method of

preparation of such hydrogel for wound dressing.

Background Art

To- date several hydrogels for wound dressing from synthetic and natural polymers as
well as methods of their preparation are known. They are oriented to obtain a product
with best mechanical, swelling and. other important physical properties, as well as with

antibacterial and wound-healing properties.

There are several more requirements imposed on hydrogels for wound dressing. They
should be soft and friendly to wounded body and at the same time they should resist the
manipulations during applicdtion and thereafter. Thése requirements are - rather

contradictory and it is difficult fo meet them sufficiently.

Orie of the known methods for manufacturing hydrogel for wound dressing is described
in the WO 03/034900 document wh1ch drscloses an mtradermal patch with a permeable
backmg coated with a gel based on polyvmylpyrrolldone wrth certain average molecular
we1ght (pref 900.000 — 1.500. OOO Dalton) in an amount ot pref 15 - 20 % of werght
The patches may comprrse one or more additional components such as wound- heallng
dgent medrclnes viscosity enhancmg agents and humectants. The hydrogel material is
-placed on a base made from a material with sufficient" mechanical properties and

" therefore no extra mechanical requirements are imposed on the hydrogel. .

Further process for adhermg a polymerlc hyclrogel 0 : a substrdte is disclosed in US patent
No. 5 480 717. This process is characterized by the adhermo a polymeric hydrogel to a
substrate in order to obtain a hydrogel laminate with greatly improved de-lamination:

resistance. According to.this patent the preferred synthetic polymer for hydrogel is- the
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cross-linked polyvinylpyrrolidone of particular molecular weight (pref. 200.000 —
300.000 Dalton) in an amount of pref. 40 — 50 % of weight in aqueous solution. The
cross-linking of hydrogel is important with regard to ' the result adhesion value but it is
not connected with the minimum of mechanical properties required, because they are
assured by the substrate. It is said herein that if the molecular weight of the
polyvinylpyrro]idone is too high itvisi not possible to obtain the solution with a high
enough polyvinylpyrrolidone concentration and therefore the adhesion to the polymeric
adhesive layers after in‘adiati;oh is not acceptable. Méféd@er, the concentrations of the
polyvinylpyrrolidone supposed in this patent are relati‘vely high and it can lead to

extending costs for such hydrogels.

The polyyinylpyrrqlidongis the appropriate synthetic polymer fqr.b_thev preparation; of
hydrogel for wound dr.:es‘xs\ing, as can be seen from another US patent No. 4,871,490. The
method. of this patent is based on pouring the aqueous solution of synthetic polymer, e.g.
polyvinylpyrrolidone, riat_t!ralifn@lxm.e;r,@ e.g. .ag.‘a,r.,\ andso:called plasticizing agent, e.g,
polyethylene glycol, into a mould imparting a shape to the hydrogel. After irradiatiofrx‘ the
hydrogel for wound dressing is.obtained according to. this patent. Unlike the previous
mentioned hydrogels this is a self-supporting materié-l and as such it requires c'ert:ain>
mechanical properties. The. commercial formulas contain about 7 % of weight
Polyvinylpyrrolidone and such amount can be seen still too high regarding the costs of
the pfoduct. Moreover, these formulations are said to be good at burn dressings, whilst
their mechanical, swelling and drying properties fall behind current requirements in some

respect.

To el_i_m_inat,e some of the disadvantages.of the before ,sai,d.metho‘ds;andv compositions,
there are further methods or c_on1po$itions being developed, such as the compo,siﬁoh
according to US patent No. -5,306.504. This solution:. is based on cross-linked
polyvinylpyrrolidone, which, is mixed with water-soluble multifunctional amine-
containing polymer. Polyvinyl-p'yrrql_idone has ring opened pyrrolidone acid groups
which can react with the basics amine groups of the multifunctional amine-containing
polymer to form a Water-insqllele, water-swellable, cross-linked ampholyte salt. The

preparation takes place in an aqueous medium with the water content 40 — 80 % of
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weight. A plasticizer - e.g. polyethylene glycol — can be used for tack development. The

plasticizer may increase tack, however it decreases gel strength.

To achieve a more effective process cumulating two operations into one, a method
described in US patent No. 5,540,033 regarding production of a sterile packaged adhesive
hydrogel product was developed. The composition containing the polymer cross-linkable
by irradiation and a cross-linking inhibitor is shaped into ‘a desired shape by a common
way, subsequently the shaped mixture is enclosed into a sealed package and subjected to
dose of radiation sufficient to simultaneously cross-link and ‘sterilize the mixture in order
to obtain the final hydrogel product. Polymers used in this method are mainly
polyethylene oxide, polyvinylpyrrolidone and/or mixture thereof (pref. 15 -25 % of
weight of polvinylpyrrolidone). A cross-linking inhibitor is preferably an antioxidant as
ascorbic acid. Regarding further additives a humectant such as polyethylene glycol can be
used so as to improve the physical properties of the hydrogel. Also, cross-linking
promoter as is ethylene glycol dimethacrylate can be present. This method can provide
hydrogel with at least 80 % gel value and absorptive capacity (measured by the gel ratio)
at least' 5. This sophisticated composition reaches furthér improvement inthe properties of
hydrogel and allows to cross-link and-to sterilize the product in one step. However: the -
content of synthetic' polymer and the number of additives can lead to higher costs-of -

obtained products.

