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ABSTRACT

The aim was to study the basic physico-mechanical properties of hydroxyapatite (HA) composites (up to 25-50
wt%) with polylactide (PLA-HA) and poly(e-caprolactone) (PCL-HA) prepared by melt compounding, as well as
the osteogenic potential of PLA-HA in vivo.

Materials and methods. All biodegradable polymer composites were prepared by hot melt compounding and
studied by dielectric spectroscopy in frequency domain, optical microscopy, X-ray diffraction analysis and tensile
tests. An ability of PLA-5 wt% HA composites prepared by 3D-printing to induce bone tissue growth in vivo was
detected with the help of ectopic subcutaneous test in inbred mice.

Results. Values of the real part of complex permittivity of PLA-HA and PCL-HA composites are increased by
15-30% compared to those for initial PLA and PCL, while tand loss factor tand does not exceed 0.02 for PLA-
based composites and 0.2 for PCL-based composites. The crystallinity degree of PLA-HA composites is increased
by 3 and 6 times with an increase of HA content from 25 to 50 wt% respectively compared to the indicator for PLA.
The crystallinity degree of PCL-HA composites with 25 wt% HA is increased by 2 times compared to the value for
PCL. It is due to the fact that HA powder particles play the role of additional nucleation centers. For all this, me-
chanical strength of composites diminished statistically. Even lowest HA content (5 wt%) in PLA-HA composites
prepared by 3D-printing increased the incidence of ectopic osteogenesis by 40%.

Conclusion. Designed biodegradable composites have a practical use potential for bone tissue engineering.

Key words: poly(lactic acid), poly(e-caprolactone), hydroxyapatite, melt compounding, physicochemical proper-
ties, ectopic osteogenesis, in vivo.
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PE3IOME

Heas. MccnenoBanne OCHOBHBIX (PM3UKO-MEXaHUYECKUX CBOMCTB KOMIIO3HTOB ruapokcuanaruta (I'A) (mo 25—
50%) ¢ nomunaktuaoMm (ITJIA-T'A) u momu(e-xanponakronom) (ITKJI-['A), momydeHHBIX METOIOM CMEIICHHS B
paciuiaBe, a Takke ocreoreHHoro notennuana [IJIA-T'A in vivo.

Marepuajbl U MeToabl. Bce OuopasnaraeMble MONUMEpPHBIE KOMIO3HMILMU M3TOTOBJICHBI METOJOM TOPSYEro
KOMITayHJUPOBAHHUS B PacIuIaBe, HCCIIEOBAHbI METOAAMHU AUIEKTPUUECKOI CIIEKTPOCKOIIMU B YaCTOTHOM XOJE,
OIITUYECKON MUKPOCKOIIUH, PEHTTEHOCTPYKTYPHOT'O aHAJIM3a U UCIIBITAaHUH Ha pacTsbkeHne. CrocoOHOCTh KOMITO-
3utoB IIJIA-5% I'A, nomydeHHbIx MeTonoM 3D-neuarty, K in vivo HHIYKIUH POCTa KOCTHOM TKaHH M3y4eHa MpH
MOMOIIY TECTA MOAKOKHOT'O 3KTONNYECKOT0 KOCTeOOpa30BaHUs Ha IMHEHHBIX MBIIIaX.

Pe3yabTarbl. 3HaueHHs JEHCTBUTEIBHOM COCTABISIONICH KOMIUIEKCHOM TUAJIEKTPUUYECKON TPOHUIIAEMOCTH KOM-
no3unuii ITTA-T'A u IIKJI-I'A yeenuuusatorcst Ha 15-30% 1o cpaBHeHHto ¢ ucxoausiMu I1JIA u ITKJL, npu sTom
TaHTreHe yria noreppb He npesbimaer 0,02 s kommo3unuii Ha ocHose [1JIA u 0,2 — a1 KOMIO3ULKK HA OCHOBE
IIKJIL. Crenens kpuctammuuHocTy At komnosunuil ITJIA-T'A, no cpaBHeHuto ¢ nokasatenem jis IUVIA, yBennau-
Baercst B 3 u 6 pa3 npu noseimieHnu cogepxkanus I'A ¢ 25 no 50% coorBercrBenHo. s komnozuuu TTKJI-I'A
npu 25% T'A cTeneHb KpUCTAIMYHOCTU YBEJIMYMBACTCA B 2 pasa IO OTHOIIEHHIO K 3HaueHuro i ITKJI. Oto
00YCIIOBJIEHO T€M, YTO YaCTHIBI HOpomKa A UrparoT poJib TONONHUTENBHBIX LHEHTPOB KpucTaum3anud. [Ipu
9TOM CTaTUCTUYECKU 3HAUYUMO CHUXKAETCA IPOYHOCTH KOMIIO3UTOB Ha paspbiB. Kommnosutsl I1JIA, nomydeHHbIe
MeTonoMm 3D-nieuatu, naxe ¢ Hu3kuM (5%) coxepxkanueM ['A Ha 40% MOBBIMIAIOT PE3YJILTATHI IKTOMHYECKOTO
OCTEOreHe3a.

