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Abstract: In this work, the effect of incorporating silk fibroin, a fibrous biocompatible protein, into
physically cross-linked agarose hydrogels was investigated as a simple model study to examine
how supramolecular fibrous structures influence the properties of the hydrogels. The rheological
and transport properties were studied. Fibroin did not change the general viscoelastic properties
of the investigated hydrogels but changed the viscoelastic moduli values and also the mesh size,
as calculated from rheometry data. Fibroin influenced the mechanical properties depending on its
concentration: at lower concentrations, it increased the mesh size, while at higher concentrations, it
acted as a filler, decreasing the mesh size. Similarly, the storage and loss moduli were affected, either
increasing or decreasing based on the fibroin concentration. The fibroin effect on the diffusion of two
dyes differing in their charge was the result of a combination of structural effects, responsible also for
changes in the rheological properties, and a result of electrostatic interactions between the charged
groups. For positively charged methylene blue, low fibroin concentrations accelerated diffusion, while
higher concentrations slowed it by filling network vacancies. In contrast, for negatively charged eosin-
B, fibroin strongly impeded diffusion at all concentrations due to electrostatic repulsion, leading to its
accumulation at the hydrogel interface. The findings of this work may contribute to an understanding
of the behavior of the extracellular matrix or soft tissues as well as to the development of the tailored
design of hydrogel materials.
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1. Introduction

Hydrogels are widely used materials in biomedical and other applications [1]. These
three-dimensional materials based on hydrophilic polymers can absorb large amounts of
water (or other biological fluids) while exhibiting unique properties such as biocompatibil-
ity, biodegradability, and viscoelasticity [2,3]. The variety of polymer types allows for the
creation of hydrogels with unique and specific properties suitable for the desired applica-
tions, such as porosity or mechanical strength [4]. Since the introduction of hydrogel contact
lenses [5], the application range of hydrogels has grown greatly. Nowadays, hydrogels are
used in various areas, especially thanks to their properties, in tissue engineering and other
medical applications. They are used in hygiene products, can serve as carrier systems for
drug distribution, are used for wound healing and in regenerative medicine, where they
serve as substitutes for damaged tissues, are used for the separation of biomolecules and
cells, and they are suitable materials for biosensors or for use as substitutes for extracellular
matrix [6-10].

Hydrogels are also used as artificial environments for cells, where they replace the cells
native extracellular matrix [11-13]. However, the bioenvironment is not just a simple gel
but has the character of a hydrocolloid that contains many different molecules that co-create
the biological, chemical, and mechanical properties of the extracellular matrix. Through the
interplay of these properties, the extracellular matrix forms a ‘home environment’ for the
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cells that allows their vital functions [14,15]. The natural intercellular matrix also includes
various fibers such as collagen or elastin, which naturally also contribute to a suitable
cellular environment. These fibrous molecular structures play a key role as structuring
elements that influence, among other things, the mechanical properties of the extracellular
matrix [16-18].

Many of these materials are created by combining different types of hydrogels, both
natural and synthetic or combinations thereof, which ensures that the material has the
most suitable properties [19-21]. Natural hydrogels often have properties similar to the
extracellular matrix [22], and at the same time, materials of natural origin are often made up
of various proteins or components of the matrix, such as collagen or hyaluronic acid [23,24].
Since they are derived from natural sources, they are both biocompatible and bioactive, with
a very low immunological response [25,26]. The materials used mainly include polysac-
charides (alginate, agarose, cellulose, chitosan, gellan gum, or hyaluronic acid) [27-31],
but also various proteins (collagen and fibrin) [10,32] and composite materials (hyaluronic
acid combined with polylysine or methylated cellulose) [24,33]. The disadvantage of using
natural materials is the limited improvement of their mechanical and biochemical proper-
ties, as their modification may reduce biocompatibility. To improve their properties, these
materials can be suitably combined [34].

