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Currently, biomaterials are increasingly in demand in medicine and are fundamental
components of tissue engineering. The necessary factors of these materials to ensure their
ability to effectively function in the human body are biocompatibility, bioactivity, bio-
resorption and non-toxicity. An ideal implant should have a number of physical, chemi-
cal and biological characteristics to stimulate cell proliferation and promote tissue for-

mation. Bioresorbable polymers have advantages for tissue engineering applications due
to a wide range of mechanical properties combined with sufficient chemical inertness
and degradation rate. Given the increasing number of studies in the field of biomaterials
for medical applications, the purpose of this review is to examine recently developed
implantable materials. In this work, emphasis is placed on the development of the com-
position of polymers that determine the characteristics of future bioresorbable materials,
as well as on the choice of optimal parameters and a method for their preparation.
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1. INTRODUCTION

By 2030, the World Health Organization expects the num-
ber of elderly people to increase up to 1.4 billion [1]. From
the above forecast, it follows that in the near future, the need
for surgical options aimed at solving age-related problems,
such as joint wear and tear and decreased calcium levels in
the musculoskeletal system, will increase. For example,
narrowing or blockage of blood vessels due to plaque accu-
mulation causes a few common diseases, namely athero-
sclerotic coronary artery disease (CAD) and peripheral ar-
terial disease (PAD), which affect more than 274 million
people worldwide [2]. Effective treatment of these diseases
is critical to both reducing healthcare costs and improving
the quality of life of patients. The use of bioresorbable pol-
ymers offers several advantages over traditional implants,
such as eliminating the need for re-operation to remove the

implant or surgical interventions due to complications asso-
ciated with it [3]. This is particularly useful in the field of
tissue engineering where the material is only needed for a
limited healing time [4,5]. Bioresorbable scaffolds act as
temporary materials that are expected to be overgrown with
a layer of the patient’s tissue, while maintaining their shape
and satisfying the necessary mechanical loads, and then re-
moved by the body under the action of enzymes [6]. Since
the fabricated scaffold must provide structural support for
attached cells and create an appropriate environment favor-
able for their proliferation, such characteristics of bio-
materials as rigidity, cytocompatibility, morphology, poros-
ity and reactivity require big attention at the development
stage [7,8]. This study pays special attention to the develop-
ment of the composition of bioresorbable scaffolds that
meet the conditions of proliferation, as well as the analysis
of methods for their production.
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Fig. 1. The scheme for synthesis PLLA/HA scaffolds in TIPS-SL process. Adapted from Ref. [10].

2. SOLVENT METHODS FOR SYNTHESIS OF
BIORESORBABLE SCAFFOLDS

Methods based on the treatment of the original polymers
with a solvent are widely used in the manufacture of medi-
cal devices. The techniques include dissolving the polymer
in a suitable organic solvent, mixing it with a filler to form
a composite, and finally evaporating the solvent. Solution
methods are popular among researchers due to their sim-
plicity and lack of need for expensive equipment. Accord-
ing to the Ref. [9], bioresorbable 3D printing ink composed
of citric acid-based biomaterial and poly-L-lactic acid
(PLLA) has been developed. A two-phase system was used
that enables the in situ formation of semi-crystalline nano-
fibrous networks of poly-L-lactic acid in a 3D-printed pol-
ymer matrix of a citrate-based bioresorbable biomaterial,
the first to be used in an absorbable medical device. The
resulting composite material achieved an increased Young's
modulus of 969.55 MPa in a fully hydrated state, which is
108% better than known pure citrate-based biomaterials.
The average ultimate tensile strength (UTS) values for the
ink samples were 14.16 MPa, 19.3 MPa and 29.15 MPa, re-
spectively. With the increase of PLLA concentration, the
corresponding Young's modulus and UTS increased. The