The gel-forming system,according,vv to, US patent No. 5,578,661 comprises an aqueous
mixture of at least three polymeric components. The. first of them is a water-solgble___
polymer, e.g. polyvinylpyrrolidoﬁe,;ih an amount of 3 — 35 % of weight. This component
can be.mixed with polyethylene oxide in a weight ratio from 10: 1 up to 25: 1. . The
second. polymeric component is.an. acid-containing: polymer and the third polymeric
component is an amino-containing. polymer, e.g. heparin;and agar. T he composition can
also -include - additional components .as’ bactericides and- antibiotics for the curative.
actions, and humectant for increasing the solubility of the third or second component in.

the. mixture. Such humectant is preferably polyethylene glycol. Regarding the content of .

" polyvinylpyrrolidone in examples there is presented the content of 10 % of weight of the

mixture. The gel ratio as a measure of the absorption capacity of hydrogels is able to
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exceed 5. This gel-forming system contains a great portion of polymeric components and
manifold number of turther components and so it can be rather expensive as well as the

previous one.

Following the above mentioned hydrogel systems in order to further mmprove the physical
properties of the obtained hydrogel materials in wound dressing, in particular the
mechanical, swelling and drying properties, the material according to US patent
application No. 2008/0033064 has been developed. This method of preparing hydrogel
for wound dressing comprises the step of providing initial aqueous solution containing at
least 15 % of synthetic polymer cross-linkable by irradiation (based on the weight 6f the
mixture) at least one humectant, a natural polymer and water, pouring the initial aqueous
solution into a mould for shaping, allowing the aqueous solution to mature in the mould
during a period of time sufficient to obtain a semi-product having a content of at least 35
% of synthetic polymer, removing the semi-product thus shaped from the mould and
subjecting the semi-product to irradiation in order to cross-link an sterilize the semi-
product. The aqueous solution comprises at least 15 % of synthetic polymer, which is
cross-linkable by irradiation. This hydrogel system as described allows to achieve even
better properties of the final product — hydrogel for wound dressing and, moreover, the
method couples advantageously two Steps — cross-linking-and sterilization. However, the
efficiency of this system — as well as of the previous ones - depends on the content of the
irradiation cross-linkable polymer — polyvinyl-pyrrolidone. In order to fulfil this
requirement on the content of polyvinylpyrrolidone there are lowered the other
characteristics of the hydrogel, which have to be thereafter improved by adding of further
~ components to this system. Thus the result price of hydrogel increases. This is the main
disadvantage of the methods of preparing the hydroge! for wound dressing known so far
which however cannot be overrun without essential change in formation of these

hydrogels and in the technological process.

So as to restrain the above mentioned disadvantages and. insufficiencies of the hydrogel
for wound dressing known so far in preparation technologies , the hydrogel for wound
dressing according to CZ utility model 18770 has been. developed. The principle of the

related technical solution consists in that the hydrogel contains polyvinylpyrrolidone having
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molecular weight of 30 -50,000 Dalton, carboxymethyl cellulose or collagen, agar,
polyethylene glycol having molecular weight of 200 - 20,000 Dalton, glycerin, and
respectively contains at least one antibacterial and/or antiseptic agent, advantageously boric
acid, whereas all the mentioned components together gain 0 — 10 w/v % of hydrogel and
the remaining part onto 100 w/v % amount of water.

Hydrogel tor wound dressing according to the mentioned utility model has got

advantageously a round or square shape, thickness of 2 — 3 mm and the area of 500 — 6000 mm”.

The resultant product has about 94-90 % moisture content. The weight decrease in final
product (hydrogel) from the initial weight of solution is about 10 - 30 %. Regarding the
main polymers, it is possible to complement polyvinylpyrrolidone by using either
carboxymethyl cellulose or collagen to achieve more or less similar performance.

Regarding the other components, agar acts as a gelling agent, polyethylene glycol
performs as a healing component and glycerin represents humectant. Boric acid — if used
- acts as antiseptic cum antibacterial agent. Presence .of boric acid within hydrogel for
wound dressing resists microbial infection on minor burns and cuts of skin besides

providing cool feelings.