3aki0ueHue. Pa3p2160TaHHLIC 6H0pa3ﬂaraeMbIe KOMITO3UIIUU UMEIOT IMOTCHIHUAJI ITPAKTUYECKOTO NIPUMCEHCHHUSA B
MIPUJIOKEHUH K 6I/IOI/IH)K€H€pI/II/I KOCTHOHM TKaHH.

KioueBblie cioBa: IOJIMJIAKTHU I, HOHI/I(S-KaHpOHaKTOH), TUAPOKCHUAIIaTUT, KOMIIAYHAUPOBAHUE B pacCIlIaBe, (bI/I-
3UKO-MCXaHUYCCKUC CBOﬁCTBa, SKTOIUYECKUN OCTCOI'CHE3, in vivo.

KoHpauKT HHTEpecoB. ABTOPBI IEKJIAPUPYIOT 00 OTCYTCTBUH SIBHBIX M MOTEHIIMAIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKanueil HacTOsIIeH CTaThU.

Hcrounuk punancupoBanmsi. VcciaenoBanue 4acTUYHO BBINOJIHEHO NpU GuHAHCOBOI moayepskke Cosera 1o
rpantam Ilpesunenta Poccuiickoit denepanun 1o rocyJjapcTBEHHON MOJEPAKKE BeAyIUX HAay4yHbIX Koa Poc-
cuiickoit @eneparmn (rpant Ne HIII-2495.2020.7).

CooTBeTcTBHE MPUHIMNAM 3THKH. lcciaenoBanne 0J00peHO JIOKANBHBIM THYECKHM KOMHTETOM VHHOBamu-
oHHOTO Tapka banruiickoro denepanpHoro yHmeepcutera uM. M. Kanta, r. Kamuauarpan (mpotokon Ne 7 ot
09.12.2015).
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INTRODUCTION

Biodegradable polymers such as poly(lactic acid)
(PLA) and poly(e-caprolactone) (PCL) are used ex-
tensively in the field of biomedical applications. In
this case, biodegradable polymers are used as polymer
scaffolds to assist tissue and cell growth during the
bone tissue regeneration, and for drug delivery, when
drugs are mixed with polymer matrix and they are
gradually released as the polymer is dissolved in the
body [1-8]. PLA and PCL can be degraded by micro-
organisms under environment conditions. In addition,
PCL is susceptible to both alkaline and enzymatic hy-
drolysis [9-10].

Conventional single-phase polymer materials do
not always meet the essential requirements of regen-
erative medicine therefore there is a great need to
design multi-phase composites with properties simi-
lar to that of natural bone. For instance, poly(lactic
acid) has a good biodegradability, however it has a
very low elongation at break and brittleness limits its
usage. On the other hand, poly(e-caprolactone) has a
higher elongation at break, while its degradability rate
is lower than for PLA. Various organic and inorgan-
ic fillers are used to improve the properties of biode-
gradable composites such as mechanical properties,
water uptake, degradability rate, and biocompatibili-
ty, making these materials suitable for use in the field
of biomedicine. Carbon nanotubes (CNT) and carbon
fibers (CF), derivatives of graphite, graphene, lay-
ered silicates, ferroelectric and piezoelectric ceramics
powders, and hydroxyapatite (HA) are often used as
fillers with required properties in such multi-phase
biodegradable composites [7, 11-18].

For example, in [19-21], the authors showed the
effectiveness of “Osteomatrix” biocomposite mate-
rial, consisting of natural hydroxyapatites, amino-
glycans, and collagens, for bone tissue regeneration.
Defects in damaged bones were filled with “Osteo-
matrix” biocomposite material in the form of powder,
pellets or blocks, which significantly reduced the for-
mation time of a new bone tissue in patients.

