
 International Journal of 

Molecular Sciences

Article

Functional Properties of Two-Component Hydrogel Systems
Based on Gelatin and Polyvinyl Alcohol—Experimental
Studies Supported by Computational Analysis

Karolina Labus 1,* , Lukasz Radosinski 1,* and Piotr Kotowski 2

����������
�������

Citation: Labus, K.; Radosinski, L.;

Kotowski, P. Functional Properties of

Two-Component Hydrogel Systems

Based on Gelatin and Polyvinyl

Alcohol—Experimental Studies

Supported by Computational

Analysis. Int. J. Mol. Sci. 2021, 22,

9909. https://doi.org/10.3390/

ijms22189909

Academic Editor: Xiao Hu

Received: 18 August 2021

Accepted: 10 September 2021

Published: 14 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Micro, Nano and Bioprocess Engineering, Faculty of Chemistry, Wrocław University of
Science and Technology, Norwida 4/6, 50-373 Wrocław, Poland

2 Department of Mechanics, Materials and Biomedical Engineering, Faculty of Mechanical Engineering,
Wrocław University of Science and Technology, Smoluchowskiego 25, 50-370 Wrocław, Poland;
piotr.kotowski@pwr.edu.pl

* Correspondence: karolina.labus@pwr.edu.pl (K.L.); lukasz.radosinski@pwr.edu.pl (L.R.);
Tel.: +48-71-320-33-14 (K.L.)

Abstract: The presented research is focused on an investigation of the effect of the addition of
polyvinyl alcohol (PVA) to a gelatin-based hydrogel on the functional properties of the resulting
material. The main purpose was to experimentally determine and compare the properties of hydro-
gels differing from the content of PVA in the blend. Subsequently, the utility of these matrices for
the production of an immobilized invertase preparation with improved operational stability was
examined. We also propose a useful computational tool to predict the properties of the final material
depending on the proportions of both components in order to design the feature range of the hydrogel
blend desired for a strictly specified immobilization system (of enzyme/carrier type). Based on exper-
imental research, it was found that an increase in the PVA content in gelatin hydrogels contributes to
obtaining materials with a visibly higher packaging density, degree of swelling, and water absorption
capacity. In the case of hydrolytic degradation and compressive strength, the opposite tendency was
observed. The functionality studies of gelatin and gelatin/PVA hydrogels for enzyme immobilization
indicate the very promising potential of invertase entrapped in a gelatin/PVA hydrogel matrix as
a stable biocatalyst for industrial use. The molecular modeling analysis performed in this work
provides qualitative information about the tendencies of the macroscopic parameters observed with
the increase in the PVA and insight into the chemical nature of these dependencies.

Keywords: biodegradable hydrogels; gelatin; polyvinyl alcohol; functional properties; enzyme
carrier; molecular dynamics

1. Introduction

Biodegradable hydrogels are a specific group of functional materials that are gain-
ing more and more applicability in various fields. The most important ones include
medicine [1–3], tissue engineering [4–6], pharmaceutics [7–9], diagnostics [10–12], the food
industry [13–15], cosmetics [16], and gardening and agriculture [17–20]. Despite their
biodegradability, the greatest merits of such hydrogels are their biocompatibility, semi-
permeability, ability to create multilayer systems, and maintenance of the spatial structure
by retaining aqueous solutions in the interchain voids [1,21–24]. Knowledge of the charac-
teristic properties of these biomaterials (such as the degree of cross-linking, the porosity, and
the swelling ability) is essential for their effective usage in strictly specified applications.

Currently, one of the most widely studied applications is the use of biodegradable
hydrogels as immobilization matrices for various bioactive compounds (e.g., drugs, en-
zymes, antibodies, nutrients, microelements, and agrochemicals) [20,25–28]. Depending
on the final application: (1) as a system for the controlled release of the active compound
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or (2) as an immobilized biocatalyst with high stability different properties of hydrogel
matrices are required. In the former case, it is important to fine-tune the properties of
the material in terms of a suitable permeability that has been adapted to the size of the
compound to be released and/or an appropriate change in the swelling ratio at the target
area in the response to the specific external stimulus (e.g., temperature, pH, ionic strength,
or electric field). In the latter application, the main purpose is to obtain a cross-linked
hydrogel matrix that allows for the permanent immobilization of the enzyme and, at the
same time, the free exchange of the reactants during the catalytic reaction. Despite these
differences, in both cases, it is crucial to possess information on the basic functional features
of the hydrogels used and the relationships between them. It should be noted that the
properties of these materials can be modified to some extent, predominantly by changing
their chemical composition [29–31]. Due to the use of different proportions of two or
more polymeric building blocks, it is possible to influence the sorption properties (e.g., the
swelling ability, the water absorption capacity, and hydrolytic degradation) as well as the
mechanical resistance or sensitivity to external stimuli of the resulting material.

Biodegradable hydrogels can be made from a wide range of natural and synthetic
polymers as well as blends of these polymers, with the proviso that at least one is hy-
drophilic in nature [32–36]. Given the multitude of possible combinations, experimental
studies on the effect of individual components on the properties of obtained hydrogels
require a huge expenditure of work and time and financial support. Therefore, in order
to improve the research economics, alternative possibilities for preliminary estimation of
material features are sought that would precede the main laboratory tests. In this case,
one of the approaches currently under development is the use of suitable computational
tools to design spatial models of cross-linked hydrogel structures [37,38] and to determine
theoretical values of specific parameters (e.g., the Flory-Huggins interaction parameter, the
sorption capacity) that could characterize the real functional properties of materials.

In order to properly perform such a computational analysis of the influence of the
chemical structure on a hydrogel’s properties, it is necessary to go through a number of
important test stages. First of all, it is crucial to create a molecular model of the given
hydrogel, which is quite a challenge, especially for complex systems with two or more
components and single-component systems based on polypeptide chains. Then, using
the developed computational methodology, it is necessary to determine the structural
parameters of the hydrogel network and check the extent to which the received results
reflect the values obtained experimentally for the given material properties.

Computational methods provide valuable insight into predicting the properties of
the final material depending on the proportions of both components and experimental
verification of the suitability of the developed methodology and its relation to the chemical
composition on the molecular level. The research presented in this article was focused on an
investigation of how the addition of PVA to a gelatin-based hydrogel affects the functional
properties of a material intended to be effectively used as a carrier for the immobilization
of invertase. This enzyme has a high industrial impact and is widely used in various food
processing sectors, such as the beverage, confectionery, bakery and production of invertase
sugar, high-fructose syrup, artificial honey, and animal feed sectors [39].

The main purpose of this study was experimental determination and comparison of the
properties of materials differing in the content of doped PVA. The utility of these matrices
for the production of an immobilized invertase preparation with improved operational
stability was examined. We also propose a useful computational tool for predicting the
properties of the final material depending on the proportions of both components in
order to design the feature range of the hydrogel blend desired for a strictly specified
immobilization system (of enzyme/carrier type).

