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Abstract: In this study, composite films and scaffolds of polyester poly(3-hydroxybutyrate) and
polysaccharide chitosan obtained via a simple and reproducible blending method using acetic acid
as a solvent were considered. The degradation process of the films was studied gravimetrically in a
model biological medium in the presence of enzymes in vitro for 180 days. The kinetics of weight
reduction depended on the amount of chitosan in the composition. The biocompatibility of the films
was evaluated using the Alamar blue test and fluorescence microscopy. The materials were non-
cytotoxic, and the addition of poly(3-hydroxybutyrate) to chitosan improved its matrix properties
on mesenchymal stem cells. Then, the 3D composites were prepared by freeze-drying. Their
structure (using SEM), rheological behavior, moisture absorption, and porosity were investigated. The
addition of different amounts of chitosan allowed us to vary the chemical and biological properties of
poly(3-hydroxybutyrate) materials and their degradation rate, which is extremely important in the
development of biomedical poly(3-hydroxybutyrate) materials, especially implantable ones.

Keywords: poly(3-hydroxybutyrate); chitosan; acetic acid; composite; rheology; biodegradation

1. Introduction

Polymers are becoming increasingly ubiquitous in our daily lives, finding appli-
cations in a wide range of industries, from space exploration and construction to food
packaging [1-3]. Synthetic polymers are polymers obtained via the synthesis of products
from the oil and gas industry. Natural polymers are usually formed in animals, plants,
and microorganisms, and it is natural polymers that hold the most promise for use in
applications involving living organisms, such as food processing [4], environmental protec-
tion [5], and biomedicine [6,7]. Metal alloys, ceramics, etc., are now widely used in medical
devices [8,9]. The primary drawback of these materials is their inability to biodegrade.
Once implanted, such materials remain in the body for life [10]. Therefore, scientists world-
wide are interested in developing various products from natural materials that possess
biocompatible and biodegradable properties [11,12].

Polysaccharides and polyhydroxyalkanoates, of which chitosan and poly(3-hydroxyb-
utyrate) (PHB) are often mentioned, have been extensively studied in recent decades for
their use as biopolymers with great potential in biomedical applications. Chitosan (CTS) is a
natural linear polysaccharide consisting of alternating glucosamine and acetylglucosamine
bonds linked by 3-(1-4) glycosidic linkages. It is derived from the shells of crustaceans,
particularly crabs, crayfish, and shrimp, as well as insects and fungi. The hydrophilic
cationic polymer chitosan is biodegradable, biocompatible, and mucoadhesive and has
antimicrobial, fungicidal, sorbent, and hemostatic properties [13-16]. Typically, it can
dissolve in weak acid solutions, which limits its use; therefore, researchers often modify it

Polymers 2024, 16, 1124. https:/ /doi.org/10.3390/polym16081124

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym16081124
https://doi.org/10.3390/polym16081124
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-7553-4993
https://orcid.org/0000-0003-2852-8002
https://orcid.org/0000-0002-7261-1930
https://doi.org/10.3390/polym16081124
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym16081124?type=check_update&version=1

Polymers 2024, 16, 1124

2 of 14

in various ways [17-19]. Chitosan has weak mechanical properties and excessive liquid
absorption capacity for many applications, which also reduces the frequency of its use in
an unmodified form [20].

Poly(3-hydroxybutyrate) is a well-known polyester of the polyhydroxyalkanoates
(PHA) group. It is a metabolic product of some bacteria and is used by them for storage [21].
Like chitosan, PHB is biocompatible and biodegradable. One of the key advantages of PHB
is that it decomposes into products (water and carbon dioxide) that are naturally present in
the environment and harmless living organisms [22]. Therefore, PHB has various applica-
tions, including the development of biodegradable plastics and various implants, sutures,
drug delivery vehicles, etc., in medicine [23-25]. However, it also has some disadvan-
tages, such as insufficient hydrophilicity, insolubility in water, and high crystallinity [26,27].
Solvents such as chloroform, dichloromethane, and 1,1,1,3,3,3-hexafluoro-2-propanol are
commonly used for PHB, but they are toxic and not environmentally friendly [28].

