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Poly(lactic-co-glycolic acid) (PLGA) is the most often used synthetic polymer within the field of bone regener-
ation owing to its biocompatibility and biodegradability. As a consequence, a large number of medical devices
comprising PLGA have been approved for clinical use in humans by the American Food and Drug Adminis-
tration. As compared with the homopolymers of lactic acid poly(lactic acid) and poly(glycolic acid), the co-
polymer PLGA is much more versatile with regard to the control over degradation rate. As a material for bone
regeneration, the use of PLGA has been extensively studied for application and is included as either scaffolds,
coatings, fibers, or micro- and nanospheres to meet various clinical requirements.

Introduction

B ONE TISSUE ENGINEERING is an interdisciplinary field that
applies the principles of biology and engineering for the
development of bone substitutes to restore, maintain, or
improve the function of diseased or damaged bone tissues.’
Different approaches have been used in reconstructive sur-
gery to repair bone defects.”® Autografting refers to the use
of autologous bone. Even though autografting is still the gold
standard, significant limitations are associated with auto-
grafting such as the need for an extra surgical operation for
the harvesting procedure, donor site morbidity at the harvest
site, and limited supply of bone.* Besides, allografting in-
volves harvesting and processing bone from a cadaver and
transplantation to the patient. It entails several problems
such as rejection or disease transmission.” As an alternative
to tissue-based strategies to heal diseased or damaged bone
tissue, synthetic bone substitutes can be implanted such as
metals, ceramics and polymers.® Metals are the material of
choice for load-bearing applications due to their favorable
mechanical properties, whereas ceramics exhibit excellent
biocompatibility as a result of their chemical composition
that resembles the mineral phase of bone tissue. However,
both metals and ceramics are generaly poorly degradable.
In contrast, biodegradable polymers have been widely
investigated and applied to fabricate scaffolds for tissue en-
gineering. They can be classified as natural or synthetic de-
pending on their origin. Natural polymers exhibit several
benefits such as degradability and neglectable toxicity.

However, a number of advantages are reported for synthetic
polymers as compared with natural polymers, including
the highly controlled and consistent degradation properties
and excellent reproducibility. Among synthetic polymers,
aliphatic polyesters such as poly(lactic acid) (PLA), poly
(glycolic) acid (PGA), their co-polymer poly(lactic-co-glycolic
acid) (PLGA), and poly(caprolactone) (PCL) have received
considerable interest as materials for tissue engineering, and
several devices comprising PLA, PGA, and PLGA have been
approved for clinical use in humans by the American Food
and Drug Administration.” PGA is a hydrophilic, highly
crystalline polymer with a relatively fast degradation rate.
Although structurally very similar to PGA, PLA exhibits
different chemical, physical, and mechanical properties be-
cause of the presence of a pendant methyl group on the
alpha carbon. Generally, the co-polymer PLGA is preferred
compared with its constituent homopolymers PLA and PGA
for the fabrication of bone substitute constructs, as PLGA
offers superior control compared with degradation proper-
ties by varying the ratio between its monomers." When the
crystalline PGA is co-polymerized with PLA, the degree of
crystallinity is reduced and, as a result, this leads to in-
creased rates of hydration and hydrolysis.

In view of its broad application range and wide variety of
application forms, the current study has reviewed the use of
PLGA as structural component in bone tissue engineering.
Therefore, PLGA-based bone substitutes have been catego-
rized according to its application forms, that is, scaffolds,
coatings, fibers, or spheres.
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Physicochemical Properties of PLGA
Synthesis

PLGA is a biocompatible and biodegradable linear co-
polymer that can be prepared at different ratios between its
constituent monomers lactic and glycolic acid (Fig. 1). PLGA
of low molecular weight (below 10 kDa) can be obtained by a
ring-opening co-polymerization of lactic and glycolic acid.
PLGA of higher molecular weights can be synthesized using
the same process by using catalysts or using cyclic dimers as
a starting material.® Common catalysts used in the prepa-
ration of this co-polymer include tin (II) 2-ethylhexanoate, tin
(IT) alkoxides, or aluminum isopropoxide. Throughout the
polymerization process, successive monomeric units of gly-
colic or lactic acid are linked together by ester linkages, re-
sulting in a linear, amorphous aliphatic random polyester
PLGA.

