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We studied the effect of porous composite scaffolds based on poly(3-hydroxybutyrate) (PHB)
loaded with simvastatin on the growth and differentiation of mesenchymal stem cells. The
scaffolds have a suitable microstructure (porosity and pore size) and physicochemical prop-
erties to support the growth of mesenchymal stem cells. Scaffold loading with simvastatin
suppressed cell growth and increased alkaline phosphatase activity, which can attest to their

osteoinductive properties.
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Poly-3-hydroxybutyrate (PHB) is a biopolymer of
bacterial origin, it is biocompatible, non-cytotoxic,
and biodegradable [4], which makes it possible to use
PHB for fabrication of scaffolds for cell growth. It has
been shown that films made of poly-3-hydroxybutyrate
promote the growth of mesenchymal stem cells (MSC)
[6]. Much attention is attracted to 3D scaffolds from
poly-3-hydroxybutyrate, which are capable of main-
taining spatial cell growth due to their microstructure
[3,14]. The need in scaffolds capable of maintaining
spatial growth and differentiation of bone tissue cells
is dictated by the fact that cells cannot fill the entire
defect volume without porous 3D substrate.
However, the effects of PHB scaffolds of different
structure and composition on the growth and differ-
entiation of cells remain little studied. Simvastatin is
mainly used as a cholesterol-lowering drug, but it is
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often applied for stimulation of bone growth and in-
duction of MSC differentiation into osteoblasts. Grad-
ual local release of simvastatin can ensure prolonged
effect and help to select the necessary concentration
to achieve the desired result [8,15]. Together with hy-
droxyapatite that strengthens the polymer backbone
of the scaffold and acts as an osteogenesis inductor
[1,12], simvastatin while loaded into the polymer ma-
terial of the scaffold supports the differentiation of
mesenchymal cells.

Our aim was to study the effect of POB-based
scaffolds loaded with simvastatin and hydroxyappatite
on the growth and differentiation of rat MSC.

MATERIALS AND METHODS

Materials. The polymer films and scaffolds were fab-
ricated using microbiologically obtained PHB [4],
simvastatin, hydroxyapatite, ammonium carbonate,
and PBS (Merck). Biocompatibility in vitro was as-
sessed in culture of MSC from Wistar rats; the cells
were isolated from the adipose tissue of 3-day-old
male rats [6]. The number of viable cells was evalu-
ated using XTT Cell Proliferation Kit (Biological In-
dustries).
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Fabrication of polymer films. Polymer films
from PHB were fabricated by precipitation from a
chloroform solution on glass Petri dishes. To obtain
films loaded with simvastatin, simvastatin (1 and 5%
w/w) was completely dissolved in a PHB solution and
placed in a glass Petri dish until it completely dryed
out.

Fabrication of polymer 3D scaffolds. Polymer
scaffolds were fabricated by the leaching method us-
ing ammonium carbonate as a pore-forming agent. The
PHB solution was mixed with hydroxyapatite (10%)
and/or simvastatin (5%), and then this solution was
placed in a Petri dish, mixed with ammonium carbon-
ate, and after evaporation of the solvent washed with
distilled water until ammonium carbonate was com-
pletely washed out.

Analysis of scaffold microstructure. Micropho-
tographs of the scaffolds were obtained using a JSM-
6510LV scanning electron microscope (Jeol) and a
Nikon SMZ1500 light microscope (Nikon) [4].

The porosity (P, %) of the polymer scaffolds was
calculated by the formula:

P=(1-D/d)*100%,

where d is the theoretical density of the scaffold in
the absence of pores (g/cm®) and D is actual density
calculated by the formula:

D=m/hx[xw,

where m is the weight of the scaffold (g), and 4, /, and
m are its height (or thickness), length, and width (cm).

The density of PHB is 1.243 g/cm®. The weight
was measured on an AL-64 laboratory scales (Ac-
culab).

An ink soak test was used to determine the inter-
connection of pores.

Study of mechanical properties. Mechanical
properties of dry samples were studied on an Anton
Paar MCR 302 rheometer equipped with a plate-plate
measuring system. Typical thickness of the studied
samples was 3-4 mm, diameter 2.5 cm. Young’s modu-
lus was measured by sample compression. The depen-
dence of normal pressure on the relative deformation
was plotted. Then, Young’s modulus was calculated
from the slope of the linear portion of the graph.

Drug release. To analyze the prolonged release
of simvastatin, porous PHB scaffolds containing 5%
simvastatin (w/w; 3 scaffolds per point) were placed in
10 ml PBS and incubated in a thermostat at 37°C for
14 days. A non-porous film without the drug was used
as a control. Each time after measuring the amount
of released drug, the scaffolds were placed in a fresh
PBS solution. The amount of released simvastatin was
determined spectrophotometrically at 238 nm (Nano-
drop, Thermo Fisher Scientific). The calculation of
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the final stage of drug release was checked using the
first-order Fick mathematical model.

