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A B S T R A C T

The morphotypes of human macrophages (MPh) were studied in the culture on nano-structured biopolymer
substrates, made from polyhydroxyalcanoates (PHAs) of five various monomer compositions, followed by the
solvent evaporation. Its surface relief, which was further in direct contact with human cells in vitro, was analyzed
by atomic force microscopy (AFM) and scanning electron microscopy (SEM). It was shown, that the features of
the micro/nano relief depend on the monomeric composition of the polymer substrates. Monocytes (MN) of
patients with atherosclerosis and cardiac ischemia, undergoing stenting and conventional anti-atherosclerotic
therapy, were harvested prior and after stenting. MN were isolated and cultured, with the transformation into
MPh in direct contact with biopolymer culture substrates with different monomer composition and nano-reliefs,
and transformed into MPh, in comparison with the same process on standard culture plastic. Sub-populations of
cells with characteristic morphology in each phenotypic class were described, and their quantitative ratios for
each sample of polymers were counted as an intermediate result in the development of “smart” material for
cardiovascular devices.

The results obtained allow us to assume, that the processes of MPh differentiation and polarization in vitro
depend not only on the features of the micro/nano relief of biopolymer substrates, but also on the initial state of
MN in vivo and general response of patients.

1. Introduction

The successful development of technologies in regenerative medi-
cine is largely associated with the development of biocompatible, bio-
degradable and non-toxic materials that are used to make implants
[1–3]. In vitro screening revealed the positive effect of such materials on
the proliferation and differentiation processes of various types of stem
and progenitor cells [4–14]. But in the in vivo conditions there is one
important cell class – macrophages (MPh), which necessarily interact

with the implant. As a result of contact interaction with the material,
polarization of MPh forms a new microenvironment for progenitor cells
and realizes the processes of target histogenesis, which are good ob-
served in model systems in vitro, are not always adequately im-
plemented in vivo. This is situated due to the fact, that the polarization
of MPh and the formation of their functional phenotypes –M1/M2 – are
associated with the local production of many molecules that affect the
processes of differentiation, proliferation and apoptosis of various cell
types [15–17].
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In vitro studies indicate that polarization of MPh in the absence of
specific inductors in the medium depends on the characteristics of the
surface relief profile of the substrate material – implantate [18–23].
Thus, the absence of the “chemical” cytotoxicity of tested materials is
not enough to complete prediction of the molecular-cellular processes
of histogenesis in vivo. An assessment of the “toxicity” of the surface
relief is necessary: its influence on the processes of polarization of the
MPh and the production of cytokines, which can regulate the processes
of proliferation, differentiation and apoptosis of various cell types in-
volved in the regeneration processes.

The evaluation of the “toxicity” of the surface relief acquires par-
ticular significance for materials for cardiovascular applications, spe-
cifically, which are planned to be used as coatings for vascular stents, in
patients with ichemic heart desease thanks to their tighter contact with
blood and vessel wall and mass of their use.

The development of atherosclerosis is associated with impaired lipid
metabolism. In blood vessels these disorders involve increasing level of
lipids, associated with the certain classes of serum lipoproteins.
Activation of free radical oxidative modifications of lipids in low-den-
sity lipoproteins and induction of the synthesis of specific antibodies to
modified low-density lipoproteins lead to the appearance of circulating
immune complexes. These disorders are the result of long-term epige-
netic rearrangements, leading to changes in the methylation level of the
genes, involved in the regulatory signaling of lipid metabolism and
genes encoding key enzymes of lipid metabolism [27–29].

Increased lipid level in plasma is considered to be an epigenetic
factor, triggering the epigenetic rearrangements of circulating blood
cells and endothelial cells of blood vessels. These epigenetic changes
lead to formation of atherosclerotic plaques, local formations in the
wall of the vessel [30–33].

At the histological level an atherosclerotic plaque consists of a) MN-
MPh and lipid-loaded foam cells, originating from the MN-MPh; b)
actively proliferating smooth muscle cells; c) lymphocytes; d) devel-
oped extracellular matrix with lipid inclusions, and e) a vascular net-
work, developed to a different degree [34–36].

Atherosclerotic plaque is a labile system, whose dynamics de-
termines the individual clinical prognosis. Modeling molecular and
cellular events in atherosclerotic plaque using in vitro and in vivo sys-
tems has made a significant contribution to our understanding of
principles of atherosclerotic plaque biogenesis and the possibilities of
its pharmacological regulation. However, the effectiveness of pharma-
cological control over the dynamics of atherosclerotic plaques in pa-
tients remains relatively low [37]. This is due to the fact, that the
therapy is aimed at correcting remote of metabolic consequences of
epigenetic rearrangements, which determines the pathogenesis of
atherosclerosis.

An elegant engineering solution, bypassing the problem of the epi-
genetic nature of the disease, was found: a stent, as a rigid framework,
is installed in the zone of an atherosclerotic plaque and mechanically
widens the lumen of the narrowed vessel. Stent materials can include
drugs, inhibiting proliferative activity, thrombus formation, and in-
flammation. Unfortunately, the mechanical solution of the biological
problem did not justify the hopes of clinical medicine, because implants
often led to restenosis – the accelerated re-development of an unstable
atherosclerotic plaque in the implantation zone. The frequency of
restenosis when using drug-eluting stents is from 5 to 10% [38–40].

The inconsistency of the engineering approach confirmed the epi-
genetic nature of atherosclerosis and stimulated the development of
materials, whose biological activity is determined not only by chemical
groups, exposed on the surface, but also by the micro- and nano-relief
features of the stent material. These materials should regulate the
functional activity of MN-MPh with the “atherosclerotic” epigenome
and prevent the re-development of molecular and cellular events,
leading to restenosis.

Screening the biological activity of such materials in development
requires adequate in vitro models. We argue that mandatory conditions

for the adequacy of such models are:

- the use of MN-MPh cultures as main cell components in the bio-
genesis of atherosclerotic plaque;

- the isolation of MN from the blood of patients with clinically diag-
nosed arteriosclerosis of blood vessels, not from healthy donors’
blood.

Epigenomic studies call into question the legitimacy of extra-
polating the interpretation of cellular responses in health to patholo-
gical conditions. Furthermore, contact cultivation of MN-MPh with the
material of implants in vitro will allow to evaluate individual features of
cell interaction and to predict intravascular reactions to implants
[41,42].

At the first stage of screening the choice of integral parameters for
the assessment of cell-material interaction is crucial. For MN-MPh their
morpho-functional polarization can be used as such an integral para-
meter. M1-polarization leads to the formation of a pro-inflammatory
MPh phenotype, when cells are characterized by an elongated form and
increased expression of CD40 and CD64. M2-polarization is associated
with the formation of an anti-inflammatory MPh phenotype, where
round-shaped cells express an elevated level of the mannose receptor
and CD163. The dynamics of the ratio of M1/M2 was shown to play a
key role in the pathogenesis of various diseases, in particular, of
atherosclerosis [43–45].

