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A B S T R A C T

A method for obtaining composite biodegradable materials in the form of films and fibers, based on hydrophilic
poly(vinyl alcohol) matrix and synthetic nanopowders of calcium salts containing phosphate and/or carbonate
anions, was proposed. The phase composition of fillers previously synthesized from Ca(CH3COO)2⋅H2O,
(NH4)2HPO4 and/or (NH4)2CO3 aqueous solutions at a chosen ratio of components was represented by hy-
droxyapatite (Ca10(PO4)6(OH)2), brushite (CaHPO4⋅2H2O), as well as calcite and vaterite polymorphs (CaCO3), all
of which are known to be compatible with biological cells. Filled poly(vinyl alcohol)-based nanofibers with the
wide thickness range of approximately 190–530 nm were manufactured from composite suspensions by bottom-
up type of electrospinning. The addition of calcium carbonate to the suspension with a particle filling degree of
20% showed a significant reduction in operating voltages (from 42 kV to 28 kV) during electrospinning process
and, as a result, facilitated stable fiber formation. According to the microscopy data, the average size of inorganic
inclusions did not exceed 5 μm for fibrous materials, while the particle size of calcium phosphate fillers in films
obtained by casting into polystyrene molds, was characterized by larger values (up to 40 μm) due to intensive
crystallization process on film surfaces. The biocompatible phase composition and structural features, including
surface roughness and special particle morphology, ensures a potential application of the studied materials as
filled scaffolds for the multipotent stromal cells cultivation in bone tissue engineering.
1. Introduction

Over the past few years, bioscaffolding has become one of the main
trends in bone tissue engineering. According to this technique, the issues
of bone defects elimination can be solved by developing individual
biocompatible biodegradable materials based on three-dimensional
porous or fibrous polymer matrices (scaffolds) [1], which are popu-
lated with donor multipotent mesenchymal stromal cells differentiating
into osteoblasts under certain environmental conditions within the ma-
terial [2]. In order to ensure and maintain osteogenic cell differentiation,
bioscaffolding involves the embedding of various osteogenesis inducers
(dexamethasone [3], β-glycerophosphate [4], bioresorbable inorganic
phosphates [5], specific bone morphogenetic proteins [6], etc.) into the
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cultivation system that reveals the ways of using the investigated mate-
rials as drug carriers.

The crucial task of modern materials science is related to the devel-
opment of new-generation composite materials made of biocompatible
synthetic polymers and calcium phosphates [7,8] intended for use in
combination with donor cells. A regenerative approach in tissue engi-
neering, according to which calcium phosphate particles incorporated to
polymer hydrogels act as bioactive additives promoting the cell prolif-
eration, is considered the most appropriate today. A number of charac-
teristics that potential scaffolds should possess includes biocompatible
chemical composition, surface relief comfortable for cell differentiation
and liquid-permeable architecture assuring sufficient mechanical
strength and flexibility. The currently existing materials for specified
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medical purposes, as well as the technologies of their manufacturing,
remain far from the required parameters, and hence they cannot be fully
recommended for cell cultivation with subsequent implantation into
human body.

Among a great variety of natural (collagen, chitosan, fibroin, etc.) [9]
and synthetic (poly(lactide), poly(glycolide), ε-poly(caprolactone), etc.)
polymers [10–12], which could be used to build hydrophilic matrix
serving as a mechanical frame for cells, poly(vinyl alcohol) attracts more
research interest due to its high biocompatibility and gel structure
forming capability in the absence of toxic reagents. The striking examples
of widespread poly(vinyl alcohol) application in biomedical engineering
include low-molecular (~60000–75000 Da) polymer hydrogels as ma-
terials for vascular grafting [13], poly(vinyl alcohol)-based embolization
agents, as well as poly(vinyl alcohol)-based fibers, easily formed due to
thermoplastic properties of the polymer, for use in surgical threads
manufacturing [14]. Special attention should be paid to the membranous
polymer coatings with antimicrobial activity made up of poly(vinyl
alcohol) and chitosan complex hydrogels for the treatment of burns and
surgical wounds [15,16]. Moreover, specified complex hydrogels are
widely studied as promising drug delivery systems with controlled
release [17].

Recent studies of filled polymer scaffolds for bone tissue engineering
consider various calcium phosphate fillers, with the predominance of
hydroxyapatite [18] or a mixture hydroxyapatite/calcium orthophos-
phate (Ca3(PO4)2) [19]. In general, biocompatible calcium phosphates
with a Ca/P molar ratio in the range of 0.5–1.67 have been proposed [20,
21]. The selection of the desirable calcium phosphate as a bioactive filler
is strictly connected with its ability to dissolve (degrade) in slightly acidic
and neutral environments. Thus, the biodegradability enhances with the
decrease of the Ca/P molar ratio, which can be explained in terms of
thermodynamics by the rising condensation degree of the phosphate
anion that leads to lower electrostatic component of the crystal lattice
energy and improved hydration entropy.