One suitable material for creating an artificial environment is agarose, a natural and
non-toxic linear polysaccharide made up of repeating units of agarobiose, which is obtained
from the agar found in some species of seaweed [35]. Due to its properties, such as high
water retention capacity, low immune response due to its inert structure, and controllable
nutrient permeation, it is a suitable material for many medical applications. It finds use,
sometimes independently, but more often in combination with other materials, in the
controlled distribution of drugs and cell encapsulation; it can also serve as a wound cover,
as a bioink, or in the formation of eye corneas, skin, and cartilage, and as a part of agar in the
food industry [28,36,37]. Agarose is soluble in hot water, where its molecules are in the form
of a random coil. The agarose chains cool into helical bundles primarily held together by
hydrogen bonds but also by hydrophobic interactions. No additional cross-linking agents
are needed for the formation of the hydrogel, which arises from non-covalent interactions
to create supramolecular hydrogels [38,39]. However, agarose has some limitations, such
as lower mechanical properties (in comparison to natural ECM) and thermal sensitivity,
and it is not biodegradable in the human body [40-42].

Silk fibroin is a fibrous protein that is, thus, one of the materials widely used for
forming hydrogel matrices and in tissue engineering despite not being a component of the
native extracellular matrix. It is a versatile biocompatible material with slow degradation
and is suitable for biomedical applications thanks to its extraordinary properties, such
as low immunogenicity and remarkable mechanical properties [43—45]. The toughness of
silk fibers is greater than that of synthetic materials, including Kevlar, as well as natural
materials, such as collagen and polylactic acid [46]. Silk fibroin was selected as a represen-
tative of fibrous proteins, which is readily available and has already been applied in tissue
engineering studies (bone, cartilage, soft tissues, cornea, blood vessels, and skin). Various
diseases are modeled on it (breast cancer and polycystic kidney disease), and it is used for
implants (fibroin sponges filling defects in bones and joints) [23,47,48].

This study aimed at a basic investigation of the effects of a fibrous structure on the
rheological and diffusional properties of hydrogels. Macromolecular fibers are one of
the essential components of the extracellular matrix, which is, in principle, a hydrogel
environment. These fibers form supramolecular assemblies within the hydrogel matrix,
and the resulting hydrogel can be considered a special type of supramolecular hydrogel,
modeling the basic features of natural supramolecular hydrogel structures. Agarose, as
the hydrogel-forming constituent, and silk fibroin, as the fibrous component, were used
to create a primitive model of structures found either in the extracellular matrix or in
engineered materials for use in regenerative medicine and cell culturing. Most studies are
focused on specific materials in specific applications, including the agarose and fibroin we
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are using in our experiments [36,49]. However, the aim here is not to create a specific hybrid
hydrogel but rather to present a comprehensive set of results that helps to understand
how the presence of fibroin influences the mechanical and transport properties of agarose
hydrogels. This approach highlights how the fibrous component affects the amorphous one,
a concept inspired by the different compositions of the ECM. Of course, real materials like
the extracellular matrix are of a much more complex composition, and this work should,
therefore, be viewed as a contribution to the call for studies [50] on the influence of isolated
components (of extracellular matrix) on transport and mechanical properties. The selected
system was composed of a polysaccharide matrix imbued with protein fibrous chains and
can also be viewed as an example of a semi-interpenetrated network.

2. Results and Discussion

Agarose was chosen on the basis of prior experience (both that of our team and many
others) as a physically crosslinked hydrogel matrix suitable for investigating changes
in hydrogel properties resulting from the incorporation of silk fibroin. Although silk
fibroin can also form hydrogels [51], both chemically and physically cross-linked, none
of the techniques that lead to the cross-linking of silk fibroin were used in our sample
preparations, and in all samples, silk fibroin remained in the form of “free fibers.” Among
the possibilities for the formation of silk fibroin hydrogel is self-assembly, in which (3-sheet
conformations are formed due to the thermodynamic instability of the silk fibroin solution.
From preliminary experiments, it was found that self-assembly at laboratory temperature
occurs within hours to days; however, the gelation of the agarose hydrogel occurs within
a few minutes when cooled to laboratory temperature. Thus, it can be concluded that
samples prepared in this way do not contain silk fibroin in the form of a hydrogel.