To overcome the disadvantages of homopolymers, various techniques are used to cre-
ate copolymers or composites with other substances [29]. For example, to improve the bio-
logical properties of chitosan for tissue engineering applications, alginate [30,31], pectin [32],
collagen [33], hyaluronic acid [34], carrageenan [35], and other substances [36,37] are often
added. To enhance the characteristics of PHB products, it is often combined with other
PHAs to form copolymers [38,39] and with materials such as polylactide, polycaprolactone,
among others, to create composites [40,41]. It is important to note that when modifying
both chitosan and PHB, the most common approach is to use substances with similar
properties from the same group. This approach limits the possibilities for improving and
modifying these properties [42—44]. Therefore, the blending of chitosan and PHB into
a composite is a relevant problem, the solution of which will help to offset some of the
disadvantages of the homopolymers and create a material with improved properties that
the homopolymers did not have.

In a previous study [45], we modified and simplified the method of preparing PHB
blends with chitosan by using acetic acid as a solvent for both polymers. This resulted
in a series of composites with chitosan contents ranging from 4.8% (wt.) to 50% (wt.). It
is important to note that the method described was not suitable for the development of
materials with a chitosan content exceeding 50%. The studies conducted on the compos-
ites” structural and thermal parameters revealed that the addition of chitosan altered the
properties of the PHB-based material despite the absence of any chemical bonds formed
between the polymers. Increasing the amount of chitosan in the composite resulted in a
gradual decrease in the degree of crystallinity of PHB and hydrophobicity of the surface.
Additionally, it led to an increase in thermal stability and the ability of films to absorb mois-
ture. Changes in the relief and roughness of the surface, as well as mechanical properties,
were also observed. However, some issues related to the chemical and biological properties
of PHB/CTS composites and their biodegradability remain unresolved.

The purpose of this study is to test the biocompatibility and biodegradability of the
composites in vitro and develop a technique for fabricating 3D structures from PHB/CTS
blends to evaluate their morphology and rheological behavior and conduct pore analysis.

2. Materials and Methods
2.1. Materials

Chitosan with a molecular weight (MW) of 1000 kDa and an 86% degree of deacetyla-
tion (Bioprogress, Schelkovo, Russia) and poly(3-hydroxybutyrate) with a MW of 320 kDa
(Biomer, Schwalbach, Germany) were used. The other reagents used, such as glacial acetic
acid (Ekos-1, Moscow, Russia), phosphate-buffered solution (PBS), and sodium hydroxide
(Chimmed, Moscow, Russia), were of the highest purity grade.

2.2. Preparation of PHB/CTS Films

PHB and chitosan-based composite films were prepared according to our previously
described methodology [45]. Briefly, glacial acetic acid was used as the solvent for PHB.
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For chitosan, a 2% solution of the polymer in 2% acetic acid was prepared. PHB was placed
in boiling glacial acetic acid (118 °C) and stirred until completely dissolved. The chitosan
solution was then added dropwise to the PHB solution in boiling acetic acid with constant
stirring. The resulting clear mixture was poured onto a preheated Teflon surface (heated
to ~70 °C) and left until the solvent evaporated. PHB/CTS composites were prepared at
polymer ratios of 20:1, 10:1, 4:1, 2:1, and 1:1 (weight/weight). All of the freshly prepared
samples were immersed in 0.1 M sodium hydroxide solution for 10 min and then washed
three times in ethanol to remove acid residues. The composition of the prepared composites
is shown in Table 1.

Table 1. The composition of the samples.

Sample Quantity of PHB Quantity of CTS
% Mg per 1 mL of blend % Mg per 1 mL of blend
PHB 100 20 0 0
PHB/CTS (20:1) 95.23 19.047 4.76 0.953
PHB/CTS (10:1) 90.90 18.18 9.1 1.82
PHB/CTS (4:1) 80 16 20 4
PHB/CTS (2:1) 66.67 13.33 33.33 6.67
PHB/CTS (1:1) 50 10 50 10
CTS 0 0 100 20