In vitro and in vivo models allow to control MN-MPh polarization by
various growth factors (M-CSF, macrophage colony-stimulating factor
or GM-CSF, granulocyte-macrophage colony-stimulating factor), cyto-
kines (interleukins IL-4, IL-10), interferon-γ/lipopolysaccharides, dex-
amethasone [46–48]. Another prospective approach is polarization
control using biopolymer materials with various micro- and nano-relief
through the mechanochemical signaling [49]. This type of signaling is
associated with local changes in the curvature of the cell membrane in
contact with the relief of the extracellular matrix or with the culture
substrates or scaffolds. Membrane deformations alter the activity of
membrane-bound proteins and trigger signaling process. Mechan-
ochemical signaling triggers reorganization of the cytoskeleton and
associated changes in cellular morphology. Furthermore, it is involved
in the regulation of proliferation, differentiation, and apoptosis of cells
[50–54].

This determines the important role of mechanochemical signaling in
the regulation of epigenetic rearrangements. Targeting regulatory sig-
nalling by features of micro- and nano-relief and transmission of to-
pographic information into epigenome rearrangements is one of the
most promising approaches in the development of polymeric materials
for regenerative medicine, in particular, in the technologies of devel-
opment of bio-active vascular grafts, including vascular stents [55,56].

Therefore, our study focused on morphological aspects of the po-
larization of MN-MPh, isolated from patients with atherosclerosis and
on biodegradable polymeric materials of various compositions, pro-
mising for the production of vascular implants. We used the class of
natural materials, polyhydroxyalkanoates (PHAs), with various mono-
meric compositions and different topography to assess the prospects of
their application in intravascular stenting in patients with athero-
sclerosis.

2. Materials and methods

2.1. PHAs polymers

Samples of PHAs were obtained in the process of microbiological
synthesis with the cultivation of Cupriavidus eutrophus B-10646 in spe-
cific growth conditions in the Laboratory of Biotechnology of New
Materials, Siberian Federal University, as described previously [57].
Samples contained the following monomers: 3-hydroxybutirate, 3-hy-
droxyvalerate, 4-hydroxybutyrate, 3-hydroxyhexanoate.
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Biopolymer samples with the following composition were used in
the study:

Sample 1: poly-3-hydroxybutyrate, P(3HB), scaffold 1.
Sample 2: copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate,

P(3HB/3HV), scaffold 2.
Sample 3: copolymers of 3-hydroxybutyrate and 4-hydroxybutyrate,

P(3HB/4HB), scaffold 3.
Sample 4: copolymers of 3-hydroxybutyrate, 3-hydroxyvalerate and

3-hydroxyhexanoate, P(3HB/3HV/3HHx), scaffold 4.
Sample 5: copolymers of 3-hydroxybutyrate, 3-hydroxyvalerate, 4-

hydroxybutyrate and 3-hydroxyhexanoate, P(3HB/3HV/4HB/3HHx);
scaffold 5.

Molecular weight and molecular-weight distribution of PHAs were
examined using a gel permeation chromatograph (“Agilent
Technologies” 1260 Infinity, U.S.) with a refractive index detector,
using an Agilent PLgel Mixed-C column. Chloroform was the eluent, at a
flow rate of 1.0 ml/min at 40 °C. Typical sample volumes were 50 μl at a
polymer concentration of 2mg/ml. Narrow polydispersity polystyrene
standards (Agilent, U.S.) were used to generate a universal calibration
curve, from which molecular weights (weight average, Mw, and
number average, Mn) and polydispersity (PD) were determined.

Thermal analysis of PHA specimens was performed using a DSC-1
differential scanning calorimeter (METTLER TOLEDO, Switzerland).
Powdered polymeric samples (4.0 ± 0.2 mg each) were placed into the
aluminum crucible and compressed prior to measurement. Every
sample was measured at least 3 times. Samples were preheated to 60 °C
and cooled to 25 °C. The specimens were heated to temperatures from
25 °C to 300 °C at 5 °C×min-1 (measurement precision 1.5 °C); melting
point (Tmelt) and thermal decomposition temperature (Tdegr) were de-
termined from exothermal peaks in thermograms. The thermograms
were analyzed using the STARe v11.0 software.

Crystallinity (Cx) was determined using diffractometer D8
ADVANCE (Bruker AXS, Germany) with a linear detector VANTEC, film
samples 2 cm in diameter and 0.15mm thick were prepared from a 2%
polymer solution in chloroform. The samples had a circular shape be-
cause during measurement the sample spins in a direction perpendi-
cular to the surface. X-Ray structure analysis and determination of
crystallinity of PHAs were performed employing a D8ADVANCE X-Ray
powder diffractometer equipped with a VANTEC fast linear detector,
using CuKa radiation (“Bruker, AXS”, Germany). The scan step was
0.016°, measurement time in each step 114 s, and scanning range from
5° to 60° (from 48° to 60° there only was a uniformly decreasing
background); the registered parameter was intensity of X-rays scattered
by the sample; 55°/0.016°= 3438 times. The degree of crystallinity
was calculated as a ratio of the total area of crystalline peaks to the total
area of the radiograph (the crystalline+ amorphous components).
Measurement accuracy: point measurement accuracy±0.4 PPS, with
the lowest intensity 1.5 PPS and the highest intensity 32 PPS; the error
in determination of the degree of crystallinity, which was calculated
based on multiple measurements, was 2% or less.

Films were obtained by pouring polymer solutions in chloroform,
followed by the solvent evaporation. Homogeneous solutions con-
taining 10–20 g/l polymers were heated to 35 °C and poured into de-
fatted surface of Petri dishes and dried for 2–3 days at room tempera-
ture in the laminar box; finally films were dried to constant weight in a
vacuum cabinet (Labconco, USA).

The surface characteristics of the films were evaluated using a
contact angle measuring device DSA-25E (Krüss, Germany) using DSA-4
Windows software; the water contact angles were measured in the
automatic mode; the video frame of the drop was processed in a semi-
automatic mode after its stabilization by the “Circle” method built into
the software package. The free surface energy, the polar component
(mN/m) were calculated by Owens–Wendt–Rabel–Kaelble method
using the obtained values of water contact angles. The scaffold surface
microstructure was investigated by a scanning electron microscope.
Samples with the size of 5× 5mm were preliminarily placed on a stage

and sputtered with platinum using an Emitech K575X (Quorum
Technologies Limited, UK); SEM images were obtained using TM
(Hitachi, Japan). Surface roughness was determined using AFM in a
semi-contact mode (Russia). The average (Ra) and root-mean-square
roughness (Rq) were calculated at 10 points as the arithmetic average of
the absolute values of the height deviations of the 5 highest and 5
deepest points from the midline of the profile using standard equations
(Roughness parameters of the same name, ISO 4287/1). The sections
with a size of 20×20 μm were examined, then sections of 2× 2 μm of
local maxima and minima were selected and analyzed repeatedly with
higher resolution, roughness for each sample was calculated for the
three sections.

