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The use of poly(lactic acid) (PLA) in bone tissue engineering
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Abstract - Bone is a tissue that can regenerate and repair itself when minor damage occurs; however, it is insufficient to
repair large defects. Today, various treatments to repair bone defects are limited due to risks such as lack of donors,
genetic differences, infection, and tissue rejection. Although traditional metals are used extensively in bone treatments,
these materials have many disadvantages. In recent years, biodegradable biopolymers such as poly(lactic) acid (PLA),
polyetheretherketone (PEEK), polycaprolactone (PCL), and poly (glycolic acid) PGA have attracted growing interest
due to their properties such as lightweight, high mechanical strength, biocompatibility, and high processability. In recent
years, these polymer materials have been extensively used in the medical field. PLA is known to be preferred in bone
tissue engineering applications as it is a biomaterial that supports cell processes, including migration, proliferation,
distribution, and differentiation. In recent years, alongside traditional methods for producing bone scaffolds, innovative
technological approaches have emerged. Traditional manufacturing methods, however, often lack precise control over
scaffold porosity, prompting a shift towards advanced designs and rapid prototyping techniques. In bone scaffolds
produced with additive manufacturing, it is possible to create 3D porous bone scaffolds with internal connections. In
addition, PLA-based composite scaffolds have been studied to improve the mechanical and biological properties of pure
PLA bone scaffolds, such as osteogenicity, porosity, and mechanical strength. This study presents a review of the PLA-
based composite bone scaffolds in bone tissue engineering applications.

Keywords: Bone Tissue Engineering; Biopolymers; Polylactic Acid; Composite Bone Scaffolds; Additive
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1. Introduction

Bone is a natural, complex, and living connective tissue that provides structural support to the
body, protects internal organs, produces red and white blood cells, stores minerals, and enables
movement [1], [2]. The bone cells, known as osteoblasts, are primarily surrounded by an extracellular
matrix (ECM) composed of an inorganic phase containing hydroxyapatite (HA) and an organic phase
containing typel collagen. The primary role of the ECM is to provide mechanical support,
mineralization, bone formation, bone repair, and homeostasis [1].

While bone tissue is able to regenerate and repair itself when experiencing minor damage, it is not
sufficient in repairing large defects caused by trauma, osteoporosis, cancer, and congenital disorders,
all of which significantly impact the quality of life and often require clinical intervention [1], [3].
Although autograft, allograft, and xenograft procedures are currently used to repair such large-scale
bone defects, there are limitations due to risks such as donor shortage, genetic differences, infection,
and tissue rejection [4].

At this point, regenerative medicine and its subfield, bone tissue engineering, have emerged
to overcome these limitations. Bone tissue engineering, which uses cells and biomaterials to restore
the lost functions of tissues, is based on osteoblasts and structural scaffolds. The use of biopolymer
materials for scaffolds has attracted attention due to their biodegradable nature within the body.
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Ideally, scaffolds produced with natural or synthetic biomaterials that are biocompatible and
biodegradable, and that have appropriate structural and morphological characteristics, become
structures that facilitate cell adhesion, proliferation, and growth [1], [4], [5].

Interest in bone tissue engineering, which aims for new bone formation through the combined use
of biomaterials, cells, and growth factors, has increased over the years, and the development of this
field has required the collaborative efforts of scientists, engineers, and physicians [5], [6].

Considering all these factors, polylactic acid (PLA), a synthetic biopolymer that is
biocompatible, biodegradable, low-cost, and environmentally friendly has attracted the interest of
researchers focusing on producing bone scaffolds. Its easy processability, low cost, and high
mechanical strength make PLA a popular choice in bone tissue engineering applications [7]. This
review article discusses the applications of PLA in bone tissue engineering and studies on composite

bone scaffolds in which PLA is reinforced with other polymers to enhance the properties of bone
scaffolds.

2. Biopolymers

In recent years, due to the environmental and ecological harm caused by petroleum-based
materials, there has been a growing interest in the production of natural-based materials. As a result,
attention has shifted towards polymer materials that could replace petroleum-based ones while also
being environmentally friendly, biodegradable, lightweight, and having high specific strength.
Known as "green polymers," biopolymers derive the prefix "bio" from their renewable or biological
origins, which also confer biodegradable properties [8], [9].

