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Abstract: The creation of innovative fibrous materials based on biodegradable semicrystalline poly-
mers and modifying additives is an urgent scientific problem. In particular, the development of
biomedical materials based on molecular complexes and biopolymers with controlled properties
is of great interest. The paper suggests an approach to modifying the structure and properties of
the composite materials based on poly(3-hydroxybutyrate) (PHB) obtained by the electrospinning
method using molecular complexes of hemin. The introduction of 1-5 wt. % of hemin has a significant
effect on the supramolecular structure, morphology and properties of PHB-based fibers. Changes
in the supramolecular structure intensified with the increasing hemin concentration. On the one

Effect of the Hemin Molecular hand, a decrease in the fraction of the crystalline phase by 8-10% was observed. At the same time,

Complexes on the Structure and

there is a decrease in the density of the amorphous phase by 15-70%. Moreover, the addition of

Properties of the Composite hemin leads to an improvement in the strength characteristics of the material: the elongation at break

Electrospun Materials Based on increased by 1.5 times, and in the tensile strength, it increased by 3 times. The antimicrobial activity
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of the hemin-containing composite materials against Escherichia coli and Staphylococcus aureus was
confirmed. The obtained materials are proposed to be used in the creation of composite systems for

regenerative medicine.
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In recent years, composite polymer materials modified with metal complexes of por-
phyrins have been widely used in various fields: electrically conductive fibers [1-3], fiber-
optic sensors [4,5], materials for photonics [6,7], gene therapy [8,9] or biomedicine [10-12].
The creation of such composites with controlled functional properties is an actual scientific
direction [13-15]. One of the reasons for the dynamic growth of interest in metal complexes
of tetrapyrrolic macrocycles is the advances in the chemical synthesis and chemistry of
tetrapyrroles, which make it possible to obtain numerous analogues of natural systems
(porphyrins, texaphyrins, chlorins, corroles and others) for biomedical purposes [16-20].

Thus, various porphyrin complexes of natural and synthetic origin can be used to
modify polymer composite systems to achieve special properties and a unique combination
of biomedical characteristics. Polymer-based materials are widely developed for creating
such composites based on a polymer matrix and a porphyrin complex [21-23].

One of the most effective ways to create such materials is electrospinning [24]. This
method of forming ultrathin fibers by drawing a jet of polymer solution under the action of
physical forces allows for a controlled uniform introduction of additives of various nature
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into the polymer matrix. Success has already been achieved in different global regions in
the introduction of various porphyrin complexes into the structure of nanofibers, as well as
in controlling the position of the tetrapyrrole molecule [25-29].

Achievements in the field of creation and research of binary compositions based on bio-
compatible polymers have found great success. There is a high number of effective biocom-
patible nonwoven compositions such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) /
polylactide [30], poly(butylene adipate succinate)/polylactide [31], poly(butylene adipate
terephthalate)/polylactide [32] and poly(e-caprolactone)/poly(3-hydroxybutyrate) [33].

Poly(3-hydroxybutyrate) is a promising polymer for the therapeutic applications.
PHB is characterized by a high melting point, a high degree of crystallinity and low
permeability to oxygen, water and carbon dioxide [34]. This biopolymer obtained from
renewable sources degrades as soon as it comes under the influence of a biologically active
environment [35] and is biocompatible with the human body [36]. There is a wide number
of PHB-based composites for biomedicine with polyethylene glycol [37], polylactide [38],
polycaprolactone [39], chitosan [40] and elastomers [41].

The combinations of PHB with small concentrations of modifying additives of various
nature are of particular interest. Nanoparticles [42], carbon nanotubes [43], catalysts
and enzymes [44] can be used among the components of a polymer composite. The
surface modification and nanostructuring of fibrous layers are possible [45], as well as the
encapsulation of bioactive molecules [46].

In this work, close attention was paid to a complex of natural origin-hemin. Due to its
properties, hemin can be used in various biomedical materials as a basis for binding proteins
to a polymer [47], for container molecules (such as cavitands and capsules) for delivering
systems [48], for constructing new biocatalysts tailored to specific functions [49], for creation
of innovative anticoagulants [50] and others. Our aim was to comprehensively study the
properties of new biocompatible composites based on a system of polymer and hemin for
biomedical applications. One of the most promising areas for these materials is a wound-
healing bandage: biopoylmer-hemin-protein that provides regeneration. The unconditional
advantages of hemin are not limited only to its natural origin and biocompatibility with a
living organism [51].

Hemin has thermal stability, which is suitable for various processing conditions of the
hemin-based composites [52]. Hemin is also known as a complex with some antimicrobial
activity against S. aureus [53]. There is a large number of works that show the effectiveness
of hemin as a binding peptides element used for medical purposes [54,55]. The low cost of
hemin extraction and purification makes it even more attractive for research purposes and
further industrial translation [56].

There are several successful works on the electrospinning of fibrous materials contain-
ing hemin [57,58] and also about various ways of combining hemin with nanofibers [59],
in which the effectiveness of hemin in biomedical application is shown.

The main goal of the article was to study the influence of hemin molecular complexes
on the structure and properties of composite materials based on poly(3-hydroxybutyrate).
An integrated approach allows us to evaluate the mutual influence of the molecular
complex of natural origin-hemin on the macromolecules of poly(3-hydroxybutyrate), as
well as to use the obtained data for the directed modification of the composite structure
of biomedical polymers. Various methods of evaluating the structure (microscopy, APR,
DSC, SEM), mechanical and antimicrobial properties of materials were used in the work.
The results obtained indicate a significant influence of the molecular complex on various
properties of the polymer, especially on the supramolecular structure.

2. Materials and Methods
2.1. Materials

The semicrystalline biodegradable polymer poly(3-hydroxybutyrate) (PHB) 16F series
(BIOMER®, Frankfurt am Main, Germany) with molecular weight of 206 kDa, density of
1.248 g/cm3 and crystallinity level of 59% was used to prepare the samples (Figure 1a).
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A tetrapyrrole complex from the class of porphyrins of natural origin-hemin was used
as a modifying additive. Hemin is a coordination complex of iron (oxidation state: III)
(Figure 1b) [60], isolated from bovine blood (Russia).
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Figure 1. Structural formulas of PHB (a) and hemin (b).

2.2. Preparation of the Electrospun Materials

Polymer nanofibrous materials were obtained by electrospinning (ES) on a single-
capillary laboratory unit with the capillary diameter 0.1 mm. The PHB-hemin materials
were obtained by the method of double-solution electrospinning [61,62]. Finely dispersed
PHB powder was dissolved in chloroform at a temperature of 60 °C in order to make the
forming solutions. Hemin was dissolved in N,N-dimethylformamide at a temperature of
25 °C and homogenized with the PHB solution. The content of PHB in the solution was
7 wt. %, and the content of hemin was 1, 3 and 5 wt. % of the PHB. The voltage of the ES
was 17-20 kV, the distance between the electrodes was 190-200 mm, and the gas pressure
on the solution was 10-15 kg(f)/cm?. Electrical conductivity of the forming solution was
10-14 uS/cm, and viscosity of the hemin-PHB solution was 1.4-1.9 Pa s (viscosity of the 7%
PHB in chloroform was 1 Pa s).

2.3. Methods
2.3.1. Microscopy

Primary data of morphology and topology of the fibrous materials with different
content of hemin were obtained by optical microscope Olympus BX43 (Tokyo, Japan).
Scanning electron microscopy (SEM) was performed by the Carl Zeiss (Wurttemberg,
Germany) in order to characterize the morphology.

2.3.2. Morphology and Density Analysis

Morphology and geometry of fibers were evaluated by the counting method using
software Olympus Stream Basic [25]. The average diameter of fibers was determined
manually for each fiber on the z-stack at five different points of the sample excluding
defective areas.