Numerous authors have demonstrated that the ad-
dition of HA into PLA or PCL matrices can improve
both biocompatibility and mechanical properties of

polymer-ceramic composites because hydroxyapatite
has the most similar chemical composition to human
bone [1, 22-32]. Akindoyo et al. [23] reported that
adding HA into PLA allows for better cell attachment
and proliferation to the PLA-matrix. Adding the bios-
trong impact modifier (BSIM) into PLA-HA compos-
ites results in increase of impact strength, tensile and
flexural properties at 5 wt% BSIM content.

Russias et al. [28] observed that PLA-based com-
posites filled with either a fine-grained powder (av-
erage particle size — 5 um) or larger whiskers (25-30
pm long and 5 pm in diameter) of hydroxyapatite with
about 70-85 wt.% ceramic contents can be used to
prepare scaffolds with mechanical properties close to
those of human cortical bone.

Zhang et al. [31] showed that PLA-HA composites
improve interfacial adhesion and the bending strength.
Furthermore, these composites can be processed by
3D-printing [30, 31]. Shen et al. [32] reported that
PLA-based biocomposites filled with HA and carbon
fiber (CF) (PLA-HA-CF) were manufactured of PLA-
HA-CF prepreg by hot pressing. PLA-HA-CF pre-
preg was prepared by mixing components in solution.
They have found that biocomposites have excellent
mechanical properties, for example, flexural strength,
flexural modulus and shear strength reach 430 MPa,
22 GPa, 212 MPa, respectively. Water uptake of PLA-
HA-CF biocomposites increased up to 5%, while the
rate of mass loss was only 1.6%. After in vitro degra-
dation for 3 months, the pH value of phosphate buffer
solution decreases by less than 0.1, indicating that the
alkaline of HA neutralizes the acid formed following
the degradation of PLA by hydrolysis, which prevents
the harm of acidity for the patient’s body. Park et al.
[33], Kim et al. [34] and Jiang et al. [35] demonstra-
ted that the PCL-HA composites can be successful-
ly applied to manufacture biodegradable scaffolds by
3D-printing for bone tissue engineering.

However, the majority of PLA-HA and PCL-HA
composites were prepared by mixing in solution, but
even for these composites, studies of the main proper-
ties are episodic in nature.

The aim of this work was to study the basic phys-
ico-mechanical properties of PLA-HA and PCL-HA
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composites obtained by melt compounding, as well as
in vivo osteogenic potential of PLA-HA composites.

MATERIALS AND METHODS

Biodegradable poly(lactic acid) (PLA, Ingeo
4043D, NatureWorks LLC, USA) and poly(e-capro-
lactone) (PCL, purchased from Sigma-Aldrich,
USA) were used in this work as polymer matrices.
Powder of hydroxyapatite (HA) produced by me-
chanochemical method [36] provided by Sintel RPC
LLC (Tomsk, Russia) was used as filler. All materi-
als were used as received without an additional treat-
ment. The filler content (C) in polymer composites

100

was changed from 0 to 50 wt%. All composites were
prepared by melt compounding in a measuring mix-
er 50 EHT (Brabender, Germany). Mixing time and
processing temperature were 10 min and 190-210 °C
for PLA-based composites and 80—100 °C for PCL-
based composites respectively. The speed of coun-
ter-rotating blades of the mixer was changed from 30
to 90 rpm as shown in Fig. 1. Filler was gradually
introduced into the polymer melt up to the required
fraction, while mixing until all fillers were evenly
distributed in the polymer matrix. After preparation,
all composites were granulated with the granulator
(Brabender, Germany).
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Fig. 1. Temporal diagrams of the melt temperature and torque on the agitator shaft for PLA-based composite

To prepare the samples with dimensions of 65 x 85
% (0.05-1.0) mm by hot pressing, compression molds
filled with polymer composite pellets were placed into
a vacuum furnace heated to 200 °C (for PLA-based
composites) and to 100 °C (for PCL-based compos-
ites) for 3 hours. After that, compression molds were
pressed in a hydraulic press at 20 MPa for 20 minutes.
Then, the compression molds were cooled at a cooling
rate of 4°C / min to ambient temperature under pres-
sure in air.