2.2. Patients

Patients of the Cardiology Center in Krasnoyarsk, aged 60–70 and
diagnosed coronary heart disease participated in the study. Studies
were carried out with the permission of the Ethics Committee of the
Cardiology Center with the agreement, signed by those who partici-
pated in the studies. Prior to hospitalization, patients were prescribed
traditional therapy for cardiac ischemia: acetylsalicylic acid, statins
(atorvastatinum or simvastatinum), beta-blockers, calcium antagonists.
Patients were prescribed clopidogrel 5 days prior to hospitalization.

One day after the hospitalization, transluminal balloon angioplasty
was performed with 2nd-generation stents with everolimusum (Promus
Element plus, Boston Scientific Corporation, USA, or Xience Xpedition,
ABBOT VASCULAR, USA). After the operation, patients were prescribed
disaggregant therapy, statins and beta-blockers.

Venous blood was collected from each patient (20ml, anticoagulant
– EDTA twice: the day before stenting and the day after stenting.

2.3. MN isolation

MN were isolated in the hypertonic density gradient of ficoll-vero-
grafin by the method of Recalde H. [58]. The pre-prepared leukomass
was layered on a hypertonic gradient (specific density 1.080 g/cm3)
and centrifuged at 400 g for 15min. The MN fraction from the inter-
phase was washed twice with phosphate buffer (pH=7.0) (Amresco,
USA) and centrifuged at 400 g for 10min.

The cell concentration was determined in the Goryaev chamber.
Cells were suspended in DMEM (Gibco, ThermoFisher Scientific, USA)
with 10% fetal bovine serum (FBS) (HyClone, USA) and adjusted to
2×106 cells/ml (105 cells in 50 μl).

Polymeric films of different composition were placed in culture
wells 96-well plates (TPP, Switzerland), then 100 μl of DMEM medium
with 10% FBS and 50 μl of cell suspension (in each well 105 cells) was
added. Polystyrene culture plates served as control. The cells were
cultured in a CO2 incubator (New Brunswick Scientific Eppendorf, USA)
for 6 days. Every 3 days the medium was changed. After finishing in-
cubation MTT assay was performed and samples were prepared for
morphological analysis using SEM.

Table 1
Physicochemical properties of samples PHAs used for the film production.

PHAs composition,
mol.%

Polymer characteristics

Mn, kDa Mw, kDa Cх, % Tmelt. оC Tdegr.
оC

P3HB, 100.0 657 1 200 74 167.6 273.8
P(3HB/3 HV)

89.5/10.5
220 695 59 173.2 283.5

P(3HB/4HB)
92/8

580 1 100 42 162.2 268.4

P(3HB/3 HV/3HHx)
66.4/23.4/10.2

589 540 60 176 271

P(3HB/3 HV/4HB/3HHx)
63.5/ 19.4/ 12.3 /4.8

72 437 30 168 286
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2.4. MTT assay

At the end of the incubation the culture medium was removed from
the wells and the cells were washed with fresh DMEM medium with
10% FBS. 200 μl of MTT solution (Sigma-Aldrich, USA) in DMEM
medium with 10% FBS (final MTT concentration 0.25mg/ml) was
added to the wells. The cells were incubated for 4 h. After the incuba-
tion the medium was replaced by 150 μl of DMSO (Amresco, USA).
Aliquots of 100 μl were transferred to clean plates and the optical
density was determined at λ=550 nm on a multichannel reader
iMark™ Microplate Absorbance Reader (Bio-Rad, USA).

2.5. SEM

After cell incubation the culture medium was removed from the
wells and the cells were fixed with 2.5% glutaraldehyde (Sigma-
Aldrich, USA) in phosphate buffer (Amresco, USA) for 2 h. The cells in
the wells were additionally fixed with 1% OsO4 (SPI Supplies, Structure
Probe, Inc., USA) for 40min. After that biopolymer-cell samples were
washed and passed through ethanol with increasing concentration
(from 10% to 100% ethanol with step 10%). Biopolymer-cell samples
were taken out from the wells. In the control variant the bottom of the
wells was cut out and fixed on aluminum foil or on metal object tables.

The samples were analyzed using SEM TM 3000 (Hitachi, Japan).
Prior to microscopy the samples were sputter coated with platinum (3

cycles at 10mA for 20 s) with an Emitech K575X sputter coater
(Quorum Technologies, England).

2.6. Statistics

Statistical analysis of the results was performed by conventional
methods, using the Microsoft Excel software package. Arithmetic means
and standard deviations were found. The statistical significance of re-
sults was determined using Student’s test (significance level: P≤ 0.05).
Statistical analysis of surface properties of the samples was performed
by using embedded methods of the DSA-4 software.

3. Results

3.1. The basic physicochemical properties of PHAs

The five types of PHA polymers, used for the films casting had
different basic physicochemical properties. Copolymers with the pre-
dominance of 3HB monomers, similar to homopolymer of P(3HB), had
similar melting points (162–160 °C) and thermal degradation tem-
peratures (268–273 °C), as well as weight average molecular weight
(1100000–1200000 Da); the exception was the copolymer P(3HB/3HH)
which had Mw values almost half the rest of the samples (Table 1).

One of the important biological characteristics of implants is the
wettability of their surface by polar and nonpolar liquids which is

Fig. 1. 3-D Surface topography of biopolymer scaffolds. A – P(3HB) (scaffold 1); B – P(3HB/4HB) (scaffold 2); C – P(3HB/3 HV) (scaffold 3); D – P(3HB/3 HV/3HHx)
66.4/23.4/10.2 (scaffold 4); E – P(3HB/3 HV/4HB/3HHx) 63.5/19.4/12.3/4.8 (scaffold 5). A1-E1 – 3-D reconstructions of surface topography of scaffolds (surface
areas 20 μm×20 μm). A2-E2 – cross-sectional profiles of permanent topography of scaffolds. Abscissae axis is plane, 20 μm for all variants A2-E2. Ordinates axis is
the relief depth for A2 – [50–350 nm]; B2 – [400–2400 nm]; C2 – [100–900 nm]; D2 – [400–1100 nm]; E2 – [300–1000 nm].

Table 2
Surface properties of the films with different compostion.