Average density characterizes the mass per unit volume of the material. The data
were averaged over ten samples. The density, §, was defined as:

m

5:1><B><b

)
where m is the mass; 1 is the length; B is the width; and b is the thickness.

Theoretical porosity is the percentage of the mass of the material and the fiber-free
volume. The data were averaged over five samples.
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2.3.3. The Energy-Dispersive X-ray Spectroscopy

The energy-dispersive X-ray spectroscopy (EDX) was performed by the Tescan VEGA3
(Brno, Czech Republic) in order to analyze elemental composition of the samples. The
carbon, oxygen, chlorine and iron atoms were determined during the investigation. The
measurements were carried out when the samples were coated with platinum.

2.3.4. Differential Scanning Calorimetry

The study of the thermal properties of the samples was carried out by differential scan-
ning calorimetery (DSC) by the Netzsch 214 Polyma (Selb, Germany), in an air atmosphere,
with a heating rate of 10 °K/min and with a cooling rate of 10 °K/min. The samples were
heated from 20 to 220 °C and then cooled to 20 °C twice. The average statistical error in
measuring thermal effects was £2.5%. The enthalpy of melting was calculated using the
NETZSCH Proteus software. The mass of all samples encapsulated into aluminum pans
was kept at about 7 mg. The thermal analysis was carried out according to the standard
technique [63].

The crystallinity degree of the samples, x, was defined from the first scan as:

AH
X = % 100% @)
Hppg

where AH is melting enthalpy and Hpyp is the melting enthalpy of the ideal crystal of the
PHB, 146 ]/ g [64].

2.3.5. Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) spectra (X range) were recorded on an EPR-V
automatic spectrometer (Moscow, Russia). The modulation amplitude was always much
smaller than the resonance linewidth and did not exceed 0.5 G. The stable nitroxyl radical
TEMPO was used as the spin probe. The radical was introduced into the samples from
the gas phase at 50 °C. The radical concentration in the polymer was determined using
the Bruker WinEPR software (the reference was CCl4 with the radical concentration not
exceeding 1072 mol/L). The experimental spectra of the spin probe in the region of slow
motions (t > 10717 s) were analyzed within the model of isotropic Brownian rotation
using the program described in [65]. The probe rotation correlation time T in the region
of fast rotations (5 x 10~ <t < 107 s) was found based on the ESR spectra from the
formula [66]:

I
T—AH+><< I+—1> X 6.65 x 10710 ©)

where AH+ is the width of the spectrum component located in a weak field and i—f is
the ratio of the component intensities in the weak and strong fields, respectively. The
measurement error T was 5%.

2.3.6. Mechanical Properties

Mechanical properties (tensile strength, elongation at break) were examined by a
tensile compression testing machine Devotrans DVT GP UG 5 (Istanbul, Turkey) according
to Standard Test ASTM D5035-11. The data were averaged over five samples.

Elongation at break, ¢, was defined as:

Al
e = — x 100% 4)
ly
where Al the difference between the final and initial length of the sample and  is the initial
length of the sample.
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2.3.7. Antimicrobial Tests

Antimicrobial activity of the samples was studied using the strains of Escherichia coli
0157:H7, Candida guilliermondii ATCC 6260 and Staphylococcus aureus MRSA. The lysis zone
was considered as a marker of antimicrobial activity. The Petri dishes were inoculated with
a standardized inoculum of test microorganisms. The samples were placed into the Petri
dishes. The strain was grown in BSA /agar at 37 °C and allowed to stay with the samples
for 24 h.

3. Results
3.1. Morphology of the Fibrous Material

The essence of the electrospinning process ensures the curing of the fibers of the
polymer matrix after complete evaporation of the solvent [67]. In general, the structure
of fibrous material produced by the ES method should be described as chaotic [68]. Long
ultrathin fibers under the action of a complex of physical forces are cured and stacked,
taking a certain position in the material layer. This structure should be described as highly
developed in terms of a very high surface area [69]. The variation of the ES conditions, as
well as the formulation of the forming solution, make it possible to influence the structural
features of the produced electrospun material and even to predict the morphology of
individual fibers with high accuracy. The key characteristics for a full-scale description of
morphology are: density, which describes the capacity of the polymer composite material;
average diameter of the fibers; theoretical porosity, expressed as a percentage the proportion
of the fiber-free volume of the material, as well as pore size.

3.1.1. Results of the Optical Microscopy

The microphotographs of the material based on the PHB with different content of
hemin are shown in Figure 2.
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Figure 2. The microphotographs of PHB with different content of hemin: 1 (a), 3 (b) and 5 (c) wt. %.

It is important to note that microphotographs obtained by optical microscopy methods
clearly show that fibers with 1 and 3 wt. % (Figure 2a,b) of hemin have black inclusions on
the surface of the fibers with average sizes 4-32 um for 1 wt. % and 0.7-17 pm for 3 wt. %.
In the case of 5 wt. % of hemin (Figure 2c¢), the inclusions are practically absent (1-4 pum).

It is important to stress that the introduction of hemin in the PHB solution had a sig-
nificant impact on its forming properties. Even small concentrations of hemin (1-5 wt. %)
made a significant contribution to the electrical conductivity of the solution increasing it
due to the iron atom in the porphyrin molecules. Due to the higher electrical conductivity,
the jet in the ES process was moving more organized. As a result, the fibers cured well, the
pore size decreases, while increasing the porosity of the material. That is, at a lower density,
the material is characterized by a large percentage of the air layer between well-cured
fibers without gluing streaks and thickenings as the hemin concentration increases. The
characteristics of the nonwoven materials are presented in Table 1.
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Table 1. Average values of the characteristics of the nonwoven materials based on PHB with different content of hemin.

Sample Density, g/cm3 Average Diameter, um Pore Size, um Porosity, %
(£S.D., n =10) (£S.D., n =100) (+S.D., n =50) (£S.D., n =50)
PHB 0 wt. % 0.30 £ 0.01 3.50 + 0.08 15 £ 10 80+ 2.0
PHB with 1 wt. % of hemin 0.20 £ 0.02 2.06 £+ 0.07 109 £+ 10 92+15
PHB with 3 wt. % of hemin 0.20 £ 0.01 1.77 £ 0.04 83+ 10 92+15
PHB mats with 5 wt. % of hemin 0.17 4+ 0.01 1.77 £0.04 52410 94412

3.1.2. Results of the Scanning Electron Microscopy

The SEM method was used for a detailed study of the morphology of fibrous materials.
The microphotographs of the most interesting areas of the material based on the PHB with
different content of hemin are shown in Figure 3. It can be seen that the surface texture
of the initial fibers (Figure 3a) and with a low content of hemin (less than 3 wt. %) is
heterogeneous. The fibers are characterized by a greater degree of tortuosity, adhesions and
the presence of large formations in the form of elliptical thickenings with a low additive
content (0-3 wt. %). The average size of these structures was 20-30 um in the longitudinal
direction and 15-25 um in the transverse direction.

Figure 3. The SEM microphotographs of PHB with different content of the hemin: 0 (a), 1 (b), 3 (c)
and 5 (d) wt. %.

An increase in the hemin concentration leads to a decrease in diameter and an increase
in the uniformity of fibers. The microtopography and the structure of pores change with
the introduction of even 1 wt. % of the additive (Figure 3a,b). Defects in the form of
glues and thickenings are extremely rare, the fibers thin out, and the number of defects
decreases with the introduction of hemin. The roughness on the surface of the fibers
almost completely disappears at 5 wt. % of the additive, as well as fusiform thickenings.
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An area of interest is the surface of the fibers and the change in topology caused by an
increase in the concentration of hemin. It is important to note that the concentration of the
additive significantly affects the presence of pores, dividing them more pronounced and
deep (Figure 3b,c).

