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Product Quality and Safety

Biopolymer matrix systems for incorporation of biologically active substances

S. Dyankova*, A. Solak

Institute of Cryobiology and Food Technologies, 53 Cherni Vrah, 1407 Sofia, Bulgaria

Abstract. A number of biopolymers have a potential to be used as a basis for producing films, coatings and therapeutic systems with application in medicine, 
pharmacy and food industry. The objective of the present work was to obtain monopolymer and composite matrices which can be used as carriers of biologically 
active substances. Protein (collagen, gelatin, soy protein) and polysaccharide (sodium alginate, highmethoxyl pectin, carrageenan and carboxy-
methylcellulose) hydrocolloids were investigated and a method for producing monopolymer and composite films was developed. The obtained materials were 
characterized by their physicochemical and mechanical properties; their behavior at different pH values and in media simulating the conditions in the 
gastrointestinal tract. The protein films showed lower moisture content and absorbed less water compared to the polysaccharide films. It was found that films 
prepared from collagen dispersions were the most resistant at different pH and in simulated gastric and intestinal juice. The polysaccharide films dissolved 
under the studied conditions except for the alginates which kept their wholeness in acidic medium and in simulated gastric juice, but degraded in intestinal juice. 
The combination of two biopolymers – protein-polysaccharide or polysaccharide-polysaccharide improved considerably the mechanical properties of the films. 
All composite films also showed significant differences in the dissolution profile compared to the individual biopolymer films.

Keywords: hydrocolloids, films, mechanical properties, dissolution. 

Abbreviations: FS – film forming solutions, DE – degree of esterification, HE – high esterified, LE – low esterified, TS – ultimate strength, E – elongation at 
ultimate strength
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properties of the separate components (Da Silva et al., 2009).Introduction
Among the proteins which are produced from accessible and 

cheap raw materials and have good film forming qualities are The high rate of increase of the production and consumption of 
collagen, gelatin and soya proteins.synthetic materials determines the increase of non-degradable 

Collagen is the main insoluble fibrillar protein in the mammalian waste and causes serious ecological problems. For this reason the 
organism and it is obtained from skin, bones, tendons and other interest in the development of bio-degradable and bio-assimilable 
livestock subproducts. The main structural unit is a triple helix materialshas increased during the recent years (Tharanathan, 
(tropocollagen molecule) with length of about 300 nm and diameter 2003).
1,4 nm. The high quantity of the amino acids proline, glycine, A number of biopolymers have a potential to be used as a basis 
oxyproline and oxilysineis substantial for the structure and for obtaining films, coating and therapeutic systems with application 
properties of the collagen molecule.The tropocollagen molecules in medicine, pharmacy and food industry. One of the main 
are united in microfibrils, fibrils and collagen fibers, strengthened advantages is that they are obtained from renewable sources and 
with covalent cross-links. This fibril structure is a prerequisite for the the final products are degradable in biological medium. These types 
good structural-mechanical properties of the obtained products, of materials allow the incorporation of biologically active 
which makes collagen an appropriate raw material for monolayer or substances(natural antibacterial and antioxidant components of 
composite films and matrices.plant and microbial origin, enzymes, antibiotics or other functional 

Gelatin is obtained by heat treatment of collagen in alkaline or ingredients) (Krochta and Mulder-Johnston, 1997; Martín-Belloso et 
acid media.The process includes disintegration of non-covalent al., 2009; Quezada-Gallo, 2009). The most substantial challenges to 
bonds and their partial restoration, which is the reason for the gelatin the development of biopolymer carriers are: maintaining the 
capacity to form gel. Gelatin-based films are usually compact and biological activity of the included active substances in the process of 
form a smooth contour without pores and cracks. They are production, storage and application; obtaining matrices and films 
transparent, elastic, without color and taste. Gelatin films possess with good mechanical properties, a simplified production 
good barrier properties – they don't allow oxygen penetration and technology; accessibility and low price of the raw mater
keep well the flavors, but are highly sensible to moisture.ials.Very often the obtained biopolymer systems are a 