Polymers are formed by the repetition of covalently bonded identical or different types of
monomers and can exhibit both amorphous and crystalline structures. Additionally, monomer chains
may be linearly, branched, or cross-linked. For in vivo applications in bone tissue scaffolds, it is vital
to synthesize temperature-responsive polymers with a glass transition temperature (Tg) that does not
exceed body temperature, as they become fluid above Tg [2].

Materials used in bone treatments are classified into two groups based on their degradation
performance: bioinert and biodegradable. Although bioinert materials are successfully used in
orthopedic implant applications, their persistence in the human body without degradation can lead to
additional surgery in cases of replacement or functional disorder, thus increasing the patient’s burden
of pain and discomfort [10]. For this reason, researchers have focused on the use of biodegradable
materials in bone tissue engineering, which possess properties that meet both the biochemical and
biomechanical needs of bone tissue. Biodegradable bone scaffolds, placed in the damaged bone area,
serve as a support for the attachment and growth of surrounding tissues and cells and biologically
degrade in vivo without requiring surgical intervention once bone repair has occurred. The
biologically degradable scaffold need to help the bone repair and healing process, provide mechanical
support, and break down into non-toxic products that can be absorbed by the body [2].

Biopolymers, which are among biodegradable materials, are used as primary materials in bone
tissue engineering studies and based on their origin are classified into two groups of natural and
synthetic. The use of natural polymers is limited due to their rapid degradation rate, low mechanical
properties, and high physiological activity. However, synthetic polymers possess superior properties
compared to natural polymers, as they offer ease of design and display an appropriate degradation
rate. These superior properties may result from the polymer chains being linked with other chains in
either a linear or cross-linked manner, meaning the material can exhibit an amorphous or crystalline
structure [10].
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2.1 Polylactic Acid (PLA)

PLA, the most widely used biodegradable biopolymer in bone tissue scaffold applications, is an
aliphatic polymer from the saturated Poly-a-hydroxy ester family (Figures 1 and 2). It exists in three
stereoisomer forms: Poly (D-lactic acid) (PDLA), Poly (L-lactic acid) (PLLA), and D, L-PLA
(PDLLA). Derived from renewable sources like corn and sugar, PLA is a polymer that offers ease of
processing, high mechanical strength, biocompatibility, and biodegradability, making it suitable for
3D printing. Table 1 presents the physical and mechanical properties of PLA [6], [10], [11].
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Figure 1. Structural formula of polylactic acid [2].
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Figure 2. Production scheme of Polylactic Acid [6].

First identified in 1780 by Swedish chemist Scheele, PLA was first used in medical applications
in the 1960s to treat fractured jawbones in dogs. In scaffolds produced for bone tissue engineering
applications intended for clinical cases, L-PLA is preferred because it meets most requirements,
including porous architecture, mechanical durability, biodegradability, and resistance to hydrolysis

(2], [10].

Table 1. Physical and mechanical properties of PLA [12].
Ozellikler Birimler PLA
p g/ cm? 1.21-1.25
o MPa 21.0-60.0
E GPa 0,35-3,50
€ % 2,50 -6,00
Tg °C 45 -60
Tm °C 150 - 162

(p - polymer density, o - tensile strength, E - tensile modulus, € - ultimate strain, Tg - glass transition temperature, and
Tm - melting temperature.)
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For biodegradable polymer materials used in bone regeneration applications that are mechanically
comparable to natural bone tissue, controlled and gradual degradation is expected, thereby
eliminating the stress shielding effect and enabling the transfer of load to the bone tissue and soft
tissue [13], [14]. Table2 compares the mechanical properties of PLA used in bone scaffold
applications with those of natural bone tissue and discusses its areas of application.

Table 2. Comparison of the mechanical properties of natural bone tissue with PLA and clinical applications of PLA [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24].