Ring-opening polymerizations limit the number and types
of sequences that can be prepared. Typically, randomly
distributed atactic or syndiotactic PLGAs are obtained.’ Re-
cently, the researchers Li, Stayshich, and Meyer developed a
new method for the synthesis of repeating sequence PLGA
copolymers with different tacticities.'® Using 1,3 diispro-
pylcarbodiimide and 4-(dimethylamino)pyridinium p-tolue-
nesulfonate mediated condensation reactions, PLGAs with a
high control over sequence and stereochemistry were syn-
thesized. Nuclear magnetic resonance studies have been
performed on the PLGAs, leading to the observation that
the conformations of the polymers are sequence-dependent.
The same researchers also found that the sequence influ-
ences the degradation rate. Sequenced PLGAs proved to
degrade slower than random PLGA analogues prepared by
ring-opening polymerization. Due to the uniformity of the
cleavage sites in the sequenced polymers, a nearly linear
molecular weight loss was obtained. Furthermore, the ther-
mal behaviour during hydrolysis was shown to be constant,
in contrast to the random PLGA analogues. These findings
show the importance of control over sequence in the syn-
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FIG. 1. Chemical structure of Poly(lactic-co-glycolic acid)
(PLGA) and its monomers.
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thesis of PLGAs. Moreover, these results are promising for
drug delivery applications, as this might give rise to stronger
control over drug delivery.'!

Chemistry

The various forms of PLGA are usually identified by the
ratio between the two monomers. The most frequently ap-
plied type of PLGA is 50:50, which relates to a co-polymer
composed of 50% of lactic 50% of glycolic acid.

The properties of PLGA depend to a large extent on the
molar ratio in which lactic acid and glycolic acid are mixed.
Lactic acid is more hydrophobic than glycolic acid and is
usually the most abundantly present monomer in PLGA.
Degradation and drug-release rates are slower for lactic acid-
rich PLGA polymers. An exception is the copolymer with an
equal (50:50) ratio of lactic acid:glycolic acid, which exhibits
the shortest half life and thus the fastest degradation rates.'**
The presence of a pendant methyl group on the alpha car-
bon of PLA causes chirality of this molecule, which makes
that PLGA is available as D, L, and DL isomers. Even though
the role of stereochemistry is crucial for the final properties of
the copolymer, details on the exact stereochemistry of PLGA
are often lacking in many studies. Generally, PLA can be
prepared from two isomers, the optically active L-lactic acid
and the optically inactive racemic mixture p L-lactic acid."
D,L-lactic acid is an amorphous and transparent material
with a random distribution of the p and L units. X-ray dif-
fraction studies revealed that p,L-lactic acid is amorphous,
whereas L-lactic acid is semi-crystalline. This difference is
caused by the irregular distribution of the two stereo-iso-
meric forms of pr-lactic acid.'®!” In contrast to lactic acid,
glycolic acid lacks the methyl side group, making it highly
crystalline, but this crystallinity is lost in PLGA copolymers.
Gilding and Reed discussed that amorphous PLGA copoly-
mers are preferred for applications in drug delivery, as this
provides a more homogeneous dispersion of the active spe-
cies in the polymer matrix. When using r-lactic acid, PLGA
with a glycolic acid percentage of 25%-70% is amorphous.
For the amorphous pL-lactic acid, this ratio extends to 0%-—
70% glycolic acid. Therefore, the use of the DL isomer is
preferred compared with L-lactic acid in the composition of
PLGA.'

The free carboxyl end-groups of PLGA can be used for
chemical modifications to modulate its degradation rate or
drug delivery properties. Among a wide range of PLGA
modifications, covalent bonding between carboxyl end-
group of PLGA with amine groups as present in, for exam-
ple, the amino-bisphosphonate drug alendronate has been
investigated as a local delivery system for treatments of
metastatic bone diseases. As a result, covalent amide bonds
are formed between the PLGA carrier and amine-containing
drugs that allow for a more sustained drug release kinetics.