The use of synthetic hydroxyapatite in biomimetic regenerative ap-
proaches is justified by its highest affinity to mineral constituent of
natural bone tissue. As is known, the structure of this compound is often
characterized by numerous cationic and anionic substitutions that results
in variable composition [22]. Carbonate anion was shown to be one of
the main sources of the hydroxyapatite lattice deformation. In particular,
CO3

2--groups in B-position increase the resorption of the material, that is,
they influence on the dissolution-precipitation processes in the presence
of extracellular body fluids [23]. Moreover, CO3

2--groups play an impor-
tant role in the biochemical interactions between bone tissue and blood
plasma [24]. In a number of studies on bioceramics for bone implants, the
observation of powders containing phosphate and carbonate anions is
presented [25,26]. According to the studies, the addition of CaCO3 to the
systemwas carried out mainly in order to regulate the resorption rate and
improve the mechanical properties of nanopowders. Therefore, from the
literature analysis devoted to the development of new materials for bone
tissue recovery, it follows that nano- and microscale powders in the
calcium phosphate – calcium carbonate system have a great potential for
mentioned medical application as bioactive fillers. Since the issues of
technology and the impact of filler composition and microstructure on
hybrid material properties have not been sufficiently studied, the
research in this significant area of bioscaffolding remains relevant.

Currently, there exists a large number of techniques for obtaining
filled polymer matrices of the desired shape, size and composition [27].
These techniques of scaffold fabrication are usually divided into two
groups. The first group is based on using solvents and high temperatures
and includes such methods, as electrospinning, phase separation,
lyophilization and leaching, to form fibrous or porous polymer con-
structions [28–30]. The second group of techniques is related to rapid
prototyping technologies including laser stereolithography and most
frequently used 3D printing [31,32]. In the framework of this research,
we focused mainly on electrospinning method of composite fibers for-
mation in order to study fundamentally new opportunities for obtaining
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non-woven materials.
Thus, the present research paper is aimed at studying novel composite

materials consisting of poly(vinyl alcohol)-based matrices and pre-
synthesized nano- and microscale inorganic fillers, obtained in the
form of films and fibers by using interdisciplinary combination of the
approaches to the bioactive fillers fine inorganic synthesis and polymer
hydrogels manufacturing.

2. Materials and methods

2.1. Synthesis of powder fillers

Inorganic fillers in the calcium phosphate – calcium carbonate system
were synthesized from aqueous solutions of the precursors by a method
we proposed in Ref. [33].

The initial components for the synthesis of CaCO3 powder (CC-filler)
were 1 M solutions of calcium acetate hydrate Ca(CH3COO)2⋅H2O (Sigma
Aldrich) and ammonium carbonate (NH4)2CO3. The chemical reaction
occurs in accordance with the equation (1).

Ca(CH3COO)2 þ (NH4)2CO3 ¼ CaCO3↓ þ 2CH3COONH4 (1)

A powder containing hydroxyapatite Ca10(PO4)6(OH)2 and brushite
CaHPO4⋅2H2O phases (CP-filler) was obtained from 1 M solution of
Ca(CH3COO)2⋅H2O and 0.6 M solution of ammonium hydrophosphate
(NH4)2HPO4 (Sigma Aldrich) so that the theoretical Ca/Pmolar ratio was
1.67, which corresponded to the hydroxyapatite. As it has been shown in
Ref. [33], the lack of additional pH control in the presence of
CH3COOH/CH3COO- buffer system formed due to the selected reagents,
leads to the slightly acidic solution medium (pH~ 4.7–6.0), and hence to
the formation of CaHPO4⋅2H2O under these conditions. Thus, the reac-
tion can be reflected by the equations (2) and (3).

10Ca(CH3COO)2 þ 6(NH4)2HPO4 þ 2H2O ¼ Ca10(PO4)6(OH)2↓
þ 20CH3COONH4 (2)

Ca(CH3COO)2 þ (NH4)2HPO4 þ 2H2O ¼ CaHPO4⋅2H2O↓
þ 2CH3COONH4 (3)

The precipitation of the powder product containing HPO4
2-- and CO3

2--
anions (CC/CP-filler) from aqueous mixed-anionic solution was carried
out on the basis of 1M Ca(CH3COO)2⋅H2O solution and 0.3M solutions of
(NH4)2HPO4 and (NH4)2CO3. The chemical processes, which took place
during complex powder formation, are assumed to be represented by
summarizing the equation (1) – (3).