2.3. In Vitro Enzymatic Degradation

The enzymatic degradation of the composite films was studied as follows. Polymer
films (15-25 mg) were incubated in PBS with the addition of porcine pancreatic lipase
(Merck (Sigma-Aldrich), St. Louis, MO, USA) and chicken egg lysozyme (Merck (Sigma-
Aldrich), St. Louis, MO, USA). The concentrations of pancreatic lipase and lysozyme were
taken to be 0.25 mg/mL and 13 mg/L, respectively, based on the enzyme content of a
normal human body [46—49]. The mass change of the films was measured gravimetrically
after 1, 3, 7, 30, 90, and 180 days of incubation in the enzyme solution. The films were
weighed on an Acculab AL-64 analytical balance (Bohemia, NY, USA) before being placed
in the incubation solution. The samples were placed in 15 mL tubes and incubated at pH 7.4
and 37 °C, with the enzyme solutions replaced twice a week. The pH was monitored using
an Orion 420+ pH meter (Thermo Fisher Scientific, Waltham, MA, USA). The tubes were
kept under constant agitation at 90 rpm on a Biosan PSU-10i orbital shaker (BioSan, Riga,
Latvia). To prevent microbial contamination, a concentration of 2 g/L of sodium azide was
added to the solution. The hydrolytic degradation equation is presented below:

-[O-CH(CH3)-CH,-CO],OH — -[O-CH(CHj)-CH,-COl,,.;OH + CH3-CH(OH)-CH,-COOH

The films were washed with distilled water when the control point was reached, dried
to a fixed mass, and weighed. The change in weight relative to the initial weight was
then calculated as a percentage. At least three samples of each species were used for each
control point.

2.4. Cytocompatibility Assay

The cytocompatibility of the materials was tested on primary cultures of mesenchymal
stem cells (MSCs) isolated from adipose tissue of Wistar rats. The cells were cultured in
DMEM growth medium containing 4.5 g/L glucose and supplemented with 10% fetal
calf serum (HyClone, Marlborough, MA, USA), as well as a penicillin (50 U/mL) and
streptomycin (0.05 mg/mL) solution (PanEco, Moscow, Russia). The samples were cut into
0.5 x 0.5 cm pieces, sterilized in 70% ethanol for three days, and then seeded with cells
at a concentration of 3000 cells per well of the culture plate. After one day of cultivation,
the degree of adhesion of MSCs to the samples was evaluated via fluorescence microscopy
using an Axio Lab.Al instrument (Zeiss, Jena, Germany). After washing the cells three
times in PBS, they were transferred to new wells of the plate and stained with a solution of
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calcein (2.7 uM) (DIA-M, Moscow, Russia)) and Hoechst 33342 (3.8 png/mL) (Servicebio,
Wuhan, Hubei, China) vitreous dye in PBS for 30 min in a CO, incubator at 37 °C. The
stained cells were washed three times with PBS and analyzed.

The ability of the cells to proliferate was assessed using the Alamar Blue test. A stock
solution of resazurin (0.15 mg/mL) (Alfa Aesar, Shanghai, China) in HBSS (HyClone,
Marlborough, MA, USA) was prepared. To exclude the contribution of cells not attached to
the film but growing at the bottom of the well of the culture plate, the films were transferred
to clean wells containing 90 phL. DMEM and 10 pL resazurin stock solution before the assay.
The samples were then incubated for 2 h in a CO, incubator at 37 °C with continuous
agitation. After incubation, 90 uL of the stained solution was transferred to clean wells and
analyzed using a Hidex Chameleon flatbed spectrophotometer (LabLogic, Tinsley, UK). The
amount of fluorescence emitted was recorded at 585 nm with an excitation wavelength of
540 nm. Cells seeded on wells without samples served as the positive control, while empty
wells containing 90 uL DMEM and 10 pL resazurin solution were used as negative controls.

2.5. Fabrication of PHB/CTS Scaffolds

The mixed composite scaffolds were prepared using the same procedure as the films
with some modifications. After dissolving the components, 10 mL of the solution was
poured into a 50 mm glass Petri dish, cooled in air, and then frozen and lyophilized. Before
further experiments, all of the samples were neutralized with a 0.1 M sodium hydroxide
solution and then washed at least three times in distilled water to achieve a neutral pH and
in ethanol.