Gelatin and PVA were not chosen by accident. Both of these polymers are biodegrad-
able [8,40,41] and have been approved by the Food and Drug Administration (FDA) as
compounds Generally Recognized As Safe (GRAS) [42,43]. This is important in order to
ensure that the research is in accordance with current pro-ecological trends. Moreover,
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considering the principal goal of our study, it is significant that they differ in origin, spatial
structure, and gelling properties. Polyvinyl alcohol (PVA) is a water-soluble synthetic
polymer composed of repeating units of –CH2–CH(OH)– [44,45]. Due to the high num-
ber of hydroxyl groups, PVA can be effectively used to form a variety of hydrogels by
physical or chemical cross-linking. In this case, the most commonly used methods are
freeze-thawing [46] and complexation with borate ions [47]. In contrast, gelatin is a hy-
drophilic biopolymer of natural origin built with polypeptide chains composed of a wide
range of amino acids with diverse side groups [48,49]. It is widely used in the preparation
of hydrogels for various applications. Most often, these materials are produced by chemical
cross-linking of gelatin with, e.g., genipin or transglutaminase [50–54].

Taking into account the diversity of these two polymers, we assumed that the hydrogel
materials obtained by blending them will noticeably differ in their functional properties.
Furthermore, we believe that the selection of such a two-component model system makes
it possible to perform a detailed analysis on the molecular level of the reasons for changes
in the properties of the obtained hydrogel materials.

The research was divided into two separate pathways. On the first path, the prop-
erties of the obtained hydrogels (e.g., the pore distribution, the mechanical resistance,
the swelling capacity, the water absorption capacity, and hydrolytic degradation) were
experimentally determined. We also analyzed how the chemical composition of the tested
materials influences their functional properties and their applicability as carriers for en-
zyme immobilization in the invertase case study. The second path was focused primarily
on the theoretical development of molecular models of given hydrogel systems and the
determination of the network parameters that characterize the 3D structures of the ob-
tained materials. In the final stage of the research, we examined whether the proposed
methodology for computational estimation of the properties of gelatin/PVA-based hydro-
gel materials reflects with good probability the trends obtained experimentally.

2. Results
2.1. Experimental Studies on Functional Properties of Gelatin and Gelatin/PVA Hydrogels

The main aim of the experimental study was to determine the effect of the addition
of polyvinyl alcohol on the functional properties of the gelatin-based hydrogel. For this
purpose, three materials with different chemical compositions were considered. Briefly,
they were composed of: (1) 10% w/v of gelatin and 0% w/v of PVA (G/PVA 0%); (2) 10%
w/v of gelatin and 1% w/v of PVA (G/PVA 1%); and (3) 10% w/v of gelatin and 2% w/v of
PVA (G/PVA 2%). During the research, the structural, mechanical, and sorption properties
and the ability of the tested materials to be matrices for enzyme immobilization were
determined.

2.1.1. Structural Properties of Gelatin and Gelatin/PVA Hydrogels

Firstly, SEM imaging of the tested hydrogel materials was performed. The results of the
microscopic measurements are depicted in Figure 1. As can be observed, all of the materials
present an amorphous structure. Nevertheless, there can be noticed some differences
between the hydrogels subjected to micro-imaging. Preliminary analysis of sample SEM
images indicates that as the PVA content in the tested hydrogel blends increased, the pore
size in the structure of these materials visibly decreased.

In order to precisely delineate these differences, the pore distribution in the tested
hydrogels was determined based on standardized series of SEM micrographs. This detailed
analysis was performed for each material sample on 30 such images. As a result, histograms
of the pore diameter distribution in each hydrogel varying in the content of PVA were
obtained (Figure 2).
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Figure 1. Sample SEM images of hydrogel materials based on gelatin (G) and polyvinyl alcohol 
(PVA). Gelatin-based hydrogel without PVA (G/PVA 0%) (a); gelatin-based hydrogel with 1% w/v 
of PVA (G/PVA 1%) (b); and gelatin-based hydrogel with 2% w/v of PVA (G/PVA 2%) (c). In each 
case, the concentration of gelatin was 10% w/v. 

Figure 1. Sample SEM images of hydrogel materials based on gelatin (G) and polyvinyl alcohol
(PVA). Gelatin-based hydrogel without PVA (G/PVA 0%) (a); gelatin-based hydrogel with 1% w/v of
PVA (G/PVA 1%) (b); and gelatin-based hydrogel with 2% w/v of PVA (G/PVA 2%) (c). In each case,
the concentration of gelatin was 10% w/v.
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Figure 2. Histograms of the pore diameter distribution in hydrogel materials based on gelatin (G) and
polyvinyl alcohol (PVA). Gelatin-based hydrogel without PVA (G/PVA 0%, black), a gelatin-based
hydrogel with 1% w/v of PVA (G/PVA 1%, striped), and gelatin-based hydrogel with 2% w/v of PVA
(G/PVA 2%, grey). In each case, the concentration of gelatin was 10% w/v.

It can be observed that, regardless of chemical composition, in all tested hydrogel
samples pores of a size smaller than 0.5 microns are predominant and constitute from 81%
to 90% of the total number of pores present in the material structure. Moreover, with the
increase in the polyvinyl alcohol content in the gelatin-based hydrogels, the number of
smaller pores also gradually increased. At the same time, a decrease in the number of
larger pores was noticed, particularly those in the size range of 0.5–1.0 µm and 1.0–5.0 µm.
We presume that this direction of change in the pore size distribution depending on the
increase in PVA content is related to the PVA molecules’ penetration into and partial filling
of free voids between gelatin chains. As a result, an increased number of smaller pores are
created between the cross-linked polymer chains in the interpenetrating hydrogel network.

2.1.2. Mechanical Properties of Gelatin and Gelatin/PVA Hydrogels

Three types of hydrogels differing in their PVA content were examined. Five samples
of a cylindrical shape were prepared for each type of hydrogel. All samples were com-
pressed under the same conditions until failure. The results of the compression in the form
of stress-strain graphs are shown in Figure 3.

These graphs show that all tested hydrogels have nonlinear characteristics (i.e., are
elastically nonlinear) in the entire range. Therefore, the modulus of elasticity (Young’s
modulus) cannot be strictly determined for these materials. Instead, the tangent modulus
can be determined for selected strain values. As can be observed in Table 1, this parameter
grows with the increase in PVA content in the composition of gelatin/PVA blends. More-
over, for each hydrogel type, the value of the tangent modulus rises straightforwardly with
an increase in the strain value specified in the calculation.

The main mechanical property that characterizes hydrogel materials—the failure
strength of the material—is reported in Table 2. We observed that the PVA content signifi-
cantly affected the strength of the hydrogel. The strength is inversely proportional to the
content of PVA. On the other hand, it seems that samples containing PVA have a smaller
spread of failure strengths.
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stress-strain characteristics for all hydrogels tested (d). In each case, the concentration of gelatin was 10% w/v.

Table 1. Tangent modulus of gelatin and gelatin/PVA-based hydrogels determined at a given strain
value for one representative sample of each type of material.

Hydrogel
Type

Tangent Modulus at Specified Strain (MPa)

10% 20% 30% 40% 50% 60%

G/PVA 0% 0.044 0.107 0.147 0.338 0.732 2.314

G/PVA 1% 0.055 0.096 0.191 0.368 0.924 - *

G/PVA 2% 0.071 0.113 0.211 0.437 1.104 - *
* could not be designated due to material failure.

Table 2. Compressive strength for gelatin and gelatin/PVA-based hydrogels.