PHA composition, mol.
%

Water contact
angle,
θ, °

Surface free energy,
erg/cm2

Polar component of surface
free energy, erg/cm2

Ra,
arithmetic mean
surface roughness,
nm

Rq,
root mean square
roughness,
nm

Rz,
height of the surface
irregularities

P3HB
100.0

97.42 ± 2.6 30.43 ± 1.01 1.23 ± 0.18 71.75 80.28 184.03

P(3HB/3 HV)
85.0/15.0

88.00 ± 2.4 36.90 ± 0.24 2.40 ± 0.09 172.37 206.06 516.36

P(3HB/4HB)
92.0/8.0

78.62 ± 1.2 44.52 ± 1.08 4.24 ± 0.14 177.56 248.10 1260.65

P(3HB/3 HV/3HHx)
66.4/23.4/10.2

89.80 ± 1.6 36.76 ± 1.10 1.90 ± 0.12 158.26 198.50 754.05

P(3HB/3 HV/4HB/
3HHx)
63.5/ 19.4/ 12.3
/4.8

97.98 ± 1.9 25.82 ± 1.25 1.58 ± 0.42 120.91 157.54 728.63
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Table 3
Morphological classes and morphotypes of MPh on the 6th day of cultivation on standard culture plastics and biopolymer scaffolds of various composition. MN were
isolated from the patient's blood before the stent was installed and after the stent was installed. MN were cultivated on culture plastic and on biopolymers scaffolds of
various compositions (scaffolds 1, 2, 3, 4, 5) in 96-well culture plates (105 cells/well) in DMEM medium with 10% fetal serum in CO2-incubator. After 6 days of
culture the cells were fixed in the wells of the plate with 2.5% glutaraldehyde and samples were prepared for SEM using a standard protocol.

Experimental
condition

Morphological classes, % of total cell number

Morphological class 1
Rounded cells

Morphological class 2
Elongated cells

Morphological class 3
Cells with unusual morphology

Morphotype 1
Multinuclear
cells

Morphotype 2
Mononuclear
cells

Morphotype 1
Filiform cells

Morphotype 2
Spindle-shaped cells

Morphotype 3
Rod-shaped cells

Morphotype 4
«Triangular» cells

Culture plastic,
before stenting

19.75 28.18 3.50 26.75 5.73 15.13 0.96

Culture plastic,
after stenting

19.10 35.76 1.04* 30.90 9.72* 3.13* 0.35*

Scaffold 1,
before stenting

15.98 18.14 6.26 43.20 9.94 2.59 3.89

Scaffold 1,
after stenting

20.49 22.97 9.19* 33.22 6.01* 1.77* 6.36*

Scaffold 2,
before stenting

10.87 54.35 1.09 23.91* 3.26 3.26 3.26

Scaffold 2,
after stenting

11.51 9.47* 17.99* 50.00 6.24* 0 2.52

Scaffold 3
before stenting

9.30 46.51 3.10 30.23 5.43 4.65 0.78

Scaffold 3
after stenting

4.17* 37.50 4,.17 41.67 8.33* 4.17 0.00

Scaffold 4
before stenting

14.98 20.70* 8.81 36.56 10.57 6.17 2.20

Scaffold 4
after stenting

5.45* 13.64 3.64* 60.91* 6.36* 7.27 2.73

Scaffold 5
before stenting

10.48 31.43 3.81 37.14 11.43 5.71 10.48

Scaffold 5
after stenting

17.74 40.32 4.84 29.03 3.23* 3.23* 1.61*

An asterisk indicates the cases where the value after the stent installation (before stenting) was significantly different from the value before the stent installation
(after stenting) (p≤ 0.05).

Fig. 2. Morphotypes of the 1st morphological class. 6 days, culture plastic. A, B – morphotype of multinuclear cells. Large cells with numerous lipid droplets in the
cytoplasm. Nuclei are seen as gray, rounded structures against the background of high-contrast lipid droplets. C – morphotype of mononuclear cells. Both mor-
photypes have a complex relief of the plasma membrane.

Fig. 3. X-ray spectral analysis of MPh. A – area selected for analysis. B – area of osmium localization (red zones). C – characteristic spectral lines of osmium.
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Fig. 4. Morphotypes of the 2nd morphological class. 6 days, culture plastic. A, B – morphotype of filamentous cells; long, “thin” cells, the length varies from 80 μm to
150 μm (indicated by white arrows). C, D –morphotype of spindle-shaped cells; relatively “short” cells with a pronounced central spindle-shaped thickening. E, F, G –
morphotype of rod-shaped cells; elongated cells of approximately the same diameter along the entire length. F – morphotype of triangular cells. Lamellopodia with
complex surface relief of the plasma membrane, located at the poles were observed for all 4 morphotypes. Magnification: x1000 (A, B), x2000 (C, D, E, F).
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determined by the value of the contact angle. A comprehensive as-
sessment of both helps to predict biocompatibility of material in direct
contact with cells. The value of the contact angle of water wetting for
the copolymer films was from 78.65 to 97.98 ° with the minimum value
for P(3HB/4HB); this is lower than for homopolymer films (97.42) and
control (92.46) which indicates a favorable effect of the monomers
other than 3HB on the wettability. The P(3HB) homopolymer films and
the P(3HB/3 HV/4HB/3HHx) copolymer films had the same wett-
ability.

Surface roughness is the most important parameter for implantable
biomaterials, determining the adhesion, spreading and motor activity of
cells, the biosynthesis of specific proteins and mechanochemical sig-
naling. The study of the film surface roughness showed significant
differences in film samples of different composition: height of the sur-
face irregularities was significantly different from that of P3HB – the
deviation of the roughness profile of the copolymers was almost 2.5
times higher than that of the homopolymer. The root-mean-square
roughness maximum was 248 nm in P(3HB/4HB); minimal value was
157 for 4-component sample, with respect to 80 nm for P3HB (Fig. 1,
Table 2).

3.2. Cell morphology on different culture substrates

Based on microscopic analysis of cells in different experimental
conditions two basic morphological classes were identified: 1 – rounded
cells; 2 – elongated cells. Cells with unusual morphology (a small per-
centage of the cell population) were classified as class 3 (Table 3).

In the 1st morphological class two morphotypes were identified:

- rounded, single-nucleated cells
- large rounded cells with several nuclei.
- In the 2nd morphological class four morphotypes were identified:
- filamentous cells: strongly elongated cells, the length is many times
greater than the transverse diameter

- spindle-shaped cells: elongated cells with spindle-shaped thickening

in the middle of the cell body
- rod-shaped cells: elongated cells with the same transverse diameter
throughout the cell body

- triangular cells: cells of triangular shape with one highly elongated
apex.

Rounded form (the 1st morphological class) was referred to as sta-
tionary cells, elongated form (the 2nd morphological class) was referred
to as mobile cells.

This classification was used to assess the morphological diversity of
macrophages in control (culture plastic) and on PHAs-biopolymer
substrates of different monomer composition.