2.6. Scanning Electron Microscopy (SEM)

The surface morphology of the scaffolds was analyzed via scanning electron mi-
croscopy. Scaffold samples were glued to microscope slides fixed in a holder and coated
with gold particles using a vacuum atomizer. Excess gold particles were removed by
venting. The prepared samples were transferred to the scanning electron microscope cham-
ber JSM-6380LA (JEOL, Peabody, MA, USA), and images were taken at a frequency of
80 s/frame.

2.7. Rheological Measurements

The viscoelastic properties of the composite scaffolds were evaluated using an MCR-
302 rheometer (Anton Paar GmbH, Graz, Austria). The measurements were performed on
wet specimens pre-immersed in PBS at 20 °C. The measuring geometry used was plate-plate
geometry with a diameter of 25 mm, and the thickness of the specimens was 3-5 mm.

2.8. Moisture Absorption and Porosity of the Scaffolds

The moisture absorption of the polymer scaffolds was evaluated using the standard
method described in [50]. The scaffolds were incubated at t = 50 °C until a constant weight
was achieved (m0). They were then immersed in distilled water at ¢ =25 °C for 1 h. After
removing any water droplets, the samples were weighed again. The mean result (n = 3) is
presented. Moisture absorption was calculated using the following formula:

Moisture Absorption = % * 100%, (1)

where m0 and m1 represent the weights of the dry and water-saturated samples, respectively.

The scaffold’s porosity (%) and density (g/ cm?®) were calculated using the method
outlined in [51]. Distilled water was used as a pore-filling liquid. The weight of the scaffolds
(m) immersed in a known volume (V1) of water was measured. To fill the pores with water,
the scaffolds were purged of air through a series of short pumping cycles. These cycles were
repeated until no more air bubbles formed on the surface of the scaffolds. The porosity ()
of the scaffolds was calculated using Equation (2) after recording the total volume of water
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and scaffolds as V2 and measuring the remaining volume of water (V3) after removing the
scaffolds from the liquid.
V1i-V3

The density (d, g/ cm®) was calculated as (3)

m

=93

(3)

2.9. Statistical Analysis

Statistical analysis was conducted using OriginPro 2016 software (OriginLab Corpora-
tion, Northampton, MA, USA) with one-way analysis of variance (ANOVA) and Student’s
t-test at a significance level of p < 0.05. The data presented in the tables and figures are
expressed as + SD unless otherwise specified [45].

3. Results and Discussion

This study is a logical extension of our previous work, which focused on the develop-
ment and investigation of the thermal, mechanical, and physicochemical properties of PHB
and chitosan films [45]. Detailed analyses of the structure and main properties of these
materials, with the exception of the viscoelastic and biological properties, were performed
by us in this previous study and will not be repeated in the current article.

3.1. Mass Changes during Biodegradation Process

The most important characteristic of biopolymers is their biodegradability. It is impor-
tant to maintain this property during the chemical modification of polymers or the creation
of composites with other materials. Therefore, it is essential to conduct biodegradability
testing in model biological environments as a crucial step in developing new composites
with potential biomedical applications. According to the literature, unmodified PHB takes
arelatively long time to degrade in an environment that simulates the internal environment
of the human body, and the total degradation time can reach 500 days or more [52]. For
this reason, other components, including those of natural origin, are often incorporated
into PHB-based biomaterials. This approach is promising as the creation of PHB-based
blends and composites will achieve reduced degradation times [53]. Additionally;, it is
hypothesized that the use of the biodegradable polysaccharide chitosan will enable the
production of products with controlled degradation rates. This will be extremely important
in the development of implantable materials that are intended to be gradually replaced by
the body’s own tissues, as the rate of material degradation should approximate the rate of
regenerative processes in tissues.

Figure 1 shows the results of the study relating to the degradation process of samples
in solutions of porcine pancreatic lipase and lysozyme in phosphate buffer for 180 days.
The weight loss of the samples (in %) was calculated as the ratio of the weights of the dried
films before and after the degradation experiment to indicate the biodegradation process.