3.2. Chemical Constitution of the Material
Results of the EDX

Optical micrographs show the presence of inclusions on the surface of the fibers
(Figure 2a,b). The EDX method was used to determine the uniformity of hemin distribution
in the PHB. The results of the analysis showed that hemin in the studied concentration
region is distributed fairly evenly in the material and not only concentrated in inclusions
on the surface. Iron and chlorine atoms were chosen as the atoms identifying hemin, since
they are part of the central area of the tetrapyrrole ring. The results are shown in Figure 4.
The results for iron and chlorine were identical; therefore, this article is given only for iron
(orange color in Figure 4b—d).

(©) (d)

Figure 4. The energy-dispersive X-ray spectroscopy elemental analysis of Fe in the PHB with different
content of hemin: 0 (a), 1 (b), 3 (c) and 5 (d) wt. %.

3.3. Supramolecular Structure of the Material

The effect of hemin supplementation on the supramolecular structure of PHB was
considered in the work. PHB is a semicrystalline polymer whose crystallites tend to be
laid in lamellae [70]. In case of sufficient time and optimal conditions for repeated cold
crystallization, the formation of regular crystal structures, including PHB spherolites, is
possible [71]. The influence of production on the formation of the crystalline structure of
PHB is high; therefore, it introduces boundary conditions into the process of formation of
the supramolecular structure. Thus, the ES method promotes the formation of extended
oriented macromolecules [72], which can be called fibrils [71].

Earlier, we investigated the structure of crystallites in PHB fibrils by the X-ray method [73].
The long period was 61 um, the longitudinal size of the crystallite was 270 pm, the trans-
verse size of the crystallites was 370 um, the accuracy of determination was +2 pm, the
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degree of crystallinity at large angles was 53% and at small angles of X-ray diffraction was
60%, and the accuracy of determination was £5%. These results are in good agreement
with the known processes occurring during the crystallization of PHB macromolecular
structure [74,75]. In general, the supramolecular organization of the electrospun PHB can
be represented as shown in Figure 5.

~

LTI

Figure 5. The organization of PHB macromolecules: 1—crystal regions; 2—regular chain fold; 3—

irregular chain fold (free loop); 4—pass-through molecules; 5—the shortest, elongated and stressed
pass-through molecules; 6—interfibrillar pass-through chains; and 7—interfibrillar structures.

Thus, the PHB used in this work should be characterized by the following parameters:
the amorphous phase in the material structure was 35-40%, and the crystalline phase was
60-65%, including organized crystallites being 35% [25].

In this paper, the effect of the hemin complex on the supramolecular structure of PHB
was considered in detail.

3.3.1. Crystalline Phase

The degree of crystallinity is understood as the total fraction of the crystalline phase in
a semicrystalline polymer, which includes both well-crystallized crystallites and uncrystal-
lized, defective and paracrystalline formations. Figure 6 shows the changes in the degree
of crystallinity (Figure 6a) and the melting temperature (Figure 6b) of the PHB after the
first heating. An increase in the concentration of the additive reduces the proportion of the
crystalline phase within 8% (Figure 6a), which indicates that hemin has a significant effect
on the crystallization of the polymer during the solution rejection period. At the same
time (Figure 6b), the melting point increases with increasing concentration. Although the
difference in melting temperatures is small (2 °C), it can still be a marker of the processes
occurring at the crystallization stage. Interestingly, 1 wt. % of hemin reduces the melting
point. However, with an increase in the hemin content, the melting point grows. In general,
this dependence is in good agreement with the dynamics of changes in the morphology of
the fiber surface: with the addition of 1 wt. % (Figure 3b) and 3 wt. % (Figure 3c¢), the grain
surface of the fibers is rough and has depressions, cavities, and pores, which are definitely
smaller with 5 wt. % of the additive.
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Figure 6. The changes in the degree of crystallinity (a) and the melting temperature (b) of the PHB depending on the

concentration of the hemin from the first heating.

Heat Flow , mWt/mg, endothermic

Of great interest is the change in the shape of the melting peak of the PHB with a
different amount of hemin. During the first heating (Figure 7a), it is shown that the peak be-
comes more symmetrical with an increase in the hemin concentration, and the crystallinity
decreases evenly within 10%. In the first stage of the melting process, the less organized
crystallites and paracrystalline structures melt faster. It is known that these structures
are formed if the PHB does not have sufficient capacity for slow crystallization [76]. The
introduction of the hemin into the solution affects the course of crystallization. Perhaps,
hemin acts as a nucleating agent of crystallization. PHB structures grow more uniform and
organized, although the total number of crystal structures decreases. This effect is especially
clearly seen during the second heating (Figure 7b). The low temperature shoulder from
150 to 160 °C was shown to indicate the melting of a large number of irregular crystalline
formations. With an increase in the concentration of hemin, their number decreases. That
is, the rate of crystallization no longer contributes to the organization of the crystalline
phase of PHB.

Heat Flow , mWt/mg, endothermic

40

140 190 40 90 140 190
Temperature, °C Temperature, °C

(a) (b)

Figure 7. The PHB melting peaks with different hemin content: first heating (a) and second heating (b).
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3.3.2. Amorphous Phase

The EPR method allows one to assess the state of the amorphous phase. The results
of the EPR are in good agreement with the results of the DSC. The correlation time of
the probe indicates the structure of the amorphous phase. Figure 8a shows the results
of the analysis of the mobility of the spin probe TEMPO as a function of the hemin
concentration. The concentration of the spin probe in relation to the mass of the material
sample (Figure 8b) shows that hemin does not prevent the penetration of a radical into the
material, confirming the theory of a change in the structure of the amorphous phase. That
is, the more the radical enters, the less its mobility becomes. This is certainly due to the
localization of the tetrapyrrole ring in the amorphous phase.

100 125
90
o 80 s 12}
S 7 3
= o
w 60 + S 115 |
g 50 kS
8= g
§ 40 g L
5 30 o -
2 g
8 20 + g 105
10 =
0 . . 1 " + + }
3 5 0 1 3 5
Content of the additive, % Content of the additive, %
(a) (b)

Figure 8. The dependence of the characteristics of the amorphous phase of PHB on the hemin concentration: spin probe
correlation times (a) and the concentration of the spin probe in relation to the mass of the material sample (b).

All these changes significantly affected the physical and mechanical characteristics,
morphology of the composites and their operational properties. The localization of the
porphyrin complexes is concentrated in the amorphous phase of the material.

3.4. Physical and Mechanical Properties

The physical and mechanical properties of composite materials are an important class
of operational properties, but they are also to a large extent an indicator of the state of the
polymer-additive molecular system. Due to changes in the supramolecular structure and
morphology, there is a change in physical and mechanical properties. The results of the
physical and mechanical tests are shown in Table 2.

Table 2. Results of the physical and mechanical tests of the samples with different content of the

hemin.
Sample Tensile Strength, Mpa Elongation at Break, %
P A + 0.02 MPa A +02%
PHB with 0 wt. % 1.7 3.6
PHB with 1 wt. % of hemin 0.7 4.7
PHB with 3 wt. % of hemin 19 4.7
PHB with 5 wt. % of hemin 5.5 6.1

It is important to note that at 5% hemin in the material, the tensile strength increases
to 5.5 MPa, which is 3 times higher than the strength of brittle nonwovens based on PHB
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Hemin 3%/

(d)

without additives. The elongation at break increases to 6%, which is 1.5 times higher
than the one of the original PHB. However, at lower concentrations of hemin, such a high
increase cannot be achieved.