Hydrogel
Type

Failure Strength (MPa) Standard
Deviation1 2 3 4 5 Average

G/PVA 0% 0.629 0.763 0.604 0.594 0.440 0.606 0.115

G/PVA 1% 0.250 0.254 0.265 0.272 0.269 0.262 0.009

G/PVA 2% 0.198 0.175 0.187 0.198 0.191 0.190 0.009

A comparison of the stress-strain characteristics of the three types of hydrogels is
shown in Figure 3d. These characteristics almost coincide, and lower PVA contents allow
for higher stress/strain values to be achieved. The maximum strain achieved for all
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hydrogel samples ranges from 55% to 70%. Presumably, the reduction in compressive
strength for the material with increased PVA content may have arisen from the greater
number of smaller pores in the hydrogel network (Figure 2), resulting in increased water
pressure on the polymer chains that accelerates the material’s rupture.

2.1.3. Water Content in Gelatin and Gelatin/PVA Hydrogels

Figure 4 presents a comparison of an exemplary gelatin/PVA hydrogel in a hydrated
and dried form. It can be noticed that the change in diameter is relevant (around 2-fold).
Moreover, the difference in volume between the hydrated and dry form is significant as
well (approximately 15-fold).
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Figure 4. Visual representation of the exemplary gelatin/PVA-based hydrogel material tested in the
current study. The material in the hydrated state (A) and after drying to a constant weight (B).

In turn, the differences in the content of the water phase between the cross-linked
structure of each tested hydrogel are presented in Table 3.

Table 3. Water content in gelatin and gelatin/PVA hydrogels.

Hydrogel
Type

Hydrated Hydrogel
(g)

Dried Hydrogel
(g)

Water Content in the Hydrogel
(%)

G/PVA 0% 15.022 ± 0.466 1.609 ± 0.053 89.29
G/PVA 1% 14.807 ± 0.434 1.703 ± 0.046 88.50
G/PVA 2% 14.006 ± 0.364 1.677 ± 0.051 88.02

The obtained results indicate that the water content in the tested materials decreases
slightly with the increase in the PVA content. This is most likely related to the increase
in packing of the polymer network caused by the creation of interpenetrating gelatin and
PVA chains.

2.1.4. Sorption Properties of Gelatin and Gelatin/PVA-Based Hydrogels

The swelling ratio, the water absorption capacity, and the rate of hydrolytic degrada-
tion was determined for all types of hydrogels tested. In each case, the values of sorption
properties were obtained after 24 h of incubation in a water bath at three different tempera-
tures (30, 40, and 50 ◦C). The results of the experiments are summarized in Tables 4–6.

Regardless of the temperature used, it can be seen that with the increase in the content
of PVA, both the swelling degree (Table 4) and the water absorption capacity (Table 5) of the
tested materials increased. We relate these phenomena to the increase in the hydrogen-bond
donor-acceptor density, which is explained in the next section.
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Table 4. The swelling degree (SD) of gelatin and gelatin/PVA hydrogels was determined after 24 h
of incubation at different temperatures.

Hydrogel Type
Swelling Degree (%)

30 ◦C 40 ◦C 50 ◦C

G/PVA 0% 481.5 ± 11.56 514.0 ± 16.45 528.5 ± 17.44
G/PVA 1% 547.7 ± 16.98 588.3 ± 25.30 637.6 ± 18.49
G/PVA 2% 626.2 ± 18.16 642.0 ± 32.74 661.0 ± 25.78

Table 5. The water absorption capacity (WA) of gelatin and gelatin/PVA hydrogels was determined
after 24 h of incubation at different temperatures.

Hydrogel Type
Water Absorption Capacity (%)

30 ◦C 40 ◦C 50 ◦C

G/PVA 0% 789.5 ± 16.58 840.5 ± 31.94 853.5 ± 34.99
G/PVA 1% 991.2 ± 35.68 1046 ± 25.10 1267 ± 41.81
G/PVA 2% 1018 ± 48.86 1093 ± 57.93 1348 ± 35.05

Table 6. The rate of hydrolytic degradation (HD) of gelatin and gelatin/PVA hydrogels was deter-
mined after 24 h of incubation at different temperatures.

Hydrogel Type
Hydrolytic Degradation (%)

30 ◦C 40 ◦C 50 ◦C

G/PVA 0% 39.99 ± 0.9197 41.68 ± 1.292 42.06 ± 1.052
G/PVA 1% 34.62 ± 1.004 37.81 ± 1.059 38.81 ± 1.125
G/PVA 2% 31.44 ± 1.132 32.71 ± 0.850 33.36 ± 0.767

When taking into account the rate of hydrolytic degradation (Table 6), the opposite
tendency was observed. In this case, the addition of PVA to the gelatin hydrogel resulted
in a noticeable increase in resistance to degradation. Therefore, it can be concluded that the
stability of gelatin-based hydrogels increases with increasing PVA content in the material’s
composition. In particular, this feature is essential with regard to the practical application
of such hydrogel matrices.

2.1.5. Application of Gelatin and Gelatin/PVA Hydrogels as Carriers for
Enzyme Immobilization

In order to investigate the practical application of the tested materials, we considered
whether the produced gelatin-based hydrogels and gelatin/PVA blends could be used
as suitable matrices for enzyme immobilization. For this purpose, invertase from Saccha-
romyces cerevisiae was used as a model enzyme and subjected to entrapment in each type of
hydrogel carrier. During the study, the immobilization yield and operational stability of
the immobilized invertase preparations were determined. It was observed that both the
immobilization efficiency (Figure 5) and the operational stability (Figure 6) increase with
increasing PVA content in the hydrogel matrices.

According to our previous study [38], the rather high immobilization yield determined
for all hydrogel enzyme systems and expressed as a percentage of the retained activity can
be reliably explained. Based on the former molecular analysis, we concluded that, apart
from entrapment, the invertase could form strong covalent bonds with gelatin chains as
a result of cross-linking with transglutaminase (TGase). Moreover, we did not observe
any leakage of invertase from each hydrogel carrier. Therefore, the immobilization of
the enzyme molecules was considered to be fully permanent. Although in each case the
entire amount of protein was trapped in the polymer matrix, the immobilized invertase
preparation based on the hydrogel containing 2% PVA (Figure 5, grey) was characterized
by the highest catalytic activity.



Int. J. Mol. Sci. 2021, 22, 9909 9 of 25

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 26 
 

 

hydrogel carrier. During the study, the immobilization yield and operational stability of 
the immobilized invertase preparations were determined. It was observed that both the 
immobilization efficiency (Figure 5) and the operational stability (Figure 6) increase with 
increasing PVA content in the hydrogel matrices. 

 
Figure 5. The yield of immobilization of invertase from Saccharomyces cerevisiae using different hy-
drogel matrices as the carrier. Gelatin-based hydrogel without PVA (G/PVA 0%, black), a gelatin-
based hydrogel with 1% w/v of PVA (G/PVA 1%, striped), and gelatin-based hydrogel with 2% w/v 
of PVA (G/PVA 2%, grey). Mean value of three independent repetitions. 

 
Figure 6. The relative activity of invertase immobilized in different hydrogels was determined after 
each of 10 consecutive reaction cycles. Enzyme entrapped in a gelatin-based hydrogel without PVA 
(G/PVA 0%, black), a gelatin-based hydrogel with 1% w/v of PVA (G/PVA 1%, striped), and a gela-
tin-based hydrogel with 2% w/v of PVA (G/PVA 2%, grey). In each case, the concentration of gelatin 
was 10% w/v. The value of activity obtained in the first reaction cycle was assumed to be 100%. Mean 
value of three independent repetitions. 

