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Abstract: From a series of biodegradable natural polymers of polyhydroxyalkanoates (PHAs)—poly-
3-hydroxybutyrate (P(3HB) and copolymers containing, in addition to 3HB monomers, monomers of
3-hydroxyvalerate (3HV), 3-hydroxyhexanoate (3HHx), and 4-hydroxybutyrate (4HB), with different
ratios of monomers poured—solvent casting films and nanomembranes with oriented and non-
oriented ultrathin fibers were obtained by electrostatic molding. With the use of SEM, AFM, and
measurement of contact angles and energy characteristics, the surface properties and mechanical and
biological properties of the polymer products were studied depending on the method of production
and the composition of PHAs. It has been shown in cultures of mouse fibroblasts of the NIH 3T3 line
and diploid human embryonic cells of the M22 line that elastic films and nanomembranes composed
of P(3HB-co-4HB) copolymers have high biocompatibility and provide adhesion, proliferation and
preservation of the high physiological activity of cells for up to 7 days. Polymer films, namely
oriented and non-oriented nanomembranes coated with type 1 collagen, are positively evaluated as
experimental wound dressings in experiments on laboratory animals with model and surgical skin
lesions. The results of planimetric measurements of the dynamics of wound healing and analysis
of histological sections showed the regeneration of model skin defects in groups of animals using
experimental wound dressings from P(3HB-co-4HB) of all types, but most actively when using
non-oriented nanomembranes obtained by electrospinning. The study highlights the importance of
nonwoven nanomembranes obtained by electrospinning from degradable low-crystalline copolymers
P(3HB-co-4HB) in the effectiveness of the skin wound healing process.

Keywords: biodegradable polyhydroxyalkanoates (PHAs); copolymers; films; nanomembranes;
properties; cell cultures; wound coverings; healing of skin wounds

1. Introduction

Polymeric nanostructured materials (NSPs), characterized by different morphologies
and differences in spatial organization, play an increasingly significant role in various fields.
Such materials are promising for a wide range of biological and technological applications,
primarily for medicine and pharmaceuticals, causing a revolutionary transformation in
existing diagnostic and treatment technologies [1]. Nanomaterials provide a significant
improvement in the quality of care by increasing the accuracy and reliability of diagnostics,
with more efficient targeting of therapeutic agents while minimizing side effects, as well
as increasing the effectiveness of the latest technologies in regenerative medicine [2,3].
Nanomaterials with a high surface to volume ratio demonstrate unique physicochemical
properties and are promising not only for drug and gene delivery but also as biosensors, in
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cell and tissue engineering technologies, etc. [4]. The rapid and growing interest in NSPs
is related to their properties. Size, shape, composition, molecular engineering, assembly,
and nanostructures are the key parameters that characterize NSPs, govern their functions,
and allow them to be applied in various fields. Polymeric nanostructured materials in-
clude various types of nanostructures, such as micelles, polymersomes, nanoparticles,
nanocapsules, nanogels, nanofibers, dendrimers, brush polymers, and nanocomposites [5].
Their properties, such as stability, size, shape, surface charge, surface chemistry, mechani-
cal strength, porosity, etc., can be tailored to specific functions that are matched to meet
the needs of the targeted biomedical application [2]. Such nanostructured materials can
be obtained by various methods, including direct dissolution, film casting and dialysis
methods, electrospinning, micronization of oil-in-water emulsions, and others [6–9]. In gen-
eral, polymeric nanostructured materials should have properties appropriate for specific
biomedical applications.

One of the most promising areas of application of new-generation nanomaterials is
reconstructive medicine based on cell biology and tissue engineering technologies [9,10]. To
develop and improve the methods of reconstructive medicine based on tissue engineering,
new materials of high functionality and specificity are required, including the design of
systems capable of reproducing the biological functions of a living organism. The main
focus of researchers today is the search for technologies to create bioartificial materials and
organs, which are a system of materials of artificial or biological origin, including function-
ing cells, or stimulating the regeneration of the corresponding cells in the implantation
zone [11,12]. Scaffolds should have multifunctionality, sufficient mechanical strength and
elasticity, biocompatibility at the protein and cellular level, the ability to attach to cells and
stimulate cell proliferation and differentiation, the capacity for neovascularization, and the
possibility of sterilization without changing the medical and technical properties [13,14].
The use of such bioconstructions, additionally loaded with drugs, is a revolutionary trend
in reconstructive surgery and transplantation and has great prospects. Matrices of this type
include membranes, films, and grids; this is the simplest type of open system [15]. The
flat surface of the films appears to be an acceptable substrate for culturing in vitro. The
advantages of such systems lie in the relative ease of manufacture and use. Thus, porous
mesh matrices are obtained by various methods; these are fiber weaving, solution deep
molding, leaching of salt particles, gas foaming, freeze drying, and extrusion [16,17].

The use of the potential of cellular technologies for reconstructive purposes is im-
plemented using several approaches. In one of them, a suspension or cluster of cells of
the required phenotype grown in vitro is introduced into damaged organ tissues directly
or into the bloodstream [18]. In another, technologically more complex approach, cells
are grown outside the body on a matrix (scaffold), and then the bioengineered structure
or the formed tissue is implanted into the recipient organism. The success of the second
method depends largely on the properties of the scaffolds used as cell carriers [11,19].
All the necessary properties of the matrix are determined by the properties of the source
material and the technology of its processing. Therefore, the key problem for the success
of creating effective bioconstructs is the availability of an adequate biodegradable and
biocompatible material.

The main requirement for biomaterials for biomedical purposes is biocompatibil-
ity [20,21]. The factors that determine biocompatibility include the composition of the
material, the structure and properties of the surfaces of the matrices, the shape of the cell
carrier, and, at the organismal level, the site of implantation and the age of the organism,
as well as the degree of tissue damage [22,23]. One of the indicators of biocompatibility
is the ability of the matrix surface to maintain cell adhesion, which further affects cell
proliferation and the success of the “cell–matrix” structure [24]. The factors influencing
the attachment of cells to matrices include the hydrophilicity of the surface. Cell adhe-
sion is favorable on scaffold surfaces with medium hydrophobicity, with contact angles
up to 70◦ [25,26]. To increase the hydrophilicity of the surface of the material, various
methods are used—treatment with γ-radiation, or with plasma of oxygen, hydrogen, or
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nitrogen [27–29]—which increase the wettability due to the formation of polar groups on
the surface, as well as grafting hydrophilic molecules to the surface of the matrices, which
can carry an additional functional load (hyaluronic acid, carboxylic acids, chitosan), which
gives the product antibacterial activity [30,31].

An important parameter of cell carriers, surface roughness is a parameter that, at the
nanolevel, affects the adsorption of proteins, cell attachment, and their further growth and
development. For different types of cells, surfaces with different roughness coefficients
are more suitable. For example, a rougher surface with a unidirectional surface pattern
structure is better suited for osteoblasts [32]; the adhesion, proliferation, and differentiation
of bone marrow cells increase with increasing matrix surface roughness [33], while a
smoother surface is suitable for epithelial cells. In addition, roughness determines the
hydrophilicity of the surface; as was shown by De Gennes, the presence of small differences
in the surface relief leads to an increase in the energy barrier of the surface and a decrease
in the wetting angle and improves the wettability of the surface, and vice versa—large
differences in the topographic structure lead to an increase in hydrophobicity [34].

The most important requirement for biomaterials used in reconstructive technologies
is the ability of the materials to degrade in the body, without the formation of toxic products
and at a rate comparable to the rate of tissue regeneration [35]. The permanent presence
of an implant in the body is associated with undesirable side effects: surface oxidation,
inflammatory reactions, shielding of the mechanical load necessary for normal tissue
development, and the need for a second operation to remove the implant [36]. Today,
biodegradable implants are most in demand; they are destroyed in the body at the same
time as they are replaced by healthy organs or tissues.

Among degradable polymeric materials, an important position is occupied by poly-
hydroxyalkanoates (PHAs)—polymers of microbiological origin. PHAs are a family of
biodegradable thermoplastic polymers with different chemical structures and different
physicochemical properties [37–44]. These polymers can be processed into products using
known and accessible methods from various phase states (solutions, emulsions, pow-
ders, melts) [45,46], as well as being used to obtain composites with various fillers and
materials [47]. PHAs’ prospects for application include various fields, from municipal
and agricultural to medicine and pharmacology [48–51], and they have great potential to
contribute to the “circular economy” [52]. The high biological compatibility of PHAs at
the cellular, tissue, and organism levels, and their long-term and controlled resorption
in vivo, makes PHAs some of the most promising materials for biomedical applications. A
particularly promising field of application of PHAs is reconstructive medicine, based on
cell and tissue engineering technologies [6,53–57]. An important aspect of the prospects of
PHAs is the possibility of synthesizing polymers of various chemical compositions and
obtaining polymer products with different mechanical strength indices, as well as surface
structures and properties.

The most common and the best-studied PHA is the homopolymer of 3-hydroxybutyric
acid (poly-3-hydroxybutyrate, P(3HB)). Despite the great potential of this polymer, its high
crystallinity (above 70%) and hydrophobicity limit its use. P(3HB) does not crystallize
to form an ordered structure, and it is difficult to process P(3HB) into products, which
demonstrate low shock resistance and rigidity and are prone to “physical ageing” [12,58].
Properties of polymeric materials, including P(3HB), can be improved by using biological,
chemical, and physical methods, such as the fabrication of P(3HB) composites with other
materials, biosynthesis of PHA copolymers, chemical modification, and physical treatment
of the surfaces of polymer products [47,59–65]. These methods help to change the proper-
ties of polymer products, increase their biodegradation rate, enhance their flexibility and
mechanical strength, increase the surface hydrophilicity and porosity to facilitate cell attach-
ment, improve the gas dynamic properties of the products, and enhance their permeability
to the substrates and metabolic products of cells and tissues.