3.2.1. MN-MPh culture on culture plastic
3.2.1.1. MPh obtained from MN, isolated before stent placement. On the
6th day of cultivation the number of two main morphological classes of
MPh (rounded cells and elongated cells) was the same: 47.9% and
51.1% respectively (Table 1). Among the rounded cells, relatively small
single-nucleated cells predominated (Fig. 2 с). In large rounded cells 2-
3 nuclei were observed (Fig. 2a, b). They stood out as dark rounded
formations against the backdrop of numerous lipid droplets in the
cytoplasm. Lipid drops in the cytoplasm were detected as numerous,
very contrasting, nanosized vesicular structures. X-ray spectral analysis
of cell samples showed that these vesicular structures colocalized with
the sites of local concentration of osmium (Fig. 3 a, b). OsO4 is known
to bind phospholipids in the region of the polar heads and interact with
the double bonds of fatty acid residues in the lipids to form osmate
esters [59]. This determines the concentration of osmium in the lipid
droplets and their high contrast.

In the morphological class of elongated cells two morphotypes
dominated: spindle-shaped cells (26.75%) (Fig. 4 c, d) and triangular
cells (15.13%) (Fig. 4 g).

3.2.1.2. MPh obtained from MN, isolated after stent placement. In this
experimental condition on the 6th day of cultivation the number of

Fig. 5. Morphotypes of the 3rd morphological class (unusual morphology). 6 days, culture plastic. A, B, C, D – variants of the 3rd morphological class morphotypes.
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basic morphological classes (rounded and elongated cells) did not differ
significantly from the variant before stent placement. Based on this it
can be assumed that stent placement did not affect the number of
mobile cells in vitro. But the relationship between the morphotypes in
each morphological class changed radically after the stent was installed.

In the morphological class of elongated cells the number of fila-
mentous and triangular cells decreased by 3.5 and 3 times respectively,
and the number of rod-shaped cells increased by 1.7 times as compared
with before stent placement (Table 3).

In the morphological class of rounded cells the percentage of the
multinucleated cells did not change (in comparison with the variant
before the stent was installed). But the ratio between the two mor-
photypes shifted strongly toward mononuclear cells: the number of
multinucleated cells was 1.9 times lower than single nucleated cells
(this ratio was 1.4 before stent placement).

The 3rd morphological class with indefinite morphology was not
numerous when cultivated on plastics both before and after stenting
and was low than 1% (Table 3) (Fig. 5a– d).

Complicated membranous relief in the periphery of round cells
(Fig. 6a) and lamellipodia of cells of 2nd and 3d morphological classes

(Fig. 6b–e) were MPh characteristic on culture plastic. The lamellipodia
of morphotypes of filamentous cells had the form of round-shaped pad
flat leg (Fig. 6f).

3.2.1.3. MN-MPh culture on biopolymer scaffolds. The analysis of the
surface of biopolymer scaffolds using SEM revealed a complex micro-
nanoscale relief, which was formed during the drying of a polymer film.

The surface relief of the polymer samples varied depending on the
monomeric composition. The relief of the scaffolds 1 and 4 was more
“coarse” and loose with large deep pores (Fig. 7a, d). The surface relief
of the scaffolds 2, 3 and 5 were more “delicate”, resembling small
ripples on water surface (Fig. 7b–e). The relief of the scaffold 5 was
characterized by small numerous pores (Fig. 7e).

Morphological analysis of MPh on biopolymer scaffolds with var-
ious micro/nano relief revealed 3 main morphological classes, which
were also observed during cell cultivation on culture plastics (Table 3).
So, for example, a morphotype of spindle-shaped cells (the second
morphological class) (Fig. 8a–e), which was observed on all samples
was also encountered among the MPh on culture plastics (Fig. 4 c, d).
Large round multinucleate cells (the 1st morphotype of the 1st

Fig. 6. Morphology of MPh lamelopodia on culture plastic. A – lamelopodia of the 1st morphological class cells. B, C, D, E, F – lamelopodia of the 2nd morphological
class cells. F – a rounded paw lamelopodia typical for the morphotype of filamentous cells.
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morphological class) were observed on all biopolymer substrates, but
on the substrate 5 these cells reached enormous sizes (Fig. 9a, b).

It should be noted, that the complex membranous relief along the
periphery of rounded cells and lamelopodia of cells of the 2nd and 3rd

morphological classes, which was characteristic for the results on the
culture plastics, was significantly “simplified” on biopolymer scaffolds
(Fig. 10a–e).

The same MPh morphotypes were detected on culture plastic and on
biopolymer substrates, but the quantitative relationships between dif-
ferent morphotypes varied significantly depending on the character-
istics of the micro/nano relief of the sample surface and on MN release
option – before and after stent placement (Table 3).

On the basis of the morphological analysis several parameters were
selected for an integral evaluation of the MPh morphology in different
samples.

1. The ratio between the number of the 1st and 2nd morphological
classes (the ratio between the number of rounded and elongated cel-
lular forms), КM1/M2 (Fig. 11).

This parameter varied significantly depending on the type of sub-
strate and time of cell isolation, i.e whether isolated before or after stent

installation. For the cells, isolated before the stenting the parameter
value decreased as follows: Scaffold 2 (2.07)> Scaffold 3
(1.29)> Plastic (0.94)> Scaffold 5 (0.72)> Scaffold 4
(0.57)> Scaffold 1 (0.55).

For the cells, isolated after the stent installation this parameter
value decreased in an absolutely different way: Scaffold 5
(1.44)> Plastic (1.22)> Scaffold 1 (0.87)> Scaffold 3
(0.71)> Scaffold 4 (0.24)> Scaffold 4 (0.24).

It should be noted, that during cell cultivation on standard culture
plastics the value of КM1/M2 did not differ significantly in the culture
variants before and after stent placement. For the culture on biopo-
lymer scaffolds of different composition the value of КM1/M2 was sig-
nificantly different for variants before and after stent implantations.
Moreover, the direction of КM1/M2 variation was not the same for
biopolymer scaffolds of different monomer composition. After stenting
КM1/M2 for the scaffolds 1 and 5 increased, for scaffolds 2, 3, and 4 –
decreased if compared with the variant before stenting.

2. The ratio between the number of 2nd and 1st morphotypes in the
1st morphological class (the ratio between the number of mononuclear
(MOC) and multinucleated (MUC) cells) KMOC/MUC (Fig. 12).

Fig. 7. Surface microrelief of the of biopolymer scaffolds of various composition (Table 1). A – scaffold 1; B – scaffold 2; C – scaffold 3; D – scaffold 4; E – scaffold 5.
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Variability of this parameter was significantly higher than the
KMOC/MUC parameter and depended on scaffold type and isolation time.

For the cells isolated before stent installation the value of KMOC/MUC

decreased as follows: Scaffold 2 (5.00) = Scaffold 3
(5.00)> Scaffold 5 (3.00)>Plastic (1.40)> Scaffold 4
(1.38)> Scaffold 1 (1.13).

For the cells isolated after stent placement the value of this para-
meter decreased differently: Scaffold 3 (9.00)> Scaffold 4
(2.50)> Scaffold 5 (2.30)>Plastic (1.90)> Scaffold 1
(1.12)> Scaffold 2 (0.82).

