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Introduction
Implants made of various synthetic and natural bio-

materials are widely used in numerous fields of medi-
cine. Their list is ever increasing due to the new ones 
being developed annually, and their properties being 
optimized for specific uses [17, 21, 25, 43, 46].

The biomaterials are divided into two groups de-
pending on their properties: bioinert and biodegrading 
in the implantation areas. Bioinert materials are popu-
lar in orthopedics and traumatology [27]; however, it 
is the biodegrading ones that look most promising due 
to their complete degradation obliterating the necessity 
of an additional removal operation and a stable fixation 
for a certain period of time in case of bone implanta-
tion [33, 70, 69].

Developing biodegrading materials for the fixing 
tools and bone cavity fillers is a complicated task which 
requires a collaboration of expert material developers 
and researchers in the fields of biology and medicine. 

Studies of human body reacting to various artificial 
materials become prominent at the time when a range 
of implants for bone surgery and regenerative medicine 
expands. 

Human tissues are prone to react to the insertion of a 
foreign body [16, 38]. In this regard, every new bioma-
terial or biomaterial-based composite is severely tested 
to prove its biocompatibility and explore features of its 
remodeling at the implantation sites.   

Among the biodegradation-marked materials used 
in bone surgery, there are polyglycolides (PGA), poly-
lactides (PLA, or polylactic acid), polyglycolides and 
polylactides (PLGA, co-polymers in various combi-
nations), polydioxanones, propylenes, polysulfones, 
and polycarbonates. In the implant-producing indus-
try, the prominence is given to the polylactides (PLAs) 
and polyglycolides (PGAs) thanks to their biodegrada-
tion in the implantation areas, osteointegration, bone 
tissue induction, and a high biocompatibility [36, 46, 
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Abstract. In many areas of medicine, implants from various synthetic and natural biomaterials are widely used. 
One of the materials that are most often used to create implants is polylactide (PLA), a feature of which is bio-
degradation in implantation sites, osseointegration, the ability to induce bone formation and high biocompat-
ibility with the body. Aim of the review is to analyze and summarize data on the rearrangement in the bone of 
biodegradable biomaterials based on polylactide and to identify trends in the development of the problem. The 
review of the literature presents a general description of PLA and identifies historical milestones in the develop-
ment of the problem and the use of biodegradable polymers in bone surgery. The data on the factors affecting 
the biodegradation of this biomaterial in the bones are presented and the peculiarities of its osseointegration 
are determined depending on composition. The data on the use of PLA and copolymers in bone surgery and 
regenerative medicine are given. An important direction for future researches will be the development of com-
posite biomaterials based on PLA with the desired qualities of osseointegration and controlled biodegradation. 
New trends in the use of implants based on composite materials made from PLA in bone surgery and creation of 
implants using 3D printing are presented.
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44]. Moreover, advance of 3-D printers in the medi-
cal field makes them ideal candidates for the printed 
implants. 

Purpose of the review: to analyze and generalize the 
existing data on bioresorptive polylactide-based bio-
material bone remodeling and explore the develop-
ment prospects. 

The date search was performed using Google, 
Google Scolar, PubMed, Academic Resours Index, 
Russian Science Citation Index (РИНЦ). The follo
wing keywords were administered as tags: polylactide, 
polylactic acid, composites, biodegradation, clinical 
use, experimental studies.

General information on PLA
Polylactide is a semi-crystalline polymer synthe-

sized during polymerization or polycondensation. 
Its molecular weight range is from 180000 to 530000, 
melting point being set approximately at 174°C and 
glass transition – at 57°С. At the implantation sites, 
PLA is degraded by hydrolysis. Depending on its con-
figuration, PLA may act as two different stereoisomers, 
poly-L-lactide (PLLA) and poly-D-lactide (PLDA), 
of divergent properties: PLLA’s slow degradation takes 
2 to 5 years while PLDA’s mechanical strength is being 
lost much faster [23]. For this reason, a lot of orthope-
dic implants are made of PLLA [6].

Historical aspect
The first animal-based experimental study of PLLA 

was published in 1966, proving the biomaterials bio-
compatibility, absence of toxicity and slow degrada-
tion at the implantation sites [30]. When the PLLA 
plates and screws were used to fix the canine lower 
mandible, there was no side effect revealed in the tis-
sues [29]. In 1971, the clinical study of humans with 
lower mandible fractures evidenced the prospects of 
this biomaterial being used in clinical practice [10]. 
However, the wide-ranging application was still pend-
ing as the first PLLA implants tested from 1990 to 1996 
triggered inflammation and swelling at the implanta-
tion sites in 47  % of patients [6]. Moreover, certain 
aspects of PLLA implants, namely their fast destabi-
lization and breakage, lack of stiffness and strength 
compared to the metal counterparts, impeded further 
use [15]. 