The present work shows the possibilities of constructing cellular nanomatrices from
PHAs, which differ in microstructure and surface properties, and the potential of using
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various methods for processing these biopolymers in order to modify the characteristics
and use of the resulting polymer nanoproducts.

2. Materials and Methods
2.1. Production of PHAs

A family of PHAs with different sets and ratios of monomers has been investigated
(Table 1): the homopolymer of 3-hydroxybutyrate P(3HB) [-O-CH(CH3)-CH2-CO-] and
copolymers, each consisting of the 3-hydroxybutyrate monomer and another monomer. Sec-
ondary monomers differed in their structure and carbon chain length: 4-hydroxybutyrate
(4HB) [-O-CH2-CH2-CH2-CO-], 3-hydroxyvalerate (3HV) [-CH(C2H5)-CH2-CO-], and 3-
hydroxyhexanoate (3HHx) [-O-CH(C3H7)-CH2-CO-]. PHAs were synthesized using the
Cupriavidus necator B-10646 bacterial strain and proprietary technology. The method of poly-
mer synthesis, the composition and properties, and the research methods were described
in detail previously [66]. The investigated copolymer samples contained macroinclusions
of the second monomers, approximately 10 and 30 mol.%.

Table 1. Compositions and physicochemical properties of different PHAs.

Sample PHA Composition (mol.%)

Average
Molecular

Weight
Mw (kDa)

Polydispersity
Ð

Degree of
Crystallinity

Cx (%)

Glass
Transition

Temperature
Tg (◦C)

Crystallization
Temperature

Tc (◦C)

Melting
Temperature

Tmelt (◦C)

Thermal
Degradation
Temperature

Tdegr (◦C)

P(3HB)—3-hydroxybutyrate homopolymer

1 100.0 860 2.5 78 - 85 176.3 280.2
Copolymers:

P(3HB-co-3HV)

2 89.5 10.5 467 1.8 60 −1.0 64.2 175.1 283.9
3 72.8 32.2 576 3.2 58 −1.9 78.1 162.5 275.9

P(3HB-co-4HB)

4 90.0 10.0 262 3.1 50 −11.7 68.2 161.4 268.0
5 64.5 35.5 660 3.6 26 −9.5 58.5 165.5 278.4

P(3HB-co-3HHx)

6 90.0 10.0 470 2.9 60 −0.2 63.2 170.2 262.7
7 62.0 38.0 486 3.7 52 −1.6 71.2 169.2 260.1

The polymer was extracted from the cell biomass with dichloromethane; the resulting
extract was concentrated on an R/210V rotary evaporator (Büchi, Flawil, Switzerland)
and then precipitated with ethanol. Repeating the procedures of polymer dissolution and
reprecipitation ensured the removal of impurities and allowed homogeneous samples to
be obtained. The polymer samples were dried in a fume hood at room temperature for
72 h. The purity of the polymer and copolymers was determined by chromatography of
methyl esters of fatty acids after methanolysis of purified polymer samples using a 7890A
chromatograph–mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) equipped
with a 5975C mass detector (Agilent Technologies, U.S [67]).

2.2. Production of Polymer Films

PHA films were prepared by casting a 2% polymer solution in dichloromethane in
degreased Teflon-coated molds, and then the films were left in a laminar flow cabinet
(Labconco, Kansas City, MO, USA) for 72 h and further dried until complete evaporation of
the solvent in a vacuum dissipator (Labconco U.S.) or in a thermostat at 40 ◦C (evaporation
boiling temperature of dichloromethane).

2.3. Production of PHA Nanomembranes by Electrostatic Spinning

Ultrafine fiber nanomembranes were produced by electrospinning from PHA solutions
using a Nanon 01A automatic set-up (MECC Inc., Ogori, Japan). Chloroform solutions
with polymer concentrations varying from 1 to 10 wt.% were prepared from all types of
PHAs. The polymer solution was poured into a plastic syringe (13 mm inside diameter).
The syringe was fixed horizontally in the set-up; the solution feeding rate was varied from
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4 to 8 mL/h, the applied voltage from 15 to 30 kV, and the working distance from 11 to
15 cm. Randomly oriented or aligned ultrafine fibers were collected on a flat steel plate or a
rotating drum (at 1000 rpm), respectively; both collectors were covered with aluminum foil
to collect ultrafine fibers more effectively.

2.4. A Study of PHA Films’ and Nanomembranes’ Properties

The surface microstructure of PHA films was analyzed using scanning electron mi-
croscopy (FE-SEM S-5500 high-resolution scanning electron microscope, Hitachi, Tokyo,
Japan). Prior to microscopy, the samples were sputter-coated with platinum (at 25 mA, for
60 s), using an EM ACE200 (“Leica”, Vienna, Austria). Surface properties were studied
with a Drop Shape Analyzer, DSA-25E (Krüss, Germany), using the DSA-4 software for
Windows. Surface properties such as surface free energy (γS), interfacial free energy (γSL),
and cohesive forces (WSL, erg/cm2) were calculated based on the measured water contact
angles (θ, ◦), using the de Gennes equations [34]. Porosity, including the number, size,
and total area occupied by pores, was analyzed from SEM images of the samples using
Image J v1.53k.

The roughness of the film surface was determined using atomic-force microscopy
(AFM) in semicontact mode (DPN 5000, NanoInk, Skokie, IL, USA). The arithmetic mean
surface roughness (Sa) and the root mean square roughness (Sq) were determined based
on 10 points, as the arithmetic averages of the absolute values of the vertical deviations of
the five highest peaks and lowest valleys from the mean line of the surface profile, using
conventional equations [68]. AFM data were processed and statistical analysis of the images
was performed using the open source Gwyddion (2.51) free software for image analysis
and processing.

The physical and mechanical characteristics of the samples were recorded using an
Instron 5565 universal tensile testing machine (Great Britain) with the measurement of the
Young’s modulus (E, MPa), absolute tensile strength (σ, MPa), and elongation at break
(ε, %).

2.5. A Study of the Biological Compatibility of PHA Films and Nanomembranes in Cell Cultures
In Vitro

PHA samples loaded with drugs were shaped as 10 mm diameter disks. They
were placed into 24-well culture plates (TPP Techno Plastic Products AG, Trasadingen,
Switzerland) and sterilized in a Sterrad NX medical sterilizer (Johnson & Johnson, New
Brunswick, NJ, USA). Scaffolds were seeded with cells at 105 cells per scaffold for 2 to
11 days. Mouse fibroblast NIH 3T3 cells, and a culture of diploid human embryonic cells—
fibroblasts of the M22 line—were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, HyClone,
Logan, UT, USA) and 1% antibiotic–antimycotic solution (Sigma-Aldrich, St. Louis, MO,
USA) in a 5% CO2 atmosphere at 37 ◦C. Cell morphology (shape, state of the cytoplasmic
membrane, presence of vacuolization, granularity, inclusions) and cultural properties (ad-
hesion, number of cells, proliferation index) were analyzed. The proliferation index (IP3)
was determined as the ratio of the number of cells in a well on the 3rd day of cultivation to
the number of cells on the 1st day of cultivation. Viability of cultured fibroblasts was evalu-
ated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT test)
(Sigma, Ronkonkoma, NY, USA) assay. The optical density of the samples was measured
at wavelength 540 nm, using an iMark microplate reader (Bio-Rad LABORATORIES Inc.,
Hercules, CA, USA). The number of viable cells was determined from the calibration graph.

2.6. An In Vivo Study of P(3HB-co-4HB) Films and Nanomembranes as Experimental
Wound Dressings

Experiments were conducted in accordance with the Russian State Standard [69] and
international regulations [70–72]. The protocol of the experiments was approved by the
Local Ethics Committee at the Siberian Federal University. The experiment was performed
on female Balb/c mice weighing 20–22 g. Under inhalation ether anesthesia under aseptic
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conditions, one piece of skin with an area of approximately 1 cm2 was excised on the
back of each animal, after shearing the hair. The animals were divided into 4 groups,
6 mice per group. In the treatment groups, three types of experimental wound dressings
were used: P(3HB-co-4HB) type 1 collagen-coated products, solvent casting films, and
random and aligned nanomembranes, which were covered with an aseptic dressing. In
the control group, the wound defect was closed with an aseptic gauze bandage. Bandages
were replaced with fresh ones daily. The healing process was assessed planimetrically
via the area and speed of wound healing and via the results of histological studies. After
sacrificing the animals using an overdose of ether anesthesia, the material was taken for
histological analysis. Transverse histological sections of skin wounds with a thickness of
7 µm were examined on the 10th day. Sections were stained with hematoxylin and eosin.

2.7. Statistical Analysis

Statistical analysis of the results was performed via conventional methods, using the
standard software package of Microsoft Excel. Each experiment was performed in triplicate.
Arithmetic means and standard deviations were obtained. The statistical significance of
results was determined using Student’s t test (significance level: p ≤ 0.05).