Measurements of the ¢'real part of the e*(f) =€'(f) —
¢'(ficomplex permittivity and the tand = &"(f)/e(f) loss
factor, where ¢ is the imaginary part of the complex
permittivity; & = 90° — ¢ is the loss factor angle; and ¢
is the angle between voltage and current, were carried
out under 3V AC voltage in the frequency range from
1 to 10° Hz using a “Solartron Analytical” instrument
(Great Britain). From seven to ten measurements per
decade in the entire investigated frequency range were

carried out for all samples. Not less than three samples
for each material were tested.

The morphology of developed composites, shape
and dimensions of filler powder particles were studied
by an optical microscopy (OM). The thickness of sam-
ples for the OM study was 50 um.

The study of crystalline structure of polymer ma-
trices and composites was carried out by wide angle
X-ray diffraction method (XRD) by means of the
“Shimadzu XRD-7000” diffractometer (CuK  radia-
tion A = 1,54 A) at an accelerating voltage on an X-ray
tube of 40 kV and current of 30 mA, in the angle range
of 26 = 5-90°.

The mechanical properties of the developed poly-
mer composites were studied using an “Instron 3345
universal tensile testing machine (USA). The elastic
modulus, elongation at break, and tensile strength for
all tested samples were determined from the experi-
mentally obtained stress-strain curves.
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To estimate the bioengineering potential of PLA-
HA composites, three-dimensional (3D) samples pre-
pared of 95 wt% PLA + 5 wt% HA composite were
prepared in the form of disks (11 mm in diameter and
1.2 mm thick) by computer-aided design in Blender
software with open source code and subsequent lay-
er-by-layer deposition of filaments (diameter 1.75
mm) using a CreatBot Duo 3D printer (CreatBot 3D
Printer, PRC) as described previously [37]. Samples
prepared of pure PLA were used as control ones. To
improve the bone marrow adhesion to the surface of
samples, one of sample surfaces was textured with
0.3-0.5 mm wide grooves.

One of the modern methods to determine the os-
teogenic properties of materials and products is the ec-
topic (heterotopic) subcutaneous test, which makes it
possible to evaluate the in vivo induction of differenti-
ation of mesenchymal stem cells into osteoblasts [38].

The experiments were carried out in compliance
with the principles of humane treatment of labora-
tory animals in accordance with the “Rules for the
use of experimental animals” (Appendix to the or-
der of the Ministry of Health of USSR No. 755 dated
12.08.1977). Animals were kept according to RD-
APK 3.10.07.02-09. Drinking water was supplied to
laboratory animals from the water supply system; wa-
ter quality was in accordance with SanPiN 2.1.4.1074-
01 (Russia). Animals were kept under artificial and
natural light in accordance with the requirements of
SNiP 23.05-95 (Russia).

BALB/c inbred mice were anesthetized and oper-
ated under sterile conditions. The skin was sterilized
with 70% ethanol, samples with syngeneic bone mar-
row from femur were implanted into the lateral subcu-
tis pockets of the venter, and the wound was sutured
and treated with 70% ethanol. The procedure was de-
scribed previously [39]. The bone marrow of an adult
organism is the central pool and the source of mesen-
chymal stem cells (MSCs) [40].

Forty days later, the animals were sacrificed via
CO, asphyxiation, and the status of the tissues around
the implants was assessed. The implants were re-
moved together with the adjacent soft tissues (tissue
plates) on the “working” (textured) surface of the
samples. Standard histological technique for prepar-
ing thin sections of fixed tissue lamellae and their
hematoxylin and eosin staining was used [39]. Six
implants were tested in both the control and experi-
mental groups. A formation of bone and/or bone tis-
sue with marrow in the tissue lamellae was consid-
ered as a positive result.

The ability of implants to induce bone growth was
calculated as the percentage of test samples promot-
ing the induction of bone tissue growth (IBT) with or
without bone marrow in the tissue plate per the total
number of implanted samples according to the formu-
la: IBT (%) = [N,/N,] x 100%, where N, is the number
of implanted samples; N, is the number of samples on
which bone tissue growth was detected.

Statistical analyses were conducted using the STA-
TISTICA 13.3 software package for Windows. The
normality of the data distribution was defined by the
Kolmogorov — Smirnov test. The mean and mean error
(M £ m), median and Me (Q,~Q,) interquartile range
were calculated. To assess the statistical significance
of differences, in the event that the distribution of data
does not correspond to the normal distribution law,
the nonparametric Mann — Whitney test was used.
Statistically significant differences were considered at
p <0.05.