The figure illustrates that the rate of composite mass reduction varied depending on
their composition. The fastest degradation process was observed for films made of pure
chitosan and the PHB:CTS 1:1 composite, where the chitosan content was the maximum,
amounting to 50%. These samples took 30 days to completely degrade from the beginning
of the incubation and lost over half of their mass within the first 7 days of the experiment.
However, it is evident that pure chitosan films undergo severe degradation, with a mass
loss of 89.8% in just 7 days. This indicates that the enzymatic degradation of composites
begins with chitosan. Lysozyme is responsible for the catalytic hydrolysis of glycosidic
bonds at the C4 atom within an N-acetyl-D-glucosamine moiety for chitosan [54].
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Figure 1. The figure shows the mass loss of the composites during in vitro incubation in porcine
pancreatic lipase and lysozyme solution for 180 days. The x-axis is plotted on a logarithmic scale to
better illustrate the mass changes of the films during the first 10 days of incubation, where a value of
0.1 day corresponds to the starting point of the experiment.

In composites, the poly(3-hydroxybutyrate) component is more resistant to biodegra-
dation. When reducing the amount of chitosan in the films, a significant increase in
degradation time was observed. The PHB:CTS 2:1 composite ranked third in terms of
degradation rate, degrading by about 50% across 90 days. This ratio of components al-
lowed PHB to maintain a stable material structure for a considerable amount of time. It
is important to note that by 180 days, all films containing chitosan (except PHB:CTS 1:1)
were highly fragmented. Our previous research has shown that the mechanical properties
of the films did not differ significantly. However, during biodegradation, chitosan affected
the crystal structure of the composite [45]. Therefore, the inclusion of chitosan resulted in
a reduced degree of crystallinity from 59% for PHB in acetic acid to 24% for PHB in the
PHB:CTS 1:1 composite. Obviously, amorphous regions of PHB, which are more abundant
in samples with high chitosan content, dissolve first under the influence of the enzyme.

This experiment demonstrates that by varying the chitosan content, it is possible
to achieve a controlled degradation time of the PHB composite product. This finding is
significant for the development of materials that can replace bone or cartilage tissue with
the body’s own cells without the need for repeated surgeries [47,55].

3.2. In Vitro Biocompatibility Assay

To evaluate the applicability of the investigated materials in biomedical fields, it is
crucial to preliminarily study their biocompatibility in vitro. Cell growth and viability on
different substrates are influenced by both the surface morphology and physicochemical
properties of such substrates. In our previous work, we assessed the surface topography of
composite films using atomic force microscopy (AFM) [45]. It was assumed that increasing
the RMS surface roughness of the composites, as compared to the control samples of PHB
and chitosan, would result in improved cell adhesion.

In this study, the number of attached viable cells on the surface of the samples was
evaluated using fluorescence microscopy data, and the results are shown in Figure 2. First,
it should be noted that the attachment and proliferation of cells on the surface of CTS were
significantly worse than on the other samples. Figure 3 shows the results of the Alamar
blue test, showing that cells had virtually no proliferation after 7 days of incubation on
the chitosan sample (Figure 3A) and had the lowest level of MSC adhesion to chitosan
after 1 day of experimentation (Figure 3B). This may be due to the presence of charged
amino groups in chitosan and negative interaction with the cell membrane [56]. In general,
the results of the Alamar blue test were consistent with the data obtained from the use of
fluorescence microscopy (Figure 2).
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Figure 2. The figure shows MSC cells on samples of different materials (photos taken af-
ter 1 day of incubation with a fluorescence microscope, magnification x200, scale bar 50 pm):
(A)—CTS; (B)—PHB; (C)—PHB:CHS 20:1; (D)—PHB:CHS 10:1; (E)—PHB:CHS 4:1; (F)}—PHB:CHS 2:1;
(G)—PHB:CHS 1:1.