The change direction in KMOC/MUC was not the same for biopolymer
scaffolds of different composition. After stenting KMOC/MUC for culture
plastic scaffolds 3 and 4 increased, for scaffolds 2 and 5 decreased,
compared with the variant before stenting. For scaffolds 1 KMOC/MUC

was the same before and after stenting.
For cultural plastic and various variants of biopolymer scaffolds

specific ratio between the parameters КM1/M2 and KMOC/MUC depended
on cultivation variant before or after stenting. At the same time, it
should be noted that the variability of the parameters of КM1/M2 and
KMOC/MUC was significantly higher for biopolymer scaffolds than for

culture plastic. This allows us to consider such system as more pro-
mising for change assessment in MPh functional state in vivo (vascular
bed), based on changes in differentiation processes of MN to MPh in
vitro.

3.3. MTT reduction activity in MPh in various culture conditions

MTT test is based on the intracellular reduction of the water-soluble
tetrazolium dye MTT into insoluble formazan with the participation of
NAD(P)H-dependent oxidoreductases. Formazan formation depends on
the availability of NAD(P)H and can serve as an integral measure of the
activity of NAD(P)H production and the activity of NAD(P)H-dependent
metabolic cycles [60,61]. NAD(P)H is known to play an important role
in epigenetic and metabolic reprogramming of MPh (differentiation and
polarization processes) [62–64]. In this connection, the activity of MTT
reduction to formazan was determined under different culture condi-
tions (Table 4).

It was shown that in case of MN isolation before stent installation
MTT reduction activity on scaffolds 2 and 3 was 1.5 times less if
compared to culture plastic. In case of MN isolation after the stent was

Fig. 8. Morphotype of spindle-shaped cells (2nd morphological class) on biopolymer scaffolds of different composition. A – scaffold 1; B – scaffold 2; C – scaffold 3; D
– scaffold 4; E – scaffold 5.
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installed MTT reduction activity on the scaffold 4 was 1.5 times higher
than that on culture plastic. These features were revealed for MTT re-
duction activity, expressed as a percentage of the control group (culture
plastic) (Table 4). The analysis of the absolute values of optical density
made it possible to reveal additional patterns (Table 4). After stent
installation the MTT reduction activity on culture plastic and on the
scaffold 1 decreased 1.7 times if compared with the corresponding
values for the variant before stent placement (Table 4). There were no
significant differences in the activity of MTT reduction in formazan
between variants before and after stent placement on scaffolds 2, 3, 4,
and 5.

It should be noted that at the cellular level the variability of mor-
photypes under different culture conditions was more significant than
the variability of MTT reduction activity.

4. Discussion

Biopolymer P(3HB) is described as a completely non-toxic material
and proposed to develop biodegradable implants or coatings, since in
the process of biodegradation of this polymer toxic compounds for cells

are not formed also. However, these characteristics are not sufficient for
the prediction of the effectiveness of such biopolymers as scaffolds in in
vivo systems.

We also took into account, that the physicomechanical properties of
P(3HB) for biomedical applications are inferior to thousands of its co-
polymers, such as P(3HB/3 HV), P(3HB/4HB), P(3HB/3HHx), and
others, which accounts for the spectrum of the copolymer samples in
this study.

In vivo and in vitro, contact interaction of the implant with the MPh
triggers the processes of polarization (differentiation into M1/M2 MPh-
phenotypes). In vitro studies indicate that polarization of MPh in the
absence of specific inductors in the medium (interferon-γ and lipopo-
lysaccharide for the induction of the M1-phenotype; interleukin-4 or
interleukin-13 for the M2-phenotype) depends on the characteristics of
the surface relief profile of the implant/contact material [18–23].
Under the conditions of co-cultivation of MPh and various types of
progenitor cells in vitro, the effects of surface relief on the processes of
differentiation and proliferation of progenitor cells are realized through
the processes of polarization of MPh [22,19–23]. Thus, activity of os-
teogenic differentiation of mice bone marrow mesenchymal stem cells

Fig. 9. Morphology of MPh lamelopodia on biopolymer scaffolds of different composition. A – scaffold 1; B – scaffold 2; C – scaffold 3; D – scaffold 4; E – scaffold 5.

Fig. 10. Giant multinuclear cells on the biopolymer scaffold. A – neuron-like cell with lamelopodia; B – rounded cell with a lot of lipid droplets in the cytoplasm.
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on nanostructured titanium plates was highest on the samples with
variants of reliefs, what inducted M2-polarization of MPh [18]. On
topographycal variants of titanium surfaces, that induced M1 polar-
ization of MPh, inhibition of fibroblast proliferation was observed [19].

In vitro polarization of MPh is accompanied by changes in cell
morphology. M2-MPh is characterized by a longitudinal extended,
elongated cell shape. It was shown that surface reliefs, consists from
ordered grooves contributed to the formation of elongated morpholo-
gical forms of MPh, which began to express markers of the M2-phe-
notype, without introducing of specific inductors into the medium
[65,66]. This allows the use of morphological analysis to determine the
M1/M2 ratio of MPh-phenotypes on various surface relief variants and
to predict the "toxicity" of surface nano-topography in vitro.

The reason for such a diversity of MPh morphotypes in vitro may be
the heterogeneity of monocytes circulating in the blood in vivo [67–70].
By the nature of expression of surface antigens, three subpopulations of
circulating MN are isolated: CD14++CD16−-classic MN1,
CD14++CD16+-interim MN2, and CD14+CD16++-Mn3, non-classical.
But it is possible to “divide” MN into various subpopulations using

other surface antigens [71].
Subpopulations are characterized by differential expression of the

genes that determine their specific functions and implications for
physiological and pathogenic processes. [72,73] Specific MN sub-
populations control the structural and functional integrity of the vas-
cular endothelium, activity of infiltration of neutrophils in tissues.
Certain MN subpopulations leave the vascular bed and patrol the ex-
tracellular space of various organs and tissues and return back to the
bloodstream (possibly in another morphological and functional status
state) [72–77]. For such pathology as atherosclerosis, the active yield of
MPh-foam cells from the body of an atherosclerotic plaque is con-
sidered as one of the approaches to targeting this disease. It is possible,
that different MN subpopulations give rise to specific MPh subpopula-
tions and dendritic cells in tissues and organs [78].

MPh subpopulation is a labile system, the number and functional
activity of which can vary considerably in terms of physiological norm
and pathogenesis [79]. There is reason to believe that subpopulations of
circulating MN are different stages of cellular differentiation [80],
which may be modified under the influence of various factors.