Most bio-resorptive composites lack osteointegra-
tive properties. Several studies [47, 4, 21] show that 
PLA has a high tensile strength (3,5-3,8 hPa) and 
compressive strength (48-110 mPa); however, being 
fragile, it lacks stiffness. As a result, its application is 
restricted.

Progress of material engineering paving the way 
for implants being made of PLA stereoisomers, re-
moval of the material’s deficiencies, and develop-
ment of sterilization methods resulted in a gradual 
change of the scientific attitude towards implants 
[25]. The next stage heralded creation of PLA co-
polymers, PLA-based composites, and improvement 

of production technologies and manifested itself in 
an optimized biodegradation and implant mechani-
cal properties.

Factors affecting implant  
biodegradation

Biodegradation is a process of polymer being re-
duced to water and CO2 under the influence of biologic 
environment [21]. In case of a complete biodegrada-
tion, PLA turns into gaseous products filling the im-
plantation sites with bone tissue.

Mechanical properties, biological mechanisms and 
biodegradation vary as far as PLA-based composites 
are concerned, requiring further exploration and opti-
mal surgery application. Biodegrading materials should 
be biocompatible without any inflammatory or im-
mune response; and the degradation products should 
not be toxic.  

Implant’s biodegrading rate depends on their local-
ization at the skeletal sites. If those sites aren’t vascu-
larized enough, there is a risk of adverse reaction due 
to acid debris accumulating and affecting the tissues. 
Moreover, implants at the increased load sites get de-
graded a lot quicker than the ones at the reduced load 
sites [39]. Other sources of influence include the bone 
quality (trabecular, cortical), thickness of soft tissue 
layer over the implant, bloodstream, osteosynthetic 
type (intra- or supra-osseous), and individual features 
[2,  8]. Total degradation period is a combination of 
various factors, namely the material quality (hydro-
philic or hydrophobic), its structure – crystallinity, 
original molecular weight, polymer component ratio, 
implant size and design, production and sterilization 
technology [8, 9, 40, 50]. Recent studies are targeted at 
reducing implant’s reaction to a foreign body, polymer 
crystallinity and pH-control under biodegradation. 

PLA implant degradation starts with biological sub-
stances penetrating the implant crevices and break-
ing the polymer chains into a multitude of fragments. 
This process reduces viscosity and impacts mechani-
cal density. Cracks and crevices of the hydrophobic 
surface may incite an inflammatory reaction, while a 
biodegradation results in a reduced adhesion and cell 
proliferation [21]. However, the frequency of side ef-
fects at the PLA implantation sites (if the implant is a 
state-of-the-art technology) is quite low: only 0 to 1 % 
[6]. Actual weight loss is provoked by the lactic acid 
dissolution, release of the degraded products through 
osteoclast and macrophage-assisted phagocytosis and, 
as a result of Krebs cycle, final reduction to the dual 
metabolic products: carbon dioxide and water secreted 
with air and urine [55, 57]. Thus, a polylactide bio-
degradation ends with metabolic derivatives devoid of 
toxicity, which makes the material totally applicable in 
medicine [51].

Polylactide-based composites
PLA is used in bone surgery at the skeletal sites that 

are not expected to withstand heavy load. In order to 
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improve PLA strength, its osteointegration and guided 
degradation, various PLA-based composites are cre-
ated; among them first and foremost, PLLA-PLDA, 
PLA-phosphates, PLA-hydroxylapatite, PLA-tricalci-
um phosphate, PLA-chitosan etc. [5, 13, 47, 52, 65]. 
Improvement of mechanical qualities was achieved by 
creating a polymer with a ratio of PLLA: PLDА iso-
mers 85 to 15. Plates made of that polymer were used 
to fixate fractures [20].

In order to create stiff supra-osseous plates and 
improve mechanical qualities, researchers suggest 
a PLA-based composite with tricalcium phosphate 
[58]. Bioactive supplements, such as ceramics made 
of calcium phosphate, may improve its biological 
properties and osteointegration, while under biodeg-
radation calcium phosphate ceramics promote bone 
regeneration. PLA, combined with hydroxylapatite, 
increases strength of osteosynthetic plates (OSTEO-
TRANS MX®) [41].