18,000 mCTS
mPHB 3000
16000+ BPHB:CTS 20:1 I
14,000 4 BPHB:CTS 10:1 2500 4 1
BPHB:CTS 4:1 | -
12,000 - OPHB:CTS 2:1 1 ]
2000
%10,000* OPHB:CTS 1:1 P
Q1 _
© 8000 31500 l
° ©
& 6000 4000 l
£ o =
£ 40001 E 500
=
Z 2000 >
04
0 . :
1 3 7 P S S
Days R T e S LA C
oBY B e el ol
(A) (B)

Figure 3. The figure shows the (A) growth of MSCs on films of different materials (Alamar Blue test),
and the (B) adhesion level of MSCs to films of different materials after one day of incubation.

Using acetic acid to dissolve PHB has the advantage of reducing the use of additional
reagents that could be toxic to cells. It has been suggested in other studies that residual
chloroform in PHB material may persist after evaporation and have negative effects on
living systems [57]. The number of viable cells for the PHB sample in acetic acid increased
more than fivefold from day 1 to day 7 of the experiment. This increase may be related
to the presence of low-molecular-weight PHB in the sample’s composition, which we
have reported in previous work. It is noteworthy that the sample closest in composition
(PHB:CTS 20:1) exhibited the worst cell adhesion on day 7 of the experiment. The sample
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was not toxic, but the cells adhered poorly to the film surface and were easily detached
during sample preparation.

For the PHB:CTS 1:1 sample with the highest amount of chitosan, cells adhered well
to the surface at 1 day (Figure 3B), which is not inconsistent with Figure 2G. However, it
shows that some of the cells assumed a spherical shape, which means that there was a
low contact area between the cells and the surface of the PHB/CTS sample compared to
PHB. Furthermore (Figure 3A—7 days of incubation), the cells proliferated worse on the
surface of this sample, although the adhesion was acceptable on the first day. This may be
due to the influence of the positively charged amino groups of chitosan. The presence of
chitosan may cause difficulties in the secretion of extracellular matrix (ECM) proteins; the
cells remained in the remodeling stage of the ECM and could not progress to the spreading
stage. For PHB:CTS 2:1, we hypothesize a similar mechanism of interaction with cells.

There is evidence in the literature [58] that pure chitosan materials may negatively
affect cell adhesion due to excessive swelling of the surface layer (which may prevent
cells from making further specific protein-mediated contacts with the surface required for
complete cell spreading) as well as high hydrophilicity.

The surface of the PHB:CHS 4:1 and PHB:CHS 10:1 composites showed the best MSC
growth after 7 days of the experiment. This is likely due to a combination of factors, as
described above. Chitosan affected the structure of the PHB film, making it rougher and
more hydrophilic, but the amount used was insufficient to affect the cells themselves. The
use of acetic acid as a solvent also affected cell viability on PHB.

In these experiments, the films were a model object to investigate the properties of
the composite as a material. In practice, scaffolds are more commonly used because they
have the advantage of having a 3D structure. The leaching method, which uses a pore-
forming agent, such as ammonium carbonate, is a commonly used method for fabricating
3D structures from PHB [59-61]. However, no additional additives were necessary when
PHB was dissolved in acetic acid because a simple freeze-drying method could be used.
Therefore, the second part of this work is dedicated to analyzing the physicochemical
properties of the scaffolds obtained by this method, which was previously not applicable
when chloroform was used as a solvent for PHB.

3.3. Scanning Electron Microscopy (SEM)

The surface morphology of the composite scaffolds was investigated through the use
of SEM. Analyzing the surface of 3D objects is crucial for evaluating the material structure
and practical applications of new materials.

Figure 4 shows surface images of the scaffolds of PHB and CTS homopolymers as
well as the PHB:CTS 20:1, 10:1, and 4:1 composites. All the surfaces shown are quite
heterogeneous. They were united by the presence of multiple structural roughnesses. The
surface of the CTS scaffold was highly porous with pores of different sizes, while the sample
structure was represented by fibrils. An interesting feature of the PHB, PHB:CTS 10:1, and
4:1 samples was that a porous structure was visible beneath the layered outer surface
at the discontinuities; that is, the pore system almost does not go out but is inside the
composite. The surface of the composites (PHB:CTS 10:1 and 4:1) exhibits long, elongated
structures, likely fibrils, due to the presence of chitosan in the composition. These findings
confirm the immiscibility of the two polymers. The results for the 2:1 and 1:1 samples were
not presented in this experiment because the materials formed dense macroscopic films
instead of porous matrices during the lyophilic drying process. However, immersion in
PBS transformed these samples into bulk elastic hydrogels, most likely due to their high
swelling capacity. This enabled us to measure the rheological parameters for all samples.
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Figure 4. SEM images of the surface of the scaffolds: (A) PHB, (B) CTS, (C) PHB:CTS 20:1,

(D) PHB:CTS 10:1, and (E) PHB:CTS 4:1.