According to our previous study [38], the rather high immobilization yield deter-
mined for all hydrogel enzyme systems and expressed as a percentage of the retained 
activity can be reliably explained. Based on the former molecular analysis, we concluded 
that, apart from entrapment, the invertase could form strong covalent bonds with gelatin 
chains as a result of cross-linking with transglutaminase (TGase). Moreover, we did not 

Figure 5. The yield of immobilization of invertase from Saccharomyces cerevisiae using different
hydrogel matrices as the carrier. Gelatin-based hydrogel without PVA (G/PVA 0%, black), a gelatin-
based hydrogel with 1% w/v of PVA (G/PVA 1%, striped), and gelatin-based hydrogel with 2% w/v
of PVA (G/PVA 2%, grey). Mean value of three independent repetitions.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 26 
 

 

hydrogel carrier. During the study, the immobilization yield and operational stability of 
the immobilized invertase preparations were determined. It was observed that both the 
immobilization efficiency (Figure 5) and the operational stability (Figure 6) increase with 
increasing PVA content in the hydrogel matrices. 

 
Figure 5. The yield of immobilization of invertase from Saccharomyces cerevisiae using different hy-
drogel matrices as the carrier. Gelatin-based hydrogel without PVA (G/PVA 0%, black), a gelatin-
based hydrogel with 1% w/v of PVA (G/PVA 1%, striped), and gelatin-based hydrogel with 2% w/v 
of PVA (G/PVA 2%, grey). Mean value of three independent repetitions. 

 
Figure 6. The relative activity of invertase immobilized in different hydrogels was determined after 
each of 10 consecutive reaction cycles. Enzyme entrapped in a gelatin-based hydrogel without PVA 
(G/PVA 0%, black), a gelatin-based hydrogel with 1% w/v of PVA (G/PVA 1%, striped), and a gela-
tin-based hydrogel with 2% w/v of PVA (G/PVA 2%, grey). In each case, the concentration of gelatin 
was 10% w/v. The value of activity obtained in the first reaction cycle was assumed to be 100%. Mean 
value of three independent repetitions. 

According to our previous study [38], the rather high immobilization yield deter-
mined for all hydrogel enzyme systems and expressed as a percentage of the retained 
activity can be reliably explained. Based on the former molecular analysis, we concluded 
that, apart from entrapment, the invertase could form strong covalent bonds with gelatin 
chains as a result of cross-linking with transglutaminase (TGase). Moreover, we did not 

Figure 6. The relative activity of invertase immobilized in different hydrogels was determined after
each of 10 consecutive reaction cycles. Enzyme entrapped in a gelatin-based hydrogel without PVA
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gelatin was 10% w/v. The value of activity obtained in the first reaction cycle was assumed to be
100%. Mean value of three independent repetitions.

Due to the increased content of PVA, the flexibility of the hydrogel matrix and its
swelling ratio increased as well. This phenomenon provides a better exchange of reactants
during the catalytic reaction and complete retention of the enzyme’s molecules in the
cross-linked support at the same time. This is particularly noticeable in the results of the
operational stability studies (Figure 6). In the case of using the invertase immobilized
in the hydrogel-based only on gelatin (Figure 6, black bars), a gradual drop in activity
in each subsequent reaction cycle can be observed. This finding could be explained by
the clogging of the hydrogel’s pores by reaction products, which hinders the access of
the substrate’s molecules to the enzyme’s active center. The application of an enzyme
entrapped in a cross-linked gelatin/PVA blend makes it possible to obtain a more stable
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enzyme preparation with constant activity of over 70% of the initial value (Figure 6, striped
and grey bars). However, the highest activity (approximately 90%) was retained by the
invertase immobilized in the gelatin hydrogel containing 2% PVA. This is a very promising
result that indicates the high application potential of this hydrogel-entrapped biocatalyst
in continuous processes or for repeated use in successive reaction cycles.

2.2. Computational Studies/Molecular Insight into the Structural Characterization of Gelatin and
Gelatin/PVA Hydrogels

The macroscopic properties of the studied material, such as tensile strength, swelling
degree, and porosity, and its dependence on operational parameters (temperature) in
principle are a function of interactions on the molecular level. A deep understanding of the
chemical structure and physical couplings within the studied material provides not only
scientific insight but also possible scenarios for modifying its composition to achieve the
desired operational response. One of the most popular methods for studying the properties
of amorphous materials is molecular dynamics. By treating the molecular system as a
collection of point masses coupled by chemical and electrostatic interactions and solving
Newton’s equation, one may study the nature of physical interactions within the material
and its relation to its measurable properties. Furthermore, computational methods may be
and often are, used as virtual replacements for actual experiments, reducing the number of
working hours and the funds required to optimize the material’s functionality.

In this work, we intended to study the possibility of predicting the properties of mixed
gelatin/PVA systems using the molecular dynamics method.

2.2.1. Models of Gelatin and Gelatin/PVA Blends

For the research presented in this article, we used a simplified model of gelatin based
on a sequence developed in our previous paper [37]. As a result, the gelatin model was
constructed out of three fibers of the following sequence: H2N-Pro-Gly-Hyp-Hyp-Gly-Hyp-
Pro-Gly-Glu-Gln-Gly-Pro-Ala-Gly-Lys-COOH. Since the gelatin content and degree of PVA
polymerization are fixed, the change in composition percentage cannot be continuously
modified. The overall process of folding gelatin/PVA blends into an amorphous structure
under periodic boundary conditions and using an equilibration protocol is computationally
complex, so we narrowed our study down to four different compositions (Figure 7).
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2.2.2. Mechanical Properties of Gelatin and Gelatin/PVA Blends

As can be observed, the off-diagonal components in the stiffness matrix are non-zero,
indicating that the gelatin/PVA blends are not ideal isotropic materials. The diagonal
components are an order of magnitude greater than the off-diagonal ones, and the entire
matrix is almost symmetric along with the diagonal components. This implies that the
critical features of isotropic materials are included in this model and that the static method
is applicable for calculating the mechanical properties of the blends. The hardness of a ma-
terial is closely related to Young’s E modulus; in particular, larger Young’s modulus values
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suggest a stronger rigidity and hardness. The fracture strength of a material is determined
by the Bulk modulus, with a higher value indicating greater fracture resistance [55]. The
Young’s modulus of the pure gelatin module using the static method is 7.84 GPa (Figure 8),
which is in relative agreement with the experimental value of 2.86 [56] and the result
(6.4 GPa) of the static method calculation reported by Zaupa et al. [57]. As one can observe,
the Young’s modulus and the Bulk modulus increase up to a PVA concentration of 40% and
then gradually decrease (Figure 8) due to the gelatin-gelatin and gelatin-PVA interaction
effects. As depicted in Figure 11, the PVA fills the empty spaces in between gelatin chains
and in this way the system’s stiffness increases thanks to non-bonded interactions. A
further increase in the PVA content introduces, however, a screening effect and a reduction
in the overall flexibility of the system due to the reduced number of bonded interactions.
As a result, the stiffness of the system is reduced.
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In order to explain this phenomenon, we studied the contributions of energy density
in the given hydrogel blend. The energy density is defined as:

Ed =
∑n

i=1
Ei
Vi

n
, (1)

where Ei is the energy in a given time frame (van der Waals, electrostatic, and bonded
energy) and Vi is the volume of the simulation box.