3. Results and Discussion

The most accessible and mastered cell matrices include membranes, films, and nets.
This is the simplest type of open system. The flat surface of the film appears to be an
acceptable substrate for culturing cells in vitro. The advantages of such systems lie in the
relative ease of manufacture and use. Film matrices are produced by a variety of methods,
including fiber weaving, solution deep casting, salt particle leaching, gas foaming, freeze
drying, extrusion, and more. The existence of PHA samples of different chemical composi-
tion made it possible to obtain film polymer systems with different surface microstructures
and properties by various methods.

3.1. Properties of Solvent Casting PHA Films

The study of the effect of PHA composition on the characteristics of polymer-cast
films included SEM and AFM, measurement of contact angles of wetting with liquids, and
assessment of the energy characteristics of the surface. The microstructures and surface
properties of polymer films obtained from PHA of various compositions, with significantly
different basic physicochemical properties (crystallinity, molecular weight, and temperature
characteristics), were studied (Table 1).

The most significant changes in the compositions of PHA monomers are reflected
in the ratio of ordered and disordered phases, the indicator of which is the degree of
crystallinity (Cx). The lowest Cx values are typical for P(3HB-co-4HB) copolymers; this is
confirmed by the obtained X-ray spectra (Figure 1).

The initial films with the same thickness (approximately 100 µm) had significant
differences in morphology and surface characteristics. In contrast to homogeneous P(3HB),
samples obtained from all types of copolymers had increased roughness values and reduced
values of the contact angle of wetting with water (Figure 2, Table 2).

All copolymer samples had more pronounced porosity compared to films obtained
from homogeneous P(3HB), in which the number of single pores was 38 pieces/mm2 with
an average pore size of 0.5–0.7 µm. The presence of a large number of pores of various
sizes, including larger pores with a diameter of 1.5 to 3.0 µm, was noted for film samples
produced from the less crystalline P(3HB-co-4HB) and P(3HB-co-3HV) copolymers. P(3HB-
co-3HHx) films are characterized by the presence of multiple, but smaller, pores ranging in
size from 0.5 to 1.0–1.5 µm. Along with the size, the number of pores in films of different
compositions also varied significantly, ranging from several pieces per unit area for films
of (P(3HB) to several tens or more for copolymer films. The number of pores in films of
P(3HB-co-3HV) was many times higher than those of homopolymer films and amounted
to 529 pcs/mm2 with an average size of 0.085 µm. The porosity was somewhat lower for
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films composed of P(3HB-co-3HHx), 279 pieces/mm2, with an average size of 0.045 µm.
The highest porosity is typical for P(3HB-co-4HB) films (980 pores/mm2) with an average
size of 0.164 µm. Thus, PHAs of various chemical compositions make it possible to obtain
cast films with various numbers and sizes of pores. This is apparently due to differences in
the crystallization kinetics during film formation, as the solvent evaporates from polymer
solutions with different Cx values, which can affect the attachment and development of
eukaryotic cells.
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age, (C)—roughness (AFM), (D)—porosity, where (a)—P(3HB), (b)—P(3HB-co-27 mol.% 3HV),
(c)—P(3HB-co-35 mol.% 4HB), (d)—P(3HB-co-38 mol.% 3HHx).

The hydrophilic/hydrophobic balance of a surface is a parameter that indirectly
characterizes the hydrophilicity of a sample, influencing the adhesive properties. An
indicator of this ratio is the value of the contact angle of the wetting of the surface with
liquids. The films obtained from highly crystalline P(3HB) had the highest angle with
respect to water (92.1◦); the calculated values of the surface energy, the free energy of the
interfacial surface, and the adhesion forces were 30.8, 8.92, and 94.74 erg/cm2. The value
of the contact angle for all copolymer films was found to be reduced. This showed the
hydrophilization of the surfaces of the copolymer samples (Table 2). At the same time, the
decrease in the indicator was expressed in different ways. For films of copolymeric PHAs
of various compositions, it was minimal (56.3◦) for the copolymer with medium-chain
3-hexanoate and maximal (73.2◦) for the P(3HB-co-4HB) sample, with some differences in
the surface energy index (maximum value 57.1, minimum 41.1 mN/m).

The mechanical properties of solvent-cast films are relatively low. For all samples,
regardless of the composition of the PHA used, the values of Young’s modulus and tensile
strength were at the level of 1600 ± 500 nm and 12.50 ± 5.50 nm, respectively. The
only exception was the value of elongation at break, which was several times (up to
450.4 ± 59.8%) higher than the values for samples from P(3HB-co-4HB) compared to other
copolymers (213.9 ± 106.1%) and orders of magnitude higher than for homogeneous P(3HB)
(3.1 ± 0.4%).

The results of the study of polymer films by atomic-force microscopy showed the
effect of the chemical composition of the PHA on the surface roughness (Figure 2; Table 2).
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The lowest values of all studied parameters (Sa, Sq, Sz), namely 154, 180, 1255.9 nm,
respectively, were recorded for the sample obtained from the P(3HB) homopolymer. In the
vast majority of cases, these parameters were higher for all films composed of copolymer
PHA. The absolute values of the arithmetic mean (Sa) and root mean square roughness
(Sq), as well as the maximum height (Sz), integrating the difference between the minimum
and maximum of profile irregularities, were significantly higher for copolymer films, while
differing significantly depending on the chemical composition of the PHA. The value of
the arithmetic mean roughness for P(3HB-co-3HV) samples was 297 nm with the minimum
inclusion of 3HV monomers (10.5 mol.%); at 32.2 mol.%, 3HV is slightly lower (206.8 nm).
For 3(HB-co-4HB) copolymers, the Ra values were close (243.1–290.1 nm) and did not
depend on the content of 4HB monomers. On the contrary, the presence of 3HH monomers
affected the roughness of P(3HB-co-3HH) films; the value of Ra was 93.7 and 202 nm
when the content of 3HHx monomers in this type of copolymer was, respectively, 10.0
and 38.0 mol.%. Thus, the chemical composition of the PHA affects the roughness of the
available films.

The data obtained are consistent with the results of other studies, which indicate the
effect of the composition of monomers in PHAs on the microstructure of the film surface.
For example, atomic-force microscopic analysis showed that the surface roughness values
of all films from P(3HB-co-3HV) with 26 and 12 mol.% HV were 92.5 and 290.8 nm, and
when polyethylene glycol was added, it increased to 588.8 nm [73]. It was shown in [74] that
the inclusion of 3HV monomers increases the film’s surface roughness. At the same time,
there is evidence that an increase in the content of 4HB monomers in another copolymer,
P(3HB-co-4HB), is accompanied by a decrease in the surface roughness of the films, which
become smoother [75,76]. It should be noted that even small changes in the surface profile
can lead to a wide range of changes in the cellular response, from a slight increase in cellular
activity to its significant suppression. However, this effect is not universal, and different
cell types differ in their sensitivity to variations in surface roughness and topography, but
this requires specific studies in cultures of eukaryotic cells of various origin in vitro.

The study of solvent-cast PHA films in cell cultures in vitro showed no negative effect
of any type of film in direct contact with cultured NIH 3T3 mouse fibroblasts (Figure 3).

Counting of metabolically active cells showed that the number of NIH 3T3 mouse
fibroblasts on films of P(3HB) and P(3HB-co-3HV) copolymers was comparable to the
control (polystyrene), amounting to approximately 9.5 ± 0.5·103 cells/cm2 for 48 h of
growth. The number of viable fibroblasts on films produced from two other, less crystalline
copolymers, P(3HB-co-4HB) and P(3HB-co-3HHx), and having lower values of the contact
angle—i.e., more hydrophilic and rougher—was significantly higher at 13.69 ± 1.85 and
15.18 ± 1.63·103 cells/cm2, respectively. These results are in good agreement with the data
reported by many authors who have studied the adhesion and proliferation of different
cells—osteoblasts [77], fibroblasts [78], and keratinocytes [33]—and showed that matrices
and films prepared from polylactide and polylactide/polyglycolide copolymers were
inferior to PHA films and matrices.

3.2. Production and Characteristics of PHA Ultrathin Fibers by Electrostatic Spinning

Electrospinning (electrostatic spinning) is a promising technique that can be used for
fabricating micro- and ultrafine fibers and fibrous scaffolds (mats) and membranes. In
the electrospinning process, ultrafine fibers are formed between two oppositely charged
electrodes: one is placed in a polymer solution or melt and the counter-electrode is a
collecting metal screen. Electrospinning is used to produce ultra- and nano-fine fibers
and porous structures based on them from solutions and melts of polymers with different
structures [79]. Fiber constructions prepared from various materials by electrospinning
are promising candidates to be used as scaffolds for in vitro cell cultures and as medical
devices for surgical reconstruction (wound dressings, barrier membranes for guided tissue
regeneration in maxillofacial surgery, etc.). The process of electrospinning has been found
to have great potential in cell and tissue engineering.



Nanomaterials 2022, 12, 3843 10 of 28

Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 30 
 

 

surface. For example, atomic-force microscopic analysis showed that the surface rough-
ness values of all films from P(3HB-co-3HV) with 26 and 12 mol.% HV were 92.5 and 
290.8 nm, and when polyethylene glycol was added, it increased to 588.8 nm [73]. It was 
shown in [74] that the inclusion of 3HV monomers increases the film’s surface rough-
ness. At the same time, there is evidence that an increase in the content of 4HB mono-
mers in another copolymer, P(3HB-co-4HB), is accompanied by a decrease in the surface 
roughness of the films, which become smoother [75,76]. It should be noted that even 
small changes in the surface profile can lead to a wide range of changes in the cellular 
response, from a slight increase in cellular activity to its significant suppression. Howev-
er, this effect is not universal, and different cell types differ in their sensitivity to varia-
tions in surface roughness and topography, but this requires specific studies in cultures 
of eukaryotic cells of various origin in vitro. 