Type of Compressive Tensile Young's Elongati Degradation  Tot Application Areas

Material Strength Strength Modulus on (%) Time (month) ’ower
(MPa) (MPa) (GPa)
th)
Bone

Human 131-224  35-283 1720  1.07- Natural Bone - Autograft and allograft

Cortical 2.10 Regeneration utilized in defect filling,
alveolar ridge
augmentation, and sinus
procedures

Human 5-10 1.5-38 0,05-0,1 0,5-3 Natural Bone 0,5~ Augmentation,

Cancellous Regeneration 1 maintenance of dental

Tissue ridge [25], [26], [27],
(28], [29], [30], [31],
[32], [33], [34]

Biodegradable PLA

PLLA 80-500 45-70 2.7 5-10 >24 3 BMP carrier, scaffolds,
HA composite [35],
[36], [37], [38], [39],
[40]

D,L(PLA) 15-25 90-103 1.9 3-10 12-16 4 fracture stabilization,

and interference screws
[41], [42], [43]

L(PLA) 20-30 100-150 2.7 5-10 >24 3 Fracture stabilization,
interference SCrews,
scaffolds, bone graft
material [36], [44],
[45], [46], [47], [48]

(PLLA: Poly L-lactic acid; PLA: Polylactic acid; BMP: bone morphogenetic proteins; HA: hydroxyapatite.)

3. Bone Scaffold Design and Production Methods

The production technique and design of scaffolds designed for applications in bone tissue
engineering must be developed in accordance with the structure and function of the target tissue. The
scaffold's manufacturing technique, porosity, pore size, shape, osteoinductivity, biodegradability, and
mechanical properties are all factors that affect the cells’ growth and, consequently, tissues [3], [49].

In scaffold production, pore count and pore size are among the most critical considerations. As
porosity increases, cell adhesion, proliferation, and the release of growth agents in scaffolds equipped
with growth factors also increase. However, high porosity might decrease the mechanical strength of
the scaffold, so producing a scaffold with ideal pore size is crucial for effective for bone tissue
engineering applications. Although there are discrepancies in the literature on this topic, it is generally
emphasized that the ideal pore size should be between 100 and 500 um [3].

Bone tissue engineering applications are a multidisciplinary field with three main components:
scaffold, cells, and growth factors, and this process is schematized in Figure 3.
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Bone Scaffold

Growth factors

Figure 3. Bone tissue engineering process [54].

PLA has attracted interest in bone tissue applications as a biopolymer due to its biodegradability
in implanted areas over time and its biocompatibility, both of which are essential for natural tissue
regeneration. PLA’s mechanical strength, comparable to human bone, making it an optimal matrix
for bone tissue scaffolds. However, its low osteoconductivity, poor cellular adhesion on its surface,
and brittleness limit its use. Reinforcing PLA with other polymer materials to create composite
scaffolds and employing different production techniques have provided solutions to these
disadvantages. The benefits of using PLA in bone tissue engineering scaffolds are listed below [1],
[50].

e Although the hydrophobic surface of PLA reduces cell adhesion to some extent, surface
modification can be achieved to make it hydrophilic by adjusting the production technique
and incorporating other biomaterials.

o Enables the production of scaffolds in an interconnected porous form.

e The lactic acid byproduct resulting from PLA degradation is metabolized in vivo without
cytotoxic effects on living tissue.

e PLA-based scaffolds were reported by Zhang et al. [S51] in recent years to prevent insufficient
nutrition and promote vascularization in the ossifying region.

o Despite occasional inadequacies in PLA's mechanical strength, it can be reinforced or coated
with other biomaterials, enhancing its durability.

Today, both traditional and innovative technological approaches are accessible for scaffold
fabrication in bone tissue engineering applications. Traditional methods include phase separation,
solvent casting with particle leaching, gas foaming, solid freeform techniques, freeze-drying, melt
molding, and electrospinning [1], [52]. However, as these traditional production techniques lack
precise control over scaffold porosity, the focus has shifted to new design and rapid prototyping
methods with advancing technology [49].
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Detection of defective bone data

using CT/MRI

Creation of scaffold CAD design

Figure 4. Steps used in additive manufacturing for bone tissue engineering [5].