RESULTS AND DISCUSSION

The results of dielectric spectroscopy in frequen-
cy domain are presented in Fig. 2. It is obvious that
frequency dependencies of £'(f) for polymer compos-
ites exhibit typical behavior: the €'(f) is monotonical-
ly decreased with frequency for both polymer ma-
trices and composites based on them. When filling
PLA with HA powder, the permittivity of PLA + 25
wt% HA composite is increased by about 12—15%
compared to the initial PLA over the frequency range
studied due to the higher permittivity of HA, which
is about 4-9 [41]. Increase in the permittivity of PLA
+ 50 wt% HA composite is 23—-32% compared to the
initial PLA. Increase in the permittivity of PCL + 25
wt% HA composite is 1-4% compared to the initial
PCL. Tand(f) loss factor over the studied frequency
range for PLA-based composites does not exceed
0.02, while for PCL-based composites it does not ex-
ceed 0.2.

The results of OM are shown in Fig. 3. Howev-
er, the filler particles form agglomerates sized around
100 pm, which are visible both for initial HA pow-
der (Fig. 3,a) and for composite with filler content 25
wt% (Fig. 3,b). It can be seen that filler particles are
quasi-uniformly distributed in the polymer matrix.
Decrease in the average size of filler agglomerates for
the composite with 50 wt% HA (Fig. 3,c¢) compared
to that for composite PLA + 25 wt% HA is explained
by de-agglomeration of filler powder particles during
compounding due to an increase in the stiffness of
composites.
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X-ray diffraction data (X-ray diffraction analy-
sis, or XRD) for polymer matrices (PLA and PCL)
and composites (PLA+HA and PCL+HA) are shown
in Fig. 4. These results indicate that for PLA broad
diffraction peak around 2Q » 16.2° due to reflections
from (200) or (110) crystallographic planes is ob-
served (Fig. 4,a). On the other hand, peaks around
26.12°,29.16°, 32°,40°, 46.9°, and 49.7° observed for
PLA-HA composites are attributed to the characteris-
tic diffractions peaks of HA (Fig. 4,b and 4,c¢) due to
reflections from (002), (210), (211), (310), (222) and
(213) crystallographic planes.

For initial PCL two strong reflections at 2Q » 21.4°,
and 23.7°, corresponding to the (110) and (200) crys-
tallographic planes of the PCL crystalline form are
observed (Fig. 4,d). The characteristic peaks around
26.12°,29.16°, 32°,40°,46.9°, and 49.7° for PCL-HA
composites are due to the HA presence (Fig. 4,¢), as
well as for PLA-HA composites.

The degree of crystallinity for the used polymer ma-
trices and composites based on them are listed in Table 1.

It can be seen that the crystallinity degree of PLA-
HA composites is increased by 3 and 6 times for PLA
+ 25 wt% HA and PLA + 50 wt% HA composites,
respectively, compared with the initial PLA.

100 pum

Fig. 3. OM micrographs of the HA filler powder (a) and PLA-HA composites: b — 25 wt% HA, ¢ — 50 wt% HA, and d - PCL-HA
composite with 25 wt% HA
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Table 1
The degree of crystallinity of polymer matrices and composites, M = m
Material PLA PLA + 25 wt% HA PLA + 50 wt% HA PCL PCL + 25 wt% HA
The degree of crystallinity, % 11.6 +£0.35 379+ 1.14 71.45+2.14 34.7+1.04 75.53+£2.27

The crystallinity degree of PCL + 25 wt% HA com-
posite is increased by 2 times compared to the initial
PCL. When polymer matrix is filled with HA powder,
the filler particles act as an additional nucleating agent
for the polymer matrix resulting in the increase of the
crystallinity degree of polymer composites.

Fig. 5 demonstrates the results of tensile tests. It is
seen that the addition of HA to the PLA results in a de-
crease in elongation and tensile strength, and only for

bionnereHb cubnpckon meamumHbl. 2020; 19 (4): 119-129

the Young’s modulus there is a tendency to increase
with increasing HA content.