Degradation

PLGA experiences bulk or heterogeneous erosion in
aqueous environments, that is, degradation is not confined to
the surface of the device. Four consecutive steps can be
discerned during degradation of PLGA'®:

(1) Hydration; water penetrates trough the amorphous
region of the polymer and disrupts the secondary
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forces such as van der Waals forces and hydrogen
bonding, resulting in a decreased glass transition
temperature.

(2) Initial degradation; cleavage of covalent bonds, the
molecular weight of the polymer decreases.

(3) Progressive degradation; due to the hydrolytic reac-
tion, carboxylic end groups autocatalyze the degrada-
tion process, and mass loss begins by massive cleavage
of the backbone covalent bonds, resulting in loss of
integrity.

(4) Solubilization; the fragments of the polymer are fur-
ther cleaved to molecules that are soluble in the
aqueous environment. After PLGA degradation, lactic
and glycolic acid are formed as end products. Both
acids are innocuous, as they are incorporated into the
Krebs cycle and excreted in the form of carbon dioxide
and water."

Many factors can affect PLGA degradation, such as (i)
molecular weight, (ii) co-polymer composition, (iii) stereo-
chemistry, (iv) end-group functionalization, (v) chemical
derivatization, (vi) geometry of the material, and (vii) char-
acteristics of the surrounding medium.*’

PLGA chain length is a very important parameter to be
considered when selecting the adequate polymer properties for
specific applications, as the physical strength and degradation
speed of PLGA depend to a large extent on its molecular
weight. By increasing the molecular weight of conventional
PLGAs from 10-20 to 100kDa, degradation rates were re-
ported to range from several weeks to several months.**'

The co-polymer composition (more specifically the ratio
between lactic and glycolic acid) is also an important pa-
rameter that is used for controlling PLGA degradation.
Lactic acid is more hydrophobic than glycolic acid, which
makes that lactide-rich PLGA co-polymers are less hydro-
philic, absorb less water, and, subsequently, degrade slower.

Moreover, stereochemistry plays a major role in PLGA
degradation. Mixtures of b and L lactic acid monomers are
most commonly used for PLGA fabrication, as the rate of
water penetration is higher in amorphous p,L regions, lead-
ing to accelerated PLGA degradation.**

In addition to molecular weight and co-polymer compo-
sition, PLGA can undergo several end-terminal modifications
(such ester end-capping of its free carboxylic acid end-group)
that affect the final physicochemical characteristics consider-
ably. A delay in degradation time of 4 to 6 weeks has been
found in vivo for an ester end-capped PLGA in comparison
with a more hydrophilic acid-terminated PLGA of a similar
molecular weight and co-polymer composition.**

Additional derivatization strategies have been developed
to increase the hydrophilicity of PLGA by the introduction of
hydrophilic moieties such as hydroxyl groups. These hy-
droxyl functionalized polymers exhibit a stronger water ab-
sorption capacity than their nonfunctionalized counterparts,
with, expectedly, increased degradation rates as a result.”***
Moreover, an increased compatibility to therapeutic proteins
was reported for these hydrophilic forms of PLGA, as the
acidification that accompanies conventional PLGA degra-
dation is less pronounced for hydrophilic PLGAs. Until now,
several functionalized polyesters have been reported con-
taining additional hydroxyl, amino, and carboxylic acid