Plates and intra-osseous implants made of PLLA, 
hydroxylapatite and tricalcium phosphate with a ratio 
of 70:10:20 provide better osteointegrative properties 
and improve the biomaterial’s strength [42]. There is 
also a PLA-based composite with carbon fibers and hy-
droxylapatite [41].

When the deteriorated bone state (osteoporosis, os-
teopenia) was taken into account, a PLA-based com-
posite with apatite and strontium was offered [33]. 

PLA’s osteointegrative and reparative properties in-
crease with spongy structures where the pores have op-
timal sizes (about 100-200 µm) promoting bone tissue 
penetration and functional remodeling [35]. 

Biodegrading implants shaped as perforated plates 
(«Synthes» (Switzerland), «PolyMax») contain L- and 
DL-lactides in a synthesized ratio of 70:30 %; their re-
sorption taking 12-24 months [35]. These features make 
the implants perfect, according to their creators.

PLA and PLA-based composites are recently viewed 
as the most promising biopolymers for the bone sur-
gery [13]. PLA is well researched and proved to be a 
safe biomaterial for the clinical practice, meet the de-
mands, and draw maximum attention of the scientific 
community [59].  However, the search for beneficial 
PLA-based composites goes on.  

Innovations in the field  
of PLA and PLA-based composite 
production

Major segmental bone defects caused by trauma, 
infection, tumors seem to be a topical issue for trau-
matologists. Due to patients’ individual and complex 
defects, material and implants should meet their in-
dividual demands, and thus even the most convoluted 
implant molds easily recreated.  

In 1986, Charles Hull used 3D printing for the first 
time, and since then this technology is on the rise [54]. 
3D printing is a novel approach to the production of 
implants with various sizes and properties for the tis-
sues and organs. 3D printing in the field of medicine 

will enable a customized implant to replace a bone de-
fect of a specific form and volume at the traumatized 
skeletal site. However, the method raises a lot of ques-
tions as to the printing materials, opportunities for the 
newly created biocomposites to be offered depending 
on their biocompatibility, implanation sites in terms of 
their load and blood supply.

3D printed biodegradable bone implants have a range 
of advantages, among them, a relatively non-invasive 
treatment, no need of a repeat operation to remove the 
implant, creating a customized implant version for ev-
ery patient. In 3D printing, only the most innovative 
biomaterials, i.e. ceramics, various polymers (mostly 
PLAs and PGАs, as well as their composites) are used 
[19], thus opening new vistas for bone surgery [37] and 
enabling surgeons to perform the previously impossible 
operations. 3D printed PLA implants guarantee me-
chanical stability, possess a high biocompatibility and 
osteoconductivity [9]. 

Studies on PLA endotoxin pollution of 3D printed 
implants reveal a low margin level the FDA prescribed 
[49]. 

These data expand PLA use, especially among the 
3D printed bone implants. These implants could also 
be used as scaffolds in the regenerative medicine, in 
particular for bone defects.  

However, it should be mentioned that PLAs by vari-
ous producers could affect the printing conditions and 
quality, as well as they get remodeled in the bone tissue 
differently, and thus require additional clinical and ex-
perimental studies [44]. 

Experimental studies  
of PLAs and PLA-composites

 Experimental studies among the cell cultures and 
animals augment the range of biomaterial testing, in-
cluding biocompatibility, osteointegration, strength 
and degradation rates [18]. 

PLA in regenerative medicine. This biomaterial dem-
onstrates its great promise for the tissue engineering, in 
particular scaffolds of various shapes and volumes for 
cell cultivation and further implantation into organs 
and tissues [1, 64]. The cell culture studies prove PLA’s 
biocompatibility, absence of immune response, and 
cell integration. 

 In vitro study of cell cultures was performed to com-
pare cell adhesion and proliferation depending on vari-
ous cell-cultivating scaffolds [64]. Titanium disks and 
polystyrol scaffolds were tested because of their wide 
use in bone surgery. Cellular viability was found to be 
higher on the PLA scaffold (95,3 ± 2,1 %) as compared 
with polystyrol (91,7 ± 2,7 %). Cellular proliferation, 
by contrast, was more significant on polystyrol disks. 
However, when PLA and titanium disks were com-
pared, PLA disks were proved to promote greater pro-
liferation. During the scanning electron microscopic 
analysis, it was found that all the disks were covered 
with a homogeneous cellular layer; nonetheless, PLA 
and titanium disks had a higher density of cells.
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Comparative analysis of cell cultures was also 
performed on solid and spongy PLA disks, covered 
and filled with collagen [49]. Biosamples were 3D 
printed. Their microscopic analysis showed that 
various cell types (preosteoblasts, osteoblasts, fi-
broblasts and endothelial cells) grow and spread 
on PLA printed disks, proliferating as the biomate-
rial is compatible and possesses significant adhesive 
properties. 