Fig. 11. The ratio between the cell number of the 1st and the 2nd morphological
classes (M1/M2-phenotypes) on the 6th day on culture plastic and biopolymer
scaffolds before (Before) and after (After) stenting. M1 – rounded cells, M2 –
elongated cells. Abscissae axis: CP – culture plastic; S1 – scaffold 1; S2 –
scaffold 2; S3 – scaffold 3; S4 – scaffold 4; S5 – scaffold 5. An asterisk indicates
the cases where the value after the stent installation (After) was significantly
different from the value before the stent installation (Before) (p≤ 0.05).

Fig. 12. The ratio between the rounded mononuclear cells (MOC) and rounded
multinuclear cells (MUC) (1st morphological class) on the 6th day on culture
plastic and biopolymer scaffolds before and after stenting. Abscissae axis: CP –
culture plastic; S1 – scaffold 1; S2 – scaffold 2; S3 – scaffold 3; S4 – scaffold 4;
S5 – scaffold 5. An asterisk indicates the cases where the value after the stent
installation (After) was significantly different from the value before the stent
installation (Before) (p≤ 0.05).
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Stent placement is a surgical procedure, associated with a relatively
small loss of blood, but with the tangible intervention into vessel. Even
this insignificant blood loss can provoke the release of a fresh portion of
MN from the bone marrow. On the other hand, an X-ray contrast sub-
stance is introduced to conduct stenting in the bloodstream, which can
affect the functional state of circulating MN. Finally, being a fairly rigid
mechanical structure, the stent in the delivering system can damage the
endothelium of intact parts of the vascular wall, endothelium in the
zone of plaque and the body of the plaque itself. As a result, in focused
zone the local gradient of cell degradation products may accumulate.
These are chemical signals which can affect the zone passing through
the stent MN. Ultimately, by the time of resampling of blood from a
patient in a day after the stent placement circulating MN (the ratio of
different subpopulations of functional phenotypes, i.e., structural and
functional heterogeneity) may differ significantly from MN isolated
from the patient’s blood before the stent placement.

We must assume that the structural and functional heterogeneity of
MN in vivo determines the characteristics of interaction with cell an-
chorage and morphotypes diversity in cell culture scaffolds in vitro. It is
known, that changes in the morphology of cells, nuclei and cell orga-
nelles may trigger signaling system of metabolic and epigenetic repro-
gramming in cells (mechanochemical signaling) [55,56,80–83]. And in
this connection the analysis of cellular morphotypes can be useful at the
stage of screening cultural substrates of various compositions for the
presence of “reprogramming” activity.

It was shown, that the functional M1-M2 polarization in MPh in vitro
is associated with cell morphology: rounded MPh fall into the M1-
phenotype (proinflammatory MPh), MPh with the elongate shape – to
the M2 phenotype (MPh involved in repair processes) [84,85]. Based on
the morphological characteristics (the ratio of the number of 1st and 2d

morphological classes, rounded and elongated cells, Table 3), we can
conclude, that before the stent installation in the process of MPh dif-
ferentiation and polarization on culture plastic the ratio of cell popu-
lations with M1 and M2 phenotype was the same (M1/M2=0.94).
After stent placement, the ratio of M1 and M2 phenotypes did not
change significantly (M1/M2=1.22), but it became slightly higher.

Among the rounded cells (the 1st morphological class), large mul-
tinuclear MPh were observed as the fusion result of several mono-
nuclear cells (Fig. 2 a, b; 9). The process of cell fusion is a cellular
reaction of MPh, which is triggered, in particular, by the interaction
with the implant material (giant multinuclear cells in vivo) [86,87]. It is
assumed, that the interaction of MPh with highly curved surfaces
triggers the processes of cell fusion (possibly via the system of

mechanochemical signaling). One such an example is multinuclear os-
teoclasts, MPh of bone tissue, “working” with such surface type. It is
assumed, that the giant multinuclear MPh may also be subjected to the
M1-M2-polarization and their round shape is not always indicative of
M1 phenotype [88].

Before and after stent placement the total number of multinuclear
MPh on culture plastics was the same (19%), i.e. the activity of the
fusion reaction of mononuclear MPh on the culture plastic surface after
the stent installation procedure did not change. However, the ratio
between multinuclear and mononuclear MPh after stent placement
shifted toward mononuclear cells: the number of multinuclear cells was
1.9 times less, than the number of mononuclear cells. Before the stent
installation this ratio was 1.4 (Fig. 12).

Statistically significant changes in the ratio of the number of M1 and
M2 phenotypes, rounded and elongated cells, i.e. changes in the di-
rection of the processes of MPh polarization on culture plastics before
and after stent placement were not observed. However, this may be not
due to the absence of changes in the MN population, and accordingly, to
the differentiation and polarization processes of MPh after stent pla-
cement, but to the peculiarities of culture plastic, that do not allow to
reveal these changes at the morphological level.

This assumption is confirmed by the morphological analysis of MPh
before and after stent placement during cultivation on biopolymer
scaffolds with different composition: the stent installation procedure
has a significant effect on functional phenotypes of circulating MN in
vivo and resulted in significantly modified differentiation and polar-
ization of MPh in vitro.

Quantitative changes in the ratio of different MPh morphotypes
before and after stenting were expressed to a much greater extent on
biopolymer scaffolds than on culture plastics (Fig.13a–g). Based on
changes in the number of M1-M2 phenotypes (Fig. 11) we can say that
the biopolymer scaffolds may affect the processes of polarization of
MPh in vitro and this influence is determined by the monomer compo-
sition and micro/nano relief of the scaffolds. And the polarization di-
rection of MPh in vitro at the same biopolymer scaffolds also depends on
the initial functional state of MN in vivo at the time of the isolation of
these cells (Fig. 11). It can be assumed, that in 24 h after the stent in-
stallation new structural and functional phenotypes were formed in the
MN population of the vascular bed. It determines the development of
new “relationships” of cells with the biopolymer scaffolds and, ac-
cordingly, specific variants of differentiation and polarization of MPh in
vitro. This is important fact not only for screening in the systems in vitro.
Stenting as the surgical procedure and the foreign body can provoke
‘aggressive’ behavior of the MN and the formation of “hot points” in the
zones of stenting, which may disturb the process of re-endothelization
of the stent to activate the proliferation of smooth muscle cells and
ultimately lead to restenosis.

Along with the variability of MPh polarization processes, one should
note the variability of the number of multinuclear MPh forms. The
number of these cells also depends on the composition of the biopo-
lymer scaffolds and on the variant of obtaining MN – before or after the
stenting. So, on the sample scaffold 5 the number of multinuclear forms
of MPh increased after stenting, and on scaffolds 3 and 4 – it decreased
if compared with the variant before stenting. In substrates 1 and 2 and
in control on culture plastics, the number of multinuclear MPh before
and after stenting was the same (Table 3, Fig. 12). The surface topo-
graphy of implants affects not only the processes of phenotypic differ-
entiation of the MPh, but also determines the activity of the confluence
of the MPh and formation of multinucleated giant cells and giant for-
eign body cells [89].