groups.”
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Finally, physical parameters such as the geometry of the
PLGA device strongly affect PLGA degradation behavior
depending on the accessibility of water. In addition, the
characteristics of the surrounding media affect the degrada-
tion process, that is, an acidic environment will accelerate
PLGA degradation due to autocatalysis.”® Differences be-
tween the morphological characteristics of medical devices
comprising PLGA such as particle size or scaffold porosity
were shown to influence the process of autocatalysis of the
PLGA.” Generally, the effect of acidic degradation by-
products on autocatalysis become more pronounced with
decreasing area of diffusion of these products.”® With regard
to tissue engineering, porosity of scaffolds greatly deter-
mines this diffusion area. For instance, porosity is known to
control the flow rate of nutrients and metabolic products
throughout the scaffolds, thereby facilitating the process of
local vascularization, which is indispensable for tissue
growth. Porosity, in turn, strongly affects the mechanical
strength of scaffolds, which by itself is also influenced by the
addition of surfactants such as Tween 20, polyethylene gly-
col, polyvinyl alcohol, or glycerol, thereby facilitating ab-
sorption of water within the PLGA matrix and increasing the
degradation rate.®” This complex interlay between autoca-
talysis, morphology (e.g., porosity or particle size) and cor-
responding mechanical strength, plasticisation, and
physicochemical properties of PLGA finally determine the
ultimate performance of biomedical devices containing
PLGA. Therefore, extensive research efforts continuously
focus on identifying the optimal balance between the factors
mentioned earlier. Nevertheless, this optimization process is
complicated even further, as the variation in experimental
conditions in terms of, for example, chemical characteristics
(i.e., types of PLGA), and comparisons between these con-
ditions can often hardly be made. Moreover, PLGA is most
often used in combination other ceramic or polymeric ma-
terials that interact with PLGA, thereby enhancing the dif-
ficulty to draw unambiguous conclusions on the specific
effects of physicochemical characteristics of PLGA on ulti-
mate performance in bone regeneration. In this regard, it is
important to notice that relevant information on, for exam-
ple, polymer molecular weight,**° stereochemistry,*>* or
end-group functionalization,>*>® are often missing, which
complicates scientific progress even further.

Application Forms of PLGA

To meet various clinical requirements, PLGA has been
used in a wide variety of application forms such as scaffolds,
coatings, fibers, or micro- and nanospheres. These applica-
tion forms will be discussed in the next few sections.

Scaffolds consisting of pure PLGA

A scaffold is a support structure for cell growth that is
composed of biocompatible materials. Porous PLGA-based
scaffolds have been widely investigated in the field of bone
tissue engineering.”* PLGA scaffolds can be processed into
3D porous structures (see Fig. 2) that can be designed to fit
bone defects. Several processing techniques for fabrication of
porous PLGA scaffolds have been developed over the past
three decades.”® The most commonly used techniques to
prepare PLGA scaffolds are solvent-casting particulate
leaching,***® phase inversion particulate leaching,®" fiber
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FIG. 2.
porous PLGA scaffold (Osteofoam ) obtained by phase
inversion/particulate leaching. Reprinted from Ref. 19 with
permission. Copyright 2012, John Wiley and Sons.

Scanning electron microscope (SEM) picture of a

62-64 65-68 69,70

bonding, gas foaming, emulsion freeze drying,
and rapid prototyping.”! For applications in bone tissue
engineering, PLGA scaffolds should promote cell adhesion
and stimulate bone tissue ingrowth. However, despite be-
ing biocompatible, clinical application of pure PLGA scaf-
folds for bone regeneration is hampered by poor
osteoconductivity and inflammatory responses that origi-
nate from the production of acidic by-products on PLGA
degradati()r1.72’73 Moreover, PLGA exhibits suboptimal
mechanical properties for use as load-bearing applications.
Besides pure PLGA-based scaffolds, PLGA is often used in
combination with other materials such as polymers (section
PLGA-polymer scaffolds) or ceramics (section PLGA-
ceramic scaffolds) in an attempt to render PLGA scaffolds
biocompatible or to modify poly(p,L-lactic-co-glycolic acid)
degradation rates.”*

PLGA-polymer scaffolds. PLGA scaffolds have been
developed that also contain natural or synthetic polymers to
overcome the limited osteoconductivity of pure PLGA scaf-
folds. Natural polymers contain motifs such as RGD (Argi-
nine-Glycine-Aspartic acid) peptide sequences, which can
modulate cell adhesion improving the cellular behavior
compared with other polymers that lack these cell-recogni-
tion sites. PLGA has been used in combination with several
natural polymers such as collagen, chitosan, or gelatin. Col-
lagen is an attractive natural polymer for tissue regeneration
due to its excellent biocompatibility, biodegradability, and