Soy proteins rouse considerable interest due to their good film monohydrocolloid layer of proteins or polysaccharides. In recent 
forming properties, low cost and accessibility. They are a complex years, however, technological investigations are directed towards 
mixture of proteins with different molecular weight.  Most soy the development of composite films, which are obtained by 
proteins (90%) are globulins which are divided into several fractions combining proteins, polysaccharides and/or lipids.They are 
(2S, 7S, 11S and 15S) according to their molecular weight and designed with the aim to use the synergetic effect of the combined 
sedimentation coefficient.The 7S  and 11S fractions make up about 

*e-mail: svetla.diankova@ikht.bg
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37% and 31% of the total extractable protein  and have the capability When determining of the most suited biopolymer system for 
of polymerization. The formation of soy proteins films has been specific purposes, of importance are both the synergy from 
described as a two-step process: heat denaturation of the proteins combining the different polymer components and their compatibility 
and the formation of new disulfide, hydrophobic and hydrogen bonds with biologically active substances, and the technological 
during drying (Cho and  Rhee, 2004). Soy protein films show good parameters of production. Of substantial importance for the quality 
barrier properties against oxygen, lipids and flavors at low and and the applicability of the developed materials are: lack of toxicity 
moderate moisture level. and allergenicity; their mechanical properties, their behavior in 

Alginate, pectin, carrageenan, carboxymethylcellulose are different media.
among the polysaccharides suitable for producing biopolymer films The objective of this investigation was to obtain monopolymer 
and matrix systems. and composite hydrocolloid matrices, suited carriers of biologically 

Alginates are hydrophilic polysaccharides extracted from active substances, and to determine their physicochemical 
various types of brown seaweed (Phaeophyceae). They have properties and behavior in dissolution media simulating the 
unique colloid properties and capacity to form three dimensional conditions in the gastrointestinal tract.

2+cross-links in the presence of polyvalent cations (for example Ca ) 
where a gel or an insoluble polymer are formed (Draget et al., 2006; 
Williams, 2009). By chemical structure alginates are unbranched Material and methods
binary copolymers built mainly of (1-4)-linked -D-mannuronic acid 
and α-L-guluronic acid residues. Three types of structural elements Materials. Gelatin 260 Bloom (AldaInternational), high 
are distinguished in alginates: (1–4)-D-maluronnate (M-block),-(1- methoxyl apple pectin (CpCelso), sodium alginate, carrageenan, 
4)-L-guluronate (G-block) and the third structure contains both soy isolate, sodium carboxymethylcellulose (P.I.C.C.O), glycerin 
monomers in almost equal proportions (MG-block) (Draget et al., p.a., calcium chloride p.a., potassium chloride p.a., (Merck), 
2006; Williams, 2009; Fang et al., 2008).Among the alginic acid salts galotanins from sumac, distilled water, collagen type І obtained from 
most often sodium alginate finds an application in practice. pig skins by patented technology (Stoyanov et al., 2009).

Pectins are plant heteropolysaccharides, whose main chain Preparation of biopolymer films and matrices. Depending on 
consists of acidic derivatives of the hexoses (D-galacturonic acid) the nature of the film forming polymer, the dissolving was carried out 
and the side chains are built of pentoses (D-xylose and L-arabinose) by heating, changing of pH or adding ethanol. The polymers 
and hexoses (D-glucose and D-galactose). In the main chain the D- concentration in the solution and the parameters of dissolving are 
galacturonic acid are linked by – (1-4) glycoside link, i.e. it is given in Table 1. Proteins were dissolved in distilled water or 40% 
polygalacturonic acid to which side chains are attached by -(1-6) ethanol (gelatin). The temperature varied from 20ºС (collagen), 
glycoside links. The carboxyl groups of the galacturonic acid are 60ºС (gelatin) up to 90ºС (soy protein).
partially esterified with methanol and neutralized with metal or The obtaining of the composite films was obtained through 
ammonia ions producing in such a way various pectin substances – mixing of the preliminary dissolved polymer components. The 
pectins, pectates, pectic acids (Dumitriu, 2004; Williams, 2000). The proportions and concentration for each of the biopolymers indicated 
main characteristic with the greatest effect on the rheological and in Table 1 were selected from preliminary experiments (Project AIHT 
physical-chemical properties of pectin is the degree of esterification 100-BG, 2011-2013).Glycerol was used as a plasticizer (0,6g/g 
(DE). Depending on the degree of esterification pectins are divided polymers). The prepared film solutions were poured onto Petri 