Formation of multinuclear cells is the cell adaptation, aimed at
improving the efficiency of degradation of foreign materials with large
radius of curvature [88]. It can be assumed, that the different number of
multinuclear MPh under different cultivation conditions can determine
the biodegradability of biopolymers, used for the production of ex-
perimental scaffolds. And the dynamics of biodegradation is determined

Table 4
MTT assay: activity of MTT reduction to formazan in various cultivation con-
ditions. MN were isolated from the patient's blood before the stent was installed
(Before) and after the stent was installed (After). MN were cultured on culture
plastic (CP) and on the biopolymer scaffolds of various compositions (S1, S2,
S3, S4, S5) in 96-well culture plates (105 cells/well) in DMEM medium with
10% fetal serum in a CO2 incubator. After 6 days of culture the activity of MTT
reduction to formazan was determined. MTT assay results were presented in %
of control (culture plastic, 100%). The activity of MTT reduction is presented as
an optical density at λ=550 nm in parentheses, under percentages.

MN isolation Scaffolds

S1 S2 S3 S4 S5 CP

Before 116%
(0.405)

63%
(0.220)*

68%
(0.237)*

98%
(0.338)

82%
(0.284)

100%
(0.348)

After 118%
(0.232)#

92%
(0.180)

119%
(0.233)

149%
(0.293)*

109%
(0.214)

100%
(0.196)#

Asterisk * indicates the values significantly different from the values for culture
plastic (CP) (p≤ 0.05) for each variant of MN isolation (before or after
stenting). The # icon indicates the values for the MN isolated after the stent
installation (After) significantly different from the values for the MN isolated
before the stent installation (Before) (p≤ 0.05).
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not only by biopolymer properties, but also by the variability of the
processes of differentiation and polarization of MPh.

As already mentioned, it is customary to refer elongated cells to M2-
MPh. In this morphological class various quantitative relationships
between these four different morphotypes were formed on different
biopolymer scaffolds before and after stenting. In general, the mor-
phology of these cells indicates their mobility and active movement
along the substrate. It is possible, that these are different subpopula-
tions of MPh with different molecular “ways” of locomotion. Different
types of locomotor behavior were demonstrated on a monolayer of
endothelial cells in vitro for different MN subpopulations (classic
CD14++CD16−, intermediate CD14++CD16+, and not-classical

CD14+CD16++). These differences in locomotor behavior of MN sub-
populations were associated with different adhesion molecules [90].

It is possible, that the variability in the number of mobile mor-
photypes of MPh can also be related to the features of substrate relief.
The smooth surface of the culture plastic and the complex relief of the
biopolymer scaffolds determine different activity of the cell adhesion
processes, locomotion machinery and cell morphology, as a result.
Moreover, it should be noted, that not only the relief structure de-
termines the locomotion machinery, but the features of the functional
phenotype of MPh can form different types of locomotor behavior of
cells on the same biopolymer scaffold. Thus, on the biopolymer scaffold
2 after the stent was installed, the number of the morphotype of the

Fig. 13. The ratio of different morphotypes (mt) on the 6th day on culture plastic and biopolymer scaffolds of different composition before (Before) and after (After)
stent installation. A – culture plastic; B – scaffold 1; C – scaffold 2; D – scaffold 3; E – scaffold 4; F – scaffold 5. 1mt – the morphotype of multinucleated cells; 2 mt –
morphotype of rounded single nucleated cells; 3 mt – morphotype of filamentous cells; 4 mt – morphotype of spindle-shaped cells; 5 mt – morphotype rod-shaped
cells; 6 mt – morphotype of “triangular” cells; 7 mt – morphotype of a cells with unusual morphology.
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filamentous cells increased 18-fold, compared with the variant before
the stent was installed.

MPh polarization, along with morphological changes, is associated
with metabolic reprogramming. The pentose-phosphate pathway (or
hexose-monophosphate shunt) is the key metabolic pathway which the
direction of MPh polarization depends on. Hexose monophosphate
shunt is the main metabolic pathway, generating NADPH. The M1-po-
larization process is associated with the direction of the glucose flow
into the hexose-monophosphate shunt and the increase in NADPH
production [62, 91]. NADPH as an energy equivalent uses various
oxidoreductases, producing reactive oxygen species, which are included
in the processes of epigenetic reprogramming of MPh [92]. In M2-MPh
glucose flux in the hexose monophosphate shunt is limited, and NADPH
synthesis activity drops sharply [91].

i.e., in the first approximation, we can assume that the high level of
NADPH production in M1-MPh can identify and recover a high activity
of MTT reduction in formazan by NADPH-oxidoreductases. The varia-
bility of MTT reduction activity in formazan can depend on the ratio of
M1/M2 phenotypes. However, the correlation analysis did not reveal
reliable correlations between these two parameters.

In general, the variability of MTT reduction activity was insignif-
icant for various cultivation options (compared to the variability of
cellular morphotypes). This integral parameter of the metabolic activity
of cells is not demonstrative for the primary screening of the repro-
gramming activity of biopolymer scaffolds.

The results show the effectiveness of the primary screening repro-
gramming activity of biopolymers (as potential materials for vascular
stents) on the basis of morphological analysis of MPh-culture in vitro.
Based on the obtained results, samples of biopolymers will be selected
for further study of the cellular polarization processes of MPh with the
use of specific markers.

5. Conclusion

We determined 3 morphological classes of MN-MPh during the
cultivation of cells of patients with atherosclerosis:

1st morphological class – rounded cells (M1-phenotype) which have
2 morphotypes: mononuclear and multinuclear cells;

The 2nd morphological class is elongated cells (M2 phenotype)
which have 4 morphotypes: filiform, spindle-shaped, rod-shaped and
triangular cells;

3rd morphological class – cells of unusual shape.
The proportion of morphotypes in the MPh cell population depends

on the profile of the contact surface of the sample of PHAs and on its
monomer composition. The procedure of stenting also affects the ratio
of MPh morphotypes. The number of multinuclear cells on PHAs-sam-
ples of different compositions may indicate the activity of polymers
biodegradation, similarly to the process of formation of giant cells of
foreign bodies in vivo.

The obtained results demonstrate the dependence of the biological
activity of biodegradable polymer scaffolds of different compositions
not only on the specificity of the micro/nano relief of their surface, but
also on the features of the initial structural-functional state of MN blood
population in patients before and after the intervention. Specific ratios
of MPh morphotypes adequately reflect the interaction of surface relief
and functional phenotype of cells in vitro, and this ability may be useful
for screening of «toxicity» of surface reliefs of biomaterials for cardio-
vascular surgery and stents of new age, and for effective monitoring of
molecular-cellular events in the area of intervention in patients after
procedure. The surface profile of the material affects the polarization
processes and has the ability to trigger the systems of mechanochemical
signaling and subsequent reprogramming of metabolism, reorganiza-
tion of the cytoskeleton and cell epigenome.
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