3.4. Rheological Behavior of the Scaffolds

In the course of this work, the viscoelastic parameters of the scaffolds in the swollen
state were studied, i.e., the values of the storage and loss moduli were determined (Figure 5).
It is known [62] that G’ is the storage modulus (modulus of elasticity), which indicates the
stored strain energy that can be returned later. G” represents the loss modulus (viscous
modulus), which represents the strain energy lost (dissipated) due to internal friction
during flow. Complex viscosity is the ratio of complex modulus to angular velocity and

reflects the total dynamic shear resistance.
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Figure 5. The figure shows the rheological properties of scaffolds. (A) Storage (G') and loss (G")
moduli; (B) complex viscosity of the scaffolds; (C) damping factor (G”/G/).



Polymers 2024, 16, 1124

10 of 14

The storage and loss moduli values for the homopolymers differed significantly. G’
for PHB was approximately 30 times greater than G’ for chitosan, indicating that the PHB
scaffolds were more elastic and the chitosan scaffolds were more viscous (Figure 5A). All of
the samples had higher G’ than G”, indicating that they were specifically viscoelastic solids
and not liquids. The storage modulus of composites decreases with increasing chitosan
content. The G’ and G” curves for PHB, PHB:CTS 20:1, 10:1, 4:1, and 2:1 have a smaller
slope than the curves for PHB:CTS 1:1 and CTS, indicating that their modulus values did
not decrease with changes in angular velocity. This also suggests that the samples remained
viscoelastic and did not transform into viscous fluids. The slope of the PHB:CTS 1:1 and
CTS curves suggests a potential disruption of the matrices’ internal structure as the angular
frequency changes from 0.1 to 100 Hz.

The complex viscosity decreased by approximately three orders of magnitude with
increasing angular frequency (Figure 5B). The decrease in viscosity indicated an increase in
fluidity (liquefaction) of the sample with an increasing shear rate. Again, a dependence on
the amount of chitosan in the composite was observed, with the lowest complex viscosity
corresponding to homopolymer chitosan. As the PHB content in the composite structure
increased, the viscosity also increased.

The dependence of the rheological properties on the chitosan content in the composite
was clearly demonstrated by the damping factor (tgd), which was plotted at an angular
frequency equal to 10 rad/s. This factor describes the ratio between the loss and storage
moduli (G”/G’). When the loss factor tgd < 1, the sample is a viscoelastic solid. When
tgd = 1, the sample is at the gel point, and for values of tgd > 1, the sample is in the
viscoelastic fluid state. The elastic properties of the sample improve as the damping factor
decreases. The histogram in Figure 5C shows that all samples were viscoelastic solids
rather than liquids. There was also a clear relationship between the chitosan content of the
composite and the damping factor: the more chitosan in the composite, the more viscous
the sample. This proves that in the absence of chemical interactions between the two
polymers, both polymers influence the mechanical properties of the composite to a greater
or lesser extent.

3.5. Moisture Absorption and Porosity of Scaffolds

Scaffolds serve as a matrix for growing new tissue to replace damaged tissue. To
facilitate cell nutrition, proliferation, migration, vascularization, and new tissue formation,
scaffolds must be porous and capable of absorbing moisture. Moisture absorption and
porosity are crucial parameters to consider when designing and fabricating a scaffold [63].

The moisture absorption, porosity, and density of the scaffolds are shown in Table 2.
The porosity of the scaffolds was calculated using the substitution method with distilled
water as the substitution liquid.

Table 2. The table shows the moisture absorption, porosity, and density of scaffolds.