3D printing technologies, commonly referred to as additive manufacturing technologies, enable
the layer-by-layer construction of materials, offering high efficiency and the capability to fabricate
intricate 3D scaffold structures that are challenging to create utilizing traditional techniques [53].
Additive manufacturing technologies comprise photopolymerization, material extrusion, material
jetting, sheet lamination, binder jetting, powder bed fusion, and directed energy deposition [6]. One
of the significant advantages provided by additive manufacturing since its inception in the 1980s is
the ability to print patient-specific bone scaffolds using a 3D image of the impaired bone area gathered
from computed tomography (CT) or magnetic resonance imaging (MRI) [5], [53]. The necessary
process steps for scaffold production via additive manufacturing technologies are illustrated in Figure
4.

4. Bone Tissue Engineering with PLA and Other Biomaterials

Bone tissue engineering has emerged as a pivotal field aimed at addressing the limitations of
conventional bone repair techniques, leveraging biocompatible and biodegradable materials to
support cellular proliferation and tissue regeneration. Poly (lactic acid) (PLA), a widely studied
aliphatic polyester, stands out for its high biodegradability, favorable mechanical properties, and ease
of fabrication into various scaffold geometries. However, PLA's inherent hydrophobicity, low cell
adhesion, and limited bioactivity present challenges for its standalone application in bone tissue
engineering. To overcome these limitations, researchers have focused on combining PLA with
bioactive materials such as hydroxyapatite (HA), Ti6Al4V (Ti64), pearl powder, collagen, and
polycaprolactone (PCL), creating composite systems tailored for bone regeneration applications.
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The integration of PLA with hydroxyapatite (HA) is particularly promising, as HA is a naturally
occurring mineral found in bone that promotes osteoinduction and enhances biocompatibility. In
PLA/HA composites, PLA provides a mechanically robust scaffold, while HA introduces a bone-
mimicking mineral phase, facilitating the adhesion, proliferation, and differentiation of osteoblasts.
This synergy enhances the overall osteogenic scaffold's potential and accelerates bone tissue
formation. Moreover, by optimizing the distribution and concentration of HA particles, the
mechanical properties of the composites can be fine-tuned to match those of native bone, making
them suitable for load-bearing applications. Studies have demonstrated the ability of PLA/HA
composites to support rapid bone cell adhesion and mineralization both in vitro and in vivo,
reinforcing their clinical relevance [55]

The study by Zarei et al. (2023) was conducted to assess the potential of Ti64 as an alternative
PLA metallic reinforcement. Using FDM-based 3D printing, 3D scaffolds of PLA-Ti64 with various
Ti64 contents (0, 3, 6 and 9 wt%) were created and investigated from mechanical, physical, thermal,
biological aspects [17]. 3D PLA-Ti6Al4V (Ti64) scaffolds with open pores and interconnected
channels were successfully produced using the material extrusion technique. The study found that
incorporating 3-6 wt% Ti64 into PLA significantly enhanced its mechanical properties. Specifically,
the ultimate compressive strength and compressive modulus of PLA-3Ti64 were increased to 49.9
MPa and 1.9 GPa, respectively. This improvement demonstrates the potential of Ti64 as an effective
reinforcement material for PLA, offering a promising approach for developing mechanically robust
scaffolds in applications such as bone tissue engineering. [56].

In a study conducted by Dai et al. (2016), polylactic (PLA) nanofibrous scaffolds produced through
the electrospinning process to enhance the biocompatibility and mineralization potential of PLA and
supplemented with (0, 1, 2, 3 wt%) pearl powder were produced and marked as EPO, EP1, EP2 and
EP3, respectively. Pearl powder was used to promote hydroxyapatite (HA) deposition and cell culture
[18]. According to the result of the study; while the surface of pure PLA was very smooth, it became
rough on PLA/pearl nano. In this case, it was understood that the rough surface was due to the addition
of pearl powder. A small increase in hydrophilicity was obtained in PLA/pearl scaffolds. The
mineralization process caused the deposition of HA particles on the sample surfaces and the
PLA/pearl scaffold was completely covered with HA, while only partially covering the pure PLA
scaffold. In vitro evaluations, including MTT assay and SEM analysis, demonstrated enhanced cell
proliferation and improved adhesion morphology in the PLA/pearl scaffold, indicating that pearl can
improve the poor biocompatibility of PLA. Therefore, a PLA/pearl composite nanostructure would
be superior to a pure PLA scaffold, implying great potential applications in bone tissue engineering
[57].