The first-order model was used to describe drug
release. The kinetics is described by the equation:

0C/ot=-KC,

where C is the concentration of the drug substance and
K is the first-order kinetic constant of drug release.

Considering Fick’s first law, you can get a rela-
tionship for the constant K:

D/Vh=K,

where D is diffusion coefficient in partition medium,
V is the volume of the release medium, and % is the
thickness of the diffusion layer.

Consequently, the first-order model is expressed
as follows:

M /M =1-k.exp(-kt),

where k,=e* is the factor in front of the exponential,
k is the value inverse to the decay time [7,9].

Evaluation of cell growth. Evaluation of cy-
totoxicity and study of the growth of MSC on the
obtained films and scaffolds were carried out. MSC
obtained by the method described earlier [6] were
cultured in standard DMEM medium supplement-
ed with 10% fetal bovine serum and 1% antibiotic
(penicillin+streptomycin) until passage 3. To evaluate
the cytotoxicity of the material, MSC were seeded
into a 96-well plate (2000 cells per well). After 24-h
incubation, cell adhesion was checked, the medium
was changed, and the polymer samples previously
sterilized with 96% ethanol for 1 h was placed into
the well. Cell growth in the presence of the sample
was determined by the standard XTT method (XTT
Cell Proliferation Kit, Biological Industries) on days
1,3, and 7.

To evaluate cell growth on films and scaffolds, the
samples were sterilized with 96% ethanol, cut to well
size, and placed in a 96-well plate. MSC were seeded
on films and scaffolds at a rate of 2000 cells per well.
Cell growth was assessed by the standard XTT method
on days 1, 3, and 7.

Evaluation of alkaline phosphatase activity.
Before the experiments, the cells were phenotyped
by flow cytometry using antibodies to surface mark-
ers CD45 and CD90 as described previously [5]. The
culture medium for osteogenic differentiation of MSC
was prepared on the basis of DMEM containing 10%
fetal bovine serum (Biological Industries), 100 U/ml
penicillin, 100 pg/ml streptomycin, 10 mM dexameth-
asone (KRKA), 10 mM B-glycerophosphate (Merck),
and 50 mM ascorbic acid (Merck) [13]. For measur-
ing alkaline phosphatase activity, MSC were seeded
to polymer scaffolds samples with a diameter of 1.5
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cm at a rate of 7000 cells per sample. On days 7,
14 and 28, samples with growing cells were washed
2 times in PBS, placed in lysis buffer (250 mM NacCl,
0.1% Triton X-100, 50 mM HEPES; pH 7.5), and
subjected to 3 freezing/thawing cycles. Then, the
samples were centrifuged for 10 min at 10,000 rpm
and alkaline phosphatase activity was measured. To
this end, 100 pl lysate and 50 pl reagent (15 mM
n-nitrophenyl phosphate (Merck) and 2 mM MgCl;
pH 10) were added to the wells of a 96-well plate,
incubated in a thermostat for 2 h, and optical density
was measured at 405 nm.

Statistical analysis. The results were processed
statistically using Prism 6 software. Normality of dis-
tribution of the obtained data was verified using the
Shapiro—Wilk test. The data were analyzed using
Tukey’s test for multiple comparisons. The rusults are
presented as M+SEM. The differences were significant
at p<0.05.

RESULTS

Polymer PHB films without and with 1 and 5% sim-
vastatin were prepared (Fig. 1, ). Scanning electron
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microscopy showed that the film surface was smooth
and without roughness (Fig. 1, b).

Cell growth on films. The growth of MSC on
films containing 1 and 5% simvastatin was studied.
Although the increase in simvastatin content in the
polymer composition slightly decreased cell growth,
the difference in the number of cells was insignificant
(Fig. 1, ¢), and in further experiments, we used films
containing 5% simvastatin. Hydroxyapatite, an inevi-
table component of the bone tissue commonly used
for fabrication of scaffolds for bone tissue engineer-
ing [12], was also added to the scaffold together with
simvastatin that supports MSC differentiation.

3D porous scaffolds consisting of PHB alone and
PHB with hydroxyapatite simvastatin (10 and 5% w/w;
PHB/HA/Sim) had rigid structure, were not fragile,
and retain their shape (Fig. 2, a). All types of scaffolds
have interconnecded pore system; ink-wetting method
revealed no closed pores looking like white areas (Fig.
2, b). All porous scaffolds had irregular 3D porous
structure (Fig. 2, ¢, d).