2.1. Characterization of Extracted Silk Fibroin

To properly handle macromolecular fibers such as silk fibroin, it is necessary to
characterize these materials [52]. Infrared spectroscopy (FT-IR) is an excellent technique for
obtaining important information about the structure and composition of a material based
on characteristic absorption bands. The FI-IR of proteins encompasses various vibrations
associated with different functional groups; the FT-IR spectrum of extracted silk fibroin is
shown in Figure 1A. The absorption peaks around 1640, 1520, and 1240 cm ! corresponded
to the peptide backbone of amide I, the N-H bending of amide II, and the C-N stretching
of amide III, respectively. The molecular conformation of silk fibroin is characterized by
[3-sheet absorption peaks around 1630, 1530, and 1240 cm ™!, random coil conformation
absorption peaks at 1650 or 1645, 1550, and 1230 cm !, and an «-helix absorption peak
at around 1655 cm ™! [53,54]. Since the silk fibroin solution is added to the hot agarose
solution (80 °C), another convenient method that provides information on the thermal
stability of the samples and, in the case of proteins, characterizes their thermal denaturation,
is differential scanning calorimetry (DSC). From the DSC thermogram shown in Figure 1B,
it can be observed that the isolated silk fibroin exhibited relatively good thermal stability. A
very significant change occurred only at a temperature of 155 °C, which is the temperature
at which fibroin breaks down into smaller peptides and amino acids [55,56]. This process
causes the silk fibroin to lose strength and structural integrity but at a higher temperature
than that used in the preparation of agarose gels with fibroin. To obtain information on
the particle size of the extracted fibroin solution and to determine the charge, the method
of dynamic light scattering (DLS) was used. In a diluted (2 wt. %) silk fibroin solution,
there were particles with a size of approximately 250 nm (Figure 1C). Smaller particles
(30 nm) that were found were likely to be fibers oriented in a different direction. When
determining the (-potential of the fibroin solution, a slightly negative value of —12 mV was
found (Figure 1D).
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Figure 1. (A) FI-IR spectra, (B) DSC thermogram, (C) DLS size distribution, and (D) Zeta potential of
extracted silk fibroin solution.

2.2. Rheological Characterization of Agarose/Silk Fibroin Hydrogels

Hydrogel rheology is an important tool for understanding the relationship between
the chemical structure of hydrogels and their behavior at the macroscopic level. This
knowledge is key to understanding the effects of components added to hydrogels, such as
the fibroin in our case. To determine the viscoelastic properties of the resulting hydrogels,
oscillatory rheological experiments were performed. These experiments were performed
mainly to determine how the addition of silk fibroin affects the resulting viscoelastic
properties of agarose hydrogels.

Amplitude sweep tests provide information about the linear viscoelastic region (LVER),
which is one of the most important characteristics of hydrogel rheology. The LVER is the
range of amplitudes of deformations in which the storage and loss moduli are constant
and where the hydrogel can resist the applied oscillatory strain. In addition to indicating
the strength of non-covalent hydrogel nodes, the determination of the LVER is also key for
performing frequency tests, which should be performed in this region. Other important
information from amplitude tests includes the values of the viscoelastic moduli and the
cross-over points of these moduli. The values of the viscoelastic moduli reflect the density
of the resulting hydrogel network, which often indicates greater mechanical strength on the
part of the hydrogel. When the values of these moduli equalize at the cross-over point, there
is a change in the behavior of the material and a transition from solid-like to liquid-like
behavior (in the case when G/ is initially greater than G”, i.e., when the elastic response
prevails). The results from the oscillatory rheology measurements of 0.5 wt. % agarose
with all silk fibroin additions are shown in the following Figure 2 (the remaining results are
shown in Supplementary Material Figures S1 and S2).
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Figure 2. Amplitude sweep (A) and frequency sweep (B) tests of 0.5 wt. % agarose hydrogels
(reference and with each addition of silk fibroin). Circles e represent storage moduli G’ and triangles
A represent loss moduli G”.

Agarose hydrogels are ideal materials for studying mechanical properties from a
rheological point of view. It is well known that as the concentration of agarose increases,
the resulting hydrogels become mechanically stronger, which is also evident in oscillatory
rheology measurements. As the concentration of agarose increases, the values of both
viscoelastic moduli G’ and G” increase, corresponding to the crosslinking density of the
resulting hydrogel network. It is also possible to observe the influence on the LVER ends.
The LVER length decreased with an increasing concentration of agarose. Thus, the region
in which the sample is resistant to mechanical stress was shortened. The crossover point
also shifts to lower strain amplitudes with increasing agarose concentrations; hence, with
the denser crosslinking of the agarose hydrogel, irreversible deformation of the sample
occurs earlier by changing from solid-like to liquid-like behavior. Corresponding to the
crosslinking density and the values of the viscoelastic moduli, the more concentrated the
agarose hydrogel is, the smaller the mesh size of the hydrogel.