prepolymer concentration has a more dominant effect on the
final Young's modulus and UTS because the matrix consti-
tutes the main part of the final scaffold. PLLA acts as a re-
inforcing agent for the composite. The cytocompatibility of
the fabricated substrates was assessed using both leachable
extracts and direct contact on 3D printed wafer samples.
The samples showed high cell viability (> 95%), compara-
ble to that of the growth medium but much higher than that
of the latex extract (~ 68%) with known cytotoxicity. The
synthesized framework, printing process and post-pro-
cessing methods allow the production of materials with
100 pum thick struts that can withstand physiological stress.
Thermally induced phase separation (TIPS) or freeze-
drying is another method that allows the synthesis of po-
rous bioscaffolds. The method is based on freezing a sol-
vent/polymer/filler mixture and then reducing the pressure
to sublimate the solvent. Unlike other composite manufac-
turing technologies, the inclusion of filler particles (up to
15 wt.%) in porous scaffolds obtained using TIPS has a
minimal effect on the mechanical properties of the scaf-
fold. The article [10] shows that porous matrices based on
poly(L-lactide) and synthetic hydroxyapatite (HA) were
obtained using TIPS method supported by the salt leach-
ing (SL) process. According to Fig 1, the composites were
obtained in 1,4-dioxane with the addition of NaCl.
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The Young's modulus values of the scaffolds ranged from
37.0 to 56.2 kPa and increased with higher hydroxyapatite
content. A similar trend was observed for compressive stress.
Values ranged from 17.4 to over 28 kPa (at 40% strain) and
from about 100 kPa to over 280 kPa at 80% strain. The pro-
liferation rate of MC3T3-E1 osteoblast cells was also inves-
tigated after 24 and 72 hours. Cell growth values were signif-
icantly higher for composites with higher HA content,
reaching 307% for the PLLA sample (compared to the same
sample after 24 hours) and 1168% for PLLA/HA 25/75. The
study showed that the TIPS-SL technique can be used to pro-
duce PLLA/HA composites with HA content up to 75 wt.%
with a stable porous structure. It was also confirmed that the
osteoblast cell proliferation rate was proportional to the HA
content in the foam, reaching 3—4 times higher rate for
PLLA/HA 25/75 compared to pure PLLA.

The article [11] reports the fabrication of porous
poly(L-lactide-co-glycolide) (PLGA) scaffolds by com-
bining TIPS and pore-forming agent leaching. Large pores
of about 75-400 pm in diameter in the resulting scaffolds,
shown in Fig. 2, were created by sucrose particles, while
small pores of less than 20 um in diameter were formed
by phase separation.

Solvent extraction with chloroform and ethanol at low
temperatures contributed to the reduction of scaffold cyto-
toxicity. The addition of beta-tricalcium phosphate (B-TCP)
to the samples did not significantly affect the compressive
modulus, which was 1.49+6.64 MPa, but tended to decrease
the compressive strength, which reached 0.110+0.296 MPa.
The resulting scaffolds with different pore sizes can poten-
tially be used in bone tissue engineering.

In additive manufacturing, binder jetting (BJT) has
shown potential for producing bioresorbable materials.
The low-temperature nature of the BJT process is used to
create a more temperature-responsive biopolymer. Re-
searchers [12] adapted the concentration of phosphoric
acid-based binder solution to 8.75 wt% to improve the cy-
tocompatibility and mechanical strength of calcium phos-
phate (CaP) CaP/collagen scaffolds. The reduction in vis-
cosity and surface tension, shown in Fig. 3, by physio-
logical heat treatment enabled reliable thermal jet printing
of collagen solutions.

The addition of 1-2 wt.% collagen to the binder solu-
tion significantly improved the maximum flexural
strength and cell viability (150%). To evaluate the bone
healing efficacy, the 3D printed scaffolds were implanted
into a femoral defect in mice for 9 weeks. The implants
were confirmed to be osteoconductive, with a new bone
layer comprising bioresorbable materials.

In Ref. [13], a highly printable hydroxyapatite (HAp)
composite was developed, which included 60% HAp, 28%
carboxymethyl chitosan (CMCT), 2% polyvinylpyrroli-
done (PVP) and 10% dextrin. To prepare the samples,

Fig. 2. Micrograph (60x) of PLGA/B-TCP scaffold. Adapted
from Ref. [11].
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Fig. 3. Viscosity of collagen at 25 °C and a shear rate of 100 s™':
(a) in phosphoric acid solutions; (b) before and after printing.
Adapted from Ref. [12].

CMCT was first dissolved in distilled water, and then HAp
powder was gradually added to the solution under me-
chanical stirring for 1 hour at 300 rpm. Then, the resulting
suspension was mixed in a vibratory mill for 24 hours at
60 rpm and dried. According to the stress-strain curve, the
elasticity modulus and compressive strength of the sample
were 10 and 1.3 MPa, respectively, with the increase to
125 and 7.3 MPa after flash dipping. Sintering of printed
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parts led to degradation of polymers. The method was de-
veloped for a hydroxyapatite composite with a high level
of printability, which included 60% HAp, 28% CMCT,
2% PVP, and 10% dextrin. The strength of the printed
sample was 1.3 MPa, while an HA-maltodextrin structure
was reported with a green strength of 0.7 MPa in the liter-
ature. Flash dipping in the low viscosity solution of chi-
tosan led to increasing compressive strength from 1.3 to
7.3 MPa, subsequently decreasing the level of porosity
from 42 to 36% (Fig. 4).