383

negligible immunogenicity.”>”® Tt represents about 90% of
the proteins in the bone extracellular matrix and has been
widely investigated within the field of bone tissue engi-
neering. Since PLGA does not promote cell adhesion and
proliferation due to its hydrophobic nature,”” the combina-
tion of PLGA with collagen was shown to improve the bone
tissue response while maintaining the desired shape in vivo
due to the mechanical strength of PLGA.”® Chitosan, a co-
polymer of glucosamine and N-acetylglucosamine, is fre-
quently used in bone tissue engineering.”” Due to its positive
charge, chitosan can be used for binding and subsequent
delivery of (preferably negatively charged) growth factors.
The addition of chitosan to poly(p,L-lactic-co-glycolic acid)
scaffolds was reported to enhance osteoblast differentia-
tion.** In addition, PLGA can be used in combination with
gelatin, which is produced by partial hydrolysis of collagen.
Gelatin is widely employed in bone tissue engineering due to
its beneficial biocompatibility, controllable degradation, and
strong potential for functionalization.**®'

The combination of synthetic polymers such as PCL with
PLGA has also been reported for bone tissue engineering
purposes in order to fabricate scaffolds with an optimal
balance between porosity and mechanical strength. To this
end, PLGA can be used to create a porous scaffold, while
PCL is used as reinforcing material to enhance the me-
chanical strength of the scaffold. For instance, PLGA tu-
bular scaffolds with a PCL nanofiber spiral structured inner
core were developed that displayed improved mechanical
properties.>® Pure PCL, however, does not improve the
biocompatibility when compared with pure poly(p,L-lactic-
co-glycolic acid), and, therefore, its combined application is
limited apart from its use when a delayed degradation of
the implant material is desired.®

PLGA-ceramic scaffolds. Bioceramic/polymer compos-
ites are being increasingly used in the bone regeneration
field, because the complementary properties of PLGA and
ceramics offer new possibilities in terms of biocompatibility
and mechanical strength. Both calcium phosphate ceramics
and bioactive glasses have been applied in combination with
PLGA scaffolds. Ceramics or glasses can be used in combi-
nation with PLGA as a (i) reinforcing material to improve the
mechanical strength of the scaffold or as a (ii) coating to
improve the bone tissue response toward PLGA and to
stimulate bone apposition onto the scaffold.

To improve the mechanical strength of PLGA, calcium
phosphates in the form of hydroxyapatite (HA) needles or
nanoparticles have been used as reinforcing material for
poly(p,L-lactic-co-glycolic acid) matrices to improve the os-
teoconductive properties of the resulting composite.>>** As
ceramic coating, apatite has been applied onto PLGA scaf-
folds, enhancing their osteoconductive properties using wet-
chemical deposition techniques.®” Several studies describe
the use of biomimetic processes to produce apatite-coated
PLGA constructs for bone tissue engineering by incubation
of polymeric scaffolds in simulated body fluid (SBF) to ob-
tain a mineralized scaffold.**>*%® The resulting coatings
were shown to enhance the osteoconductive properties of
PLGA. However, this procedure has drawbacks related to
the immersion of the PLGA scaffold in SBF, as the scaffold
can undergo hydrolytic degradation on soaking in aqueous
solutions. In addition, coating thicknesses can differ in the
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FIG. 3. SEM image of a ceramic scaffold covered by a
PLGA coating. Adapted from Ref. 66 with permission.
Copyright 2012, Elsevier.

inner and outer parts of the scaffold due to limited fluid flow
within the porous scaffold. Therefore, uniformly coated po-
rous PLGA scaffolds have been produced by using a system
that is designed to induce SBF flow throughout the pores of
the scaffold.¥” In parallel, PLGA scaffolds with apatite-coated
pores have been developed with an alternative method to

FIG. 4. Scanning electron microscopy
images of electrospun scaffolds: Pure
PLGA (a, b) and PLGA containing
60% of amorphous tricalcium
phosphate (c, d). Reprinted from Ref.
75 with permission. Copyright 2012,
John Wiley and Sons.
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avoid immersion in SBF. This method involves inclusion of
apatite-coated paraffin spheres into the PLGA followed by
dissolution of the paraffin spheres.35