The results from oscillatory rheology show different effects of fibroin on agarose
hydrogels, relating to the relative concentrations of the components. Significant changes
occurred in the linear viscoelastic region, where, in the case of low concentrations of agarose
(0.5 and 1.0 wt. %), its length decreased due to the addition of fibroin when compared to
the pure agarose (Table S1 in the Supplementary Materials); this length was greatest for the
addition of fibroin at a medium concentration (1.2 wt. %). In contrast, the samples with a
high concentration of agarose (2.0 wt. %) showed the opposite behavior. The addition of
fibroin demonstrated the shortest LVER at its medium concentration (1.2 wt. %), its length
shorter than in the case of pure agarose. The LVER was longer for the other two fibroin
concentrations (0.6 and 4.5 wt. %) than for pure agarose.

The storage modulus was significantly higher than the loss modulus for all samples in
the LVER (Table S1 in Supplementary Materials), indicating dominant elastic behavior on
the part of all the prepared hydrogels. The effect of fibroin addition on both moduli was
significant and dependent on both the agarose and fibroin concentrations; an example of
the elastic (storage) modulus is given in Figure 3. At the lowest concentration of agarose
(0.5 wt. %), the addition of fibroin first decreased the values of both viscoelastic moduli,
while at the highest concentration (4.5 wt. %), both moduli exceeded the values for pure
agarose hydrogel significantly. A similar situation was found for the highest concentration
of agarose (2.0 wt. %). In the case of the medium concentration of agarose (1.0 wt. %), the
elastic modulus was always higher for the fibroin-added hydrogels, and the same results
were found for the loss modulus, except for the sample with a fibroin concentration of
1. 2 wt. %. Figure 3 shows that the samples with the medium concentration of agarose
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responded differently to the addition of fibroin in comparison to the other two agarose
concentrations used.
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Figure 3. Ratio of the LVER viscoelastic modulus G’ of pure agarose gel to that of the gel with the
addition of silk fibroin at various concentrations.

Changes due to the addition of fibroin to agarose hydrogels also occur at the cross-over
points, i.e., changes in the corresponding common value of the moduli and in the value of
the strain (Table S1 in Supplementary Materials). It should be noted that although cross-
over occurs beyond the LVER, i.e., in a region of certain destructive changes, the cross-over
points were reproducible in replicated amplitude sweep measurements. For pure agarose,
the cross-over moduli value increased, and the strain decreased with increasing agarose
concentrations. The smallest effect of fibroin addition was observed for the medium agarose
concentration (1.0 wt. %). For the other two concentrations, the addition of fibroin at 0.6 and
1.2 wt. % decreased the cross-over moduli value and increased the corresponding strain,
while at the highest concentration (4.5 wt. %), the moduli increased and the strain remained
more or less unchanged.

The results of the frequency sweep measurements confirmed the solid-like behavior
of all samples, i.e., the independence or very weak dependence of the moduli on fre-
quency [57]. The effect of silk fibroin on moduli values was identical to its effect on moduli
in the LVER.

The addition of fibroin to agarose hydrogels also changed the mesh sizes in the
hydrogel networks (Figure 4). Again, the samples had an agarose concentration of 1.0 wt. %
behaved differently from the other two concentrations (cf., for example, Figures 3 and 4). In
the latter, with the addition of fibroin at 0.6 and 1.2 wt. %, the mesh size increased (relative
to pure agarose), which was the result of the presence of fibroin inside the forming agarose
network, hindering the physical crosslinking of the agarose chains. In the case of fibroin
at the highest concentration (4.5 wt. %), the mesh size was smaller (0.5 wt. % agarose) or
comparable (2.0 wt. % agarose) to that of pure agarose. The decreased mesh size indicates
the filling of the original agarose network with fibroin fibers and/or the incorporation of
fibroin into the agarose network. A decreased mesh size was also observed for increased
agarose concentrations in our hydrogels.