For PCL-based composites the changes in the stud-
ied mechanical properties are similar, with the only
difference being that the values of the Young’s mo-
dulus and tensile strength are significantly lower than
those obtained for PLA-based composites, while the
elongation for PLA-based composites is negligible
compared to with PCL-based composites.
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Fig. 5. The results of mechanical tests for PLA-based (a, b, ¢) and PCL-based (d, e, f) composites: a, and d — Young’s modulus;
b — and e — elongation at break; ¢, and f— tensile strength

Currently, biodegradable polymers and their com-
posites are widely used in tissue bioengineering. PLA
implants are one of the most popular products in cli-
nical practice. PLA products are resorbable over time
and are replaced by bone tissue, according to various
authors, not earlier than 7 years after implantation [42].
It can lead to complications in the form of an inflam-
matory reaction to a foreign body [43]. In this regard,
a development and biomedical testing of new technol-
ogies for the manufacture and modification of compo-
sites of (co)polymers and HA with controlled biodeg-
radation are very relevant. However, at high HA con-
tent, the potential enhancement of the osteogenic prop-
erties of composites [44] is offset by a real decrease in
their physicomechanical properties (Fig. 5).

During subcutaneous implantation, test materials
experience a biomechanical load (shock, compression,

and lateral displacement) resulting in simulated in vivo
conditions to bone implantation. While PLA compos-
ites with a low HA content (5 wt%) were subcutane-
ously tested, after 40 days there were no macroscopic
signs of implant destruction and inflammatory reaction
(in particular, severe hyperemia of the recipient bed,
and the presence of exudate). The disks were surroun-
ded by a thin (less than 50 um) connective tissue cap-
sule, fixing them in the lateral subcutaneous pocket.

PLA and its composites promoted the conduction
of grown tissues on the surface of the test samples.
It was recorded by more than 3-fold increase in the
area of tissue plates (Table 2). Histological evaluation
of tissue lamellaec showed induction of bone growth
(IBT) as follows: 20% in the case of pure PLA sam-
ples; 60% in the case of PLA + 5 wt% HA composite
scaffolds (Table 2).
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Table 2

Sample effect on geometric and histological features of tissues grown from bone marrow under subcutaneous ectopic test
in BALB/c mice, Me (Q,-0,)

Incidence of tissue

Bone marrow (initial level

Properties of tissue lamellae

Test groups of lamella formation IBT before implantation) (after implantation)
samples, n =6 o
% % Area;, Area, % of bone Histological compound
mm marrow area
3.54 306 Bone with marrow (1 case); connective
PLA 100 20 (3.49-3.72) (217-504) and fat tissues (4 cases)
453 382 Membrane reticulated bone (2 cases);
+ 0, * 1 .
PLA + 5 wt% HA 100 60 (3.89-4.87) (327-443) bone with marrow (1 case);

connective tissue (2 cases)

Note: n — the number of test samples in each group; PLA — polylactide; PLA+5 wt% HA —hydroxyapatite (5 wt%) composite with polylactide.

Membrane reticulated bone, as well as the bone/
bone marrow system formed de novo due to in situ
remodeling of bone marrow applied in vitro were
revealed on histological sections of tissue lamellae

(Fig. 6).

Ectopic metaplasia of syngeneic bone marrow pro-
ceeds through the activation of a pool of donor MSCs
differentiating into the precursors of chondro/osteo-
blasts. In turn, recipient hematopoietic stem cells re-
populate the implantation site [45].

Izﬂigml

a

Fig. 6. The positive result examples of histological slices of tissue lamellae grown on PLA and PLA + 5 wt% HA samples after 40-
day subcutaneous implantation: a — bone tissue, x200; b) bone with marrow, x100 hematoxylin-eosin staining

CONCLUSION

Biodegradable polymer PLA- and PCL-based com-
posites filled with HA prepared by melt compounding
were obtained, which allows introducing up to 25-50
wt% HA into polymer matrices. HA particles and their
agglomerates with a diameter of up to 100 um are uni-
formly distributed over the matrix volume, increasing
the degree of surface polarization and crystallinity of
composites. As a consequence of high crystallinity,
the mechanical strength of the composites decreases
with filling. Developed biodegradable composites can
be used for practical application in various areas of re-
generative medicine. In the field of bone tissue bioen-
gineering, PLA composites obtained by 3D printing,

even with a low (5 wt%) HA content, increase ectopic
osteogenesis by 40%. It allows considering MSCs as a
cellular target of their biological activity.
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