3.5. The Antimicrobial Tests

As discussed earlier, the antimicrobial activity of hemin is known from the literature,
although the short-term effect is noted [53]. The samples for the experiment were kept for
90 days from the date of production. Earlier, it was found that the fibrous materials based on
PHB containing complexes of synthetic porphyrins may be unstable: there is a loss of mass,
a decrease in the degree of crystallinity, and a change in physical properties that indicated
the degradation of the material [25]. This process was most active within 30—-60 days from
the moment of production. Thus, it was planned to establish antimicrobial properties for a
long period of time sufficient for the application of the composite in biomedicine.

The results of the antimicrobial test are shown in Figure 9.

PHB +
Hemin 3%

: PHB +
% Hemin 3% [

()

Figure 9. The microbiological tests of the PHB + 3% of the hemin samples against (a) E. coli; (b) C. guilliermondii (c) S. aureus;
the lysis zone is shown in colored line and PHB + 0% against (d) E. coli; (e) C. guilliermondii; and (f) S. aureus as the control.

Figure 9 shows the results of the antimicrobial tests for the PHB materials with 3% of
hemin. As follows from Figure 9, the samples of the material develop an inhibition zone
around and beneath the samples. Figure 9a shows that the lysis zone increases in the zone
with a larger sample thickness and therefore with a higher hemin content. In Figure 9b,
(sharpness increased in comparison with the original) an insignificant lysis zone is visible,
although when the sample is removed (original color, yellow frame), it is clear that the
reproduction of microorganisms is stopped under the sample. It was probably discovered
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due to anaerobic microorganisms, although this effect was much less pronounced under
PHB (Figure 9e). Figure 9c (original color) shows the lysis zone around and under the
sample.

In general, the data obtained suggest that in the case of creating an antimicrobial
wound-healing dressing, the inclusion of hemin in the composition positively affects the
ability of the material to suppress the viability of bacteria and fungi.

4. Discussion

PHB is a semicrystalline polymer. The production method makes a significant con-
tribution at all levels of polymer and fiber organization [77,78]. ES has a gradual effect
both on the supramolecular structure, on the morphology of individual fibers and on the
entire material as a whole. Therefore, it is customary to allocate three levels of structural
organization for electrospun polymeric materials: Macroscopic (whole system), mesoscopic
(fiber contact area), microscopic (structure of the fiber) scale [79]. The obtained data show
that the introduction of hemin molecules has a significant impact on the organization of
PHB at all levels of the organization.

Even at the stage of the ES process, the introduction of a modifying additive at low
concentrations (1, 3, and 5 wt. %) can have a significant effect on the formation of the
material’s structure.

It is known that ES allows for a uniform arrangement of additives that occupy the
free space between the crystallites in the amorphous regions of the polymer [77]. That
was confirmed by the EDX method. Hemin contains an atom of a metal in the center of
the tetrapyrrole ring which certainly increased the electrical conductivity of the forming
solution [78], without reducing its viscosity, which leads to an improvement in the forming
properties of the ES. With the increasing in the hemin concentration, the fibers become
more uniform. The ES process is stable, without the formation of smudges, drops and
thickenings, which has a positive effect on the morphology of the fiber. It is also important
that the fibers have time to completely cure at stage of the Taylor cone formation without
forming glues in the mesoscopic material layer [66]. It gives an additional degree of
variance in the application of mechanical stress to the fibers in the material.

Figure 2 shows optical microphotographs where the black inclusions on the surface of
the fibers are noticeable. The analysis using the EDX method showed that these inclusions
are the hemin particles. It is important to note that with the increase in the hemin concen-
tration, the number and size of black inclusions decrease. The nature of these inclusions
could be explained by the insolubility of hemin in chloroform, the main solvent of the
system. A lower concentration of hemin leads to a greater proportion of chloroform and
PHB in the forming solution. This leads to the formation of agglomerates during the curing
of the solution.

As a result of a more organized jet movement in the ES process, the pore area first
increases by more than 6 times at 1 wt. %, and then, the difference between pure PHB
and PHB with 5 wt. % of hemin reaches an excess of 3.5 times. At the same time, the
porosity of the material increases from 80% to 94%. That is, at a lower density, the material
is characterized by a large percentage of air space between well-cured fibers without gluing,
smudges and thickening as the hemin concentration increases.

At the same time, high attention should be paid to the results of SEM. The deepening
of the pores on one of the thickening of the fiber (Figure 3b,c) illustrates the effect of hemin
on the morphology and topology of the fiber surface. This process is coordinated with
the loosening of the supramolecular structure. This phenomenon can be explained by a
more intense evaporation of the solvent in view of the electroforming technology using
two solvents, which is used, among other things, to produce highly porous fibers [67].
However, this factor does not contribute to a 5 wt. % in a view of a more optimal balance of
electrical conductivity and viscosity of the forming solution. In all likelihood, the presence
of large hemin molecules in the intermolecular space of the PHB leads to an increase in the
free volume of amorphous regions, which increases the rate of solvent desorption. Thus,
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achieving a balance in the molding solution allows the most homogeneous surface of thin
and uniform fibers.

Of course, these changes are closely related to the supramolecular structure of PHB [77].
ES is accompanied by a high rate of deformation of the polymer solution (about 103 s~1) [77],
that leads to a stretching and changing orientation of the polymer chains in the solution [69].
In light of the action of the ES conditions, the PHB macromolecules assume a preferential
orientation, which can be conditionally called a fibrilla [71]. In our case, the PHB fibrilla
is an alternation of sections of the crystalline and amorphous phases oriented along the
axis with separate regions, which are described in detail in Figure 5. Such a preferential
orientation causes a number of physical and mechanical properties of PHB fibers. The phe-
nomenon of secondary crystallization of the produced PHB is known in the literature [80].
Without the influence of external forces, the PHB tends to form spherulites; however, if it
does not have such a possibility, for example, in the case of pressing, pulling, forming from
solution and melt, then the supramolecular crystalline phase has an incomplete character
and is characterized by a tendency to a secondary crystallization [81]. In addition, with a
lack of time for a secondary crystallization, more defective and paracrystalline formations
are detected, as well as a fine-crystalline fraction of PHB [82]. However, introducing of the
additive leads to an introduction of the crystallization centers into the polymer system,
which allow the macromolecule to take a more advantageous position, which allows the
crystalline phase to form better organized structures. This phenomenon was detected in
the changes of the supramolecular structure of the PHB-hemin system. It can be seen from
the DSC (Figure 6b) that changes in the melting temperature indicate that an increase in
the hemin concentration leads to the formation of larger, regular crystallites that melt at
a higher temperature, as in the absence of an additive. Probably, hemin can act as the
center of crystallization of the PHB. Apparently, the clusters of hemin recorded by the EDX
method (Figure 4) could be the nuclei of crystallization, initiating and accelerating the
uniform growth of crystallites in the volume of the polymer phase, although the number
of these crystallites decreases. Crystallinity decreases with the introduction of hemin
(Figure 6a), but at the same time, the quality of the crystalline phase increases.

When discussing the DSC results in more detail, the nature of the melting processes
should be noted. During the first melting (Figure 7a), the fibrillar structure melts. At the
second melting (Figure 7b), the structure, which has already been decomposed and quickly
crystallized during the first cooling, melts. During the second melting in the temperature
range of 150-160 °C, the low-temperature shoulder of the melting peak can be seen. It
characterizes the PHB mesophase or paracrystalline formations, which become smaller
with increasing the hemin content, which confirms the assumption of the role of hemin as
a center of crystallization.

These results are in a good agreement with the results of the EPR method (Figure 8).
With an increase in hemin content, the correlation time decreases (Figure 8a), which means
that the mobility of the spin probe increases. Moreover, an increasing concentration of the
radical enters the sample of the material, which means that this characteristic is reliable
(Figure 8b).