After drying in a thin layer, each of the precipitated samples was
placed in special container together with calculated mass of grinding
ZrO2-spheres (mpowder: mspheres ¼ 1 : 5) and then grinded in a planetary
ball mill under acetone for 20 min with subsequent evaporation of the
acetone and sieving through а polyester sieve with a mesh size of 200 μm.
2.2. Preparation of composite hydrogels

Since the process of polymer fibers manufacturing was limited by the
characteristics of forming solutions, the initial stage of the work was
related to the selection of poly(vinyl alcohol) with suitable forming
ability. In the framework of the present study, the solutions of synthetic
poly(vinyl alcohol) (LLC “TITAN”, 88% hydrolysis degree) of various
molecular weights were tested for viscosity values and fiber forming
ability by viscometry and electrospinning methods, respectively.

To prepare aqueous solutions with polymer mass fraction of 8%, the
calculated amounts of poly(vinyl alcohol) were dosed into water at a
room temperature and then dissolved for 6 h by stirring and heating at
75–80 �C. The calculated masses of pre-synthesized CC-, CP- and CC/CP-
fillers were added to the solutions while stirring and maintaining the
temperature for ~1 h until the components of the reaction mixture were
completely homogenized. In each case, the degree of filling with
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inorganic particles (i.e., the volume fraction of filler in mixture) did not
exceed 20%. At the end of the syntheses, composite suspensions con-
taining viscous polymer solutions and fillers were cast into polystyrene
petri dishes with a diameter of 4 cm. Certain volumes of the mixtures
were taken with a syringe to manufacture the composite fibers by elec-
trospinning method. As water was removed from the structure by evap-
oration, the suspensions turned into hydrogels in the form of films and
fibers. The labeling of the samples in accordance with the compounds
used are shown in Table 1.

2.3. Electrospinning of filled PVA fibers

The study of capillary-free electroforming process of poly(vinyl
alcohol) solutions and the fabrication of nano-/microscale non-woven
samples based on composite suspensions PVA_1788/CC/H2O,
PVA_1788/CP/H2O and PVA_1788/CC/CP/H2O, were conducted using a
laboratory unit “NANOSPIDER” NS LAB 200S (ELMARCO, Czech Re-
public). In order to obtain the fibers filled with particles in the calcium
phosphate – calcium carbonate system, 1 g of each composite mixture
was diluted with 0.1 g of water and placed on a cylindrical electrode
located at the bottom of the electrospinning chamber. Due to the action
of an electric field, the jets were drawn out of the suspensions distributed
on the electrode in a thin layer, and stretched to diameters ranging from
several microns down to several hundred nanometers. The jets hardened
by water evaporation were then deposited on the fabric substrate of the
upper electrode. The working distance between the forming and col-
lecting electrodes was 16 cm, and the maximum voltage used during the
process was limited to 45 kV.

2.4. Characterization

2.4.1. Viscosity measurements
The viscosity of partially hydrolyzed poly(vinyl alcohol) solutions of

various molecular weight was studied using two viscometer types.
A capillary Ubbelohde viscometer (Fungilab, Spain) was used to

determine reduced and intrinsic viscosities of diluted polymer solutions
by measuring the time of leakage through the capillary with a diameter of
5.6 mm. A series of experiments was carried out on the basis of the initial
1% polymer solutions when thermostating in a water-bath system at a
temperature of 25 �C.

The dynamic viscosity of poly(vinyl alcohol) solutions in a wide
concentration range was studied using sinusoidal vibration viscometer
SV-10 (A&D Company Ltd., Japan) equipped with low-frequency sensor
plates (30 Hz). The operating measurement range of the device was
0.3–10000 mPa⋅s.

2.4.2. Phase composition
Phase composition of the obtained hydrogels was investigated on the

basis of film samples (1 cm � 1 cm) by x-ray diffraction method (XRD)
(Cu Ka radiation, 2θ 2–70�, diffractometer with rotating anode Rigaku D/
Max-2500, Japan). Qualitative analysis of the phases was performed
using ICDD PDF2 database.
Table 1
Labeling of the samples obtained in the form of films and fibers.

