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Abstract—The structure and diffusion properties of combined ultrafibrous matrices containing microspheres
for prolonged release of lysozyme are studied in the work. The matrices are biocompatible and they are not
cytotoxic. The matrices are obtained via electrospinning. These materials are suitable for solving problems of
tissue engineering, since they combine ultrafine fibers of poly(hydroxybutyrate) promoting effective attach-
ment and growth of cells and poly(hydroxybutyrate) microparticles capable of prolonged release of a bioactive
compound. These properties allow one to recommend these matrices for tissue engineering.
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INTRODUCTION
The application of biopolymers has broad pros-

pects in medicine, primarily owing to their ability to
decompose in the body without the formation of toxic
products. Polyhydroxyalkanoates (hereinafter PHA)
are one of the largest classes of chemical compounds
used as a material for production of biodegradable
products. They are characterized by a high degree of
biocompatibility and biodegradability with the forma-
tion of carbon dioxide and water. The production of
polymers of this class by the method of microbiologi-
cal synthesis makes it possible to regulate their proper-
ties according to a specific bioengineering or environ-
mental problem [1]. Poly(hydroxybutyrate) (hereinaf-
ter PHB) was the first to be discovered among PHAs.
It demonstrates high mechanical strength and moder-
ate hydrophilicity and is the most studied polyhy-
droxyalkanoate, which explains its popularity as a
compound used for production of biodegradable med-
ical devices and packaging materials [2–4].

Such articles are most often based on biopolymer
matrices, otherwise scaffolds, representing fibers with
the diameter of their filaments varying usually from
0.1 to 10 μm. There are a number of methods for pro-
ducing such fibers, for example, leaching, pore forma-
tion using gases or phase separation, and electrospin-

ning (otherwise ESF process). The latter method is
noteworthy for the fact that it does not require com-
plex equipment and high energy costs, while it has
flexibility in setting parameters, allowing one to obtain
products with controllable characteristics in a wide
range [5]. Fibers obtained during the ESF process
have higher surface-to-volume ratio, as well as high
porosity, which promotes cell attachment and growth
[6, 7]. The advantages listed explained the choice of
electrospinning as a method for producing fibers and
PHB as a material for performing this work.

The medical devices themselves based on PHA
fibers obtained by electrospinning are distinguished by
a wide variety. These can be biodegradable retention
sutures, biodegradable fixing screws for orthopedic
surgery, periodontal membranes for dentistry, etc. [8, 9].
Pharmaceutical forms for prolonged release of medic-
inal substances are also produced on the basis of PHA.
Currently, the possibility of creating combined matri-
ces, where biopolymer microparticles are encapsu-
lated in the fiber structure, is of wide interest. Such
microparticles may contain substances whereby it is
necessary to affect cells, for example, growth factors.
The medical devices based on such combined matrices
can significantly increase the activity of reparative
processes in the body [10, 11].
974



MATRICES FOR TISSUE ENGINEERING BASED ON ULTRAFINE FIBERS 975
The aim of this work was to obtain and investigate
microfibrous matrices containing microspheres for
prolonged release of a model protein, lysozyme, as
well as to obtain microparticles of various types for
loading them with lysozyme.

EXPERIMENTAL
W/O Emulsifying

The water-oil emulsifying method was used to pro-
duce both types of microparticles. A solution of PHB
was mixed with an emulsifier solution. In this case the
polymer, as a hydrophobic phase, forms separate clus-
ters—particle agglomeration. In order to prepare the
porous microparticles from PHB, a PHB solution
(Biomer®) (М = 300 kDa; c = 40 mg/mL) and a solu-
tion of (NH4)2CO3 in water (cw/v = 5%) were first pre-
pared. Then, 750 μL of (NH4)2CO3 solution was added
to 4 mL of polymer solution and mixed for 5 min on a
high-speed homogenizer at 15 000 rpm. The resulting
mixture was poured dropwise into a 1% solution of
poly(vinyl alcohol) at constant mixing. After complete
evaporation of chloroform, the particles were separated
from the emulsifier by centrifugation and washing with
distilled water. To make sure that the resulting particles
did not contain a foaming agent ((NH4)2CO3), they were
placed in a phenolphthalein solution. The absence of
pink coloring confirmed the absence of ammonium
carbonate. Thereafter, the particles were lyophilized.