Sample Moisture Absorption (%) Density, g/cm?3 Porosity (%)

PHB aa 162 £+ 20 0.04 97 £1
PHB:CTS 20:1 175 £+ 26 0.05 96 £0.5
PHB:CTS 10:1 240 £ 20 0.04 97 £1
PHB:CTS 4:1 295 + 26 0.05 96 +1
PHB:CTS 2:1 2800 + 150 - -
PHB:CTS 1:1 5000 + 278 - -

CTS 6976 + 305 - -

The table above shows that the porosity of the acetic acid prepared scaffolds was
consistent across all compositions, with a range of 96-97%. This is higher than the porosity
of PHB scaffolds prepared via the leaching method (chloroform as a solvent), which
was 87 £ 1.5% [64]. Additionally, the density of the scaffolds was not affected by the
ratio of components. The obtained results for the porosity and density of the scaffolds
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are appropriate for use in tissue engineering applications for bone regeneration. These
parameters promote tissue and vessel growth within the scaffold volume [65-67]. In
contrast to porosity and density, water absorption is dependent on the composition of the
scaffolds. For instance, the water absorption of pure PHB was 162 £ 20%. As the chitosan
content of the composite increased, so did the composite’s ability to absorb moisture.
Specifically, the water absorption of PHB:CTS 20:1 was 175 % 26%, and for PHB:CTS 4:1, it
was 1.7 times higher-295 £ 26%. This increase can be attributed to the greater influence
of chitosan, which transforms into a hydrogel by absorbing water (water absorption was
6976 & 305%). The results of PHB:CTS 2:1 and 1:1 composites are noteworthy. It was
hypothesized that the ratio of added chitosan, which was in the range between PHB:CTS 4:1
and 2:1 (20 to 33.3% wt% chitosan, respectively), begins to significantly alter the properties
of the PHB scaffold. The effect of chitosan on the properties of the scaffold becomes quite
pronounced. When placed in water, PHB:CTS 2:1 and 1:1 also turned into hydrogels, but
retained their defined shape and were stronger than chitosan hydrogel. Thus, in these
composites, PHB contributed to the structural properties while chitosan absorbed moisture.

The data indicate that the structural and physicochemical properties of 3D materials
are significantly influenced by their composition. This presents new opportunities for
PHB/ chitosan scaffolds, as varying the material composition can impart the necessary
properties for specific biomedical applications. For instance, composites with low chitosan
content exhibit adequate resistance to degradation in the organism. Therefore, with addi-
tional modifications, such as the addition of hydroxyapatite or growth factors, they can be
used to replace bone and cartilage defects. This is because the process of replacing such
tissues is quite lengthy. Despite their poor mechanical properties, composites with high
chitosan content absorb moisture very well. Therefore, these materials, in combination
with antibacterial components, can be used in the field of wound healing, including for
injection application. PHB/chitosan composites can be considered universal materials, but
additional in vivo testing is necessary to fully realize their potential.

4. Conclusions

In the present study, PHB/chitosan composites with different component ratios were
investigated. Acetic acid at two concentrations was used as a solvent for both chitosan
and PHB. During the long-term enzymatic degradation experiment, it was shown that
the amount of chitosan directly affected the degradation rate of the composite. Thus,
composites with PHB:CTS ratios of 20:1, 10:1, and 4:1, respectively, lost no more than 25%
of their mass by 180 days of the experiment; the 2:1 sample lost about 50% of its mass by
90 days; and the 1:1 and pure chitosan samples were completely degraded by 30 days of
incubation. Culturing mesenchymal stem cells on composite films showed that all prepared
samples were not cytotoxic, and mixing chitosan with PHB increased its cytocompatibility.
The use of acetic acid as a solvent for PHB allowed the creation of 3D structures without
the use of pore-forming agents. Such scaffolds exhibited a complex, layered structure, high
porosity and relatively low density. By varying the amount of chitosan in the composite
scaffold, it is also possible to achieve different levels of water absorption, which differed
by a factor of 30 for PHB and PHB:CTS 1:1 samples (162 and 5000%, respectively). All this
leads to the conclusion that the ratio of PHB/CTS components is the main factor influencing
the whole range of properties of the composite. According to the totality of properties, such
composites have wide prospects for use in a variety of biomedical applications.
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