Polymer
type

Labeling of
the fillers

Expected phase
compositions of the fillers

Labeling of
composite
hydrogels

PVA_1788 CC CaCO3 – calcite, vaterite PVA_1788/CC/H2O
CP CaHPO4⋅2H2O,

Ca10(PO4)6(OH)2
PVA_1788/CP/H2O

CC/CP CaCO3 – calcite, vaterite,
CaHPO4⋅2H2O,
Ca10(PO4)6(OH)2

PVA_1788/CC/CP/
H2O
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2.4.3. Microstructure
The microstructure of filler particles in composite films was studied

by means of scanning electron microscopy (SEM) using thermal-emission
microscope Carl Zeiss NVision 40 (Carl Zeiss, Germany) in the secondary
electron mode (InLens detector). Before conducting the survey of the
samples, a carbon layer was sprayed on the films under study to ensure
their conductivity.

Fiber formation ability of composite suspensions based on poly(vinyl
alcohol) at a given degree of filling with particles in the calcium phos-
phate – calcium carbonate system, as well as the structure of the obtained
samples were shown by atomic force microscopy data (Ntegra Prima
microscope, Russia). The measurements were performed in semi-contact
mode using a probe sensor CSG01 (size 3.4 � 1.6 � 0.3 mm, needle tip
radius 10 nm, rigidity 0.03 N/m).

2.4.4. Thermal analysis
The behavior of composite samples during the heat treatment in the

temperature range of 25–1000 �C at a heating rate of 10 �C/min was
described by thermal analysis (TG – thermogravimetry, DTA – differen-
tial thermal analysis) with mass spectrometric detection using thermal
analyzer Netzsch STA-409 PC Luxx (Germany) equipped with quadrupole
mass spectrometer QMS 403C A€eolos (Germany).

2.4.5. Cytotoxicity assessment
In vitro study of cytotoxicity was carried out on the basis of extracts

from composite films in accordance with ISO 10993.5-99 requirements.
The DMEM/F-12 (1:1, “Life technologies”, USA) culture medium sup-
plemented with 100 units ml-1 of penicillin/streptomycin was used as a
model medium for the preparation of extracts under aseptic conditions
for 72 h at 37 �C. In each case, the extraction medium was added in an
amount of 1 ml per 0.2 g of the sample.

In the course of the study, primary culture of stromal cells isolated
from the rudiments of human third molars (DPSC) was used. Aseptically
extracted tooth rudiments were crushed with scissors to the size of
1–2 mm3 and dissociated by treatment in 0.25 % trypsin – 0.02 % EDTA
solution (PanEco, Russia) for 30 min at 37 �C. The isolated cells were
centrifuged for 3min and then placed in the culturemediumDMEM/F-12
with 10 % of EtSH and 2 mM of L-glutamine. The cell cultivation was
conducted in CO2-atmosphere at a temperature of 37 �C. As the cells grew
and reached a subconfluent state, they were treated with trypsin-EDTA
solution and passed into new vials. The cells on the fourth passage
were applied for the research.

The cells were seeded into the wells of a tablet at a concentration of
50000 cells/cm2 in DMEM/F-12 medium containing 5% FBS. After 18 h,
the medium was replaced with 100 μl of tested extracts. A positive
control was performed by adding dimethyl sulfoxide (DMSO) to the
culture medium, and as a negative control, DMEM/F-12 medium kept for
72 h was added. Culture medium exposed to specified conditions and
procedures was used as a background control.

The study of the extracts for cytotoxicity was performed using MTT-
test based on the reduction of colorless tetrazolium salt (3-[4,5-dime-
thylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, MTT) by mitochon-
drial and cytoplasmic dehydrogenases of livingmetabolically active cells,
which led to the formation of formazane blue crystals soluble in DMSO.
24 h after applying the extracts, the culture medium was removed and
100 μl of MTT-solution (0.5 mg/ml) was added to each sample in a
DMEM/F-12 medium without serum. After holding for 3 h in a humidi-
fied CO2-atmosphere, the liquid in the system was replaced with DMSO
solution, and the resulting formazane salts were dissolved by shaking the
tablet at a room temperature. The amount of reduced formazane was
determined by optical density of the solutions using photometer (680
model, BIO-RAD, USA) at a wavelength of 540 nm.

3. Results and discussion

In the framework of this study, three types of poly(vinyl alcohol)



Table 2
Properties of studied poly(vinyl alcohol) solutions.