The study of solvent-cast PHA films in cell cultures in vitro showed no negative ef-
fect of any type of film in direct contact with cultured NIH 3T3 mouse fibroblasts (Figure 
3). 

 

Figure 3. FITC (A) and DAPI (B) staining of fibroblasts NIH 3T3 on PHA films of various composi-
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Electrospinning studies using PHAs have not been conducted until quite recently. The
first papers reporting the employment of this technique to produce ultrafine fibers from
poly-3-hydroxybutyrate and copolymers of 3-hydroxybutyrate with 3-hydroxyvalerate
were published in 2006 [80,81]. At present, the method has been tested to prepare electro-
spun products of PHA copolymers [54,82–85].

The purpose of this study was to electrospin ultrafine fibers from PHAs with different
chemical structures (P(3HB) and copolymers P(3HB-co-4HB), P(3HB-co-3HV), and P(3HB-
co-3HHx)) and compare their structures and physical–mechanical and biological properties.
Ultrafine fibers were electrospun from PHA solutions using a Nanon 01A automatic set-up
(MECC Inc., Japan). Solutions of these polymers were used to obtain nonwoven nanomem-
branes formed by ultrathin fibers from destructible polyhydroxyalkanoates (PHAs). With
regard to this method of molding, one of the determining parameters of the process is the
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properties of the polymer solution, namely its dynamic viscosity. This parameter affects
the electrospinning process and the quality of the resulting products.

Polymer solutions with concentrations (C, %) from 1 wt.% to 10 wt.% were prepared
from PHA samples of different chemical composition using chloroform and dichloromethane,
with temperature changes from 5 to 60 ◦C for chloroform, and from 5 to 40 ◦C for
dichloromethane, in temperature steps of 5 ◦C. For each type of PHA used, an increase in
the value of dynamic viscosity with an increase in the concentration of the polymer solution
was revealed. The highest values of the indicator were recorded for P(3HB) solutions. An
increase in the proportion of inclusion of monomers up to 10.5 mol.% caused a pronounced
decrease in the studied parameter by more than five times. The lowest rates were recorded
for the P(3HB-co-4HB) sample; the viscosity values for this copolymer did not exceed
500 cP for all solutions of the studied concentrations. For the P(3HB-co-3HHx) samples,
the dynamic viscosity did not exceed 1500 cP at the highest concentration used. Similar
measurements were carried out for different types of PHA solutions in dichloromethane.
The directly proportional dependence of the dynamic viscosity of solutions on concentra-
tion was non-linear for both types of solvents. The dynamic viscosity of PHA solutions in
chloroform is 3–3.5 times higher than that of solutions based on dichloromethane. PHA
solutions, in descending order of dynamic viscosity, can be arranged in the following order:
P(3HB)—P(3HB-co-3HV)—P(3HB-co-3HHx)—P(3HB-co-4HB).

To determine the conditions for obtaining nonwoven nanomembranes formed by
ultrathin fibers, the effect of electrospinning parameters on the morphology and physi-
comechanical properties of the obtained samples was studied. The main investigated
electrospinning parameters were the polymer concentration in solution, solution feed rate,
applied voltage, and type of receiving collector (target). Chloroform solutions with poly-
mer concentrations varying from 1 to 10 wt.% were prepared from all types of PHAs. The
syringe was fixed horizontally in the set-up, and the solution feeding rate was varied from
4 to 8 mL/h, the applied voltage from 15 to 30 kV, and the working distance from 11 to
15 cm.

The effect of the density of the polymer solution on fiber properties was studied
using the homopolymer of 3-hydroxybutyric acid, in order to avoid the influence of the
chemical composition of the PHA on the electrospinning process and properties of the
products. The polymer concentration directly influences the quality of the electrospun
fibers. Polymer solutions of density under 2 wt.% could not yield high-quality fibers, due
to their low viscosity (below 100 cP). These solutions yielded a few, very thin, ultrafine
fibers and a fine spray, which consisted of microdrops rather uniformly distributed on
the collector. As the P(3HB) concentrations increased, the solution viscosities increased
too (from 60 to 800 cP) because the entanglement of polymer molecular chains prevented
the breakup of the electrically driven jet and allowed the electrostatic stresses to further
elongate the jet. Stable electrospinning of ultrafine fibers in the Nanon 01A set-up was
attained with P(3HB) solutions with polymer concentrations between 2 and 8 wt.% (solution
viscosity 200–800 cP). The polymer concentration significantly influenced the diameter of
the ultrafine fibers, which varied from 0.45 to 3.14 µm. The viscosity of the solutions with
polymer concentrations above 8 wt.% was too high (approximately 1000 cP) to allow the
successful formation of ultrafine fibers. Most of the fibers were cylindrical and smooth;
their surface was virtually defect-free, and there were spaces between the fibers. As the
polymer concentration of the solution was increased, the range of fiber diameters became
wider (between 1 µm and 3 µm). As the fiber diameter increased, spaces between fibers in
the fibrous mat widened from around 2 to 10 µm and the thickness of the mats increased
too (from 10 to 75 µm). P(3HB) concentrations of the solution ranging between 2 and 8 wt.%
yielded good-quality fibers.

Investigation of the impact of changes in applied voltage from 15 to 30 kV on fiber
morphology and diameter showed the possibility of obtaining good-quality fibers in the
whole investigated range. Within this voltage range, the average fiber diameter changed
from 1.25 to 2.5 µm. At voltages below 10–12 kV, no fiber formation occurred, regardless
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of the polymer concentration used. The surface properties of nonwoven membranes
comprising ultrafine fibers of different diameters, electrospun from P(3HB) solutions of
different concentrations, are listed. Nanomembranes consisting of the smallest-diameter
fibers (0.45–1.29 µm) had the lowest values of the water contact angle (51.20–56.57◦).

The surface properties, such as surface tension (γS) and interfacial free energy (γSL),
calculated using the de Gennes equations, had the lowest values at the highest cohesive
force (WSL). As the fiber diameter increased above 1.8 µm, the water contact angle increased.
The membranes became more porous as the fiber diameter increased. The finest, 0.45-µm
diameter, fibers showed the lowest porosity levels, approximately 43.5%. The porosity
levels of the membranes formed by fibers of diameters between 0.79 and 3.14 µm were
similar to each other, but they were higher than those of the mats formed by the finest fibers
(within the range of 62–65%). It was found that the elongation at break (elasticity index) of
the membranes increased by more than two times (from 4.5 to 10.6%) with an increase in the
diameter of the ultrathin fibers that formed them in the range of 0.45–3.14 µm. However, a
decrease in mechanical strength was noted. Thus, the stress at break decreased from 23.16
to 6.65 MPa; at the same time, the second strength index (Young’s modulus) also dropped
(from 1.16 to 0.3 GPa). These parameters of P(3HB) membranes are close to those recorded
for polyethylene (0.2 GPa) and polypropylene (1.5–2.0 GPa), respectively. It should be
noted that the physical and mechanical properties of the ESF of nanomembranes composed
of P(3HB) generally correspond to the characteristics of human tendons in terms of Young’s
modulus (0.06 GPa).

Comparison of the obtained results with published ones gives the following picture.
The use of a high-density P(3HB) solution had a considerable effect on the diameter of
electrospun fibers, which increased from 0.45 to 3.14 µm, and this finding was in good agree-
ment with the data reported by other authors. An effect of the fiber diameter on the tensile
strength and tensile modulus was reported for fibers prepared by electrospinning from
different materials, such as caprolactone fibers [86,87]. The data reported on other polymers
are contradictory: some authors reported an increase in fiber diameter with increasing
voltage for polystyrene [88] and polylactide [89], and polyethylene oxide monofibers [90],
while others observed the opposite results. Results showing the favorable effect of a higher
applied voltage on fiber diameter are consistent with the data reported by Tong et al. [82]
for fibers produced by electrospinning from P(3HB-co-3HV). Cheng et al. [91], however,
reported different results: the diameter of the fibers prepared by electrospinning from
P(3HB-co-3HHx) did not change as the applied voltage was increased. We also studied
the effect of the polymer solution feeding rate on fiber properties. As the solution feeding
rate was increased, the fiber diameter increased. A similar, though less pronounced, effect
was reported by Tong et al. [82] for electrospun P(3HB-co-3HV) fibers. Variations in the
working distance from 15 to 30 cm in the Nanon setup did not influence the quality and
properties of electrospun P(3HB) fibers. However, they reported a significant decrease in
fiber diameter (from 5 to 2 µm) with an increase in the working distance from 12 to 22 cm;
this result is consistent with the observation made in [92], for electrospinning from poly-
acrylonitrile solutions. The results indicate the complexity of the electrospinning process
and the multifactorial influence on the characteristics of the resulting products.