According to the Ref. [14], the PCL-TIB system was
proposed, obtained by combining 2,3,5-triiodobenzoic
acid (TIB) with polycaprolactone (PCL). The created pol-
ymer matrix is characterized by increased strength with an
elastic modulus of 42+80 MPa (Fig. 5), as well as the via-
bility of HUVEC cells after 24 hours of more than 88%.
Scaffolds implanted in the chest cavity of mice showed
long-term visibility in X-rays. Stents with a biodegradable
contrast agent retained visibility for up to 20 days, which
confirms their suitability for advanced clinical monitoring
and use in tissue engineering.

Researchers [15] developed a poly-L-lactide (PLA)
composite consisting of 76 wt.% of PLA, 19 wt.% of PCL,
and 5 wt.% of microcrystalline cellulose (MCC) and tribu-
tyl citrate (TBC) in order to improve the toughness of
PLA. The different additions of TBC based on
PLA/PCL/MCC (PPM) composite weight were 0, 2, 4, 6,
and 8 wt.%. Consequently, the resulting composites were
annotated as PPM, PPM/2TBC, PPM/4TBC, PPM/6TBC,
PPM/8TBC. Tensile performances of PPM and PPM/TBC
composites are presented in Fig. 6.

With the addition of TBC, the strength, elongation at
break, and toughness of the PPM/TBC composites were
significantly enhanced, indicating an improved interfacial
compatibility. MCC emerged as a more effective reinforc-
ing agent, thus exhibiting superior performance without
compromising of strength and stiffness of PPM.

In Ref. [16] composites of poly(butylene succinate)
(PBS) and PLA were successfully fabricated. For the com-
posite with 30 wt.% of PLA fibers, the Young's modulus
increased to 749 MPa, which was 94% higher than that of
pure PBS. This indicates that the PBS matrix was signifi-
cantly strengthened by the addition of PLA fibers. The
PBS/PLA fiber composites obtained by the simple melt
blending method demonstrated a combination of increased
strength and elastic modulus while maintaining the bio-
degradability of the PBS matrix.

The data [17] indicate the receipt of scaffolds chitosan
(CH), collagen (Col) and nano-hydroxyapatite (nHA)
loaded with crocin (Cro). The CH/Col/nHA scaffolds
demonstrated interconnected porous structures with the
mean porosity of 58+90%. The cell study results indicated
that the Cro loaded in scaffolds cause reduction in the Cro-

~ mﬁ.
Fig. 4. SEM image of HAp/CMCT composite. Adapted from
Ref. [13].
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Fig. 5. Elastic modulus of the PCL-TIB scaffolds. Adapted from
Ref. [14].
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Table 1. Key properties and the composition of the materials considered in this work.
System composition Characteristics Bioeffects Reference
Poly-1-lactic acid (PLLA) Young's modulus (YM) is 969.55 MPa; HUVEC cell viability af-  [9]
(0.5+4 wt.%), the tensile strength (TS) reached 29.15 MPa ter 24 h > 95%
methacrylated poly (dodecane-
diol citrate) (mPDC) (10 wt.%)
PLA, hydroxyapatite (HAp) Porosity 88.1+98.2%, pore sizes: from 50 to 400 The proliferation rate of [10]
pum; YM was from 37.0 to 56.2 kPa, compressive MC3T3-E1 on scaffolds
stress at 40% deformation: 17.4+280 kPa after 72 hours ranged
from 307 to 1168%
PLGA, B-tricalcium phosphate Porosity 89.5+91.4%, pore size from 75 to 400 pm;  No data [11]
(B-TCP) YM: from 1.49 + 0.43 t0 6.64 + 1.03 MPa;
TS: from 0.110 + 0.058 to 0.296 + 0.056 MPa
CaP/Collagen Viscosity from 1.01 +0.03 to 1.72 + 0.04 mPa-s; C3H/10T1/2 cell viability  [12]
Bending strength: 60 + 80 kPa was 150% after 72 hours
Hydroxyapatite, carbox- YM: 125 MPa; No data [13]
ymethylchitosan, polyvinylpyr- TS: 7.3 MPa
rolidone, dextrin
Polycaprolactone (PCL); 2,3,5- YM: 42+80 MPa HUVEC cell viability af- [14]
trilodobenzoic acid (TIB) ter 24 his 88%
PLA, polycaprolactone (PCL), TS: up to 45 MPa No data [15]
microcrystalline cellulose (MCC)
and tributyl citrate (TBC)
Poly(L-lactide) (PLA), poly(bu- For composites: YM up to 749 MPa, No data [16]
tylene succinate) (PBS) yield strength up to 39.7 MPa,
elongation at break up to 344%
Chitosan (CH), collagen (Col) TS: 0.468+0.641 MPa The burst drug release oc-  [17]

and nano-hydroxyapatite (nHA)
loaded with crocin (Cro)

curred after 5 h of incuba-
tion (ca. 46%);

110.2 £ 11.25 % of fibro-
blast (L929) cell viability
after 7 days

toxicity. The cell viability of fibroblast (L929) for all com-
ponents in composite structures of 3D printing and fabri-
cated scaffolds are demonstrated in Fig. 7.