2into two main categories – high esterified (HE) and low esterified dishes (0,325g FS/cm ) and were dried under vacuum (20 kPa, SPT-
(LE) pectin. HE and LE pectins have a different mechanism of gel 200 Vacuum Drier) at 35°C. The dried film samples of sodium 
forming when dissolved in water(Gigli et al., 2009; Thakur et al., alginate, pectin or carrageenan were immersed in solutions of 0.3 
1997). MCaCl or 0.3 MКCl to allow cross-linking and were washed with 2 Carboxymethylcellulose (СМС) is a cellulose derivative, 

distilled water. Films were dried at 25ºC, peeled-off and conditioned 
composed of β (1-4)-glucose units replaced on positions С-2, С-3 or 

at 50 ± 1% RH before testing.
С-6 by carboxymethyl groups. The carboxymethyl functional groups 

Moisture content – by express weight method with infrared 
appear in acidic form (X=H) and/or in the form of salts (i.e.X=Na, K). 

dryer (Sartorius Thermo Control YTC 01 L).
The sodium salt of carboxymethylcellulose is most often used in food 

Film Thickness. The thickness of the films was measured with a 
industry. The films obtained from CMC water solutions are elastic, 

digital micrometer to the nearest 0.01±5% at five random locations 
transparent, without taste, odor and color and are on the average 

on the film. Mean thickness values for each sample were calculated 
resistant to oxygen.

and used in tensile strength calculations. 
Carrageenans are extracted from the cell walls of different red 

Absorbency Test- B.P. method (British Pharmacopoeia, 1993)
seaweed of the family Rhodophyceae (Imeson, 2000; Piculell, 

Mechanical properties. Mechanical properties were determined 
2006). They are composed of a linear chain of D-galacto-

according to standard BDS EN ISO 527-3:2003.
pyranosylunits, connected by alternating (1→3)-β-D- and (1→4)-α-

In-vitro dissolution tests.Solutions simulating the conditions in 
D- links, where the sugar units have one or two sulphate groups. the digestive tract were used. The tests were carried out at 
Some monomers contain 3,6-anhydro ring and in such a way the temperature 36°С ±0.2°Сinincubator shaking cabinet “Inkubations-
sulphate content reaches from 15 up to 40% (Fennema, 2002).The Schüttelschrank BS-4 B.Braun” (100 rpm).Discs from the trial series 

2position and the quantitative content of SO -groups are important 3 films (with an area of 1.77 сm ) were put in artificial gastric juice (рН 
because they together with the anhydrogalctose chain are 2.0 pepsin) and artificial intestinal juice  (phosphate buffer рН 8.0 
responsible for the carrageenans functionality and determine their enzyme complex-pancreatin), prepared according to Charterisetal. 
classifying in three groups: κ, λ, and ι.Kappa-carrageenanhas good (1998).The changes in the samples were recorded at every hour as 
film forming properties and shows the best strength compared to the a percentage change of the area. The results are presented as 
films based on lambda-andiota-carrageenan (Park, 1996). average values of three parallel experiments.
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Test for dissolution depending on pH. The effect of the pH on the areas and with no bubbles (Table 2). They were easily manageable 
degradability of the different film variants was followed up. Discs and flexible. The color of the films varied from transparent to slightly 

2 opaque. The films with collagen, soy protein and pectin were with from each variant (with an area of 1.77 сm ) were put in buffer media 
light yellowish nuance. The thickness of the obtained materials with pH 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0. The changes were 
depends on the biopolymer concentration, the used technology and recorded at every hour as a percentage change of the area. The 
the drying conditions, and it is an important parameter in calculation results were presented as average values of three parallel 
of the mechanical characteristics. The most popular method for experiments.
producing films with controlled thickness is the pouring of a constant Statistical analysis. There sults were analysed by statistical 
quantity film forming solution on a specified surface. We applied one program Minitab 15. One-Way ANOVA and Tukey Test were used to 

2 determine statistically significant differences (p<0.05). and the same proportion for the different variants – 0.325 g FS/cm
as the obtained films were with thickness from 0.05 mm up to 0.20 for 
the separate variants (Table 2).