Polymer
type

[η],
100 ml/
g

Molecular weight,
kDa

c,
wt
%

Voltage of fiber
formation, kV

PVA_0588 0.48 41.56 12 30
PVA_1788 0.96 124.07 8 27
PVA_2488 1.48 245.54 6 36
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solutions of various concentrations were examined for viscosity using
two techniques. The viscometry data are presented in Fig. 1. Based on the
Mark-Houwink equation [η] ¼ KMa with the parameters taken from the
literature (a ¼ 0.72, K ¼ 8.86⋅10-4) and the intrinsic viscosity [η] values
determined by extrapolating the linear dependences ηreduced(c) on the
ordinate axis in a narrow concentration range (Fig. 1a), molecular
weights of polymers were estimated (Table 2). Typical for poly(vinyl
alcohol) solutions dynamic viscosity curves were obtained in the con-
centration range of 6–12 wt % (Fig. 1b). Specified concentrations were
chosen on the basis of experimental data, according to which electro-
spinning can be performed without hindrance. The data shows that the
viscosity values increase more sharply when switching from a low-
molecular to a higher-molecular poly(vinyl alcohol), which is consis-
tent with the nature of the studied polymer solutions. Thus, the viscosity
measurement limit of the viscometer is violated for aqueous solution
containing PVA_2488 at a concentration of 12 wt %, so that the value
cannot be determined. According to the results of electrospinning carried
out from the polymer solutions, the most stable fiber formation process in
a given concentration range was observed for solutions containing
poly(vinyl alcohol) with the intermediate mass and dynamic viscosity
values (PVA_1788). In particular, the droplet surface deformation for
Fig. 1. Viscometry data for poly(vinyl alcohol) solutions of various molecular
weights: the dependence of the reduced viscosity (ηreduced) on the concentration
and its extrapolation on Y-axis (a), dynamic viscosity curves in the concentra-
tion range of 6–12 wt % (b).
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PVA_1788-based solution with the concentration of 8 wt %, was detected
at a relatively low operating voltage of 21 kV, and layer-by-layer depo-
sition of elastic fibers on the substrate occurred at 27 kV. The formation
of fibers from the solutions of PVA_0588 is hindered due to the low
surface tension of the droplet, which leads to its spreading over the
electrode. However, at higher concentrations (>10–12 wt %), the ten-
dency to form thin light fibers increases. In the case of PVA_2488-based
solutions, the fiber manufacturing requires high operating voltages, and
in contrast to the solutions of low-molecular poly(vinyl alcohol), unstable
formation of nano-/microfibers take place at significantly low concen-
trations. The main characteristics of studied polymer solutions, including
the intrinsic viscosity values, optimal concentrations for electrospinning
and operating voltages of fiber formation, are reported in Table 2.

Samples of hydrogels in the form of films and fibers were obtained on
the basis of PVA_1788 solutions and pre-synthesized CC-, CP- and CC/CP-
powders. The fiber manufacturing by means of electrospinning was
conducted in accordance with the parameters given in Table 3. Thus, the
fiber formation was proved to occur from the prepared composite solu-
tions with selected polymer concentration and degree of filling with
powders. At the same time, the fibers were formed most easily in the case
of PVA_1788/CC/CP/H2O-sample, which confirms that CC/CP-filler
possesses high uniformity of nanoscale components distribution.

It is widely known that PVA types of specified viscosity range that
were used in this work, as well as relatively small degrees of filling with
inorganic particles, lead to a significantly high degradation rate of
polymer films and fibers in aqueous solutions. That fact was also
confirmed by additional experiments, according to which partial degra-
dation of composite strips with the mass of ~ 0.23 g and size of ~
15 � 43 mm in 0.9 % aqueous NaCl solution occurs within 80 min. Thus,
in its pure form (that is, without any crosslinking agents or another
polymer component added to the hydrogel matrix) the use of PVA for
medical purposes is difficult due to the partial dissolution of the materials
and weak mechanical characteristics. However, it should be noted that
the purpose of this work is precisely aimed at demonstration of possi-
bility to fabricate fibrous and film objects with discussed filler compo-
sitions based on PVA matrices. In the future, the study can be expanded
by introducing an additional component into the polymer component,
using significantly high concentrations of polymer in order to obtain
strong hydrogel structures, or increasing the degree of filling with par-
ticles. In the last two cases, the question of fiber fabrication should be
reconsidered, since the use of electrospinning in these conditions occurs
with hindrance due to a number of technological aspects. At this stage,
the key objective was associated with the consideration of materials
including the PVA matrix as model objects with compositions, biological
compatibility and conditions for obtaining that can be further modified
for use in regenerative approaches. Thus, the mechanical properties of
Table 3
Values of operating voltages during the fiber formation process on the basis of
composite solutions.

Sample Voltage of surface
deformation, kV

Voltage of fiber
formation, kV

PVA_1788/CC/H2O 29 33
PVA_1788/CP/H2O 31 42
PVA_1788/CC/CP/
H2O

26–27 28



Fig. 2. XRD spectra of the composite films obtained from poly(vinyl alcohol)
solutions (8 wt %) filled with pre-synthesized powders in the calcium phosphate
– calcium carbonate system at a filling degree of 20 %. The identified phases are
shown on the figure.