The described changes in the supramolecular structure also affect the mechanical
properties of materials. There are two components that cause the growth of physical
and mechanical characteristics: Firstly, the contribution of hemin to the organization
of the supramolecular structure. Better organized macromolecules certainly lead to an
improvement in the properties of the material. Secondly, the contribution of hemin affects
the forming properties. The increase in the concentration of the additive leads to the
formation of well-cured fibers. These fibers form the material without gluing and defects,
increasing the mutual mobility of the fibers in the layer of nonwoven material, which
contributes to the growth of mechanical stress, which it withstands until irreversible
destruction.

The antimicrobial tests show antimicrobial activity against drug-resistant and Gram-
negative E. coli and Gram-positive S. aureus. The lysis zone around the viable C. guillier-
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mondii was small, although the material impeded the life of the culture with a hollow layer,
which is an absolute advantage for practical use in wound-healing dressing.

5. Conclusions

The effect of the hemin molecular complexes on the structure and properties of
the composite materials based on PHB was investigated. The possibility of optimizing
methods for obtaining fibers with higher characteristics, including mechanical properties
and antibacterial activity, was shown. The introduction of 1-5 wt. % of hemin has an
effect on the supramolecular structure, morphology and properties of PHB-based fibers
due to crystallization processes occurring at the stage of forming and curing of the fiber.
The metal atom (trivalent iron) contained in the tetrapyrrole ring of the hemin makes it
possible to obtain an optimal balance of electrical conductivity and viscosity for forming
defect-free uniform hardened fibers at concentrations of hemin above 3 wt. %. When the
hemin concentration reaches 5 wt. %, defects and pores disappear almost completely, as
there is a necessary and sufficient balance of forming properties of the solution. At the same
time, the degree of crystallinity of PHB decreases by 10%, consistent with a decrease in the
density of the amorphous phase by 3.5 times, and the formation of more organized crystal
structures occurs even with fast cooling. The addition of 5% of hemin leads to an increase
in the elongation at break by 1.5 times and in the tensile strength by 3 times. Moreover,
the surface morphology of the fiber changes significantly, and defects on the surface and
in the interfiber space disappear. This observation serves as a basis for the modification
and directional design of the supramolecular structure of a semicrystalline polymers and
properties of the fibrous material. The antimicrobial activity of the composition PHB-hemin
is confirmed by the characteristic of the lysis zone found in the work.

In light of the fact that hemin is widely used in medicine, as an independent drug
complex in the treatment of porphyria, requiring a carrier polymer, and in various fields of
creating combined drugs based on proteins and peptides for drug delivery, the combina-
tions of PHB-hemin should definitely be recommended for use in biomedicine in view of
the stability and high physical and mechanical properties of this composite.

Author Contributions: Conceptualization, A.P,; Data curation, P.T. and A.O.; Formal analysis, P.T.
and A.L.; Investigation, I.V.; Project administration, P.T.; Visualization, I.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: The study was carried out using scientific equipment of the Common Use Centre
of Plekhanov Russian University of Economics. The results were obtained using the equipment of
the Center for Collective Use of Scientific Equipment of TSU named after G.R. Derzhavin.

Conflicts of Interest: The authors declare no conflict of interest.

1. Lund, A; Velden, N.M,; Persson, N.K.; Hamedi, M.M.; Miiller, C. Electrically conducting fibres for e-textiles: An open playground
for conjugated polymers and carbon nanomaterials. Mater. Sci. Eng. R Rep. 2018, 126, 1-29. [CrossRef]

2. Bailey, F; Malinski, T.; Kiechle, F. Carbon-fiber ultramicroelectrodes modified with conductive polymeric tetrakis (3-methoxy-4-
hydroxyphenyl) porphyrin for determination of nickel in single biological cells. Anal. Chem. 1991, 63, 395-398. [CrossRef]

3. Avossa, J.; Paolesse, R.; Di Natale, C.; Zampetti, E.; Bertoni, G.; De Cesare, F; Macagnano, A. Electrospinning of
polystyrene/polyhydroxybutyrate nanofibers doped with porphyrin and graphene for chemiresistor gas sensors. Narno-
materials 2019, 9, 280. [CrossRef] [PubMed]

4. Tabassum, R.; Kant, R. Recent trends in surface plasmon resonance based fiber—optic gas sensors utilizing metal oxides and
carbon nanomaterials as functional entities. Sens. Actuators B Chem. 2020, 310, 127813. [CrossRef]


http://doi.org/10.1016/j.mser.2018.03.001
http://doi.org/10.1021/ac00004a018
http://doi.org/10.3390/nano9020280
http://www.ncbi.nlm.nih.gov/pubmed/30781545
http://doi.org/10.1016/j.snb.2020.127813

Polymers 2021, 13, 4024 15 0f 17

10.

11.

12.

13.

14.

15.
16.
17.
18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Scheicher, S.R.; Kainz, B.; Kostler, S.; Suppan, M.; Bizzarri, A.; Pum, D.; Ribitsch, V. Optical oxygen sensors based on Pt (II)
porphyrin dye immobilized on S-layer protein matrices. Biosens. Bioelectron. 2009, 25, 797-802. [CrossRef] [PubMed]
Laskowska, M.; Kityk, L.; Pastukh, O.; Dulski, M.; Zubko, M.; Jedryka, J.; Laskowski, E. Nanocomposite for photonics—Nickel
pyrophosphate nanocrystals synthesised in silica nanoreactors. Microporous Mesoporous Mater. 2020, 306, 110435. [CrossRef]
Biswas, S.; Ahn, H.Y.; Bondar, M.V,; Belfield, K.D. Two-photon absorption enhancement of polymer-templated porphyrin-based
J-aggregates. Langmuir 2011, 28, 1515-1522. [CrossRef]

Chen, Z.; Mai, B.; Tan, H.X. The effect of thermally developed SiC and SiO2 core-shell structured nanoparticles on the mechanical,
thermal and UV-shielding properties of polyimide composites. Comp. Comm. 2018, 10, 194-204. [CrossRef]

Suo, Z.; Chen, |J.; Hou, X,; Hu, Z,; Xing, E; Feng, L. Growing prospects of DNA nanomaterials in novel biomedical applications.
RSC Adv. 2019, 9, 16479-16491. [CrossRef]

Ghosal, K.; Agatemor, C.; Spitalsky, Z.; Thomas, Z.; Kny, E. Electrospinning tissue engineering and wound dressing scaffolds
from polymer-titanium dioxide nanocomposites. Chem. Eng. J. 2019, 358, 1262-1278. [CrossRef]

Wu, J; Li, S.; Wei, H. Integrated nanozymes: Facile preparation and biomedical applications. ChemComm 2018, 54, 6520—-6530.
[CrossRef]

Ruthard, C.; Schmidt, M.; Gréhn, F. Porphyrin-polymer networks, worms, and nanorods: pH-triggerable hierarchical self-
assembly. Macromol. Rapid Commun. 2011, 32, 706-711. [CrossRef]

Almaguer-Flores, A.; Silva-Bermudez, P.; Rodi, S.E. Nanostructured Biomaterials for Regenerative Medicine. In Nanostructured
Biomaterials for Regenerative Medicine, 1st ed.; Guarino, V., Iafisco, M., Spriano, S., Eds.; Woodhead Publishing: Cambridge, UK,
2020; pp. 81-137.

Chifiriuc, M.C; Ficai, A.; Grumezescu, A.M.; Ditu, L.M.; Popa, M.; Iordache, C.; Lazar, V. Soft tissue engineering and microbial
infections: Challenges and perspectives. In Nanobiomaterials in Soft Tissue Engineering; William Andrew Publishing: Norwich, NY,
USA, 2016; pp. 1-29.

Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and electrospun nanofibers: Methods, materials, and applications. Chem. Rev. 2019,
119, 5298-5415. [CrossRef] [PubMed]

Sessler, J.L.; Tomat, E. Transition-metal complexes of expanded porphyrins. Acc. Chem. Res. 2007, 40, 371-379. [CrossRef]
[PubMed]

Sessler, J.L.; Miller, R.A. Texaphyrins. Biochem. Pharmacol. 2000, 59, 733-739. [CrossRef]

Tsolekile, N.; Nelana, S.; Oluwafemi, O.S. Porphyrin as diagnostic and therapeutic agent. Molecules 2019, 24, 2669. [CrossRef]
Habermeyer, B.; Guilard, R. Some activities of PorphyChem illustrated by the applications of porphyrinoids in PDT, PIT and PDL
Photochem. Photobiol. Sci. 2018, 17, 1675-1690. [CrossRef]

Zhang, L.; Yang, R.; Yu, H.; Xu, Z.; Kang, Y.; Cui, H.; Xue, P. MnO,-capped silk fibroin (SF) nanoparticles with chlorin e6 (Ce6)
encapsulation for augmented photo-driven therapy by modulating the tumor microenvironment. J. Mater. Chem. B 2021, 9,
3677-3688. [CrossRef]

Sanhueza, C.; Hermosilla, J.; Bugallo-Casal, A.; Da Silva-Candal, A.; Taboada, C.; Milldn, R.; Acevedo, F. One-step electrospun
scaffold of dual-sized gelatin/poly-3-hydroxybutyrate nano/microfibers for skin regeneration in diabetic wound. Mater. Sci. Eng.
C 2020, 119, 111602. [CrossRef]

Synytsya, A.; Grafova, M.; Slepicka, P.; Gedeon, O.; Synytsya, A. Modification of chitosan-methylcellulose composite films with
meso-tetrakis(4-sulfonatophenyl) porphyrin. Biomacromolecules 2011, 13, 489-498. [CrossRef]

Zhao, L.; Qu, R.; Li, A.; Ma, R.; Shi, L. Cooperative self-assembly of porphyrins with polymers possessing bioactive functions.
Chem. Commun. 2016, 52, 13543-13555. [CrossRef]

Seema, A.; Wendorff, ] H.; Greiner, A. Use of electrospinning technique for biomedical applications. Polymer 2008, 49, 5603-5621.
Ol'’khov, A.A.; Tyubaeva, PM.; Zernova, Y.N.; Kurnosov, A.S.; Karpova, S.G.; Iordanskii, A.L. Structure and properties of
biopolymeric fibrous materials based on polyhydroxybutyrate-metalloporphyrin complexes. Russ. J. Gen. Chem. 2021, 91,
546-553. [CrossRef]

Arai, T.; Tanaka, M.; Kawakami, H. Porphyrin-containing electrospun nanofibers: Positional control of porphyrin molecules in
nanofibers and their catalytic application. ACS Appl. Mater. Interfaces 2012, 4, 5453-5457. [CrossRef]

Gangemi, C.ML.A; Iudici, M,; Spitaleri, L.; Randazzo, R.; Gaeta, M.; D’Urso, A.; Fragala, M.E. Polyethersulfone mats functionalized
with porphyrin for removal of para-nitroaniline from aqueous solution. Molecules 2019, 24, 3344. [CrossRef]

Sun, L.; Song, L.; Zhang, X.; Zhou, R; Yin, J.; Luan, S. Poly (y-glutamic acid)-based electrospun nanofibrous mats with
photodynamic therapy for effectively combating wound infection. Mater. Sci. Eng. C 2020, 113, 110936. [CrossRef]

Kaerkitcha, N.; Sagawa, T. Amplified polarization properties of electrospun nanofibers containing fluorescent dyes and helical
polymer. Photochem. Photobiol. Sci. 2018, 17, 342-351. [CrossRef] [PubMed]

Naznin, S.; Min, W. PHBV /PLLA-based composite scaffolds fabricated using an emulsion freezing/freeze-drying technique for
bone tissue engineering: Surface modification and in vitro biological evaluation. Biofabrication 2012, 4, 015003.

Nakayama, D.; Wu, F; Mohanty, A.K,; Hirai, S.; Misra, M. Biodegradable composites developed from PBAT/PLA binary blends
and silk powder: Compatibilization and performance evaluation. ACS Omega 2018, 3, 12412-12421. [CrossRef] [PubMed]
Nofar, M,; Salehiyan, R.; Ciftci, U.; Jalali, A.; Durmus, A. Ductility improvements of PLA-based binary and ternary blends with
controlled morphology using PBAT, PBSA, and nanoclay. Compos. B Eng. 2019, 182, 107661. [CrossRef]


http://doi.org/10.1016/j.bios.2009.08.030
http://www.ncbi.nlm.nih.gov/pubmed/19765970
http://doi.org/10.1016/j.micromeso.2020.110435
http://doi.org/10.1021/la203883k
http://doi.org/10.1016/j.coco.2018.10.003
http://doi.org/10.1039/C9RA01261C
http://doi.org/10.1016/j.cej.2018.10.117
http://doi.org/10.1039/C8CC01202D
http://doi.org/10.1002/marc.201100097
http://doi.org/10.1021/acs.chemrev.8b00593
http://www.ncbi.nlm.nih.gov/pubmed/30916938
http://doi.org/10.1021/ar600006n
http://www.ncbi.nlm.nih.gov/pubmed/17397134
http://doi.org/10.1016/S0006-2952(99)00314-7
http://doi.org/10.3390/molecules24142669
http://doi.org/10.1039/C8PP00222C
http://doi.org/10.1039/D1TB00296A
http://doi.org/10.1016/j.msec.2020.111602
http://doi.org/10.1021/bm2015366
http://doi.org/10.1039/C6CC05449H
http://doi.org/10.1134/S1070363221030245
http://doi.org/10.1021/am3013664
http://doi.org/10.3390/molecules24183344
http://doi.org/10.1016/j.msec.2020.110936
http://doi.org/10.1039/C7PP00413C
http://www.ncbi.nlm.nih.gov/pubmed/29445786
http://doi.org/10.1021/acsomega.8b00823
http://www.ncbi.nlm.nih.gov/pubmed/31457972
http://doi.org/10.1016/j.compositesb.2019.107661

Polymers 2021, 13, 4024 16 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Huang, M.-H.; Li, S.; Hutmacher, D.W.; Coudane, J.; Vert, M. Degradation characteristics of poly(e-caprolactone)-based copoly-
mers and blends. J. Appl. Polym. Sci. 2016, 102, 1681-1687. [CrossRef]

Rajan, K.P; Thomas, S.P.; Gopanna, A.; Chavali, M. Polyhydroxybutyrate (PHB): A Standout Biopolymer for Environmental
Sustainability. In Handbook of Ecomaterials; Martinez, L.M.T., Kharissova, O.V., Kharisov, B.I.,, Eds.; Springer International
Publishing AG: Cham, Switzerland, 2017; pp. 1-23.

Woolnough, C.A.; Yee, L.H.; Charlton, T.S.; Foster, L.J.R. Environmental degradation and biofouling of green plastics including
short and medium chain length polyhydroxyalkanoates. Polym. Int. 2010, 59, 658-667. [CrossRef]

Pati, S.; Maity, S.; Dash, A.; Jema, S.; Mohapatra, S.; Das, S.; Samantaray, D.P. Biocompatible PHB production from Bacillus species
under submerged and solid-state fermentation and extraction through different downstream processing. Curr. Microbiol. 2020, 77,
1203-1209. [CrossRef]

Sreedevi, S.; Unni, K.N; Sajith, S.; Priji, P.; Josh, M.S.; Benjamin, S. Bioplastics: Advances in polyhydroxybutyrate research. In
Advances in Polymer Science; Springer: Berlin/Heidelberg, Germany, 2014; pp. 1-30.