The applied cross-linking agents were selected depending on Results and discussion
the nature of the used biopolymer. For the protein films the cross-
linking was obtained with tannins from sumac with concentration in Visually all films were homogeneous, continuous, with no brittle 

Table 2. Characteristics of films 

* The results are recorded after 30 min stay

Films (variant) Appearance Thickness, mm Moisture, % Water absorption, g/g

G

C

SPI

ALG

CRG

P

ALG-G

ALG-C

ALG-P

ALG-CRG

ALG-CMC

G-CMC

transparent, flexible

slightly yellowish, opaque, flexible

yellowish, opaque, flexible

transparent, flexible

transparent, flexible

yellowish, flexible

transparent, flexible

opaque, flexible

lightly yellowish, flexible

transparent, flexible

transparent, flexible

transparent, flexible

0.20

0.10

0.40

0.06 

0.10

0.10

0.10

0.10

0.05

0.10

0.10

0.20

9.35

13.49

9.97

11.52

16.95

13.09

9.37

13.95

14.10

13.23

14.50

14.39

2.556 ± 0.250

1.981 ± 0.102

4.448 ± 0.337

4.262 ± 0.309

5.390 ± 0.74*

5.224 ± 0.224*

2.367 ± 0.104

1.542 ± 0.150

2.310 ± 0.170

3.234 ± 0.498

5.264 ± 0.153*

3.289 ± 0.232

Table 1. Composition and regime of obtaining the different variants of film solution

Film variants
Parameters

Conc. of the
polymer, (%)

Proportion Solvent рН
t° of dissolving

(mixing)
Cross-linking

agent

Protein

Collagen(C)

Gelatine (G)

Soy protein (SPI)

Polysaccharide

Sodium alginate (ALG)

Pectin (P)

Carrageenan (CRG)

Carboxymethy-Cellulose (CMC)

Composite

ALG-G

ALG-C

ALG-P

ALG-CRG

ALG-CMC

G-CMC

2.0

10.0

4.0

2.5

2.5

2.0

2.0

4.7

3.0

2.5

3.0

2.0

5.5

-

-

-

-

-

-

-

1:2.5

2:1

1:1

2:1

1:1

10:1

Distilled water

40% ethanol

Distilled water

Distilled water

Distilled water

Distilled water

Distilled water

Distilled water, ethanol

Distilled water

Distilled water

Distilled water

Distilled water

Distilled water, ethanol

6.0

6.5

9.0

6.2

2.9

8.0

6.8

6.3

6.0

3.8

7.2

6.4

6.5

20ºС

60ºС

90ºС

20ºС

20ºС

50ºС

20ºС

30ºС

20ºС

20ºС

20ºС

20ºС

20ºС

Tannin

Tannin

Tannin

CaCl2

CaCl2

КCl

-

CaCl , Tannin2

CaCl , Tannin2

CaCl2

CaCl2

CaCl , 2

Tannin
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the end product 17.22±0.59 mgeq GA/g. The basic reaction 
between the hydrolyzable tannins and the proteins is expressed in 
the forming of a great number of hydrogen bonds (Covington et al., 
2008). Additionally the tannin molecules are linked between them by 
their pyrogallol moieties which strengthens the structure.

For the films based on alginate and pectin the calcium chloride 
was used as gel-forming and cross-linking agent. The polyvalent 

2+cations such as Ca play the role of bridges between the anion 
polymer chains of the alginate and build linking zones which form the 
gel network.The calcium ions are preferentially linked with the G-
blocks of the alginate molecule due to the specific conformation 
structure of the polyguluronic chains and the presence of well-
defined places for chelate bonds (Braccini and Perez, 2001).It is 
considered that the cross-linking of the alginates follows the so 
called egg-box model, according to which ion links between the 
calcium ions and two parallel G-chains are formed.