Similarly, PLA-collagen composites represent another innovative approach to mimic the
extracellular matrix (ECM) of bone tissue. Collagen, a primary structural protein in the ECM, is well-
known for its exceptional biocompatibility, biodegradability, and ability to support cellular
integration and proliferation. The combination of PLA and collagen offers a scaffold that balances
structural integrity with biological functionality. PLA ensures the mechanical stability and controlled
degradation of the scaffold, while collagen promotes cell adhesion and proliferation by providing

bioactive cues. This combination has been successfully employed to fabricate 3D porous scaffolds
that enable cell infiltration and nutrient exchange, making them ideal for bone regeneration.
Furthermore, crosslinking techniques can enhance the stability and durability of PLA-collagen
scaffolds, ensuring their long-term performance in tissue engineering applications [58].

In a study conducted by Nadi et. al. [59], the combination of PLA with polycaprolactone (PCL), a
biodegradable polymer with superior flexibility and elongation properties, has shown significant
potential. PCL complements PLA by reducing its brittleness and enhancing the elasticity of the
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resulting composite, making it particularly suitable for dynamic mechanical environments such as
bone repair sites. PLA/PCL blends exhibit balanced mechanical properties and extended degradation
times, allowing the scaffold to provide long-term support as new bone tissue forms. To further
improve bioactivity, these composites can be functionalized with osteoactive coatings, growth
factors, or nanoparticles to enhance cellular responses and promote bone regeneration. Recent
advancements in 3D printing technologies have enabled the precise fabrication of PLA/PCL scaffolds
with complex architectures, opening new avenues for personalized and patient-specific bone grafts
[59].

In conclusion, the combination of PLA with bioactive materials such as HA, collagen, and PCL
represents a transformative strategy in bone tissue engineering. These composites not only address
the limitations of individual materials but also create multifunctional scaffolds that meet the
mechanical, biological, and degradative requirements for successful bone regeneration. By tailoring
the composition and architecture of these materials, researchers can develop innovative solutions that
align with the complex demands of personalized medicine, ultimately advancing the field of
regenerative medicine and improving patient outcomes.

5. Conclusions And Future Perspective

PLA is a widely used biopolymer in the biomedical field due to its processability, biocompatibility,
and high mechanical properties. However, the characteristics of PLA-based bone scaffolds need
enhancement to address limitations such as PLA’s slow degradation rate, low cell adhesion, and
potential for in vivo inflammation. For this reason, PLA is often reinforced and coated with
bioceramics, metals, and other polymers. Studies have reported the advantages of pure PLA bone
scaffolds, yet further research is necessary to move closer to clinical applications in this field.

Scaffolds with complex properties must be tailored to the mechanical properties of the defective
cancellous or cortical bone section where they will be applied. Therefore, as the mechanical properties
and internal structure of bone scaffolds will be highly diverse and complex, 3D printing technology
is required. Topics and suggestions for material selection and additive manufacturing technology are
listed below:

o By establishing an Al-based material selection system, intelligent choices can be made to select
the appropriate material and design for the target bone region.

e The bone scaffold material used for bone revision should possess antibacterial and anticancer
properties. Otherwise, pathological factors could compromise the effectiveness of the bone
scaffolds.

e The degradation rate of bone scaffolds produced with biodegradable materials must be adjustable.
While biodegradable biopolymers are preferred to avoid long-term adverse effects from implant
materials on the human body, the micro-material behaviors due to early or late degradation of
biodegradable materials should be analyzed and evaluated.

e Composite bone scaffolds combining PLA with other biopolymers should be expanded and their
performance enhanced. The prepared composite bone scaffolds should be evaluated in terms of
biocompatibility, morphological structure, biodegradability, and growth factors that support
osteogenesis.

e Real-time control of bone scaffold production with additive manufacturing technology and
maintain standardization for each production in 3D manufacturing are problems that need to be
addressed.
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