Recent studies also focus on surface modification of 
implants, i.e. emergence of spongy structure. Spongy 
PLA covered with collagen promotes adhesion and 
growth of endothelial cells, inducing angiogenesis at 
the implanted sites. 3D printed PLA scaffolds used 
with gelatinous hydrogels were shown to stimulate os-
teogenetic differentiation of human fat tissue-derived 
stem cells if cultivated. Thus, they could be used in re-
generative medicine to produce bone cavity fillers and 
support bone regeneration [62].

Experimental studies on animals. Ingeo ™ Biopoly-
mer 403, polylactide, a product of L- and D-type lac-
tide polymerization (ratio from 24:1 to 32:1) was tested 
on rats. Screw-shaped implants were created by means 
of «Ultimaker3» 3D-printer (build-up fusing method, 
each layer 0,1-0,2 mm wide). Biopolymer-made screws 
were implanted into metadiaphysis and diaphysis-lo-
cated defects of femoral bone [14, 34]. The material 
was proved biocompatible, with significant osteointe-
grative properties; it does not provoke inflammation of 
adjacent soft tissues and bone marrow, as well as de-
structive bone changes at the implantation sites. At the 
study’s end (after 270 days), polylactide implants re-
tained their shape, no biomaterial got degraded, which 
signals a prospect of long-term use. 

When an experimental study on animals involved 
a fracture fixation, L-lactide, D-L-lactide, polygly-
colide and trimethylene carbonate plates possess the 
following properties: biocompatibility, absence of bone 
lysis under the plate and lack of negative impact on re-
generation [3].  Other studies showed angiogenic and 
osteogenic features of PLA-based composites [24, 67]. 
Performed experimental studies expand extant vision 
of PLA and PLA-composite interaction with bone tis-
sue.

Polylactide implants in clinical practice 
Screws and fixating joint-pins, plates, anchors and 

cages are often made of biosoluble degrading PLA and 
PLA-composites [46, 25, 43, 21], afterwards elimi-
nated with no residual toxic effect on the organs and 
systems [63, 53, 55 21, 25]. PLA-made implants are 
applied in case of knee, ankle and ulnar fractures, 
in spondylodesis, as well as at the foot, wrist, pelvis, 
cheekbone, lower mandible sites, making polylactides 
a fitting option for orthopedics, traumatology and oral 
surgery [21, 25, 40, 63, 66].  

Fracture fixation with biodegrading materials was 
found to be as effective as fixation with traditional met-
als. Nevertheless, they have certain advantages: no 

need of removal, controlled biodegradation etc. For-
merly viewed as a perfect option for the unloaded skel-
etal sites [40], PLA-based composites were promoted 
into the field of bone surgery.

Despite the fact that orthopedic surgery has been us-
ing degrading polymers for 30 years, respective spinal 
implants are a recent development. However, there 
are a limited number of studies documenting PLA or 
PLA-based composite use in spinal surgery. Having 
summarized the revier data of degradable implants in 
human and animal spinal surgery [59, 60], we found 
indications that in animals implants are effectively re-
sorbed, spondylodesis is formed and cages degraded in 
the intervertebral spaces. As for humans, biodegrad-
ing cages were found to be effective, safe and spondy-
lodesis-promoting. Cages of PLLA:PLDA with a 70:30 
ratio (Hydrosorb, produced by Medtronic Sofamor 
Danek, Memphis, TN.) provided some proven positive 
results. At the first stage of clinical trials in 2002, 60 
patients undergoing transforaminal lumbar interbody 
fusion (TLIF) with Hydrosorb vertical cylindrical bio-
degrading cages [30, 32] did not reveal any complica-
tions after 4,7 months. Having studied those patients 
who received recombinant morphogenetic rhBMP2-
protein cages after 12-18 months, researchers found 
the interbody space height to remain stable, spondy-
lodesis to occur in 87 % of patients according to X-ray 
and in 97 % according to CT results [28].  There were 
no instances of infection or cage-induced complica-
tions recorded.