Porosity. The pore size of natural bone is on aver-
age 50-100 pum [2], which is close to the experimental
vaues obtained by us (Table 1). The porosity of natural

- PHB film

- PHB+
simvastatin 1%

- PHB+
simvastatin 5%

Fig. 1. Photograph (a) and microphotograph (b) of the film; cell growth on films with the inclusion of simvastatin (1 and 5% w/w)

(c). Scanning electron microscopy, x2500 (b).
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Fig. 2. Microstructure of PHB scaffolds with inclusion of hydroxyapatite and simvastatin (PHB/HA/Sim). Wide-field light microscopy,
x20 (a, b), scanning electron microscopy, x150 (c, d). a) PHB/HA/Sim scaffold; b) PHB/HA/Sim scaffold, ink-wetting test; ¢) micro-

structure of PHB scaffold; microstructure PHB/HA/Sim scaffold.

bone is 80% [11], which is also close to the obtained
values of scaffolds porosity. It was shown that higher
porosity promotes cells migration into the sample
[5,10]. The obtained samples were tested for rigid-
ity by the method of sample compression. Samples
containing hydroxyapatite showed higher values in
Young’s modulus, which indicates their greater ri-
gidity.

Simvastatin release from the scaffolds. The in-
tensity of drug release was high in the initial phase
(starting from day 3) and attained a “plateau” during
further incubation (Fig. 3, a). As can be seen from the
kinetic curve of drug release, so-called “burst effect”
of drug release on the first day was not obsereved, its
release begins from the third day and corresponds to

TABLE 1. Porosity of Obtained Scaffolds (M+m)

the kinetics described by the mathematical model of
the first order release.

There are many therapeutic systems that display
this type of release of soluble drugs included in porous
scaffolds, when the amount of drug released is propor-
tional to the amount of drug remaining in the scaffold.
Thus, the amount and proportion of actively released
drugs tended to decrease with time. The first-order
model is more suitable for describing the final stage
of drug release, because it describes the late stage of
Fick diffusion [9] (Fig. 3, b).

Cell growth on films and scaffolds. For evalu-
atin of the cytotoxicity of polymeric porous scaffolds,
MSC were cultured in the presence of scaffolds for a
week. Hydroxyapatite and simvastatin included into the

Scaffold composition Porosity, %

Pore sizes, pl Young’s modulus, kPa

PHB 9315
PHB/HA/Sim 89+7

116+26
10223

8.7+0.1
36.6+0.6*

Note. *p<0.05. Films are non-porous and are not included in the Table.
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Fig. 3. Simvastatin release from porous PHB scaffolds including 5% simvastatin (a) and approximation of the kinetics of simvastatin

release from scaffolds according to the first order model (b).
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scaffold slightly inhibited, but not arrested cell growth
(Fig. 4, a). The observed growth inhibition can be ex-
plained by MSC differentiation under the action of sim-
vastatin and hydroxyapatite released into the medium.

For evaluation of the biocompatibility of porous
scaffolds, MSC were cultured on the scaffolds contain-

- PHB (standard medium)

- PHB/HA/Sim (standard medium)
- PHB (osteogenic medium)

- PHB/HA/Sim (osteogenic medium)

Fig. 4. Cell growth in the presence (a) and on scaffolds (b) of
PHB with inclusion of HA and simvastatin (PHB/HA/Sim); alka-
line phosphatase activity in cells grown on PHB and PHB/HA/
Sim scaffolds in normal and osteogenic medium (c). *p<0.05 in
comparison with PHB (standard medium).

ing hydroxyapatite and simvastatin (Fig. 4, b). PHB
scaffold is capable of maintaining the growth and pro-
liferation of cells. However, when hydroxyapatite and
simvastatin were included into the scaffold, intensive
cell growth does not occur and the number of living
cells does not decrease. This can also be explained by
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differentiation of MSC on scaffold under the influence
of hydroxyapatite and simvastatin and as we can see
from the kinetics of drug release was actively released
from the scaffolds on the third day.

Alkaline phosphatase activity in cell growth on
scaffols. Before the experiments, MSC were tested for
osteomarkers CD45 and CD90 and corresponded by
their profile to undifferentiated MSC [5]. On day 14,
incubation in an osteogenic medium has a significant
effect on MSC cultured on scaffolds (Fig. 4, ¢). During
culturing in osteogenic medium, activity of alkaline
phosphatase increased in cells grown on PHB scaf-
folds, but significantly decreased in cells grown on
scaffolds containing simvastatin. The type of substrate
also had a strong influence on enzyme activity in cells.
In standard medium, addition of hydroxyapatite and
simvastatin to PHB almost 3-fold increased activity
of alkaline phosphatase in cells, while in osteogenic
medium, the process of osteogenic differentiation on
this scaffold was inhibited compared to cell growth
on a PHB scaffold without additives, which can be
explained by the initiation of cell differentiation.

Thus, simvastatin included into scaffolds inhibited
cell growth and increased activity of alkaline phospha-
tase, which may indicate their osteoinductive properties.
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