The considerable advantage of the hydrogel for wound dressing according to this utility
model is its cost effectiveness. This h_ydfogel is eco-friendly and easy to store and use.
Regarding its end-user qualities, this hydrogel for wound dressing due to its
semitransparent character allows instant monitoring of healing process which is a very
important advantage. Moreover, it improves the conditions of healing process thanks to

its praiseworthy absorption capability. Besides, this hydrogel is not sticky on the skin.

The last mentioned hydrogel repfesents a very good and successful alternative in the field
of healing hydrogels. However, this 01ﬁe as well as all the previously known hydrogels for
medical use are delivered on the market in the wet form, with the great content of water.
This fact is caused by the effort to reach the highest user comtort enabling the promptness

of using; however, on the other hand, it has more considerable disadvantages.
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The main common disadvantage of all so called “wet hydrogels” is the fact that they
cannot be stored for a long time (loss of water, germs proliferation). Simultaneously the
wet hydrogels are very sensitive and demanding so as to maintain the sterilized, germ free
conditions during the handling and storage. Moreover, the wet hydrogels contain usually
up to 95% water, which is almost state equilibrium, thus they are not able to absorb much
exudates during the healing process, which is their considerable disadvantage. The high
weight content of water by wet hydrogels leads to multiple increasing of their delivery

costs and thus the increase of final price of product.

Nature of the invention

The stated disadvantages and inefficiencies of so far known hydrogels for wound
dressing and the ways of their p1'epafation have been to a large extent removed at the dry
material of hydrogel for wouﬁd dressings as per the invention and the way of production
of the substance of the hydrogel. The nature of the invention lies in the fact, that the
hydrogel substance contains gelatin and Sodium alginate in weight ration of 3:7 — 7:3,
where both these components represent 100 of wt. pts. of the mixture: parallel to this the
dry substance also contains polyethylenglykol in the amount of 15-25 wt. pts., 15-25 wt.
pts. of glycerine, nanofibres of polyvinyl alcohol in the amount of 10-40 wt. pts., sodium
chloride in the amount of 1-3 wt. pts., eventually other usual ingredients. The dry
substance of the hydrogel may further contain sea buckthorn oil in the amount of up to 15
wt. pts. This dry substance has a flat shape, pref. round of square, is usually 1-2mm thick
and has area of 40-200 000 mm’.

The preparation method of the dry hydrogel material according to the invention lies
preparation of a base water polymer solution of gelatin by continuous stirring of gelatine
in 180-220 wt. pts. of water at constant temperature between 75 and 85 Celsius degrees.
After complete dissolving of the gelatine volume other components are being added
(except for nanofibres) and the mixture is again continuously stirred for 5 to 6 minutes at
the speed of 250-350 r.p.m., whereby a viscid substance is created. Afterwards fractions
of nanofibres of polyvinyl alcohol are gradually added, and the speed of stirring is

decreased to 150-50 r.p.m.; finally the viscid substance is poured to flat dishes and is left
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to mature at room temperature of 20-25 Celsius degrees until all water has been

evaporated and the final dry hydrogel substance is achieved.

Gelatine helps regeneration of damaged tissues and absorbs blood of detached body
fluids, Sodium alginate holds. back water and acts as antimicrobial agent.
Polyethylenglykol acts as a substitute of damaged skin membrane, glycerine as a
humectant agent, natrium chloride as surfactant. Nanofibres of polyvinyl alcohol create a
fibre matrix and improve mechanical strength of the achieved whole. Sea buckthorn oil

acts as a healing agent and also helps to diminish subsequent scarves of healed wounds.

The main advantage of the dry material of hydrogel for wound dressing according to this
mventlon is its” long term storage capacny/ablhty, in companson to the known ‘wet”

hydrogels There are two mam reasons for its prolonged longev1ty there is no danger of:
loss of water and, moreover, in the dry substance the germ proliferation is extremely

reduced.

Another 1mportant advantage of the dry material of hydrogel for wound dressmg
accordmg to thrs 1nvent10n 1s the tact that the werght of dry hydrogels is reduced under
0% (ca 40%) compared to wet hydrogels T he products of the 1nvent10n are lrght and S0

thexr delrvery costs are lowered too

One more 1mportant advantage of “dry” hydrogels as. per the invention is the fact that
they can be prepared before use w1th lower degree of saturatlon by Water - under the
equ111br1um point ~ and so they can absorb subsequently absorb a lot of exudates durmg

the healing process.