Another study of TLIF with similar cages revealed 
spondylodesis in 96,8  % (30 out of 31 patients) after 
18,4 months on average [10]. However, there was no 
indication of cage biodegradation.

Along with positive results of biodegradable cage-
induced spondylodesis, there is a comparative study of 
PLLA: PLDA cages with a ratio of 70:30 and carbon 
fiber cages [56] which showed an increased non-union 
frequency (18,2%) and post-surgery cage migration 
(18,2%) after TLIF.

 Overall, cage technology studies require prolonged 
observations of the respective control groups.

Our analysis of theoretical sources has thus con-
firmed the prospects of further studies of PLA prop-
erties and modifications in view of experimental and 
clinical applications. Polymer properties even if com-
ing from the uniform substance depend on the indus-
trial process (namely, processing temperature, pro-
duction and sterilization method etc.). It provides an 
opportunity to develop materials and implants based 
on their intended properties as products made of the 
same input but using different technologies would have 
different properties, such as strength and biodegrada-
tion rates. Data comparison as well as conclusions as 
to the biomaterial properties should not be based solely 
on the experimental results of same input material if we 
do not know anything about processing methods and 
other details. An important research track is to develop 
and study composite biomaterials which would give 
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rise to implants with intended properties of controlled 
biodegradation and osteointegration. A significant 
progress is brought by 3D printer of implants. This is 
a new filed of implantalogy enabling new approach to 
implant creation and clinical use.
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Біоматеріал на основі полілактиду  
та його використання як кісткових імплантатів (аналітичний огляд літератури)

Резюме. У багатьох галузях медицини широке застосу-
вання отримали імплантати з різних синтетичних та при-
родних біоматеріалів. Серед матеріалів, що частіше ви-
користовують для створення імплантатів, полілактид 
(PLA), особливістю якого є біодеградація в ділянках імп-
лантації, остеоінтеграція, здатність індукувати проце-
си утворення кісткової тканини та висока біосумісність з 
організмом. Мета огляду: проаналізувати та узагальнити 
дані щодо перебудови в кістці біорезорбуючих біомате-
ріалів на основі полілактиду та визначити тенденції роз-
витку проблеми. В огляді літератури подано загальну ха-
рактеристику та визначено історичні віхи розвитку про-
блеми та використання деградуючих полімерів у кістко-
вій хірургії. Надані дані щодо факторів, що впливають на 

біодеградацію в кістках цього біоматеріалу, та визначено 
особливості його остеоінтеграції залежно від складу. На-
ведено дані щодо використання PLA та співполімерів у 
кістковій хірургії та регенераторній медицині. Важливим 
напрямком майбутніх досліджень буде розробка компо-
зитних біоматеріалів на основі PLA з бажаними якостя-
ми остеоінтеграції та керованою біодеградацією. Подано 
нові тенденції розвитку напрямку використання в кіст-
ковій хірургії імплантатів на основі композитних мате-
ріалів, виготовлених на основі PLA, та новітні способи 
створення імплантатів та композитів із використанням 
3D-принтера.
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Биоматериал на основе полилактида и его использование в качестве костных 
имплантатов (аналитический обзор литературы)

Резюме. Во многих областях медицины широкое при-
менение получили имплантаты из различных синтетиче-
ских и природных биоматериалов. Среди материалов, ко-
торые наиболее часто используют для создания имплан-
татов,  полилактид (PLA), особенностью которого явля-
ются биодеградация в участках имплантации, остеоин-
теграция, способность индуцировать процессы образова-
ния костной ткани и высокая биосовместимость с орга-
низмом. Цель обзора: проанализировать и обобщить дан-
ные о перестройке в кости биорезорбирующих биомате-
риалов на основе полилактида и определить тенденции 
развития проблемы. В обзоре литературы представлена 
общая характеристика и определены исторические вехи 
развития проблемы и использования деградирующих по-
лимеров в костной хирургии. Представлены данные от-

носительно факторов, влияющих на биодеградацию в ко-
стях этого биоматериала, и определены особенности его 
остеоинтеграции в зависимости от состава. Приведены 
данные по использованию PLA и сополимеров в костной 
хирургии и регенераторной медицине. Важным направ-
лением будущих исследований будет разработка компо-
зитных биоматериалов на основе PLA с желаемыми ка-
чествами остеоинтеграции и управляемой биодеграда-
цией. Представлены новые тенденции развития направ-
ления использования в костной хирургии имплантатов на 
основе композитных материалов, изготовленных из PLA, 
и новые способы создания имплантатов с использовани-
ем 3D-принтера.
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