The structure of the carriers (matrices) used in cell technologies affects the viability
and functionality of the cultured cells. Therefore, the structure of the carrier must ensure
the attachment, growth, and development of cells. An important characteristic in this case
is also the hydrophilicity of the surface of the material, which affects cell adhesion and
proliferation. In Figure 4, we present SEM images of fibroblasts from a 3-day-old culture
grown on nonwoven polymer nanomembranes formed by fibers of various diameters and
obtained from P(3HB) polymer solutions of various concentrations. The highest number
of metabolically active cells (8–9 ± 0.85·103 cells/cm2) was registered on nanomembranes
obtained from 2–4% polymer solutions. The number of cells on nanomembrane sam-
ples obtained from denser polymer solutions and formed by larger-diameter fibers was
significantly lower (approximately 6–7 ± 0.56·103 cells/cm2).
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A sign of the functional suitability of matrices is the ability of cells growing on their
surface to synthesize proteins of the extracellular substance. SEM images of cells showed
the formation of an extracellular substance on all samples of the studied P(3HB) nanomem-
branes. Particularly significant deposits were seen on samples obtained from 2–4% polymer
solutions, in which the diameter of the ultrathin fibers ranged from 0.45 to 1.80 µm. This
indicates the high metabolic activity of fibroblasts. On ESF nanomembranes formed by
fibers with a diameter of 2.02–3.14 µm and obtained from more concentrated polymer
solutions (6–8%), the secretion of extracellular deposits was recorded with an orientation
along the fibers.
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In general, regardless of the fiber diameter, nonwoven nanomatrices obtained from
P(3HB) are favorable for the growth of fibroblast cells.
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Next, a family of ESF polymer nanomembranes from PHAs of various compositions
was obtained, differing both in the diameter of the fibers and the structure of nonwoven
matrices, and in their mechanical properties (Figure 5, Table 3). The formation of PHA
solutions of various compositions in chloroform (5%) was carried out under the following
conditions: needle diameter—1 mm, applied voltage—30 kV, solution supply rate—5 mL/h,
working distance—15 cm, collector—flat steel plate and drum with a rotation speed of
1000 rpm, respectively. These were used for the manufacture of non-oriented and oriented
ultrafine fibers.
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Figure 5. SEM images of randomly oriented (A) and aligned nanofibers (B) produced by electro-
spinning from solutions of PHAs with different chemical compositions: (a)—P(3HB); (b)—P(3HB-co-
32.2 mol.% 3HV; (c)—P(3HB-co-35.5 mol.% 4HB; (d)—P(3HB-co-38.0 mol.% 3HHx.

Table 3. Surface properties and physical and mechanical characteristics of nanomembranes obtained
by electrospinning and PHA solutions of various compositions.

PHA Composition,
mol.%

Surface Properties Physical and Mechanical Properties

Water
Contact

Angle (θ, ◦)

Free Surface
Energy (γS)

(erg/cm2)

Free Interface
Energy (γSL)

(erg/cm2)

Cohesive
Force (WSL)

(erg/cm2)

Tensile
Strength (MPa)

Young’s
Modulus

(MPa)

Elongation at
Break (%)

Nanomembranes composed of random ultrafine fibers

P(3HB) (100mol.%) 64.33 ± 1.71 37.38 5.85 104.34 356.23 ± 40.62 9.32 ± 2.54 13.3 ± 3.11
P(3HB-co-10.5 mol.% 3HV) 67.17 ± 1.12 35.20 6.76 101.25 5.81 ± 1.06 0.67 ± 0.06 40.72 ± 6.20
P(3HB-co-32.2 mol.% 3HV) 72.63 ± 0.81 30.71 8.94 94.57 13.91 ± 2.07 0.80 ± 0.09 38.33 ± 5.34
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Table 3. Cont.

PHA Composition,
mol.%

Surface Properties Physical and Mechanical Properties

Water
Contact

Angle (θ, ◦)

Free Surface
Energy (γS)

(erg/cm2)

Free Interface
Energy (γSL)

(erg/cm2)

Cohesive
Force (WSL)

(erg/cm2)

Tensile
Strength (MPa)

Young’s
Modulus

(MPa)

Elongation at
Break (%)

P(3HB-co-10.0 mol.% 4HB) 72.12 ± 0.55 31.19 8.69 95.30 1.59 ± 0.30 0.42 ± 0.08 172.98 ± 10.33
P(3HB-co-35.5 mol.% 4HB) 73.23 ± 0.42 30.24 9.20 93.84 1.22 ± 0.36 1.46 ± 0.21 177.74 ± 20.67

P(3HB-co-10.0 mol.% 3HHx) 74.72 ± 1.35 29.07 9.86 92.01 18.68 ± 2.85 0.76 ± 0.10 69.45 ± 4.61
P(3HB-co-38.0 mol.% 3HHx) 69.85 ± 0.87 33.58 7.49 98.89 26.12 ± 3.48 0.78 ± 0.18 89.59 ± 7.13

Nanomembranes composed of aligned ultrafine fibers

P(3HB) (100) 69.16 ± 1.10 34.26 6.79 103.50 525.81 ± 1.06 15.17 ± 2.33 19.90 ± 3.21
P(3HB-co-10.5 mol.% 3HV) 76.72 ± 1.35 33.07 10.36 102.01 263.52 ± 49.08 12.26 ± 2.65 51.56 ± 2.10
P(3HB-co-32.2 mol.% 3HV) 69.72 ± 1.35 31.17 12.40 101.41 321.90 ± 27.33 14.13 ± 2.05 91.16 ± 7.32
P(3HB-co-10.0 mol.% 4HB) 72.12 ± 1.05 32.04 14.06 98.01 143.70 ± 22.30 12.70 ± 0.82 272.46 ± 6.32
P(3HB-co-35.5 mol.% 4HB) 70.22 ± 1.50 30.14 12.26 100.12 195.50 ± 8.22 16.91 ± 1.56 345.90 ± 20.54

P(3HB-co-10.0 mol.% 3HHx) 66.26 ± 1.06 31.26 14.29 100.53 431.04 ± 38.42 13.26 ± 2.23 206.69 ± 3.61
P(3HB-co-38.0 mol.% 3HHx 68.16 ± 1.00 30.26 11.29 99.58 479.95 ± 52.62 15.71 ± 2.32 190.00 ± 8.66

In essence, all nanomembranes with different fiber orientations were of good quality,
but differed in fiber diameter. The average fiber diameter in nonoriented membranes
obtained from P(3HB) was 2.9 µm, and the membrane thickness was 30 µm; that from
P(3HB-co-3HV) was 2.3 µm, and for P(3HB-co-4HB), it was significantly lower (1.7 µm).
On the contrary, the diameter of the fibers also obtained from the P(3HB-co-3HHx) solution
was two times higher (4.2 µm). The results of a comparison of the physical and mechanical
characteristics of ES samples from PHAs of various chemical compositions (Table 3) showed
that, regardless of the chemical composition, all copolymer nanomembranes had higher
elongation at break, which indicated their increased elasticity, while they were characterized
by a dramatic decrease in strength in terms of two indicators (Young’s modulus and
breaking load). The highest values of these indices are typical for nonoriented membranes
composed of P(3HB), 356.23 ± 40.62 and 9.32 ± 2.54 MPa, respectively. The presence
of the 4HB monomer in the PHA reduced the mechanical strength of the membranes to
the greatest extent compared to the 3HV and 3HHx monomers, according to the Young’s
modulus, to 1.59 ± 0.30 and 1.22 ± 0.36 MPa; in terms of tensile strength, they were
reduced by up to 0.42 ± 0.08 and 1.46 ± 0.21 MPa (with different content of 4HB monomers,
respectively, 10.0 and 35.5 mol.%). The reverse effect of the composition of monomers was
found when measuring the elongation at break of nanomembranes (an index of elasticity
of polymer products). This indicator was the minimum, 13.3 ± 3.11%, for membranes
from P(3HB), and was significantly higher for all copolymer products: 2.0–2.5 times higher
for membranes from P(3HB-co-3HV) and more significantly (from 5–7 to 13 times) for
membranes obtained from P(3HB-co-3HHx) and P(3HB-co-4HB), respectively.

Oriented nanomembranes obtained from a similar set of PHAs using a rotating drum
as a receiving target had significant differences from nonorientated ones in all studied
characteristics (Table 3). The oriented fibers obtained from P(3HB) had an average diameter
of 2.1 µm; the diameter of copolymer-oriented fibers, in contrast to nonoriented ones, had
similar values. Fibers from the P(3HB-co-3HV) copolymer were comparable in diameter to
nonoriented fibers (around 2.5 µm); the average diameter of fibers from P(3HB-co-3HHx)
was 2.2 µm, and that of P(3HB-co-4HB) was 2.7 µm. The fiber diameter distribution width
for all oriented samples was similar (2 µm). This is comparable to that for nonoriented
samples. The thickness of the ESF membranes formed by oriented fibers was 25–30 µm,
which is comparable to that for nonoriented fibers.

The first aspect that distinguishes oriented nanomembranes from nonoriented ones
is the significantly higher mechanical strength values. This is indicative for all studied
samples. The highest values of tensile strength and Young’s modulus were in homopolymer-
oriented nanomembranes, respectively, 525.81 ± 1.06 and 15.17 ± 2.33 MPa, with also an
increased elongation at break of up to 19.90 ± 3.2%. For copolymer-oriented nanomem-
branes, with an increase in the fraction of the second monomer in the copolymer PHA,
an increase in the mechanical strength indices was recorded, and this distinguishes the
effect of the PHA composition on the characteristics of nonoriented nanomembranes. Ac-
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cording to the degree of influence of the second monomer in the PHA on the mechanical
strength, the monomers can be arranged in the following order: 3HH—3HV—4HB. The
highest values of tensile strength (431.04 ± 38.42 and 479.95 ± 52.62 MPa) were observed
for the samples produced from P(3HB-co-3HHx) copolymers; they were somewhat lower
(about 1.4–1.5 times) for samples from P(3HB-co-3HV) and the lowest (143.70 ± 22.30 and
195.50 ± 8.22 MPa) for samples from P(3HB-co-4HB). The next revealed difference between
oriented membranes and nonoriented ones was the higher elasticity indices in all obtained
samples. The highest values of elongation at break (272.46 ± 6.32 and 345.90 ± 20.54%)
were obtained for P(3HB-co-4HB) samples, which were similar to nonoriented membranes.