Fig. 3. SEM images of the composite films PVA_1788/CC/H2O (a), PVA_178

K.K. Peranidze et al. Smart Materials in Medicine 2 (2021) 292–301
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model objects, including the tensile and flexural strength, which are
usually observed in the framework of such studies, fade into the
background.

The XRD data for composite hydrogels PVA_1788/CC/H2O,
PVA_1788/CP/H2O and PVA_1788/CC/CP/H2O obtained in the form of
films are shown in Fig. 2. Each of the diffractograms contains a diffuse
maximum at 2θ ¼ 20� that defines the poly(vinyl alcohol) crystal phase.
The presence of this maximum is believed to characterize the diffraction
on the crystal structure with an orthorhombic unit cell, in particular, on a
system of crystal planes (101). According to Ref. [34], the maximum can
be explained by the presence of a short-range order in the polymer chains
arrangement. The diffractograms show that the insertion of fillers into
the polymer films results in low intensity of the diffraction maximum,
which is attributed to a decrease in the crystallinity degree of poly(vinyl
alcohol). The phase compositions of fillers in films are consistent with
those for pre-synthesized nanopowders [33]. Thus, the PVA_1788/C-
C/H2O hydrogel contains calcite and vaterite modifications, and the
PVA_1788/CP/H2O composite film includes hydroxyapatite and brushite
phases. The exact composition of the x-ray amorphous CC/CP-filler ob-
tained as a result of the synthesis frommixed-anionic solution containing
HPO4

2- and CO3
2--anions, cannot be identified directly due to the high

uniformity of components distribution. However, the composition of
CC/CP-powder can be assessed by heating the sample in the temperature
8/CC/CP/H2O (b) and PVA_1788/CP/H2O (c) at various magnifications.
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range of 600–800 �C. In the work [33], the authors assumed that the
nanopowder synthesized under the same conditions contained CaCO3--
component that interacted with the initial brushite phase or its decom-
position product calcium pyrophosphate (Ca2P2O7) upon heating to form
calcium orthophosphate Ca3(PO4)2 (equation (4) – (5)).

2CaHPO4 þ CaCO3 → Ca3(PO4)2↓ þ CO2↑ þ H2O (4)

Ca2P2O7 þ CaCO3 → Ca3(PO4)2↓ þ CO2↑ (5)

The diffraction pattern of composite film PVA_1788/CC/CP/H2O in-
dicates the presence of hydroxyapatite phase low-intensity maxima.
Presumably, the phase composition of CC/CP-filler in this sample can be
defined by the reactions (1)–(3), according to which CaCO3,
Ca10(PO4)6(OH)2 and CaHPO4⋅2H2O were jointly precipitated from
aqueous mixed-anionic solution.

For the obtained composite films, in contrast to pure poly(vinyl
alcohol)-based films, a decrease in the transmission capacity can be
observed visually. It should be noted that the sample containing CC/CP-
filler possesses significant optical transparency, which confirms that
intensive crystallization on the surface of the film does not take place due
to simultaneous presence of HPO4

2-/PO4
3-- and CO3

2--anions.
The results of scanning electron microscopy for composite films are

presented in Fig. 3. Morphological observations show that carbonate-
containing samples (PVA_1788/CC/H2O, PVA_1788/CC/CP/H2O) are
characterized by the presence of subparallel splices of elongated calcite
crystals [35] with a single crystal average height of 430 nm and a
thickness of 40 nm (Fig. 3a). The smooth surface of the agglomerates can
be associated with the method of materials preparation from viscous
polymer solutions [36]. According to micrographs, composite film
PVA_1788/CP/H2O includes the particles of a lamellar morphology with
the lateral dimensions varying from 2 to 40 μm (Fig. 3c). It is known from
the literature that the brushite precipitates crystallize mainly in the form
of triangular platelets, sticks or wedge-shaped formations [37], and hy-
droxyapatite particles, depending on the synthesis conditions, can have
spherical, acicular or lamellar shape [38]. Specified morphology type is
hereby consistent with the phase composition of the filler represented by
the mixture of brushite and hydroxyapatite phases. Additionally, phos-
phate particles embedded in hydrogels exhibit a defective structure, i.e.
most of the platelets have fractures ranging in size from 2 to 30 μm. This
moderately rough defective surface of the films is likely to provide
favorable conditions for cell cultivation. The CC/CP-filler in the film
PVA_1788/CC/CP/H2O contains aggregated calcium phosphate platelets
of a smaller size (up to 20 μm), which is explained by hindered crystal-
lization on the surface of the film in the presence of carbonate anions.