To obtain alginate microparticles, 250 mg of lyso-
zyme and 50 mg of pluronic were added to 12 mL of a
2% aqueous solution of sodium alginate. After mixing
the resulting mixture for 15 min, 18 mL of a 3.3% solu-
tion of lecithin in heptane was added to it. Further,
3.2 mL of a 25% CaCl2 solution was added to the col-
loid. Then the mixture was stirred on a homogenizer at
11000 rpm for 15 min. Calcium chloride acts as a
crosslinker and plays a structure-forming role [12].
The resulting microparticles were separated from the
emulsifier by three-stage centrifugation and washing with
isopropanol. Then they were dried in a thermostat.

Labeling of Lysozyme by FITC
To further visualize the presence of alginate micro-

particles in the thickness of the resulting matrices, part
of the microparticles was loaded with f luorescein-
labeled lysozyme (FITC) during production. The
binding of the protein to the dye was carried out
according to the standard procedure [13]. Lysozyme
was dissolved in 16 mL of 0.2 M borate buffer (pH 8);
the dye was dissolved in 4 mL of the same buffer at
heating. Upon further addition of the dye to the pro-
tein solution, the latter precipitated. The solution was
titrated with hydrochloric acid until the precipitate was
completely dissolved. Thereafter, the solution was dia-
lyzed for two days against 0.01 M acetate buffer (pH 3.4)
in order to purify it from unbound dye.
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Electrospinning

A solution of PHB in chloroform (7%) was poured
into a glass container placed in an installation for per-
forming the ESF process [14]. A voltage of 10 kV was
applied to the solution through a metal electrode. The
liquid f lowed out through the capillary under the
action of gravity and excess pressure in the gas in the
container. The jet was deposited on a dense and elastic
material in order to avoid the appearance of defects.
The electrospinning process should take about 8 h to
obtain matrices with a thickness of 0.5–1 mm. The
particles were placed inside the matrix using a “sand-
wich” technology. Electrospinning was briefly inter-
rupted after 4 h of molding, and the dry particles were
uniformly distributed over the desired area in the
appropriate amount. The mass of particles per unit
area was selected so that their presence would not
harm the structure of the electrospinning cloth. For
porous PHB microparticles, the ratio was 12 mg/cm2;
for alginate microparticles, it was 1.5 mg/cm2.

Absorption of Lysozyme on Porous Particles
and Matrices from PHB

The efficiency of lysozyme adsorption on porous
microparticles from PHB and PHB fibers obtained by
electrospinning was compared. For this purpose,
weighed portions of 100 mg of particles and fibrous mate-
rial were prepared. The particles were additionally deaer-
ated in 10 mL of distilled water using a freeze dryer. Both
particles and fibers were treated with 0.133 mM NaOH,
whereupon they were washed tenfold with phosphate-
buffered saline (PBS, pH 7.4; hereinafter, a buffer
solution with a concentration of 0.12 M is taken as
1×PBS). Samples were placed in 1/8×PBS prior to
protein coating.

First, a stock solution of lysozyme in 1/8×PBS with
a concentration of 25 mg/mL was prepared, and then a
coating solution with a concentration of 0.25 mg/mL.
At each incubation point, a microparticle sample and
an electrospinning fiber sample were placed in 2 mL of
the coating solution for one hour, after which the solu-
tion was replaced. In the solution passed through the
sample, the protein concentration was measured spec-
trophotometrically at a wavelength of 280 nm. For
each incubation point, the amount of bound protein
was calculated.

After ten points of incubation of the samples in the
protein solution, the lysozyme was washed off by incu-
bating the samples in 1×PBS. The incubation time
was determined by a standard technique, and it was for
the first points 1, 3, 6, 24 h, respectively; then the buf-
fer was renewed once a day. The amount of protein
that washed off was also determined spectrophoto-
metrically. After 11 points of washing off with buffer,
the remaining part of the protein was washed off with
a solution of 1 M NaCl.
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Fig. 1. General view of particles from PHB (SEM) (a);
general view of alginate particle (SEM) (b).