In contrast to the results of a significant change in the physical and mechanical charac-
teristics of nanomembranes from various types of PHA, no significant effect of the PHA
composition and orientation on the hydrophilicity and surface properties of the studied
polymer products was found (Table 3). The value of water contact angle, and all indicators
calculated on its basis (free surface energy, free interface energy, cohesive force), for the
studied representative series of polymer products had similar indicators. Analyzing the
obtained results, we can conclude that, according to the degree of influence on the physical
and mechanical characteristics, the studied parameters can be arranged in the following
series: fiber orientation—chemical composition of PHA—concentration of polymer solu-
tion. Thus, using different types of PHA and a receiving target, it is possible to obtain ESF
nanomembranes with different mechanical strength and elasticity.

PHAs are a family of polymers of different chemical composition, which differ signifi-
cantly in their basic physicochemical properties, while the properties depend not only on
the set but also on the ratio of monomers, and there are wide opportunities for obtaining
polymer products for various applications with different functional properties. In the
present work, the ESF method was simultaneously used to obtain nanomembranes from
P(3HB) and three types of copolymers, in which 3HV, 4HB, and 3HHx monomers were
present in macroinclusions (10 and approximately 30 mol.%).

In connection with the great prospects of the method of electrostatic formation, several
types of electrospinning processes have been described, which are used to produce fibers
and membranes from both synthetic and natural polymers, such as gelatin, carboxymethyl
cellulose, polyethylene oxide, polylactide, polyurethanes, polyvinyl alcohol, polytrimethyl
terephthalate, dimethylformamide, etc. [93–99]. The possibility of obtaining polymer prod-
ucts from various types of PHA by electrostatic molding is also discussed in the literature.
The first works were carried out relatively recently (2006) using P(3HB) homopolymer
and P(3HB-co-3HV) copolymer [80,81]. Further, publications appeared on the effect of
process parameters on the properties of ESF products, including P(3HB-co-3HV) copoly-
mers [82,83,100]. Later, the possibility of obtaining nanomembranes by electrospinning
from PHA solutions of various compositions was studied. In [83], nanomembranes with
different orientations of ultrathin fibers were obtained from P(3HB) and three types of
copolymers containing monomers 3HV, 4HB, and 3HHx; the authors studied the surface
microstructure, physical and mechanical properties, and attachment and development of
eukaryotic cells on copolymer samples with the same content of second monomers (around
10 mol.%). The authors of [101] described the results of a comparison of three types of
electrospun PHA scaffolds, P(3HB), and two types of copolymers, namely P(3HB-co-4HB)
with 4HB monomer content of 7 and 97 mol.%, and P(3HB-co-3HHx) with 3HH monomer
content of 5 mol.%. The authors described the morphology and diameter of the fibers,
as well as some mechanical properties (Young’s modulus), depending on the type and
molecular weight of PHA; the influence of the molar fraction of 3HHx monomers on
the characteristics of the resulting ESF products was shown. A similar effect of 3HHx
monomers in P(3HB-co-3HHx) copolymers on the properties of products formed by elec-
trospinning has also been shown in other works [85,91,102]; samples of copolymers of this
type were studied and it was shown that with an increase in 3HHx monomers from 4 to
8 mol.%, there is an increase in Young’s modulus but a decrease in elongation at break.
The authors concluded that an increase in the content of 3HHx monomers does not seem
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to affect the mechanical properties, because the influence of the morphology of the spun
fibers affects the properties of the products more significantly than the content of 3HHx
monomers—that is, the chemical composition of the polymers. It should be noted that in
most publications on the electrospinning of polymers of the PHA family, copolymers with
very low inclusions of monomers other than 3HB (less than 10 mol.%) were studied, in
contrast to the present work, in which we investigated samples of PHA copolymers, with
the content of the second monomers being 10 and 30 mol.%, which certainly a broader
discussion more difficult.

3.3. A Study of the Biological Compatibility of PHA Films and Nanomembranes in Cell Cultures
In Vitro

The biological potential of polymer-cast films and nonwoven nanomatrices as cell
carriers was studied using the example of three types of polymer products obtained
from P(3HB-co-4HB) copolymers, in which the content of 4HB monomers was 30 mol.%.
The choice is justified by the properties of this type of copolymer from the PHA family,
which has the lowest degree of crystallinity and provides products with the highest elas-
ticity [9,36,37,40]. SEM images of P(3HB-co-4HB) samples of cast films and nonwoven
membranes formed by oriented and nonoriented ultrathin fibers, studied in eukaryotic cell
cultures, are shown in Figure 6.

Nonwoven membranes obtained by the method of electrostatic molding of polymer
solutions, as noted above, had differences in structure and physical and mechanical prop-
erties. The nonwoven membranes had contact angles (on the order of 51–68◦) that were
much lower than those of the solvent-cast films (up to 92◦). This was accompanied by
differences in the values of surface tension and the energy characteristics of the surface,
as well as the physical and mechanical properties of polymer products obtained by the
two methods studied. This was especially evident when measuring the elongation at
break (a measure of the elasticity of products). Oriented membranes had higher values of
mechanical strength, characterized by the values of Young’s modulus and tensile strength,
compared to nonoriented membranes and films, as well as the highest values of elongation
at break (Table 3).

Upon direct contact with the cells of the studied samples of P(3HB-co-4HB) matrices
of all types, there were no signs of cytotoxicity in cultures of M22 human fibroblasts
and NIH 3T3 mouse fibroblasts (Figure 5). Human M22 fibroblasts were transparent,
clearly defined, and had a morphology characteristic of the culture—they did not contain
inclusions and retained their original structural integrity. The proliferative activity of
the cells did not undergo any visible changes during the entire period of cultivation.
The process of colonization of all coating samples with M22 cells was very pronounced,
starting from the third day of cultivation. Thus, on smooth films (sample 1), individual
cells were found already after 1 day of culturing products; after 2 days, their number
was 2.5 ± 0.14·103 cells/cm2; after 3 days, it was 5 ± 0.23·103 cells/cm2; after 5 days, it
was 15 ± 0.86·103 cells/cm2; after 7 days, it was 20 ± 0.74·103 cells/cm2. After a week of
cultivation, a complete confluent (occupying more than 80% of the entire surface) monolayer
of cells was formed on the surface of the samples. The cells had a characteristic flattened or
fibroblast-like—and, less often, polygonal—shape, and were biologically complete. The
dynamics of the cell populations of oriented and unoriented nanomembranes (samples
2 and 3) were lower. Individual cells were found on the membrane surface on the third
day of cultivation; after 5 days, their amount was 8 ± 0.45·103 cells/cm2; after 7 days, it
was 16 ± 0.74·103 cells/cm2 (subconfluent monolayer); most of the cells were not flattened
but spindle-shaped, while maintaining the integrity of their internal composition. The
maximum population of films and membranes was observed on the 7–8th day; then, the
number of cells began to gradually decrease until the 10th day, when the number of cells on
the films decreased by 25%; on the membranes, it decreased more significantly, by 30–40%.
Starting from the 11th day, there was a slight increase in the number of cells in all samples.
By the end of the 12th day, the number of cells reached the level of 18 ± 0.61·103 cells/cm2
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on films and 12 ± 0.38·103 cells/cm2 on membranes. At the same time, the vast majority
of attached cells had a characteristic fibroblast-like shape. Thus, with standard culture
methods, samples provide the long-term preservation of attached cells.
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The biological usefulness of the attached cells, determined by the cell membrane
integrity (ICM) parameter, was maintained for 7–8 days from the start of colonization at
a high level: 36.0 points for smooth films and 36.5 points for oriented and nonoriented
nonwoven membranes (at a normal rate of 28–42 points). A slight decrease in the ICM
value of attached cells (30.0 points) was noted on the 10–11th day of cultivation. At this
stage of the study, the maximum content of damaged cells (20%) was noted in the cell
population. By 12–14 days, the ICM values increased slightly and amounted to 34.6 points.
At the same time, the proportion of cells with impaired membrane components (10%) was
higher than on days 7–8 (5%). This confirms the assumption that an adequate period of
cell cultivation on the studied samples as skin biografts should not exceed 7–8 days. It is
important to note that the biological usefulness of the cells was maintained for 7–8 days
after the colonization of all samples.

The results of the proliferative activity of fibroblasts, including the proliferation index
(PI), are presented in Table 4, from which it follows that these indicators on the three studied
samples of experimental cell matrices were comparable.

Table 4. Proliferative activity of fibroblasts of the M22 line in the control (polystyrene) and cultivated
on cell carriers studied experimental samples from P(3HB-co-4HB).