As one can observe in Figure 9, with increasing PVA content there is a signifi-
cant decrease in the electrostatic and bonded energy per unit volume, whereas vdW
remains constant.
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Since the bonded energy contribution may be directly related to the flexibility of the
system and the electrostatic and vdW energy contribution with interchain coupling, it
is expected that Young’s moduli will decrease. The decrease in the number of mutual
interactions between gelatin and PVA fibers results in a decrease in the Bulk modulus and
the overall hardness of the material. We associate this phenomenon with the screening
properties of the electrostatic coupling between the gelatin fibers and the PVA.

2.2.3. Porosity and Swelling Properties of the Gelatin and Gelatin/PVA Blends

The increase in the swelling degree can be explained if one analyzes the donor-
acceptor density and the FFV of the analyzed system (Figure 10). The gelatin’s molar mass
is approximately 10,000 g/mol, whereas that of PVA is over 100 times less (86.09 g/mol).
Furthermore, each PVA fiber contributes with one hydroxyl group being the hydrogen bond
acceptor-donor. Thus, it is expected that the hydrogen bond donor-acceptor density per
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unit volume should increase because of the increase in the PVA content. Our calculations
(Figure 10b) confirm this scenario. Since hydrogen bonding is a major mechanism for water
adsorption in hydrogels, and since the elasticity of the network also increases with the PVA
content, the increase in the swelling degree is not a surprise. The swelling is also powered
by a decrease in the mutual coupling within the gelatin/PVA system.
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the gelatin/PVA blend.

The change in porosity of the blend may also be associated with the FFV on the molec-
ular level. The results shown in Figure 10a suggest an initial decrease in the unoccupied
volume with the increase in the PVA content. The reason for this is that, due to the smaller
molecular mass and greater mobility of the PVA, this polymer fills the empty pores within
the gelatin system. The greater affinity of PVA to gelatin results in the penetration of the
latter by PVA, so the overall pore distribution shifts towards smaller values (Figure 11).

Thanks to the initial addition of PVA, both the pore size and the FFV within the
system, due to the flexibility and strong affinity of PVA to gelatin, decrease. However,
with a further increase in the PVA content, the gelatin-gelatin and gelatin-PVA interactions
decrease. This may result from a shift of the pore distribution towards larger values.
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3. Discussion

Due to their favorable bio-application properties, research on hydrogel materials based
on gelatin and PVA blends is widely reported in the literature. The articles, in particular,
are concerned with using these materials for a variety of medical purposes, including
tissue engineering [41,58–62], wound dressings [62–66], drug delivery systems [62,67],
implants [68], and vascular grafts [69]. However, other fields of application have also been
intensively explored, such as heavy metal removal [70], biodegradable food packaging [40],
and enzyme immobilization [71]. It is important to emphasize that, in each case, the
properties of gelatin/PVA hydrogels depend not only on the ratio of these components but
also on the cross-linking method used and the final form/shape of the received material.
These hydrogels can be produced with a variety of cross-linking methods based on using
chemical agents (e.g., glutaraldehyde [41,59], sodium trimetaphosphate [69], genipin [60],
and microbial transglutaminase [58]) or physical processes, such as irradiation [61,63]
and repeated freeze-thaw cycles [58,59,64,65,68]. Furthermore, they can be obtained in
the form of thin films [58,63,64,66,69], membranes [67], and three-dimensional porous
constructs [41,59–61,65,68,69]. Gelatin/PVA hydrogel blends can be based mainly on PVA
with a small amount of gelatin [58,59,61,63–69] as well as quite the opposite, with gelatin
as the major component with the addition of a small amount of PVA [41,59,63]. These
materials can be also prepared using an equal proportion of both components [60,63].
Finally, considering all possible combinations of component ratios, cross-linking methods,
and final shapes, it should be emphasized that it is very challenging to directly compare the
properties of the gelatin/PVA blends obtained by different researchers. However, based on
selected literature reports, some noticeable convergences/tendencies can be indicated.

In our study, the materials were prepared as cylinder-shaped 3D constructs using
a gelatin/PVA ratio of 10:0, 10:1, and 10:2 (% w/v) and chemical cross-linking with a
microbial transglutaminase/borax solution. The analysis of the results obtained from the
experimental research led to the conclusion that the increase in the PVA content in gelatin
hydrogels contributes to obtaining materials with a visibly greater packaging density,
which was expressed by the reduced pore size (Figure 2) and the lower water content in
their structure (Table 3). A similar tendency to decrease the pore size distribution with
an increase in the PVA ratio has also been noticed by other research groups [41,59,60].
According to the work of Mahnama et al. [41], the proportion of smallest pores (<50 µm)
increased from 15% to 70% for a hydrogel based on pure gelatin with the addition of 20%
PVA content. In turn, Thangprasert and coworkers observed a decrease in the average pore
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size from 115 µm (determined for pure gelatin) to 67 µm and 57 µm for materials composed
of gelatin:PVA ratio of 30:70 and 0:100, respectively [59]. This direction of change was also
described in a research report of Nguyen et al. [60], where the pore size distribution was
found to be inversely proportional to the increasing concentration of PVA in the tested
materials. They also found that, for the PVA amount of 20% (w/v), pores with the size of
100–200 µm had the largest proportion in the gelatin/PVA hydrogel structure. For the PVA
amount of 50% (w/v), the average pore size ranged from 5 to 20 µm.

In our research, it was observed that the swelling degree (Table 4) and the water
absorption capacity (Table 5) of gelatin/PVA matrices increased with increasing PVA ratio.
Similar results were obtained by Mahnama et al. [41] among others. They noticed that
for gelatin/PVA blends produced respectively in a 9:1, an 8:2, and a 7:3 ratio for both
components, the swelling degree increased as follows: 1370, 1460, and 1750%. We found
that this parameter changed for the gelatin/PVA ratios of 10:0, 10:1, and 10:2 as follows:
789.5, 991.2, and 1018%, respectively (determined at 30 ◦C). In another paper, Nguyen and
coworkers showed that changing the PVA concentration from 10 to 30% (w/v) caused an
increase in the swelling capacity of the obtained materials by 50% [60]. This phenomenon
could be explained by the presence of numerous hydroxyl groups in the PVA structure that
interact very well with water molecules through hydrogen bonds, resulting in a greater
ability of the resulting material to soak up various solutions. The greater the proportion of
PVA in the hydrogel, the higher the water binding capacity.

In the case of hydrolytic degradation (Table 6) and compressive strength (Table 2), we
observed the opposite tendency: both these parameters decreased when the PVA content
increased. Similar results were obtained in the work of Nguyen et. al. [60], where an
increase in the concentration of PVA from 20 to 50% (w/v) in the obtained material also
caused a significant decrease in these parameters. Nevertheless, in the case of compressive
strength, it should be noted that some authors have reported a synergistic increase with
an increase in PVA content [59,65]. However, unlike the hydrogels obtained in our work,
these results apply primarily to materials in which the major component is PVA.

The functionality studies on gelatin and gelatin/PVA hydrogels for enzyme immobi-
lization performed in the current study indicate the very promising potential of invertase
entrapped in a gelatin/PVA hydrogel matrix (Figure 6, grey) as a stable biocatalyst for con-
tinuous processes or repeated use in successive reaction cycles of sucrose hydrolysis. This
research direction is in line with leading trends in the bioengineering field aimed at devel-
oping eco-friendly, clean, and economically justified biotechnologies for the manufacturing
processes of various food and pharmaceutical products.