Arrieta, M.P; Lopez, J.; Hernandez, A.; Rayon, E. Ternary PLA-PHB-limonene blends intended for biodegradable food packaging
applications. Eur. Polym. |. 2014, 50, 255-270. [CrossRef]

Kumara, B.P.; Maruthi, Y.P.; Veera Pratap, S.; Sudhakar, K.; Sadiku, R.; Prabhakar, M.N.; Il Song, J.; Subha, M.C.S.; Chowdoji Rao,
K. Development and characterization of polycaprolactone (PCL)/poly ((R)-3-hydroxybutyric acid) (PHB) blend microspheres for
tamoxifen drug relese studies. Int. . Pharm. Pharm. Sci. 2015, 7, 95-100.

Karimi, A.; Karbasi, S.; Razavi, S.; Zargar, E. Poly(hydroxybutyrate)/chitosan aligned electrospun scaffold as a novel substrate for
nerve tissue engineering. Adv. Biomed. Eng. 2018, 7, 44.

Saad, B.; Neuenschwander, P.; Uhlschmid, G.; Suter, U. New versatile, elastomeric, degradable polymeric materials for medicine.
Int. ]. Biol. Macromol. 1999, 25, 293-301. [CrossRef]

Kim, G.M.; Wutzler, A.; Radusch, H.]J.; Michler, G.H.; Simon, P; Sperling, R.A.; Parak, W.J. One-dimension arrangement of gold
nano-particles by electrospinning. Chem. Mater. 2005, 17, 4949-4957. [CrossRef]

Dror, Y.; Salalha, W.; Khalfin, R.L.; Cohen, Y.; Yarin, A.L.; Zussman, E. Carbon nanotubes embeded in oriented polymer nanofibers
by electrospinning. Langmuir 2003, 19, 7012-7020. [CrossRef]

Jun, Z.; Aigner, A.; Czubayko, F; Kissel, T.; Wendorff, ]. H.; Greiner, A. Poly (vinyl alcohol) nanofibers by electrospinning as a
protein delivery system and retardation of enzyme release by additional polymer coatings. Biomacromolecules 2005, 6, 1484-1488.
Wang, H.S.; Fu, G.D.; Li, X.S. Functional polymeric nanofibers from electrospinning. Recent Pat. Nanotechnol. 2009, 3, 21-31.
[CrossRef] [PubMed]

Joung, K.; Bae, ].W.; Park, K.D. Controlled release of heparin-binding growth factors using heparin-containing particulate systems
for tissue regeneration. Expert Opin. Drug Deliv. 2008, 5, 1173-1184. [CrossRef]

Lu, Y.; Berry, S.M,; Pfister, T.D. Engineering novel metalloproteins: Design of metal-binding sites into native protein scaffolds.
Chem. Rev. 2001, 101, 3047-3080. [CrossRef] [PubMed]

Zhang, Y.; Xu, C,; Li, B. Self-assembly of hemin on carbon nanotube as highly active peroxidase mimetic and its application for
biosensing. RSC Adv. 2013, 3, 6044. [CrossRef]

Qu, R;; Shen, L.; Chai, Z; Jing, C.; Zhang, Y.; An, Y.; Shi, L. Hemin-block copolymer micelle as an artificial peroxidase and its
applications in chromogenic detection and biocatalysis. ACS Appl. Mater. Interfaces 2014, 6, 19207-19216. [CrossRef]

Wang, J.; Cao, Y.; Chen, G.; Li, G. Regulation of thrombin activity with a bifunctional aptamer and hemin: Development of a new
anticoagulant and antidote pair. ChemBioChem 2009, 10, 2171-2176. [CrossRef]

Alsharabasy, A.M.; Pandit, A.; Farras, P. Recent advances in the design and sensing applications of hemin/coordination
polymer-based nanocomposites. Adv. Mater. 2020, 33, 2003883. [CrossRef]

Zhao, Y,; Zhang, L.; Wei, W.; Li, Y.; Liu, A.; Zhang, Y.; Liu, S. Effect of annealing temperature and element composition of titanium
dioxide/graphene/hemin catalysts for oxygen reduction reaction. RSC Adv. 2015, 5, 82879-82886. [CrossRef]

Nitzan, Y.; Ladan, H.; Gozansky, S.; Malik, Z. Characterization of hemin antibacterial action on Staphylococcus aureus. FEMS
Microbiol. Lett. 1987, 48, 401-406. [CrossRef]

Dell’Acqua, S.; Massardi, E.; Monzani, E.; Di Natale, G.; Rizzarelli, E.; Casella, L. Interaction between hemin and prion peptides:
Binding, oxidative reactivity and aggregation. Int. ]. Mol. Sci. 2020, 21, 7553. [CrossRef]

Zozulia, O.; Korendovych, L.V. Semi-rationally designed short peptides self-assemble and bind hemin to promote cyclopropana-
tion. Angew. Chem. Int. Ed. 2020, 59, 8108-8112. [CrossRef]

Sedaghat, S.; Shamspur, T.; Mohamadi, M.; Mostafavi, A. Extraction and preconcentration of hemin from human blood serum
and breast cancer supernatant. J. Sep. Sci. 2015, 38, 4286-4291. [CrossRef]

Dong, L.; Zang, J.; Wang, W.; Liu, X.; Zhang, Y.; Su, J.; Li, J. Electrospun single iron atoms dispersed carbon nanofibers as high
performance electrocatalysts toward oxygen reduction reaction in acid and alkaline media. J. Colloid Interface Sci. 2019, 564,
134-142. [CrossRef]

Hsu, C.-C,; Serio, A.; Amdursky, N.; Besnard, C.; Stevens, M.M. Fabrication of hemin-doped serum albumin-based fibrous
scaffolds for neural tissue engineering applications. ACS Appl. Mater. Interfaces 2018, 10, 5305-5317. [CrossRef] [PubMed]
Chen, K.; Chou, W,; Liu, L.; Cui, Y.; Xue, P; Jia, M. Electrochemical sensors fabricated by electrospinning technology: An overview.
Sensors 2019, 19, 3676. [CrossRef] [PubMed]


http://doi.org/10.1002/app.24196
http://doi.org/10.1002/pi.2746
http://doi.org/10.1007/s00284-020-01922-7
http://doi.org/10.1016/j.eurpolymj.2013.11.009
http://doi.org/10.1016/S0141-8130(99)00044-6
http://doi.org/10.1021/cm0508120
http://doi.org/10.1021/la034234i
http://doi.org/10.2174/187221009787003285
http://www.ncbi.nlm.nih.gov/pubmed/19149752
http://doi.org/10.1517/17425240802431811
http://doi.org/10.1021/cr0000574
http://www.ncbi.nlm.nih.gov/pubmed/11710062
http://doi.org/10.1039/c3ra22525a
http://doi.org/10.1021/am505232h
http://doi.org/10.1002/cbic.200900408
http://doi.org/10.1002/adma.202003883
http://doi.org/10.1039/C5RA15056F
http://doi.org/10.1111/j.1574-6968.1987.tb02632.x
http://doi.org/10.3390/ijms21207553
http://doi.org/10.1002/anie.201916712
http://doi.org/10.1002/jssc.201500408
http://doi.org/10.1016/j.jcis.2019.12.120
http://doi.org/10.1021/acsami.7b18179
http://www.ncbi.nlm.nih.gov/pubmed/29381329
http://doi.org/10.3390/s19173676
http://www.ncbi.nlm.nih.gov/pubmed/31450877

Polymers 2021, 13, 4024 17 of 17

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

Adler, AD.; Longo, ER.; Kampas, F; Kim, J. On the preparation of metalloporphyrins. J. Radioanal. Nucl. Chem. 1970, 32,
2443-2445. [CrossRef]

Lubasova, D.; Martinova, L. Controlled morphology of porous polyvinyl butyral nanofibers. J. Nanomater. 2011, 6, 1-6. [CrossRef]
You, Y.; Youk, ].H.; Lee, SW.; Min, B.M,; Lee, S.J.; Park, W.H. Preparation of porous ultrafine PGA fibers via selective dissolution
of electrospun PGA /PLA blend fibers. Mater. Lett. 2006, 60, 757-760. [CrossRef]

Vyazovkin, S.; Koga, N.; Schick, C.V. Handbook of Thermal Analysis and Calorimetry: Applications to Polymers and Plastic; Elsevier:
Amsterdam, The Netherlands, 2002.