No. Culture
Passage M22

Cell Proliferation Index for 3 Days

Control
(Polystyrene)

Sample No.1
(Cast Film)

Sample No.2
(Nonwoven

Oriented
Membrane)

Sample No.3
(Nonwoven
Unoriented
Membrane)

1 1.83 + 0.07 1.87 + 0.09 2.08 + 0.11 1.80 + 0.11
2 2.13 + 0.11 2.14 + 0.14 2.10 + 0.8 2.08 + 0.12
3 1.96 + 0.07 1.96 + 0.09 1.96 + 0.10 1.88 + 0.10

The morphology of NIH 3T3 mouse fibroblasts cultured on all samples had minor
differences, but no visible negative changes. The results of the quantitative determination
of cells stained with fluorescent dyes showed the influence of the orientation of ultrafine
fibers on the location and number of cells. Fibroblasts grown on oriented fiber membranes
were distributed along the fibers and were predominantly spindle-shaped. On unoriented
membranes, cells were also distributed along the fibers, while triangular cells predomi-
nated, with 3–4 processes, with the help of which the cells were attached to the fibers. The
number of cells on unoriented nanomembranes was the highest and amounted to around
6.41 ± 0.20·103 cells/cm2. The number of viable fibroblasts on films and oriented nanomem-
branes was lower than on nonoriented ones, 4.61 ± 0.18·103 and 3.85 ± 0.28·103 cells/cm2,
respectively, but generally comparable to or slightly higher than the results in the control
(culture plates, polystyrene). This agrees with the results previously obtained in the culture
of mouse fibroblasts of this line, which were grown on nanomembranes with different fiber
orientations, but obtained from the P(3HB-co-4HB) copolymer with a significantly lower
content of 4HB monomers (approximately 10 mol.%) [83]. It was shown in the work that the
number of cells on nonoriented membranes was the highest, but, in general, for the same
period of cultivation, the number of cells was lower (1.6–1.8 and 2.2–2.4·103 cells/cm2),
respectively, on oriented and nonoriented nanomembranes.

Thus, all types of PHA polymer scaffolds studied are biocompatible and suitable for
cell cultivation; however, nonoriented nonwoven membranes are most favorable for the
studied NIH 3T3 mouse fibroblast line. The revealed effect of the orientation of ultrathin
fibers in PHA nanomatrices on the attachment and development of fibroblasts is consistent
with the data reported by other authors [103,104] suggesting that the fiber orientation
influences cell morphology irrespective of PHA composition. Which orientation—aligned
or random—is more favorable depends on the type of cells. Aligned fibers are more advan-
tageous for the growth and development of osteoblasts, vascular endothelial cells, and neu-
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rons than randomly oriented ones [82,85,105]. Fibroblast cells, however, are rather affected
by the porosity of the scaffold than by its being aligned or randomly oriented [103,106].

3.4. An In Vivo Study of P(3HB-co-4HB) Films and Nanomembranes as Experimental
Wound Dressings

An important and socially significant task of reconstructive medicine is focused on
obtaining new materials for the development of effective agents to repair damage to the
skin. This is due to the constant increase in the number of skin defects due to burns, injuries,
and surgical interventions. The range of surgical and therapeutic agents used to close and
restore skin defects, as well as materials and medicines used for their manufacture, is large
and includes hundreds of items [107,108]. The principles and methods of treatment of skin
wounds depend on many factors: the depth and severity of the injury and the phase of the
wound process, the localization of the wound and the presence of infection, the patient’s
comorbidities, and the medications taken by the patient. The main principle of treatment is
wound cleansing and the creation of optimal conditions for regeneration.

The actual direction of research is the design of atraumatic wound coverings using
new materials. Non-stick dressings are based on the principle of using a hydrophobic
polymeric material or the formation of a hydrophobic layer on the dressing adjacent to
the wound [109]. Absorbable coatings meet biomedical requirements to the greatest extent
and can be useful both in the early stages of wound and burn treatment and in later stages.
The development of absorbable polymer coatings with different biodegradation periods
is currently an important direction in the field of creating effective coatings for wounds
and burns. This direction has not yet gained popularity due to the limited availability of
biodegradable materials that meet the necessary requirements for materials used for wound
dressings. To improve wound dressings, an active search for new functional materials and
methods for their processing is being carried out.

The analysis of the literature and the results obtained indicate the high potential of
biodegradable polyesters of hydroxyalkanoic acids, which, unlike polylactide, do not swell
and do not hydrolyze in an aqueous medium, so they do not sharply acidify tissues during
degradation. They are thermostable; therefore, they are sterilized by generally accepted
methods; they are permeable to water vapor and oxygen, they are biocompatible, and they
do not cause local irritation or allergic effects. To date, PHAs and their composites are
thought to have good potential as emerging materials for medical devices such as sutures,
bone plates, surgical mesh, and cardiovascular patches, to name a few [37]. A major
breakthrough for PHAs as a new class of biomaterials is the clearance obtained from the
Food and Drug Administration of the United States of America for the use of P(4HB)-
derived TephaFLEX absorbable sutures [110]. These biopolymers are also promising for
processing into a hydrophobic coating that does not stick to the wound, in the form
of flexible films and/or membranes formed by ultrathin polymer fibers; due to their
transparency, they make it possible to observe the wound and thus to introduce drugs into
PHA products and load them with proliferating cells [54].

Experimental polymer products in the form of cast films and nanomembranes con-
structed from P(3HB-co-4HB) copolymer and coated with type 1 collagen were studied as
resorbable wound dressings on aseptic model defects of the skin of laboratory animals.

In the postoperative period, all animals were healthy and active, with normal feeding
behavior, and moved independently. After waking the animals from anesthesia, no signs of
pain were recorded. The results of the evaluation of the dynamics of skin wound healing
during the experiment are presented in Table 5. Measurements of the area of wounds in the
dynamics of observation showed that, in all groups of animals, the defects healed, while, in
the case of wound closure with both types of nanomembranes, healing occurred almost
equally and exceeded the result observed under the films.
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Table 5. Dynamics of healing of skin defects when using wound dressings made of copolymer
P(3HB-co-4HB).

Animal Groups,
Type of

Wound Dressing

Control
(Aseptic Gauze Bandage)

Experimental Wound Dressings

Solvent-Cast Film Aligned
Nanomembrane

Random
Nanomembrane

Wound area, cm2

1 day 0.92 ± 0.019 0.9 ± 0.011 0.90 ± 0.011 0.93 ± 0.054
7 days 0.506 ± 0.027 0.34 ± 0.012 0.24 ± 0.012 0.13 ± 0.04

Average healing rate, cm2/day

1–4 days 0.065 ± 0.0002 0.069 ± 0.0029 0.084 ± 0.0034 0.105 ± 0.023
4–7 days 0.085 ± 0.0013 0.159 ± 0.0024 0.215 ± 0.065 0.253 ± 0.019

Indicators of skin defect repair: number of hair bulbs, sebaceous glands, and horn cysts

7 days - 8 horn cysts 5 hair bulbs
7 sebaceous glands

8 hair bulbs
10 sebaceous glands

10 days
6 hair bulbs

4 sebaceous glands
8 horn cysts

8 hair bulbs
4 sebaceous glands

4 horn cysts

20 hair bulbs
14 sebaceous glands

0 horn cysts

22 hair bulbs
17 sebaceous glands

0 horn cysts
Number of acanthotic bands and their average depth of immersion in the dermis

7 days 7 acanthotic bands
295.6 µm

6 acanthotic bands
389.5 µm

15 acanthotic bands
540.4 µm

18 acanthotic bands
659.7 µm

10 days 16 acanthotic bands
324.7 µm no acanthosis no acanthosis no acanthosis

«-»—indicators of skin defect repair are missing.

On the 7th day in the control group, all animals retained an epidermal defect measuring
around 0.5 cm2 (0.55% of the initial wound), with inflammatory and infiltrative signs. In
the incompletely restored dermis, insignificant foci of inflammation were visible, and
subcutaneous adipose tissue with gland ducts was pronounced. Measurement of the
surface area of the wound defect in the experimental groups showed that, during these
periods, the decrease in the area of the wound surface was the most significant in the
group with the use of nonoriented nanomembranes, under which the area of the wounds
decreased by 7.2 times. In the group of animals receiving oriented nanomembranes, the
area of wounds decreased somewhat less, by 4.2 times; in the group treated with bulk films,
it was even smaller (by 2.7 times) (Table 4).

By the 10th day, almost complete wound re-epithelialization was observed in experi-
mental animals under polymer nanomembranes of both types (Figure 7).

Experimental animals had many small capillaries in the dermis; collagen fibers were
arranged in dense strands parallel to the epidermis, i.e., fibrous scars formed. In the newly
formed tissue of animals, in which the defect was closed with nanomatrices, restoration of
the ducts of the sebaceous glands was noted; in the dermis, the presence of hair follicles
was observed. This was most pronounced in animals whose wounds were closed with
nonoriented P(3HB-co-4HB) nanomembranes. By the 12th day, complete epithelialization
of skin wounds was noted in all animals.

In general, the results of planimetric measurements and analysis of histological sections
showed the active regeneration of skin defects in groups of animals using P(3HB-co-4HB)
nanomembranes with both types of fiber orientation. This was also confirmed by counting
of hair follicles, sebaceous glands, and horny cysts as objective indicators of the dynamics
of skin defect recovery. Sebaceous glands and hair follicles are a source of undifferentiated
epithelial cells (similar in structure to the cells of the basal layer) involved in regeneration.
Horny cysts are an indicator of a slowdown in the differentiation of epidermal cells in
relation to an acceleration in the proliferation of basal cells. Earlier regenerative activity of
the skin was noted with the use of polymer nanomembranes.