By applying typical macroscopic laboratory research methods, the precise characteris-
tics of the material’s properties can be determined. In this way, accurate analysis of the
suitability of the studied hydrogels for specified applications can be carried out. Neverthe-
less, if one wants to determine why the properties of the resultant materials change with
increasing PVA content, the basis for this phenomenon should be sought at the molecular
level.

In order to further understand these phenomena, we also employed a molecular mod-
eling technique. Molecular dynamics is a well-established method for investigating and
screening polymers and polymer blend systems as indicated in numerous works [72–77].
There are, however, only a few works concerning molecular simulations of gelatin [57,78,79].
One possible reason for this is that gelatin is a difficult system to model since it is com-
posed of over 10 amino acids in a pseudo-random order. Hence, the key element is to
create a simplified molecular model that reproduces the fundamental properties of interest
while conserving the chemical composition of the biopolymer. Such models have been
studied in our previous paper [37]. Another problem is the creation of an amorphous
structure under periodic boundary conditions, which requires a tacit annealing and equili-
bration process. Thus, most of the research provides only qualitative results, especially in
terms of mechanical properties, and deviations from experimental results are somewhat to
be expected.
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In this work, we analyzed the problem computationally within two regimes. In the
first one, we tried to capture the major tendencies in the physical and chemical properties
of gelatin/PVA blends when the content of PVA is gradually increased in the case where
the major component of the blend is gelatin (gelatin phase). This analysis was supported
by both experimental and theoretical studies. The molecular modeling approach offers,
however, the possibility of capturing theoretical scenarios in which the major component in
the blend is PVA (PVA phase) and allows us to hypothesize about its properties. Although,
in our approach, in the case of molecular modeling, we did not consider the effect of the
water concentration, we intended to show that mutual gelatin/PVA interactions correlate
with the major physical properties of the blend.

As was observed from the experimental study, the mechanical resistance of the gelatin
phase blend increased when the content of PVA was increased. A possible explanation for
this effect is the increased affinity of the PVA for gelatin. Since the bonded interactions
within a gelatin fiber are rather strong, the pore distribution leaves open space that the
PVA can fill. The reduction in the FFV and the experimental results in which the pore
distribution in materials with increasing PVA content changed towards smaller values
support this claim (Figure 2). As a result of the gelatin-PVA interactions, the PVA fills the
pores within the gelatin matrix and forms a scaffold that supports the blend matrix. The
sorption capacity of the blend increased due to the increase in the polarity of the system
and the hydrogen donor-acceptor density (Figure 10).

It would be interesting to consider the further evolution of the investigated system
when PVA is the major component (PVA phase). As one can see in Figure 10, the overall
tendencies of the analyzed parameters (FFV, pore distribution, and mechanical strength)
may be reversed. The increasing concentration of the PVA due to its polarity may result
in a screening effect and an increase in the elasticity of the system. The interaction energy
density analysis depicted in Figure 9 suggests that, with increasing PVA content, the
bonded interaction density decreases and is supported by a decrease in the gelatin-gelatin
and gelatin-PVA coupling effect. As a result, the pore distribution may again shift towards
larger values but the mechanical strength of the system will be reduced. This scenario will
be verified in upcoming research.

4. Materials and Methods
4.1. Materials

Porcine skin gelatin (G), polyvinyl alcohol (PVA), sodium tetraborate (borax), and
invertase from baker’s yeast (Saccharomyces cerevisiae) (EC 3.2.1.26) were supplied by Sigma-
Aldrich (Darmstadt, Germany). Microbial transglutaminase (mTGase) Activa®WM was
kindly donated by Ajinomoto (Tokyo, Japan). Other reagents, all of the analytical grade,
were supplied by Avantor Performance Materials (Gliwice, Poland).

4.2. Methods
4.2.1. Preparation of Hydrogel Matrices

Gelatin hydrogels differing in PVA content were prepared by the use of the modified
procedure described in previous work [80]. Briefly, a weighed portion of gelatin (final
concentration: 15% w/v) and PVA (final concentration: 0.0, 1.5, or 3.0% w/v) was dissolved
in distilled water in a thermostatic reactor at 80 ◦C. Next, the solution was cooled to 40 ◦C
and incubated at this temperature for approximately 30 min. In the parallel process, a
buffer solution of mTGase (final concentration: 3.0% w/v) was prepared. The cross-linking
was begun by mixing an appropriate amount of mTGase with gelatin or gelatin/PVA
solution at a volume ratio of 1:2. Afterward, the obtained blend was immediately cooled to
4 ◦C and kept under these conditions for 24 h. Finally, in order to cross-link PVA chains
into a three-dimensional polymer network, the obtained hydrogel particles were placed in
4% (w/v) borax solution for 1 h. Then, the obtained product was rinsed twice with distilled
water and dried at 60 ◦C until a constant weight was reached.
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In each case, the final concentration of gelatin was constant (10% w/v), but the materi-
als differed in the content of PVA (0, 1, or 2% w/v).

4.2.2. Determination of Pore Distribution in Hydrogel Materials

In order to determine the pore distribution in the tested hydrogels, the samples of
dried materials were imaged using a SEM/Ga-FIB FEI Helios NanoLab™ 600i microscope
(Thermo Fisher Scientific, Waltham, MA, USA). However, it should be pointed out that the
dry hydrogel samples were non-conductive. Therefore, initially, it was necessary to apply a
thin conductive carbon layer to them using a Quorum Technologies Q150T E vacuum coater
(Quorum Technologies, Lewes, UK). Then, each sample was placed in a high-resolution
scanning electron microscope (SEM) coupled to an ion microscope that uses the focused
ion beam (FIB) technology. However, as a side effect of the drying process applied to the
hydrogels, the pores were not visible on the surface of the samples. In order to remove the
surface layer, the material was first exposed to an ion beam for 30 s. In this way, the pore
structure was revealed again. Then, an image of the exposed area was recorded, and the
pore size analysis was performed on the captured images.

A detailed analysis of the pore distribution was performed for each sample on 30
such images using ImageJ software (NIH, Bethesda, MD, USA). In each case, the analyzed
area was 20 × 20 microns. In order to perform the analysis, each of the resulting images
was binarized (the pores were marked in black and the area without pores in white). It
should be noted that some images required binarization several times because there were
large pores with smaller pores inside them. In this case, at least two binarized images were
created (one for large pores and one for small pores). This image processing procedure
enabled the precise identification of the pore size, allowed us to count the number of pores,
and, finally, enabled us to produce detailed histograms of the pore distribution for each
hydrogel material.