The source pectin was with DE–56.90%.By this index the used 
pectin is determined as HE but also with the presence of a certain 
percentage of free carboxyl groups. When adding calcium ions an 
increase of the viscosity was observed, which is an indication for a 
certain interaction between the ions and the pectin. This process is 
not specific in contrast to the egg-box mechanism for the alginates 
and the LE pectins, and according to Fanget al. (2008) it is usually a 
polyelectrolyte interaction. For the carrageenan potassiumchloride 
was used as a cross-linking agent. Cappa-carrageenan is linked 

+specifically with K  and forms gel structures (Norton et al., 1983).
The protein and polysaccharide solutions were mixed very well 

in the proportions shown in Table 1 and after drying they produce 
flexible and strong composite films (ALG-G, ALG-C and G-CMC). 
The mixing of solutions of proteins and polysaccharides as alginate, 
pectin and carboxymethylcellulose generates continuous physical 
co-gels where the smallest component is dispersed in the gaps of 
the main gel network. In this mixed matrix the protein and the 
polysaccharide molecules interact through electrostatic forces 
where convertible polyionic complexes are formed. The resulting 
gels and films are with better characteristics compared to those of 
the individual polymers. The composite polysaccharide-
polysaccharide films (ALG-P, ALG-CRG, ALG-CMC) also showed 
better physicochemical characteristics than the films of the single 
polysaccharide. Due to the presence of sodium alginate as a main 
component the cross-linking of the resulting films was obtained 
through immersion in 0.3 M solution of calcium ions.

The residual moisture content in the final products depends on 
a lot of factors: the type of the used bio polymers, the plasticizers 
concentration, the conditions of cross-linking and drying. The 
highest moisture content was observed in the films consisting of 
polysaccharides due to their hydrophilic properties. To a certain 
concentration the water contained in the film plays the role of a 
plasticizer and increases the film elasticity. The residual moisture 
under 10% worsens the film mechanical characteristics and above 
20% it cancause substantial changes in the protective properties, 
increase the permeability of gases and risk of bacterial 
contamination.

The water absorption of the film samples varied from 1.542 g/g 
to 5.390 g/g. The lowest values were observed in collagen, gelatin 
and composite films with proteins (Table 2). 

Mechanical properties
The mechanical characteristics of the films and coatings 

directly reflecton the irquality and functional properties. Important 
parameters fort his test are: ultimate tensile strength (TS) and 
elongation at ultimate strength (E). TS is an assessment for the 
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Figure 1. Biopolymer films in simulated gastric juice:

a) protein films; b) polysaccharide films;

c) composite films 
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mechanical resistance, owing to the cohesionforces between the 
polymer chains. Е is the maximum change in the length of the tested 
material before breaking expressed as percentage to the initial 
length of the not deformed sample. The carried out tests for 
mechanical properties showed values of TS – 7.44 ± 0.60 MPa 
(collagen), 20.13 ± 0.58 MPa (gelatin) and 2.11 ± 0.26 MPa 
(soyprotein).The obtained results for E vary from 27.35 ± 0.71% 
(collagen) and 141.99 ± 0.72% (gelatin) to 253.80 ± 22.30% (soy 
protein). Similar results were presented by Skurtys et al. (2010) and 
De Carvalho and Grosso (2006) for collagen and gelatin films. The 
films based on soy proteins are with lower TS and higher E values 
compared to the ones pointed by Gonzalez et al. (2011). These 
differences are probably due to differences of the applied cross-
linking agent.

The tests for mechanical properties of the polysaccharide films 
showed better results for those based on sodium alginate. For them 
TS is 18.30 ± 0.68 MPa and Е – 78.14 ± 6.12%. These results differ 
from some published studies (Parris et al., 1995; Olivas and  
Barbosa-Cánovas, 2008; Benavides et al., 2012), as the lower 
values for TS and the higher values for E can be explained with the 
differences in the biopolymer concentration, the applied plasticizer 
and cross-linking method.