(а)

(b)
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Lysozyme Release from Alginate Microparticles

The protein was placed in alginate microparticles at
the production stage. To analyze its release, the parti-
cles were incubated in the matrix and in pure form in
0.025 M potassium phosphate buffer. The release of
lysozyme from matrices with an area of 2 cm2 contain-
ing 3 mg of particles and 3 mg of particles in pure form
(four replicates for each sample), respectively, was
compared. The protein concentration at each incuba-
tion point was measured spectrophotometrically at a
wavelength of 280 nm. The points were recorded after
1, 3, and 24 h, with the exchange of the buffer.

SEM and Confocal Microscopy

The resulting combined matrices were gold plated
on a spray apparatus. Samples with cells were dehy-
drated for 5 min in ethanol solutions of increasing
concentration (30, 50, 70, 82, and 96%), then in a
mixture of alcohol and acetone at 3 : 1, 1 : 1, 1 : 3, and
finally in pure acetone. Then the samples with cells
were dried at the critical point. Thereafter, the matri-
ces were ready for examination with an electron
microscope. The matrices containing alginate micro-
particles with lysozyme labeled with FITC were exam-
ined on a confocal microscope to visualize the emis-
sion of f luorescein isothiocyanate (absorbing and
emitting light with a wavelength of 495/519 nm) and to
confirm the presence of alginate microparticles in the
thickness of the obtained samples.

CTT Test

To assess the cytotoxicity and biocompatibility of
matrices containing porous microparticles from PHB,
a CTT test was performed based on the estimation of
the activity of mitochondrial enzymes by the intensity
of the tetrazole dye color [15]. The test was performed
on cells of the COS 1 line (green monkey fibroblasts).
The matrices under investigation were sterilized with
alcohol and placed in a 96-well plate; then a cell sus-
pension (2000 specimens per well) in a DMEM
medium was added to the well. The cultivation was
carried out in a thermostat at 37°C and 5% CO2 con-
tent in the air. When the point of biocompatibility was
registered, the matrices with adhered cells were trans-
ferred to a new well, and a solution of activated CTT
reagent was added to it, so as not to take into account
cells growing not on the matrix. In contrast, when
evaluating cytotoxicity, the medium from the old well
was removed and the CTT reagent was added to the
same well. During the reaction time, the plate was
placed in a thermostat for 2 h. Thereafter, the color
intensity of the solution, which directly depends on
the number of living cells, was measured on a spectro-
photometer at a wavelength of 450 nm, taking into
account the correction for the value at a wavelength of
620 nm. For each point, four replicates were taken,
INORGANIC MATE
after which the mean value and the confidence inter-
val were found.

RESULTS AND DISCUSSION

Production of Combined Matrices

Two types of microparticles were obtained by W/O
emulsifying: porous microparticles from PHB and
alginate microparticles loaded with the model protein
lysozyme (Fig. 1). A fibrous material from PHB was
obtained by electrospinning, into the thickness of
which microparticles of one type or another were
incorporated.

Structure Microscopy

It was shown by the method of confocal and scan-
ning electron microscopy that microparticles are fixed
in the thickness of the obtained matrices, and their
presence does not have a negative effect on the mechan-
ical structure of the fiber and its integrity (Fig. 2).
RIALS: APPLIED RESEARCH  Vol. 12  No. 4  2021
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Fig. 2. SEM micrographs of composite matrices: (a) matrix
with microparticles from PHB; (b) PHB matrix with algi-
nate microparticles.

(а)

(b)

N ×300 300 µm

N ×2.5k 30 µm

Fig. 3. Matrix with alginate microparticles containing
lysozyme with FITC label (f luorescence microscopy on
confocal microscope).

50 µm

Fig. 4. Kinetic profile of release of protein from alginate
microparticles (1) and combined matrix (2).