4.2.3. Determination of the Mechanical Properties of Hydrogels

The basic method used to determine the mechanical properties of a material is tensile
or compression testing. The hydrogels examined in this paper could not be tested by tensile
testing due to their consistency. Therefore, the mechanical properties were determined in
a compression test at ambient temperature. Cylindrical samples (Ø32 × 30 mm) in the
as-prepared state were tested. Figure 12 shows the sample configuration and the test setup.
The test was performed with the use of an MTS Bionix mechanical testing system (MTS
Systems Corporation, Eden Prairie, MN, USA) equipped with a 1-kN load cell (class 1).
The samples were compressed between two flat plates at a fixed displacement rate of
30 mm/min until failure while the load and displacement were recorded. The compressive
stress and strain were calculated as load/area and displacement/initial height, respectively.
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4.2.4. Determination of the Water Content in the Hydrogel Structures

Initially, each type of hydrogel (cylindrical shape, Ø32 × 30 mm) was weighed. Next,
the material samples were dried at 60 ◦C until a constant mass was reached. Then, the
obtained xerogels were weighed again. The amount of water in each hydrogel structure
was calculated as the difference between the initial weight of the hydrated material sample
and the weight of the same sample after drying:

Water content (%) =
WINITIAL,WET − WINITIAL,DRY

WINITIAL,WET
× 100 , (2)

where WINITIAL,WET and WINITIAL,DRY are the weights of the initial wet sample and the dry
hydrogel, respectively.

Experiments on each type of hydrogel tested were run in triplicate. The results are
presented as the average values with a standard deviation of ±2.1–5.3%.

4.2.5. Determination of Hydrogel Sorption Properties

For each type of hydrogel, a swelling experiment was performed by placing one dried
particle in 50 mL of distilled water in a thermostatic bath (30, 40, or 50 ◦C) for 24 h. Then,
the swollen hydrogel was removed from the water, quickly and carefully drained with a
paper towel, and weighed. As a result, the swelling degree (SD) was calculated using the
following equation [80]:

SD (%) =
WSWOLLEN,WET − WINITIAL,DRY

WINITIAL,DRY
× 100 , (3)

where WINITIAL,DRY and WSWOLLEN,WET are the weights of the initial dry sample (xerogel)
and the wet swollen hydrogel, respectively.

Next, the swollen hydrogel was dried again at 60 ◦C until a constant mass was reached,
weighed again, and then the water absorption capacity (WA) and the rate of hydrolytic
degradation (HD) [80] were determined. The following equations were used:

WA (%) =
WSWOLLEN,WET − WSWOLLEN,DRY

WSWOLLEN,DRY
× 100 , (4)

HD (%) =
WINITIAL,DRY − WSWOLLEN,DRY

WINITIAL,DRY
× 100 , (5)

where WINITIAL,DRY, WSWOLLEN,WET, and WSWOLLEN,DRY are the weights of the initial dry
hydrogel, the wet swollen hydrogel, and the dry hydrogel after swelling and re-drying,
respectively.

For all materials tested, the swelling experiments were run in triplicate. In this paper,
the results are presented as the average values with a standard deviation of ±2.1–5.3%.

4.2.6. Entrapment of Invertase from Saccharomyces Cerevisiae in Hydrogel Matrices

Immobilization of invertase in gelatin and gelatin/PVA-based hydrogels was per-
formed analogously to the method applied in our previous study [38].

Briefly, a weighed portion of gelatin (15% w/v) and PVA (0.0, 1.5, 3.0% w/v) was
dissolved in 0.05 M acetate buffer at pH 4.5 in a thermostatic reactor at 80 ◦C. Next, the
solution was cooled to 40 ◦C and incubated at this temperature for approximately 30 min. In
parallel, a buffer solution of invertase with a given concentration was prepared. Then, after
the total dissolution of the enzyme, a weighted portion of cross-linking agent (microbial
transglutaminase, mTGase) was added to a concentration of 3% w/v. The crosslinking was
begun by mixing an appropriate amount of mTGase with gelatin or gelatin/PVA solution
at a volume ratio of 1:2. Afterward, the obtained blend was immediately cooled to 4 ◦C
and kept under these conditions for 24 h. Finally, in order to cross-link PVA chains into a
three-dimensional polymer network, the obtained hydrogel particles were placed in a 2%
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(w/v) borax solution for 1 h then rinsed twice with 0.05 M acetate buffer at pH 4.5. After
this time, the (cylinder-shaped) hydrogel particles were drained, washed twice with 0.05
M acetate buffer at pH 4.5, and their geometric dimensions were measured (d = 1.2 mm;
h = 0.8 mm). It was assumed that the total amount of used invertase was immobilized in
the hydrogel cross-linked network. The experiment was run in triplicate.

Immobilization yield was determined as the activity of the bound enzyme divided by
the activity of the native form of the enzyme and is expressed as a percentage.

4.2.7. Determination of Protein Concentration

The protein concentration was determined using Lowry’s method [81] with bovine
serum albumin applied as a protein standard. This procedure consists of two steps: a biuret
reaction and the reduction of Folin-Ciocalteu reagent to the corresponding oxides with
Cu2+ and tyrosine and tryptophan residues. In this method, the intensity of the blue color
of the product measured spectrophotometrically at 750 nm is directly proportional to the
protein concentration in the analyzed sample.

The test was performed as follows: 0.5 mL of Lowry reagent was added to a 0.5 mL
solution of the analyzed sample, mixed, and incubated at room temperature for 20 min.
Next, 0.25 mL of Folin-Ciocalteu reagent was added, immediately mixed, and incubated for
another 30 min. Then, the absorbance at 750 nm was measured. The protein concentration
was determined using the standard curve (CPROTEIN (µg/mL) = 207.9.A750) obtained for
different concentrations of bovine serum albumin in the range 10–200 µg/mL.

4.2.8. Determination of Glucose Concentration

Glucose concentration was determined using a commercially available analytical
test (Lublin, Biomaxima, Poland). This detection method is based on the conversion of
glucose to the colored product formed as a result of two consecutive enzymatic reactions:
oxidation of glucose to gluconic acid and hydrogen peroxide and subsequent reaction of
the hydrogen peroxide with hydroxybenzoic acid (HBA) and 4-aminoantipyrine (AAP). A
red dye (quinoneimine) is obtained as the final product of these reactions. The intensity of
the produced material’s color is measured spectrophotometrically at 500 nm. It is known
that the intensity is directly proportional to the glucose concentration in the sample.

The test was performed as follows. First, 10 µL of the sample withdrawn from the
reaction mixture was added to 1 mL of analytical reagent and incubated for 5 min at 37 ◦C.
Then, the absorbance at 500 nm was measured. Finally, the glucose concentration was
determined using the glucose standard (CSTANDARD = 1.0 g L−1) as the reference.

4.2.9. Determination of the Catalytic Activity of Native and Immobilized Invertase

The catalytic activity of invertase was determined by monitoring the hydrolysis of
sucrose to glucose and fructose over time. In all experiments, the sucrose solution at a
final concentration of 50 g L−1 prepared in 0.05 M acetate buffer (pH 4.5) was used as a
substrate. The activity determination method was based on measuring the concentration
of the glucose that formed as a reaction product. One unit of enzyme activity (1 U) was
defined as 1 µg of glucose formed within 1 min of the reaction of sucrose hydrolysis
catalyzed by invertase.

The reaction with the native enzyme was carried out in a sealed test tube. A total of
5 mL of sucrose solution was preincubated for 10 min in a thermostatic water bath at 50 ◦C.
After this time, the reaction was started by adding 0.1 mL of invertase to the substrate.
During the 5-min process, the samples were withdrawn every 0.5 min for the determination
of glucose content.