The mixing of two biopolymers (protein-polysaccharide or 
polysaccharide-polysaccharide) leads to a change of the 
mechanical properties of the resulting composite films. For example, 
for the alginate-pectin composite films (ALG-P) a triple increase of 
the TS compared to the alginate and a double decrease of Е was 
observed. Usually the increase of TS leads to a decrease of the 
percentage for Е (Olivas and Barbosa-Cánovas, 2008; Rhim, 2004). 
The increased TS and decreased E values for the composite films 
are explained by the higher cross-linking density when combining 
two hydrocolloids which lead to the forming of a denser network and 
compact film structure after solvent evaporation.

Solubility in simulated gastric and intestinal juice
On Figure 1 are presented the results for the solubility of 

samples from the different biopolymer films in simulated gastric 
juice. The samples were followed up for 12 hours. From the protein 
films for C changes were not established, but G and SPI showed 
100% disintegration at fourth and eighth hour, respectively. The 
carried out test showed the films from gelatin and soy protein 
degrade under the influence of pepsin in the simulated gastric juice 
in contrast to the collagen which is resistant to most proteolytic 
enzymes.

From the polysaccharide films only those based on alginate 
kept their form and wholeness during the test. For the carrageenan 
samples degrading was observed at the third hour. Most pliant to the 
activity of the artificial gastric juice were the pectin films. The 
changes started during the first 30 minutes and until the second hour 
they were completely dissolved (Figure 1b). 

For composite films 5% disintegration at the first (ALG-P) and at 
the second (ALG-CRG) hour was observed (Figure 1c).This value 
remained unchanged for ALG-Pfor the whole period and for ALG-
CRGit reached up to 20% at the eleventh hour. The combination of 
pectin or carrageenan with alginate improves the resistance of the 
films at low рН.The most stable in this medium were the composite 
films ALG-CMC and ALG-C. A high level of disintegration showed the 
samples of G-CMC (80% during the eleventh hour), due to the effect 
of pepsin on the protein part of the composite film. Such an effect, 
however, was not recorded for another composite polysaccharide-
protein film – ALG-G (10%). 

The results for the degradability in artificial intestinal juice of 
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Figure 2. Biopolymer films in simulated intestinal juice:

a) protein films, b) polysaccharide films,

c) composite films
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protein, sodium alginate, pectin, carrageenan and carboxy-different variants samples are given on Figure 2. For the protein 
methylcellulose monopolymer and composite matrices and films films, except for the collagen samples, dissolving up to the third hour 
have been obtained. They are homogeneous, transparent to slightly was observed (Figure 2а). The pectin samples showed 100% 
opaque, flexible and without brittle areas. The combination of two dissolution at the second hour of the experiment (Figure 2b).  For 
biopolymers – protein-polysaccharide and polysaccharide-ALG the changes started as early as the first hour (40%) and the 
polysaccharide improves considerably the mechanical samples degraded completely at the fourth hour. The dissolution of 
characteristics of the film. The tests for solubility at different pH the alginate films under the effect of the simulated intestinal juice is 
values and in simulated gastric and intestinal juice showed that from probably also related to interaction of the calcium from the alginate-

2+ all the variants the collagen films are the most stable. Most of the Са complex with the phosphate groups of the buffer solution. For 
polysaccharide based films dissolve under the studied conditions the carrageenan films only 20% degradation was observed. The 
except for the alginates which keep their wholeness in acidic potassium ions which are present in the phosphate buffer solution 
medium and in simulated gastric juice but degrade in intestinal juice. additionally cross-link the film and hamper its degrading in this 
They are suited as material for encapsulating biologically active medium. The carried out test with simulated intestinal juice in Tris 
substances with low level of activity and/or stability under conditions buffer medium also showed the influence of the phosphate buffer 
of low pH. All composite films show considerable differences in the ions on the solubility of the alginate and carrageenan films. In this 
behavior when dissolved compared to the individual biopolymers. case the carrageenan samples dissolved completely until the 
The different properties of the designed films give a possibility the second hour, while the alginate sample kept their wholeness during 
most appropriate biopolymer systems to be selected for each the first hour and reached up to 70% degrading at the fifth hour (data 
specific case.are not shown).

All samples of the composite films in simulated intestinal juice 
were completely dissolved up to the fifth hour (Figure 2c).
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