0
10
20
30
40
50
60
70
80
90

100

2
1

240 2 4 6 8 10 12 14 16 18 20 22
Incubation time, h

A
m

ou
nt

 o
f p

ro
te

in
in

 p
ar

tic
le

s o
f t

ha
t l

oa
de

d,
 %
Since in the case of microparticles the diameter of
which does not exceed 30 μ an electron microscope
allows one to detect only particles in the upper layers
of the sample, in order to confirm their presence in the
matrix, the FITC-labeled alginate particles were
examined on a confocal microscope (Fig. 3).

Release and Adsorption of Lysozyme

Using alginate microparticles as an example, the
release of the protein loaded into microparticles at the
production stage was analyzed. The microparticles
lose almost all protein even in the first hours of incu-
bation. Moreover, the inclusion of particles in the
matrix does not affect the kinetic profile of the release;
that is, the electrospinning fibers do not interfere with
the protein release (Fig. 4).
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
The adsorption of lysozyme on PHB fibers and
porous microparticles from PHB showed that the par-
ticles bind protein much more efficiently. They bound
about 90% of the coated protein, while the matrix
bound only 20%. Subsequent incubation of the parti-
cles and matrix in a buffer of weak ionic strength
showed that the rate of protein release from micropar-
ticles is lower than from the fibrous matrix; that is, the
particles have a more pronounced capability of pro-
longed release of protein (Fig. 5). At the end of the
experiment, the remaining protein was washed off
with a high ionic strength salt solution.

The obtained result confirms that combined matri-
ces are better suited for solving problems of tissue engi-
neering, since they combine PHB fibers, promoting
effective attachment and growth of cells, but incapable of
being sufficiently effective carriers of a bioactive sub-
stance by themselves, and microparticles capable of grad-
 12  No. 4  2021
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Fig. 5. Profile of adsorption and subsequent washing out of
lysozyme from fibrous matrix (1) and porous PHB micro-
particles (2). Regions on figure: (A) protein adsorption;
(B) washing out of PBS protein; (C) washing out of protein
by 1 M NaCl.
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Fig. 6. Cytotoxicity histogram (a): (1) control; (2) com-
bined matrix. Biocompatibility histogram (b): (1) com-
bined matrix; (2) fibrous matrix without particles.
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ual release of bioactive substances, but not being a suit-
able substrate individual for cell growth [16].

Biocompatibility and Cytotoxicity of Matrices
Finally, the CTT test based on the assessment of

the activity of mitochondrial enzymes showed on cells
of the COS 1 line that combined matrices are not cyto-
toxic, and also that biocompatibility does not differ for
matrices with and without particles if the particles do
not contain a biologically active component (Fig. 6).

Comparing the average optical density values
obtained during the test among the samples for each of
the days on both histograms, we can conclude that the
values obtained do not differ significantly. All the
time, the cells grew in the same way on all types of
matrices.

Thus, using the electrospinning method, combined
matrices were obtained the structure of which con-
tained biopolymer microparticles capable of acting as
carriers of a bioactive substance. The matrices have a
strong structure; they are capable of prolonged release
of substances and are biocompatible. In the future,
using the developed technology, it is planned to create
matrices with particles containing BMP (for bone tis-
sue engineering) or fibroblast growth factors (for skin
regeneration).

CONCLUSIONS
1. A technology for producing combined matrices

consisting of microfibers and microparticles for con-
trolled release of lysozyme was developed.

2. The addition of microparticles does not deterio-
rate the integrity of the microfiber matrix; the micro-
particles are integrated into its structure.

3. A technique for loading porous particles from
PHB and microfiber matrices from PHB with lyso-
zyme through its adsorption on the polymer was devel-
oped. It was shown that porous microparticles from
PHB adsorb protein better than the fibers from PHB
and they are capable of its prolonged release.

4. The matrix fibers do not interfere with protein
release from microparticles.

5. The biocompatibility and cytotoxicity of com-
bined matrices does not depend on the presence of
microparticles if they do not contain a biologically
active component.
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