The basic components of bioactive glass are SiO,, NayO,
CaO, and P,Os. After implantation, the outer surface of
bioactive glass forms an amorphous layer of calcium phos-
phate that binds to proteins, collagen, fibrin, and growth
factors. Bioactive glass has been used in combination with
PLGA as films, microspheres, or fibers, creating constructs
that provide a good attachment and growth of osteopro-
genitor cells.** ' Moreover, bioactive glass microspheres
have also been included in PLGA matrices for delivery of
antibiotics.”*

Coatings

A coating can be defined as a layer of a substance spread
over a surface. In the field of bone tissue engineering, coat-
ings are applied to improve the interaction between cells and
the surface of biomaterials. PLGA coatings have been ap-
plied onto ceramics, metals, natural polymers, and bone al-
lografts.

Despite the fact that bioceramics have a similar composi-
tion to natural bone, PLGA has been studied within the field
of bone tissue regeneration as a coating material to improve
the surface properties of several bioceramic materials. A dual
porous HA /tricalcium phosphate (TCP) construct has been
coated with PLGA to overcome the drawbacks of the bi-
phasic ceramics and the polymer, that is, the low compres-
sive strength of PLGA and the brittleness of HA/TCP
ceramics (Fig. 3). These PLGA-coated HA/TCP scaffolds
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FIG. 5. Representative SEM image of PLGA microspheres
fabricated by the laser ablation technique. Adapted from Ref.
85 with permission. Copyright 2012, Elsevier.

exhibited a higher compressive strength and compressive
modulus than did bare HA/TCP scaffolds™

Patterned PLGA coatings have been developed to modify
the surface morphology of titanium composites to improve
cell-material interactions, thereby increasing osteoblast pro-
liferation and adhesion.?”*®

The addition of a PLGA coating to a chitosan scaffold
resulted in a more controlled degradation process. Still, a
decreased osteoblast proliferation was observed in vitro
when compared with apatite-coated chitosan. Nevertheless,
PLGA-coated chitosan scaffolds were shown to enhance
bone formation in comparison to plain chitosan scaffolds
after implantation in a rat calvarial defect.***

PLGA coatings have been applied even into cortical bone
allografts in an attempt to maintain bone structural archi-
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tecture immediately after implantation. Despite the biocom-
patibility of bone allografts, an improved subsequent host
bone response was reported.*!

Fibers

Though less popular than PLGA scaffolds, electrospun
PLGA fibers are increasingly studied for bone tissue engi-
neering purposes. Polymer fibers are used for several ap-
plications in bone tissue engineering. Commonly, they are
either used for scaffold fabrication by the fiber bonding
technique or as the dispersed phase when combined with
other materials.

Electrospinning is a widely used method to prepare
polymer fibers. It uses an electrical charge to draw very fine
fibers (typically at micro- or nanoscale) from a polymer so-
lution. Electrospinning shares characteristics of both elec-
trospraying and conventional solution dry spinning of fibers.
During this process, high temperatures are not needed to
fabricate solid threads from precursor solutions. This pro-
cedure is particularly suitable for the production of fibers
using large and complex molecules such as enzymes. De-
pending on the composition of the initial PLGA solution,
micro- or nanofibers can be obtained by electrospinning.
Fibers exhibit a very high surface-to-volume ratio and a
relatively smooth structure at the molecular level. Similar to
other types of PLGA structures, fibers exhibit a controllable
degradability, biocompatibility, and favorable mechanical
strength.

PLGA fibers have been employed for the fabrication of
composites with bioceramics in order to reinforce calcium
phosphate cements.*? Promising results were shown for
electrospun PLGA fibers when used in combination with
calcium phosphate nanoparticles for enhanced bone tissue
formation**™ and hydroxyapatite nanoparticles to improve
the mechanical properties*** (Fig. 4).