The rheological results demonstrate that the addition of fibroin had significant effects
on the mechanical properties of agarose hydrogels, with the impact depending on the
relative concentrations of both agarose and fibroin. Importantly, while fibroin did not
alter the overall viscoelastic behavior, such as the shapes of strain amplitude or frequency
curves, it did affect the specific values of storage and loss moduli and the mesh size.
At lower concentrations, fibroin seemed to interfere with the formation of the agarose
network, increasing the mesh size. In contrast, at higher concentrations, fibroin acted
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as a filler, decreasing the mesh size by occupying vacancies within the hydrogel. The
effects on the cross-over points of moduli, indicative of transitions from solid-like to liquid-
like behavior, and on the strain at which this transition occurs, were also found to be
fibroin concentration-dependent. The results suggest that the ability of fibroin to interact
with agarose chains, both physically and electrostatically, can be fine-tuned by adjusting
the fibroin concentration. These findings are essential for understanding how fibrous
components like fibroin can modulate the structural integrity and mechanical behavior
of hydrogels, which may have implications for their application in areas such as tissue
engineering and controlled release systems.

20
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Figure 4. Rheologically calculated mesh sizes of agarose hydrogels with and without the addition of
silk fibroin in different concentrations.

2.3. Diffusivity of Dyes in Agarose=Silk Fibroin Hydrogels

The method of diffusion from a constant source is used to observe the penetration
of a diffusion medium through a porous hydrogel material. How the presence of fibrous
fibroin structures affects the transport properties of agarose hydrogels can be well described
using this macroscopic observation. The principle of this continuous diffusion method
is the spectrophotometric monitoring of the absorbance intensity of the diffusing dye,
which permeates the hydrogel sample prepared in a cuvette after the sample is placed
in a container with a solution of this dye for a certain time. Examples of the obtained
concentration profiles of methylene blue are shown in Figure 5 for the lowest and highest
concentrations of agarose and with silk fibroin additions after 24 and 72 h of diffusion.

The transport velocity of the diffusion probe is one of the most important character-
istics in the case of hydrogel applications. For these applications, the diffusion must be
controllable. In the case of the combination of agarose—fibroin hydrogels, there are different
effects on the speed of transport of the diffusion probe inside these materials (Figure 6A).
In the case of agarose hydrogels, as their concentration increased, the diffusion velocity of
the diffusing dye slowed down, which is related to the crosslinking density of the hydrogel.
In combination with silk fibroin, this transport can be both accelerated and slowed down.
In our study, as the concentration of fibroin increased, the effective diffusion coefficient
decreased regardless of the agarose concentration, but at the lower concentrations of fibroin
(0.6 and 1.2 wt. %) in 0.5 and 1.0 wt. % agarose, it exceeded that in pure agarose hydrogels.
In 2.0 wt. % agarose, fibroin at all concentrations increased the methylene blue diffusion
coefficient. The decrease in the transport speed of the diffusion medium with increasing
fibroin concentration occurs because vacancies in the agarose network are gradually filled
with silk fibroin and also because the effect of the negatively charged protein is manifested;
this prevents the positively charged dye from passing through the hydrogel. The increased
effective diffusion coefficients in the case of less concentrated fibroin additions are again
related to the rheologically determined mesh sizes.
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Figure 6. Values of effective diffusion coefficients (A) and theoretical concentrations at the hydrogel
interface (B) of methylene blue for silk fibroin-modified agarose hydrogels.

Different concentrations of silk fibroin have very different effects on the barrier prop-
erties of the resulting hydrogels (Figure 6B). In the case of pure agarose, it can be observed
that as its concentration increases, the theoretical concentration of the dye at the interface at
the edge of the cuvette decreases slightly. This phenomenon is caused by the presence of a
denser hydrogel network, which prevents the passage of a larger amount of dye. With the
addition of silk fibroin at lower concentrations, this concentration was markedly reduced
in all samples, which was also related to the mesh size and the fact that the presence of
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fibroin expanded the mesh size and allowed the dye to diffuse more effectively through the
hydrogel. However, with a further increase in fibroin concentration, the interface concen-
tration increased, and, in the case of the highest fibroin concentration, the concentration at
the interface was even higher than that of the pure agarose gel. Since fibroin is a negatively
charged protein and methylene blue is a positively charged dye, in this case, the amount
of fibroin exceeded that of the agarose, resulting in the fibroin preventing the passage of
methylene blue. At a high concentration of agarose, these barrier properties were not as
perspicuous because the amount of agarose exceeded the amount of fibroin.