Nanomaterials 2022, 12, 3843 22 of 28

Nanomaterials 2022, 12, x FOR PEER REVIEW 23 of 30 
 

 

7 sebaceous glands 10 sebaceous glands 

10 days  
6 hair bulbs 

4 sebaceous glands 
8 horn cysts 

8 hair bulbs 
4 sebaceous glands 

4 horn cysts 

20 hair bulbs 
14 sebaceous glands 

0 horn cysts 

22 hair bulbs 
17 sebaceous glands 

0 horn cysts 
Number of acanthotic bands and their average depth of immersion in the dermis 

7 days 7 acanthotic bands 
295.6 μm 

6 acanthotic bands 
389.5 μm 

15 acanthotic bands 
540.4 μm 

18 acanthotic bands 
659.7 μm 

10 days 16 acanthotic bands 
324.7 μm 

no acanthosis no acanthosis no acanthosis 

«-»—indicators of skin defect repair are missing. 

On the 7th day in the control group, all animals retained an epidermal defect meas-
uring around 0.5 cm2 (0.55% of the initial wound), with inflammatory and infiltrative 
signs. In the incompletely restored dermis, insignificant foci of inflammation were visi-
ble, and subcutaneous adipose tissue with gland ducts was pronounced. Measurement 
of the surface area of the wound defect in the experimental groups showed that, during 
these periods, the decrease in the area of the wound surface was the most significant in 
the group with the use of nonoriented nanomembranes, under which the area of the 
wounds decreased by 7.2 times. In the group of animals receiving oriented nanomem-
branes, the area of wounds decreased somewhat less, by 4.2 times; in the group treated 
with bulk films, it was even smaller (by 2.7 times) (Table 4). 

By the 10th day, almost complete wound re-epithelialization was observed in ex-
perimental animals under polymer nanomembranes of both types (Figure 7). 

 
Figure 7. Histological sections from the skin defect site under different types of wound dressings: 
(A)—control; (B)—solvent-cast film; (C)—aligned nanomembrane; (D)—random nanomembrane. 
Notations: SG—sebaceous glands, HF—hair follicles. Hematoxylin and eosin staining, 100×. 
Wound healing (day 10 after defect creation). 

Figure 7. Histological sections from the skin defect site under different types of wound dressings:
(A)—control; (B)—solvent-cast film; (C)—aligned nanomembrane; (D)—random nanomembrane.
Notations: SG—sebaceous glands, HF—hair follicles. Hematoxylin and eosin staining, 100×. Wound
healing (day 10 after defect creation).

On the 7th day in these experimental groups, the appearance of hair follicles and
sebaceous glands was noted, while, in animals of the control group, only the presence
of horny cysts was seen. The number of hair bulbs and sebaceous glands when closing
defects with oriented and nonoriented nanomembranes on day 10 was generally close—
respectively, 20–22 and 14–17—and these indicators were exceeded when closing the defect
with polymer films (eight hair bulbs, four sebaceous glands); horn cysts were also present
(Table 4).

An important indicator of the reparative process of the skin is the phenomenon of
acanthosis—a thickening and an increase in the number of rows of spiny and granular
layers with an elongation of the epidermal processes that penetrate deep into the skin
itself. This process is based on the increased proliferation of basal and spiny cells (pro-
liferative acanthosis) and slowing down of the differentiation of epidermal cells. The
results of this indicator are presented in Table 4. By the 7th day of the experiment, the
most pronounced proliferative acanthosis was noted in the experimental group under
nonoriented nanomembranes (18 acanthotic bands with an immersion depth of 659.7 µm);
under oriented nanomembranes, the performance was similar (15 acanthotic bands at a
depth of 540.4 µm); under the films, the indicators lagged behind (six acanthotic bands at
a depth of 389.5 µm). At this time, in the control group of animals, in which the wounds
were closed with a gauze bandage, no signs of acanthosis were found. By the 10th day,
regeneration of the defect was noted, with the disappearance of acanthosis and restoration
of the morphological structure of the epidermis in animals in experimental groups using
both types of nanomembranes. Under polymer films, defect regeneration was noted on the
12th day.
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The results of planimetric measurements and analysis of histological sections showed
the regeneration of model skin defects in groups of animals with the use of experimen-
tal wound dressings from P(3HB-co-4HB) of all types, but most actively when using
nanomembranes obtained by electrospinning. This is consistent with the literature data.
The strong functional properties of P(3HB-co-4HB) copolymers as a material for recon-
structive medicine have been reported since the first examples of the use of this type of
PHA in experiments on laboratory animals [111]. The authors of this work registered
the high biocompatibility of this copolymer and a minimal inflammatory response of tis-
sues to it. In [101], high biocompatibility, dynamics of biodegradation adequate for the
restoration of damaged tissues, and a minimal tissue response were described when tissue
engineering scaffolds obtained by electrospinning from PHA copolymers were implanted
into laboratory animals (P(3HB-co-3HHx) with a 3HHx monomer content of 5 mol.% and
copolymers P(3HB-co-4HB) with a 4HB monomer content of 7 and 97 mol.%. The au-
thors found that the tissue response improved when using matrices with a higher content
of 4HB monomers in the copolymer. Electroformed P(3HB-co-4HB) copolymers were
evaluated as promising biomaterials due to their biodegradability, elasticity, and high
biocompatibility. It was concluded that the studied hydrophobic nonwoven copolymer
membranes were comparable in their mechanical characteristics to those of the skin, and
therefore can be recommended for the development of tissue-engineered equivalents of
wound dressings. It was also shown in [101] that the vapor permeability of the studied
ESF nanomembranes significantly exceeds that of synthetic film materials (polyethylene,
polypropylene, polyethylene terephthalate, etc.). The effectiveness of the P(3HB-co-4HB)
copolymer in the composition of wound dressings of various types was shown in a series
of studies performed on laboratory animals. For example, in [112], electrospun membranes
composed of P(3HB-co-4HB) copolymer and similar nanomembranes carrying fibroblasts
obtained from adipose tissue were studied on model skin defects in Wistar rats. Both types
of nanomembranes promoted wound healing, vascularization, and the regeneration of
newly formed tissues at the site of the defect. The use of nanomembranes with cells ensured
the healing of skin wounds 1.4 times faster than wounds under cell-free membranes, and
3.5 times faster than wound healing under eschar in the control cases (without P(3HB-
co-4HB) wound dressing). Hybrid wound dressings using two biomaterials (bacterial
nanocellulose (BC) and P(3HB-co-4HB) as copolymers loaded with actovegin or carrying
fibroblasts were studied in laboratory animals with model skin burns [113]. Evaluation
of the dynamics of skin defect healing using wound planimetry, histological techniques,
and molecular detection of angiogenesis factors, such as inflammation, type I collagen,
and keratin 10 and 14, showed more effective wound healing under all types of experi-
mental wound dressings based on BC/P(3HB-co-4HB) compared with the control, which
used a commercial wound dressing, namely VoskoPran, based on beeswax and medicinal
ointments (Biotekfarm, Russia). In [114], a positive assessment was also presented for
P(3HB-co-4HB) and polycaprolactone copolymers, from a mixture of which biomimetic
scaffolds were obtained by microfluidic 3D printing, carrying bone marrow stem cells and
endothelial cells. These tissue-engineered scaffolds had excellent mechanical properties
and a hierarchical porous structure, providing accelerated wound healing and promoting
re-epithelialization, collagen deposition, and capillary formation in model wound defects
in laboratory rats.

4. Conclusions

A set of biodegradable polyhydroxyalkanoates (PHAs) of various chemical
compositions—poly-3-hydroxybutyrate homopolymer (P(3HB) and copolymers containing,
in addition to 3HB monomers, macroinclusions (10 and 30 mol.%) of 3-hydroxyvalerate
(3HV) and 3-hydroxyhexanoate monomers (3HHx)—were used to obtain polymer nano-
products. Solvent casting films and nonwoven nanomembranes were obtained from
solutions of all types of polymers by the method of solvent evaporation and the method
of electrostatic formation of ultrathin fibers with different orientations. Surface structures
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and mechanical and biological properties of polymer products were studied depending on
the method of obtaining and the composition of PHAs. In cultures of eukaryotic cells, it
has been shown that all types of films and nanomembranes from PHAs are biocompatible
and are cell carriers of good quality. Polymer films and nanomembranes with the highest
elasticity and obtained from the least crystalline P(3HB-co-4HB) copolymers were studied
in cultures of NIH 3T3 mouse fibroblasts and diploid human embryonic fibroblast cells of
the M22 line and were positively evaluated as cell matrices. P(3HB-co-4HB) polymeric films,
as oriented and nonoriented nanomembranes coated with type 1 collagen, were studied
as wound dressings in laboratory animals with model surgical skin lesions. The results
showed the regeneration of model skin defects in groups of animals using experimental
P(3HB-co-4HB) wound dressings of all types, but most actively when using nonoriented
nanomembranes obtained by electrospinning. This confirms the positive properties of
nonwoven nanomembranes obtained by electrospinning from degradable low-crystalline
copolymers P(3HB-co-4HB) as wound dressings for the healing of skin defects. The posi-
tive results obtained with the investigated types of polymeric films and nanomembranes
confirm the strong potential of these nanoproducts from degradable microbial PHAs and
allow the planning of more extensive in vivo studies.
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