Atomic force microscopy (AFM) micrographs of electrospun non-
woven materials based on poly(vinyl alcohol) and calcium salts are
shown in Fig. 4. The morphological features of nanofibers can be iden-
tified on the basis of 2D- and 3D-images made in scan area 10 � 10 μm,
15 � 15 μm and 25 � 25 μm. Thus, the manufactured fibers have
thickness varying from 195 nm to 523 nm. 2D-images show that com-
posite fibers obtained from suspensions with inorganic fillers content of
20 % under specified electrospinning conditions contain sphere-like ag-
gregates of particles with the largest detected diameter of 4.762 μm for
PVA_1788/CC/CP/H2O-sample (Fig. 4b). Reduced particle aggregation
of the fillers in the viscous media of polymer solutions during hydrogels
preparation results in high-contrast edges of aggregates on the micro-
graphs. Despite the high uniformity of nanopowders distribution in
polymer solutions, the AFM data demonstrates a relatively rough surface
when compared to pure poly(vinyl alcohol) fibers described in the
literature [39]. In a number of papers related to the development of
polymer-based materials for cell cultivation it is reported that smooth
surfaces are not adapted for cell attachment. Thus, the research [40]
demonstrates the introduction of calcium phosphates (β-TCP) into chi-
tosan matrix in order to improve the roughness of composite chito-
san/β-TCP microspheres. In that case, the roughness measured by
profilometers did not exceed 2 μm. AFM data for composite fibers
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investigated in the present work show roughness values of approximately
1.2–1.5 μm (Fig. 4c). According to Ref. [41], moderate surface roughness
significantly increases cell attachment and promotes the generation of
alkaline phosphatase activity and calcium nodule formation compared
with the other groups. Since microscale surface roughness is known to
have positive effect on both in vitro and in vivo cell proliferation due to
enhanced adhesion of the cells [42], more detailed study on the surface
parameters of the obtained fibrous materials could be the subject of
further research.

The study of microscale roughness, which we expect will further
promote cell proliferation, was shown using two types of microscopy, and
at this stage of work, its effect on cell proliferation and differentiation is
assumed but not proved precisely. The influence of roughness on cell
behavior will be further supported by biological experiments on mate-
rials with a modified PVA matrix. Possible ways of modification were
discussed earlier.

The thermal stability of the samples was studied on the basis of
composite films and pure PVA_1788-based film. The results of TG and
DTA analyses are presented in Fig. 5. According to DTA data, the thermal
transformations of pure PVA_1788-based film occur in three main stages
(Fig. 5a). The first stage in the temperature range of ~100–180 �C is
accompanied by the absorbed water removal and partial polymer
destruction, which leads to a mass loss of 5 %. At the second stage
(~210–420 �C), the decomposition of poly(vinyl alcohol) continues with
the formation of substantial CO2 and H2O amounts detected by mass
spectrometer; endothermic peaks are observed at 224 �C, 287 �C and
402 �C, and the total mass loss reaches about 75 %. The final stage of
polymer film decomposition includes its complete combustion at 600 �C;
an endothermic peak is also observed at 491 �C. The presence of inor-
ganic fillers in the films does not have a significant effect on the degra-
dation process of polymer matrix. At the initial stage of thermal
treatment, for phosphate-containing samples a slight decrease in mass
(2–3 %) is observed due to the stepwise removal of crystallization water
from brushite (Fig. 5c and d). PVA_1788/CC/H2O-sample, as expected,
undergoes a mass loss related to the carbonate decomposition (>700 �C)
(Fig. 5b). Moreover, in the temperature range of 120–470 �C a decom-
position of by-product CH3COONH4, as well as chemical reactions
described in Ref. [33], may take place.

The study on cytotoxicity showed no toxic effect on the cells of the
extracts from PVA_1788/CC/H2O, PVA_1788/CP/H2O and PVA_1788/
CC/CP/H2O samples. The DPSC metabolic activity data is shown in
Fig. 6. A significant increase in optical density of the solutions, to which
the extracts from PVA_1788/CC/H2O and PVA_1788/CC/CP/H2O films
were added, may indicate the presence of water-soluble factors that
stimulate the cell activity. According to the results, the reduced cell ac-
tivity in the presence of extracts from composite film containing CaH-
PO4⋅2H2O/Ca10(PO4)6(OH)2 phases probably takes place due to
acidification of the medium caused by acid salt in the material. At the
same time, the extracts of the sample containing CO3

2-- and PO4
3-/HPO4

2--
anions have the highest cell activity index, which can be considered, to
some extent, as the compensatory effect of simultaneous presence of CC-
filler exhibiting a slight alkalinity, and the mixture of phosphates with
the above mentioned phase composition. Statistical analysis of the results
on DPSC metabolic activity conducted using the nonparametric Mann-
Whitney U test did not show significant differences with the control
when exposed to extracts from PVA_1788/CP/H2O, which indicates the
absence of water-soluble factors that have a toxic or stimulating effect on
the primary cell culture isolated from the tooth pulp.