The toxicity of cells was not observed in fabricated
scaffolds. The drug release profile showed that the burst
release of the drug occurred after 5 h (ca. 46%) of incuba-
tion for both structures and then, it progressively leveled

off to reach ca. 38% of total drug after 48 h of incubation.
By loading 25 and 50 pl of crocin, the Young's modulus
improved by 71% and 74%, respectively, compared to the
free drug scaffold.

The main parameters, as well as the composition of the
products considered in this work, are briefly summarized
in Table 1 for the convenience of readers.
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3. CONCLUSIONS

Thus, tissue engineering focuses on the regeneration of
damaged tissues by creating bioresorbable materials.
However, creating an ideal scaffold that meets the require-
ments for biocompatibility, mechanical strength, ease of
fabrication, and cost-effectiveness remains a challenging
and urgent task. Combining biopolymers to create compo-
sites with improved functionality has the potential to over-
come the limitations of raw materials. Therefore, the dis-
covery of new polymers and the study of existing systems
will continue to be the focus of future research in the field
of tissue engineering. Hybrid scaffolds that integrate bio-
resorbable polymers with various fillers will provide the
desired mechanical strength while accelerating the healing
process.

To summarize, the future of tissue engineering using
bioresorbable polymers is very promising, given targeted
advances in material development, fabrication technolo-
gies, and personalized medicine. New methods such as
TIPS and BJT are expected to enable the creation of pa-
tient-specific scaffolds with precise pore architecture that
can improve tissue integration and vascularization.
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Tpenasl B pazpadoTke OMOpe30pOUPYEMbIX KAPKACOB

I'.P. ITenyx, A.B. Iloqmmusanos

Hentp xumndeckoit nmkenepun Yuanepcutera UTMO, Cankr-IlerepOypr, 197101, Poccust

AHHOTanus. B Hacrosimee Bpemst OnomMaTepHanbl MOMYJaroT BCE OONBIINIT CIPOC B MEIUIMHE W SIBISIOTCS OCHOBOIOJIATAIOINMH
KOMIIOHEHTaMH TKaHEeBOH MIxeHepur. HeoOXxoanMbIMy (hakTopaMu JaHHBIX MaTepUajIoB, IIO3BOJISIOMIMME 00SCIEUHNTh UX CIOC00-
HOCTH 3(h(heKTHBHO (YHKIIMOHUPOBATH B OPTaHU3ME UEI0BEKA, SIBILIIOTCS OMOCOBMECTUMOCTD, OMOAKTHBHOCTH, OHOPE30pOLHs U He-
TOKCHYHOCTb. VneaspHpIi UIMIUTAHTAT JOJDKEH UMETh Psill (PU3MYSCKUX, XUMHIECKAX U OMOJIOrMYECKHX XapaKTEePUCTHUK, YTOOBI CTH-
MYJIIPOBaTh MPONH(EPAIHIO KIETOK, a TAKKe CIIOCOOCTBOBATH (hOPMHUPOBAHUIO TKaHEeH. brope3opOupyemMsre monumepsl 001aJai0T
MIPEeUMYINECTBAaMHU ISl IPIMEHEHHUS B TKAHEBOW MHKEHEPHH OJarozapsi MUPOKOMY CIIEKTPY MEXaHUUECKHUX CBOIMCTB B COUETAHHUH C
JIOCTATOYHOH XUMHWYECKOH HHEPTHOCTBIO M CKOPOCTHIO JETPAJaIui. YUHUTHIBAs yBEJIMICHUE YHCIIa NCCIIEOBAaHNH B 00IacTH Onoma-
TEPHAJIOB METUIIMHCKOTO MPHUMEHEHHS, 1IEJIbI0 JaHHOTO 0030pa SBJISCTCS H3YYCHHE HEJaBHO pa3pabOTaHHBIX UMILIAHTHPYEMbIX Ma-
TepuayioB. B naHHO paboTe OCHOBHOE BHUMAaHHE yAEJICHO pa3paboTKe cocTaBa MOJIMMEPOB, ONPEICIIAIONIMX XapaKTEPUCTHKH OYIy-
mmx OMOpe30pOUPYEeMBIX MATEPUAIIOB, a TAKKE BRIOOPY ONTHMAIBHBIX MTAPAMETPOB U CIIoco0a MX MOTyICHHS.

Kniouesvie cnosa: 6nopezopomus; TIPS; BIT; nponudeparnys; TkaneBast ”HXEHEPHS
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