A different behavior, with respect to transport properties, was shown by the second,
oppositely (i.e., negatively) charged dye eosin-B (Figure 7). Unfortunately, in this case,
it was not possible to determine the effective diffusion coefficient in the pure 2 wt. %
agarose gel, because of the sample’s turbidity, through which it was not possible to follow
the diffusion of eosin-B. The addition of silk fibroin decreased the diffusion coefficient of
eosin-B and increased its concentration at the interface. Thus, in contrast to methylene blue,
eosin-B showed faster transport in pure hydrogels (without the addition of silk fibroin)
and “accumulated” much more at the interface of fibroin-added hydrogels than methylene
blue. As the fibroin concentration increased, the diffusion coefficient of eosin-B decreased,
while the effect of the fibroin concentration on the interface concentration showed no
systematic trend. Silk fibroin thus demonstrated stronger barrier properties to eosin-B
penetration than to methylene blue penetration. The main reason for this difference should
be the electrostatic repulsion between the equally (negatively-)charged fibroin and eosin-B
moieties. Interestingly, no effects of potential electrostatic binding between oppositely
charged fibroin and methylene blue were observed, except perhaps the increased interface
concentration for the highest fibroin concentration in 0.5 and 1.0 wt. % agarose (Figure 6).
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Figure 7. Values of effective diffusion coefficients (A) and theoretical concentrations at the hydrogel
interface (B) of eosin-B for silk fibroin-modified agarose hydrogels.

The diffusion experiments in agarose—fibroin hydrogels showed that transport proper-
ties were influenced by both hydrogel mesh size and the charge of the diffusion probes.
As expected, increasing the agarose concentration slowed the diffusion of methylene blue
due to denser crosslinking. However, lower fibroin concentrations increased diffusion
in less dense agarose gels by expanding the mesh, while higher fibroin concentrations
reduced diffusion, likely due to fibroin filling network vacancies and interacting electrostat-
ically with methylene blue. In contrast, the negatively charged eosin-B exhibited slower
diffusion and greater accumulation at the interface, likely due to electrostatic repulsion
with fibroin. These findings demonstrate that fibroin modulates diffusion behavior in a
concentration-dependent manner and acts as a selective barrier, with stronger effects on
negatively charged molecules, further confirming the relationship between fibroin’s impact
on both the structure and transport properties of agarose hydrogels.
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3. Conclusions

This work was focused on the influence of silk fibroin derived from B. Mori cocoons on
physically crosslinked agarose hydrogels and their physicochemical properties (rheological
and transport). It was intended as a simple model study of the effects of fibrous structures
incorporated in a hydrogel on hydrogel properties.

This study demonstrated that the addition of silk fibroin to agarose hydrogels has a
significant impact on their rheological and transport properties, depending on the concen-
tration of both constituents. While the overall viscoelastic behavior remained unchanged,
the specific rheological properties were modulated by the fibroin concentration. The influ-
ence on transport properties, with respect to the diffusion of two dyes differing in their
charge, combined the same effects as presented for the rheological properties and the
effect of electrostatic interactions between charged groups. The transport properties of
diffusion probes in agarose—fibroin hydrogels were highly dependent on the concentrations
of both agarose and silk fibroin. The barrier effect of fibroin was particularly evident for
the negatively charged eosin-B due to electrostatic repulsion.

Overall, the findings illustrate the nuanced impact of fibroin supramolecular struc-
tures on agarose hydrogels, affecting their structure, mechanical properties, and transport
behavior in a concentration-dependent manner. Silk fibroin, as a macromolecular fibrous
structure introduced into the polysaccharide (agarose) matrix, modified the hydrogel prop-
erties through both physical and chemical interactions. By optimizing the ratio of silk
fibroin to agarose, we demonstrated that mechanical and transport properties are closely
linked, and the modification of one often affects the other. These results enhance our
understanding of how supramolecular fibers influence the hydrogel network, contributing
to insights into extracellular matrix behavior and supporting the development of tailored
hydrogel materials crucial for potential biomedical applications.