The reaction using immobilized invertase was carried out in a thermostatic reactor
with stirring (250 rpm) at 50 ◦C. A total of 45 mL of 50 g L−1 sucrose solution was pre-
incubated for 10 min, and then the reaction was started by adding one bead of the hydrogel
with immobilized enzyme (VBEAD = 0.9 mL). During the 10-min process, samples were
taken every 1 min for the determination of glucose concentration.
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4.2.10. Determination of the Operational Stability of Invertase Immobilized in
Hydrogel Matrices

The operational stability of immobilized invertase was determined in 10 consecutive
batch processes of sucrose hydrolysis (reaction time: 30 min). For that purpose, all the
enzyme-hydrogel preparations were examined. Ten subsequent reactions were performed
for each sample of entrapped invertase in triplicate. Each reaction was carried out in a
thermostatic reactor with stirring (250 rpm) at 50 ◦C. A total of 45 mL of 50 g L−1 sucrose
solution was preincubated for 10 min, and then the reaction was started by adding one bead
of the hydrogel with immobilized enzyme (VBEAD = 0.9 mL). During the 30-min process,
samples were taken every 1 min for the determination of glucose concentration. After the
end of one reaction, the hydrogel-bound enzyme was washed twice with 0.05 M acetate
buffer at pH 4.5 and the next batch process was started with the same hydrogel-bound
invertase particle. The reaction rate received in the first run was set as 100%.

4.2.11. Preparation of Molecular Models of Hydrogel Structures

To study the molecular properties of gelatin/PVA systems (Figure 13), we used the
Polymatic tool (Department of Materials Science and Engineering, The Pennsylvania State
University, State College, PA, USA) [82]. Using PCFF forcefield, we created 12 gelatin/PVA
systems with four different concentrations of PVA (0%, 40%, 62%, and 70%) under periodic
boundary conditions. The protocol involves a Monte Carlo search of the torsion angles
between single PVA units and subsequent minimization in a given force field. This proce-
dure ensures that the resultant structure is at an energetic minimum and thus provides a
reliable initial system for further dynamical calculations. Nonetheless, the models were
then equilibrated using molecular dynamics as implemented in the LAMMPS simulation
package. The equations of motion were integrated using the Velocity Verlet algorithm using
a 1 fs time step. The studied system is highly amorphous and has a large number of degrees
of freedom. Therefore, it requires an equilibration protocol that prevents the system from
occupying a high-energy metastable state. Thus, we derived an equilibration protocol that
includes heating up and careful cooling down steps. First, the system was heated up to
600 K in the NPT canonical ensemble using a Nose-Hoover thermostat and an Andersen
barostat (1 Pa). Then, the system was equilibrated for 300 ps and after that gradually cooled
down by 50 K in each step. In each run, the temperature and pressure were equilibrated
for 50 ps until the next step began. Upon reaching the desired final temperature, i.e., 298 K,
the system was equilibrated for another 500 ps in the NPT ensemble and then for another
500 ps in the NVT ensemble. This procedure leads to a final density of 1.26 g/cm3, which
is in good agreement with the experimental value of 1.35 g/cm3 [83].
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4.2.12. Computational Determination of Functional Parameters of Hydrogels

In this work, two fundamental properties were studied: Young’s modulus and
swelling degree.

In this research, the static method was used to estimate the elastic constants of the
gelatin/PVA network. Stress-strain behavior in linear elastic materials can be described by
the generalized Hook’s law, which is written as follows.

σij = Cijεj , (6)

where σij is the stress vector, εj is the strain vector, and Cij is a six-dimensional stiffness
matrix.

As polymer blends can be assumed to be isotropic materials, Young’s modulus of
interest can be derived from the stiffness matrix as follows.

E =
µ(3λ + 2µ)

λ + µ
, (7)

The Lame coefficients µ and λ can be calculated from the elastic coefficients according
to the statistical mechanics of elasticity [84].

λ =
1
6
(C12 + C13 + C21 + C23 + C31 + C32) , (8)

µ =
1
3
(C44 + C55 + C66), (9)

The static mechanical properties of gelatin/PVA systems were obtained by analyzing
the equilibrium models at the temperature of 298 K.

5. Conclusions

Biodegradable hydrogels are sustainable materials with many valuable properties
that enable their utilization in versatile applications. Due to their biocompatibility, semi-
permeability, high water content, and ability to create three-dimensional systems, these
hydrogels stand out from other polymeric materials and are significantly similar to natural
tissues and other multilayer biological systems. Therefore, they can be used with great
success, especially in the life science sector as carriers of bioactive compounds (e.g., drugs,
enzymes, antibodies, stem cells), controlled release systems, biosensors, functional dress-
ings, implants, and tissue scaffolds. An invaluable advantage of biodegradable hydrogel
matrices is the ability to fine-tune their properties for a specific application. This is done by
creating blends of two or more hydrogels that vary in their physicochemical features.

In our research, we prepared just such a type of hydrogel material based on well-
known components with desirable biofunctional properties—gelatin and PVA. By deter-
mining the dependence of changes in particular properties (e.g., pore size distribution,
swelling capacity, and mechanical strength) on increases in PVA content, it became possible
to effectively tailor the functionality of the materials for the targeted application, namely a
carrier of a bioactive compound with a strictly defined molecular size. In our work, we
strived to demonstrate the great importance of the physicochemical characteristics to the
efficient use of gelatin/PVA hydrogel blends as a matrix for the immobilization of invertase
from baker’s yeast (Saccharomyces cerevisiae). From the experimental part of our study, we
noticed that due to the increased content of PVA, the flexibility of the hydrogel matrix
and its swelling degree also increased. This phenomenon provides a better exchange of
reactants during the catalytic reaction. At the same time, the complete retention of the
invertase molecules in the cross-linked support is ensured by the formation of additional
covalent bonds between the enzyme and the pendant groups of the gelatin as a result of
interactions with mTGase.

Typically, the characteristics of obtained materials are determined in direct experi-
mental research. This approach is consistent with good practices and commonly applied;
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however, it requires a considerable amount of work and expenditure of time and funds.
Therefore, new tools are being developed to enable the preliminary design of mixed hydro-
gel materials with specific properties prior to factual experiments. Thus, the development
of a reliable numerical method may save a significant amount of time and reduce the
financial outlays required to carry out the research in the laboratory.

The molecular modeling analysis proposed in our work does not provide quantitative
results (in terms of a direct relation between the PVA content and the analyzed parame-
ters). It does, however, provide qualitative and very important information, namely the
tendencies of the macroscopic parameters observed with an increase in the PVA content
and insight into the chemical nature of these dependencies. The difference between the
experimental values and the theoretical values can naturally be explained by our not taking
into account the effect of the solvent. The presence of water molecules in the system,
as one can see from the experimental and theoretical parts of the presented study, has a
modulating, rather than a governing, effect on the physical behavior of the system. The
inclusion of water in the molecular analysis in the case of the hydrogel would be rather
difficult due to the rather small concentration of the polymer blend in the water. This raises
difficulties due to the size of the system and the equilibration protocol.

To date, molecular modeling has been successfully and routinely applied in drug
design as well as composite engineering where materials with different properties are
combined together to provide new functionality. In our opinion, the molecular modeling
approach has the power to provide invaluable insight into chemical interactions and
their effect on the physical properties of a diverse range of polymeric materials, including
hydrogels and their blends. Hence, it may be used to screen for and explain the properties of
biomaterials that play a key role in the overall economy. Thus, the experimental procedure
presented in this paper may be applied as a valuable tool to tune the properties of these
materials and identify new paths of development.
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