The described hydrogels according to this invention can contain some additional -
“medicines — water soluble means lor wound protection, healing acceleratron and
preventron of wound 1nfect1on F he resulting wet- matnx prepared before use 1s
Macroporous and has therefore good oxygen diffusion propertles Thanks to the presence
of polyvinyl alcohol nanofibres, t‘he hydrogel according to the invention can be used as

gauze pad or sponge dressing for external use.
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Examples

The invention is closely explained through the examples of specific implementation as

fotlows.
Example 1

The initial polymer solution, containing 40 wt. pts of gelatin in 190 wt. pts of water was achieved
through continuous stirring at the constant temperature of 75°C. As soon as the entire volume of
gelatin has been dissolved, further components were added: sodium alginate 60 wt. pts,
polyethylene glycol 16 wt. pts, sodium chloride 1,5 wt. pts, glycerin 16 wt..pts; stirring of this
mixture continued for 5 min at 250 rpm. To the resulting viscous hydrogel mass then slowly a
fraction of polyvinyl alcohol nanofibres in an amount of 15 wt. pts was added, the mixing speed
of the viscous mass was reduced till 60 rpm. Finally, the vi_scpus mass was dosed in aseptic
environment to set of acrylic dishes with diameter of 25 ﬁzm and thickness 2 mm. Afterwards
the hydroge!l was removed from the dishes and was left to dry at room temperature of 20°C.
During the incubation process the whole volume of water was removed from the viscous mass
and the final dry material of hydrogel has been achieved. The resulting product of pale yellow
colour has got the thickness of 1.4 mm and area of 490 mm’,

When using the product for wound dreésing on human or an‘imal body, it is necessary prior to its

application to dip it in sterile distilled water at room temperature under aseptic environment.
Example 2

The initial polymeric solution, containing 60 wt. pts of gelatin in 210 wt. pts of water was
achieved through continuous stirring at the constant temperature of 85°C. As soon as whole
volume of gelatin has been dissolved further components were added: sodium alginate 40 wt. pts,
polyethylene glycol 24 wt. pts, sodium chloride 2,5 wt. pts, glycerin 24 wt. pts; stirring of this
mixture continued for 6 min at 350 rpm. To the resulting viscous hydrogel mass then slowly a
fraction of polyvinyl alcohol nanofibres in an amount of 35 wt. pts was added, the mixing speed
of the viscous mass was reduced to 140 rpm. Finally, the viscous mass was under aseptic
environment dosed to a set of acrylic dishes with diameter 25 mm and thickness 2 mm
where it incubated and dried at room temperature of 25°C. During the incubation process whole

volume of water was removed from the viscous mass and the final dry substance of hydrogel has
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been achieved. The resulting product of pale yellow colour has got the thickness of 1.6 mm and
2

area of 490 s,

When using the product for wound dressing on human or animal body, it is again necessary prior

to its application to dip it in sterile distilled water at room temperature under aseptic environment.

Industrial Applicability

The hydrogel for wound dressing according to this invention will be used for medical
purposes for treating burns and large wounds. It can be applied in the area of surgery in
the postoperative care as it enables easy and painless monitoring of the healing process.
Thanks to its absorption capability it will find use also in special purposes like covering
of slowly healing or very damaged tissues. The hydrogel wound covering according to
this invention can help also in:crisis situations for prompt first-aid treatment of wounded

persons. Applications in veterinary medicine are possible, too.
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CLAIMS

1. Dry material of hycirogel for wound dressing made from natural and synthetic
polymers, characterized by that itcontains gelatin and sodium alginate in weight
ratio 3:7 - 7:3, whereas this two parts together constitute 100 wt. pts and, simultaneously, the
substance contains polyethylene glycol 15 - 25 wt. pts, glycerin 15 - 25 wt. pts, polyvinyl alcohol

nanofibers 10 — 40 wt. pts, sodium chloride 1 — 3 wt. pts, eventually other usual additives.

2. Dry material of hydrogel for wound covering according to claim 1, characterized

by that it contains sea-buckthorn oil up to 15 wt. pts.

3. Dry material of hydrogel for wound covering according to claim 1, characterized
by that it has got the flat shape, preferably round or oval shape, the thickness 1 -2 mm and the

area 400 to 200 000 mm*

4. A method of preparing fhe‘_ firy material of hydrogel for wound dréssing according t§
claim 1, eventually claim 2 apd/qr 3:,.consisting in physjéal technique under éontroi
heating, characterized by' thayt initial aqueous polymeric solution of gelatin will
be achieved during continuous stirring it in 180 — 220 wt. pts of water at the constant
temperature 75 — 85°C, after dissolving whole volume of gelatin further components such
as sodium alginate, polyethylene glycol, sodiu_m chloride, glycerin and respectively sea
buckthorn oil will be added to the initial aqueous polymeric solution of gelatin, whereupon
stirring of this mixture will continue for 5 — 6 min at 250 — 350 rpm in order to a viscous hydrogel
mass will be developed, then slowly a fraction of polyvinyl alcohol nanofibers will be added
whereon the mixing speed of viscous mass will be reduced till 150 — 50 rpm, finally, the viscous
mass will be poured into acrylic dishes of 25 mm diameter where it will be incubated at room
temperature of 20 — 25°C until the whole volume of water is removed and the final dry substance

of hydrogel is achieved.
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