4. Materials and Methods
4.1. Chemicals and Preparation of Materials

Agarose (Agarose E, Condalab, Madrid, Spain), methylene blue (Sigma-Aldrich,
Prague, Czech Republic), and eosin-B (Sigma-Aldrich, Prague, Czech Republic) were
used without further purification. The structural formulas and molecular weights of the
dyes used are given in Supplementary Materials (Table S2 in Supplementary Materials).

Silk fibroin was extracted from raw silk fibers as per earlier established protocols [58].
Briefly, fibers were degummed for 30 min in 0.02 M sodium carbonate (Penta chemicals,
Prague, Czech Republic) at 90 °C, thoroughly washed with distilled water, and dried at
60 °C overnight. The degummed fibers were dissolved in Ajisawa’s reagent consisting
of calcium chloride (Lach-Ner, Neratovice, Czech Republic), water, and ethanol (Penta
chemicals, Prague, Czech Republic) at a ratio of 1:8:2 for 6 h at 70 °C. The dissolved silk
fibroin solution was then centrifuged (6000 rpm, 15 min) to separate undissolved fragments
and impurities and dialyzed against deionized water using a 3.5 kDa molecular weight
cutoff cellulose dialysis membrane for 3 days. The concentration of the obtained silk fibroin
solution was determined from the dry matter weight as 8 wt. %, and it was stored at 4 °C
for a maximum of 5 days for further studies.

The extracted silk fibroin solution was characterized by several techniques: infrared
spectroscopy (FT-IR spectrometer NICOLET IS 50, Thermo Fisher Scientific, Waltham, MA,
USA; ATR, 32 scans, resolution 4), dynamic light scattering (colloid analyzer ZETA NANO
7S, Malvern Instruments, Malvern, UK; 1 mL diluted sample, 25 °C) allowing zeta potential
measurement, and differential scanning calorimetry (DSC analyzer Q2000, TA Instruments,
TA Instruments, New Castel, DE, USA; aluminum pan, 2 °C/min).

4.2. Preparation of Hydrogels

Agarose hydrogels were prepared by means of the thermoreversible gelation of its
aqueous solution. The procedure followed was consistent with our standard protocol [59].
An accurately weighed amount of agarose powder (concentration of agarose in hydrogel
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samples: 0.5 wt. %, 1 wt. %, and 2 wt. %) was added to deionized water and dissolved by
slowly heating the solution in a water bath at 80 °C until the occurrence of a transparent
solution. A tempered ultrasonic bath was used to degas the solution. Agarose-silk fibroin
samples were prepared by adding a specific amount of silk fibroin solution (concentration
of silk fibroin in hydrogel samples: 0.6 wt. %, 1.2 wt. %, and 4.5 wt. %) to a fully
dissolved agarose solution before sonification. For the rheological experiments, samples
were prepared in beakers, and for the diffusion experiments, samples were slowly poured
into PMMA spectrometric cuvettes (inner dimension: 10 x 10 x 45 mm). The gentle cooling
of samples covered by parafilm (to prevent drying) led to solidification and formation of
the final hydrogels.

4.3. Rheological Characterization of Materials

As an appropriate technique for studying hydrogel mechanical properties, oscillatory
rheology was performed using an Anton Paar MCR72 rotational rheometer employing cross-
hatched 25 mm parallel plate geometry. The rheological procedure consists of an amplitude
sweep test (with constant frequency oscillation) and a frequency sweep test (with constant
amplitude of deformation). The amplitude sweep measurement is useful for determining
the linear viscoelastic region (LVER, determined from the tolerance range of + 5% deviation
for G’ around the plateau value according to the standards ISO 6721-10 [60]) where the
applied deformation is non-destructive, an important factor for the following frequency
sweep test. In addition, this measurement also provides other important information about
the behavior of the gel sample. The values of the viscoelastic moduli G’ and G” provide
information about the crosslinking density of the hydrogel network, and their crossover
point corresponds to the transition between the solid-like and liquid-like behavior of the
material [61,62]. Some of the structural parameters can be calculated from frequency
sweep tests. Crosslinking density px (mol-m~3) can be calculated using the value of the
elastic modulus in the plateau G, (Pa), the universal gas constant R (J-mol~1.K™1), and the
thermodynamic temperature T (K) [63-65]:

Ge

Px = RT (1)

Then, with the assumption of spherical meshes in the network, the mesh size ¢ (m) can be
calculated using the crosslinking density and Avogadro’s number N4 [66]:

6

_ 3
¢ 7ToxNa

(2)

Both tests were carried out on freshly prepared samples in at least two repetitions
(using freshly loaded samples for each). The standard deviations from the means are
presented as error bars in the graphs or included in the table. Error bars are omitted
from the graphs with rheometer data to maintain clarity. Before each measurement, a
conditioning step was performed when the sample was loaded into the rheometer and left
under the measurement conditions for 300 s. Both tests were performed at a temperature of
25 °C (preliminary experiments show minimal difference for results at 25 and 37 °C) with
a 1000 um measuring gap. Amplitude sweep tests were performed within the amplitude
strain range of 0.01-1000% under a constant 1 Hz oscillation frequency, and frequency
sweep tests were performed within the oscillation frequency range of 0.01-1000 rad-s~!
under a constant 0.1% amplitude strain chosen from LVER.

4.4. Diffusion Experiments

Non-stationary diffusion experiments were performed to study the transport proper-
ties of silk fibroin-modified agarose hydrogels. In this macroscopic observation (graphically
represented by Figure 8), hydrogel samples prepared in a cuvette are immersed in the dye
solution, and after a defined time, UV-VIS spectra are collected at certain distances from
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Absorbance (—)

-

the hydrogel/solution interface, which allows the creation of concentration profiles, i.e.,
the dependence of dye concentration on position in the hydrogel. A mathematical formula
originating from Fick’s law can be used to fit each concentration profile and the effective
diffusion coefficient D,f¢ (m?-s71) can be determined:

X

A /4Defft

where ¢, and ¢y are the concentrations of dye in the hydrogel (g-L~!) at a distance x (m)
from the hydrogel-solution interface or at the interface, respectively, and f is the time of
diffusion [67,68].

-

cx= cgERFC 3)
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Figure 8. Experimental setup and analysis of diffusion from a constant source: hydrogel samples
after 24 (a) and 72 (b) hours of methylene blue diffusion, collected spectra of selected (0.5 wt. %
agarose with 0.6 wt. % fibroin) samples (c) and (d), and (e) concentration profile from (d) fitted by
Equation (3).

The prepared hydrogel-filled cuvettes were immersed in a 0.01 g-L~! aqueous solution
of methylene blue and eosin-B with continuous stirring (via a magnetic stirrer at 250 RPM),
and the dye was left to diffuse from the solution into the hydrogel samples. At defined
time intervals (24, 48, and 72 h for methylene blue; 72 and 196 h for eosin-B), the cuvettes
were taken out of the dye solution. UV-Vis spectra were collected in the 400-800 nm
(methylene blue) and 300-700 nm (eosin-B) spectral range at various distances from the
hydrogel/solution interface using a Varian Cary 50 UV-Vis spectrophotometer equipped
with a special home-made accessory allowing spectra collection at different heights of
the cuvette. The experiments were carried out at a temperature of 25 °C, each with at
least two repetitions. The standard deviations from the means are presented as error bars
in the graphs. The concentrations of both dyes in the samples were determined on the
basis of calibration with a set of reference hydrogels with various known concentrations of
methylene blue and eosin-B. The concentration profiles were fitted by Equation (3) using
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the Solver tool in MS Excel, giving the effective diffusion coefficient for every time interval,
and the final value for each sample is the average of these individual coefficients.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/gels10100611/s1, Table S1: Values obtained from amplitude
sweep rheology measurements for silk fibroin-modified agarose hydrogels; Table S2: Structural
formulas and molecular weights of methylene blue and eosin-B; Figure S1: Amplitude sweep (A) and
frequency sweep (B) tests of 1.0 wt. % agarose hydrogels with different concentrations of silk fibroin.
Circles represent storage moduli G’ and triangles represent loss moduli G”; Figure S2: Amplitude
sweep (A) and frequency sweep (B) tests of 2.0 wt. % agarose hydrogels with different concentrations
of silk fibroin. Circles represent storage moduli G’ and triangles represent loss moduli G”.
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