Similar to PLGA scaffolds, PLGA electrospun fibers can
also be used in bone tissue engineering in blends with nat-
ural polymers such as elastin, gelatin, and collagen,**™° as
well as in combination with synthetic materials such as poly

FIG. 6. Representative histological sections of calcium phosphate cement containing (A) acid-terminated or (B) end-capped
PLGA microspheres after 12 weeks of implantation in a rabbit femoral condyle defect. Accelerated material degradation and
bone tissue ingrowth can be observed when acid-terminated PLGA microspheres are used. Adapted from Ref. 105 with
permission. Copyright 2012, Elsevier. Color images available online at www liebertpub.com/teb
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(3-hydroxybutyrate-co-3-hydroxyvalerate)’' or diamond na-
noparticles™ to form composite fibers of improved func-
tionality.

PLGA spheres

PLGA spheres can be classified into nanospheres or mi-
crospheres depending on their diameter. Several methods
such as water/oil/water emulsion, oil/water emulsion, co-
acervation, or spray drying are used to fabricate PLGA mi-
crospheres. During fabrication, the sphere size can be
optimized by varying parameters such as solvent type, sur-
factant, viscosity emulsification speeds, emulsification time,
polymer concentration, and/or by sieving. Novel ap-
proaches have been developed over the past decades to
achieve PLGA spheres with a more narrow size distribution
and consequently controlled porosity (when used as poro-
gen) or geometry of scaffolds fabricated by microsphere fu-
sion. Berkland et al. fabricated PLGA spheres with controlled
particle size by spraying the polymer solution through a
nozzle with acoustic excitation to produce droplets and an
annular, nonsolvent carrier stream to allow further control of
the particle size.”® Microspheres with controlled diameters
from 5 to 500 pm were produced by this method. PLGA
spheres smaller than 10 pm were produced by laser ablation
(Fig. 5) in which an ultra-short pulse of a laser beam strikes
periodically into a liquid jet to create highly monodisperse
microspheres.”* Porous membranes are also employed for
controlled fabrication of monodisperse PLGA spheres rang-
ing in diameter from 1 to 100 pm. Using this method, the
polymer solution is permeated through the uniform pores of
a membrane into an aqueous solution containing an emul-
sifier, allowing excellent control over particle diameter and
polydispersity.”>”®

PLGA microspheres are used as the main component of
sphere-based scaffolds, as porogens for scaffolds, or as a
drug delivery vehicle. Both PLGA fibers and PLGA
spheres can be sintered by melting the PLGA at temper-
atures between 170°C and 230°C depending on their initial
chemical composition to create scaffolds for bone regen-
eration.”””® These sphere-based scaffolds can be coated or
reinforced with calcium phosphate to enhance the osteo-
conductive properties of the construct.”*'°! Moreover,
PLGA spheres have been combined with apatitic nano-
par’ciclesmz’85 to reduce fibrous encapsulation of PLGA,
promoting new bone ingrowth while enhancing direct
bone contact.'*>" 11!

Porosity can be created in tissue-engineered scaffolds by
the incorporation of PLGA spheres, as a porous scaffold is
gradually formed on degradation of PLGA spheres. De-
gradation of injectable calcium phosphate cements has been
accelerated considerably by the incorporation of PLGA mi-
crospheres into the injectable paste. After PLGA degradation,
a porous calcium phosphate cement scaffold was formed,
which undergoes accelerated degradation due to acid pro-
duction by PLGA porogens, thereby allowing for enhanced
bone tissue formation within the scaffold'!>114 (Fig. 6).

Finally, oppositely charged PLGA nanospheres can be
employed for the fabrication of cohesive colloidal gels, which
can be applied as injectable drug-loaded filler to promote
healing in bone defects."'® To this end, PLGA nanoparticles
were derivatized to increase their electrical charge, and col-
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loidal gels were formed by mixing different ratios of posi-
tively and negatively charged PLGA particles.

Conclusions

The potential of PLGA for bone tissue engineering has
been explored for several decades due to its biological safety
and tunable degradation properties. The current study has
reviewed the use of PLGA for bone regeneration by cate-
gorizing PLGA according to its application form, that is,
scaffolds, coatings, fibers, or microspheres.
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