Scandola, M.; Focarete, M.L.; Adamus, G.; Sikorska, W.; Baranowska, I.; Swierczek, S.; Jedlifiski, Z. Polymer blends of natural poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) and a synthetic atactic poly (3-hydroxybutyrate). Characterization and biodegradation
studies. Macromolecules 1997, 30, 2568-2574. [CrossRef]

Liang, Z.; Freed, ].H. An assessment of the applicability of multifrequency ESR to study the complex dynamics of biomolecules.
J. Phys. Chem. 1999, 103, 6384. [CrossRef]

Sezer, D.; Freed, ].H.; Roux, B. Simulating electron spin resonance spectra of nitroxide spin labels from molecular dynamics and
stochastic trajectories. J. Chem. Phys. 2008, 128, 165106-1-165106-16. [CrossRef]

Katsogiannis, K.A.G.; Vladisavljevi¢, G.T.; Georgiadou, S. Porous electrospun polycaprolactone (PCL) fibres by phase separation.
Eur. Polym. J. 2015, 69, 284-295. [CrossRef]

Domaschke, S.; Ziindel, M.; Mazza, E.; Ehret, A.E. A 3D computational model of electrospun networks and its application to
inform a reduced modelling approach. Int. ]. Solids Struct. 2019, 178, 76-89. [CrossRef]

Greenfeld, I.; Arinstein, A.; Fezzaa, K.; Rafailovich, M.H.; Zussman, E. Polymer dynamics in semidilute solution during
electrospinning: A simple model and experimental observations. Phys. Rev. 2011, 84, 041806. [CrossRef]

Mota, C.; Puppi, D.; Dinucci, D.; Gazzarri, M.; Chiellini, F. Additive manufacturing of star poly(e-caprolactone) wet-spun
scaffolds for bone tissue engineering applications. J. Bioact. Compat. Polym. 2013, 28, 320-337. [CrossRef]

Hoffman, J.D.; Davis, G.T.; Lauritzen, J.I. Treatise on Solid State Chemistry, Crystalline and Noncrystalline Solids, 3rd ed.; Plenum
Press: New York, NY, USA, 1976; pp. 497-498.

Reneker, D.H; Yarin, A.L.; Fong, H.; Koombhongse, S. Bending instability of electrically charged liquid jets of polymer solutions
in electrospinning. J. Appl. Phys. 2000, 87, 4531-4547. [CrossRef]

Karpova, S.G.; Olkhov, A.A.; Bakirov, A.V.; Chvalun, S.N.; Shilkina, N.S.; Popov, A.A. Poly (3-hydroxybutyrate) matrices modified
with iron (IIT) complex with tetraphenylporphyrin. Analysis of structural and dynamic parameters. Chem. Phys. 2018, 37, 64-77.
Sun, X.; Gao, N; Li, Q.; Zhang, J.; Yang, X.; Ren, Z.; Yan, S. Crystal morphology of poly (3-hydroxybutyrate) on amorphous poly
(vinylphenol) substrate. Langmuir 2016, 32, 3983-3994. [CrossRef]

El-Hadi, A.M. Influence of electrospinning parameters on fiber diameter and mechanical properties of poly(3-Hydroxybutyrate)
(PHB) and polyanilines (PANI) blends. Polymers 2016, 8, 97. [CrossRef]

Barham, PJ.; Keller, A.; Otun, E.L.; Holmes, P.A. Crystallization and morphology of a bacterial thermoplastic: Poly-3-
hydroxybutyrate. J. Mater. Sci. 1984, 19, 2781-2794. [CrossRef]

Reneker, D.H.; Yarian, A.L.; Zussman, E.; Xu, H. Electrospinning of nanofibers from polymer solutions and melts. Adv. Appl.
Mech. 2007, 41, 43-195.

Baumgarten, P. Electrostatic spinning of acrylic microfibers. . Colloid Interface Sci. 1971, 36, 71-79. [CrossRef]

Syerko, E.; Comas-Cardona, S.; Binetruy, C. Models of mechanical properties/behavior of dry fibrous materials at various scales
in bending and tension: A review. Compos. Part A Appl. Sci. Manuf. 2012, 43, 1365-1388. [CrossRef]

Yeo, ]J.C.C.; Muiruri, ].K,; Thitsartarn, W.; Li, Z.; He, C. Recent advances in the development of biodegradable PHB-based
toughening materials: Approaches, advantages and applications. Mater. Sci. Eng. C 2018, 92, 1092-1116. [CrossRef]

Chan, C.H.; Kummerléwe, C.; Kammer, H.W. Crystallization and melting behavior of poly(3-hydroxybutyrate)-based blends.
Macromol. Chem. Phys. 2004, 205, 664-675. [CrossRef]

Haslbock, M.; Klotz, M.; Steiner, L.; Sperl, J.; Sieber, V.; Zollfrank, C.; Van Opdenbosch, D. Structures of mixed-tacticity
polyhydroxybutyrates. Macromolecules 2018, 51, 5001-5010. [CrossRef]


http://doi.org/10.1016/0022-1902(70)80535-8
http://doi.org/10.1155/2011/292516
http://doi.org/10.1016/j.matlet.2005.10.007
http://doi.org/10.1021/ma961431y
http://doi.org/10.1021/jp9907746
http://doi.org/10.1063/1.2908075
http://doi.org/10.1016/j.eurpolymj.2015.01.028
http://doi.org/10.1016/j.ijsolstr.2018.08.030
http://doi.org/10.1103/PhysRevE.84.041806
http://doi.org/10.1177/0883911513490341
http://doi.org/10.1063/1.373532
http://doi.org/10.1021/acs.langmuir.6b00058
http://doi.org/10.3390/polym8030097
http://doi.org/10.1007/BF01026954
http://doi.org/10.1016/0021-9797(71)90241-4
http://doi.org/10.1016/j.compositesa.2012.03.012
http://doi.org/10.1016/j.msec.2017.11.006
http://doi.org/10.1002/macp.200300062
http://doi.org/10.1021/acs.macromol.8b01047

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of the Electrospun Materials 
	Methods 
	Microscopy 
	Morphology and Density Analysis 
	The Energy-Dispersive X-ray Spectroscopy 
	Differential Scanning Calorimetry 
	Electron Paramagnetic Resonance 
	Mechanical Properties 
	Antimicrobial Tests 


	Results 
	Morphology of the Fibrous Material 
	Results of the Optical Microscopy 
	Results of the Scanning Electron Microscopy 

	Chemical Constitution of the Material 
	Supramolecular Structure of the Material 
	Crystalline Phase 
	Amorphous Phase 

	Physical and Mechanical Properties 
	The Antimicrobial Tests 

	Discussion 
	Conclusions 
	References