In the framework of the current research, the increased metabolic
activity of the samples containing CO3

2--groups compared with the sample
PVA_1788/CP/H2O is presumably explained by the fact that the fibro-
blast growth factor bFGF is usually adsorbed and released into the
external environment from the surface of the particles of CO3

2--containing
samples in greater quantities than in samples based on calcium phos-
phates. This statement has been described quite well in the work [43]
throughout the hydroxyapatite and carbonate substituted hydroxyapatite



Fig. 4. 2D- (left) and 3D- (right) AFM images of the composite nanofibers PVA_1788/CC/H2O (a), PVA_1788/CC/CP/H2O (b) and PVA_1788/CP/H2O (c) manu-
factured by electrospinning.
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Fig. 5. TG and DTA data for pure PVA_1788-based film (a), and composite films PVA_1788/CC/H2O (b), PVA_1788/CC/CP/H2O (c), PVA_1788/CP/H2O (d). The
main endothermic peaks related to chemical transformations while heating are shown on the figures.
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study of bioactivity. Apparently, this is due to the special topography and
surface relief of the investigated fillers, the microscopy of which is pre-
sented above. Thus, the initial assumption regarding the positive effect of
the carbonate ion on composite materials bioactivity put forward earlier
was somehow justified.

During long-term incubation, which is usually carried out for 1, 3, 5
and 7 days, the effectiveness of cell differentiation cannot be established
because the film materials quickly degrade in solutions and a day after
Fig. 6. Metabolic activity of dental pulp stem cells according to the results of
MTT-test during incubation for 48 h with three-day extracts from the studied
materials: 1 – PVA_1788/CC/H2O film, 2 – PVA_1788/CC/CP/H2O film, 3 –

PVA_1788/CP/H2O film, 4 – negative control (DMEM/F-12 medium), 5 – pos-
itive control (DMEM/F-12 þ 10 % DMSO).
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the start of exposure, it is difficult to conduct a standard experiment. This
problem can be eliminated in the course of further research and modi-
fication of the materials. The view of film composite samples after three
days of exposure in the culture medium is shown in Fig. 7.

4. Conclusions

A method for obtaining new composite materials made up of poly(-
vinyl alcohol) hydrogels filled with calcium phosphate and/or calcium
carbonate particles by combining viscous polymer solutions and pre-
synthesized powders was proposed. Based on the selected parameters
for the preparation of the initial composite suspensions, including poly-
mer solution concentration (8 wt %) and particle filling degree (20 %),
both films and fibers were manufactured without hindrance. Composite
fibers obtained using the advanced electrospinning technology were
shown to have a unique structure with fiber thickness distribution in the
nanoscale range (~190–530 nm) and sphere-like defective aggregates of
fillers. Moreover, the addition of CO3

2--anion into the sample containing
PO4

3-/HPO4
2--anions led to a significant simplification of fiber forming

process resulted in lower operating voltages. Therefore, it can be
concluded that the joint presence of specified anions prevents intensive
crystallization of filler particles and makes it possible to obtain a new
class of fibrous bioactive materials. The compositions of the materials
represented by biocompatible calcium salts (CaHPO4⋅2H2O,
Ca10(PO4)6(OH)2, CaCO3) and biosoluble poly(vinyl alcohol) phase, as
well as microscale surface roughness promoting the cell proliferation and
adhesion, let us consider the samples under study as prospective model
materials for use in the field of regenerative medicine. The results of
cytotoxicity study consistent with the structural investigation confirm the
biological activity of the samples in the presence of dental pulp stem cells
and reveal a wide range of possibilities for their further study as
bioscaffolds.



Fig. 7. Degradation of film materials in cultivation solutions within 3 days: 1 – PVA_1788/CC/H2O film, 2 – PVA_1788/CC/CP/H2O film, 3 – PVA_1788/CP/H2O film.
The change in color of the samples reflects the change in pH (yellow color corresponds to more acidic environment, crimson color corresponds to moderately neutral
environment).
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