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Abstract: Poly(lactic-co-glycolic) acid (PLGA) has attracted considerable interest as a
base material for biomedical applications due to its: (i) biocompatibility; (ii) tailored
biodegradation rate (depending on the molecular weight and copolymer ratio);
(1i1) approval for clinical use in humans by the U.S. Food and Drug Administration (FDA);
(iv) potential to modify surface properties to provide better interaction with biological
materials; and (v) suitability for export to countries and cultures where implantation of
animal-derived products is unpopular. This paper critically reviews the scientific challenge of
manufacturing PLGA-based materials with suitable properties and shapes for specific
biomedical applications, with special emphasis on bone tissue engineering. The analysis of
the state of the art in the field reveals the presence of current innovative techniques for
scaffolds and material manufacturing that are currently opening the way to prepare
biomimetic PLGA substrates able to modulate cell interaction for improved substitution,
restoration, or enhancement of bone tissue function.
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1. Introduction

Bone tissue engineering is a research field with many clinical applications, such as bone
replacement in the case of orthopaedic defects, bone neoplasia and tumours, pseudoarthrosis treatment,
stabilization of spinal segments, as well as in maxillofacial, craniofacial, orthopaedic, reconstructive,
trauma, and neck and head surgery [1-4]. For healing diseased or damaged bone tissue, the strategy of
designing synthetic bone substitutes, called scaffolds, is a promising alternative to the use of allografts,
autografts, and xenografts [5]. Scaffolds for bone repair should be based on biomaterials with
adequate properties, such as biocompatibility, bioactivity, osteoconduction, osteoinduction, and
biodegradation [5,6]. Among the materials, metals are suitable for load-bearing applications due to
their favourable 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 generally poorly degradable [7]. In contrast, biodegradable polymers present
appropriate characteristics, in terms of physico-chemical and biological properties, suitable to
fabricate scaffolds for tissue engineering (TE) [8]. They can be classified as natural or synthetic.
Natural polymers, such as proteins and polysaccharides, exhibit several benefits, such as degradability
and negligible 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 reproducible mechanical and physical properties such as tensile strength, elastic modulus
and degradation rate [9]. Possible risks, such as toxicity, immunogenicity and favouring of infections,
are lower for pure synthetic polymers with constituent monomeric units having a well-known and
simple structure [10].

The most commonly used biodegradable synthetic polymers for three-dimensional (3D) scaffolds
in tissue engineering are saturated poly(a-hydroxy esters), including poly(lactic acid) (PLA) and
poly(glycolic acid) (PGA), as well as poly(lactic-co-glycolide) (PLGA) copolymers [11,12]. The
chemical properties of these polymers allow hydrolytic degradation through de-esterification. Once
degraded, the monomeric components of each polymer are removed by natural pathways. PGA is
converted to metabolites or eliminated by other mechanisms, and PLA can be cleared through the
tricarboxylic acid cycle. Due to these properties PLA and PGA have been used in biomedical products
and devices, such as degradable sutures which have been approved by the US Food and Drug
Administration as reported in Table 1 [13]. PGA is a hydrophilic and highly crystalline polymer
with a relatively fast degradation rate. Although structurally very similar to PGA, PLA exhibits
different chemical, physical, and mechanical properties because of the presence of a pendant
methyl group on the alpha carbon. Generally, the co-polymer PLGA is preferred compared with its
constituent homopolymers for the fabrication of bone substitute constructs, as PLGA offers superior
control compared with degradation properties by varying the ratio between its monomers. PLGA,
for instance, has a wide range of degradation rates, governed by the composition of chains, both
hydrophobic/hydrophilic balance and crystallinity (Table 1) [14]. However, despite being biocompatible,
clinical application of pure PLGA for bone regeneration is hampered by poor osteoconductivity and
exhibits suboptimal mechanical properties for use as load-bearing applications. Therefore, PLGA 1is
often used in combination with other materials, such as ceramics, bioactive glass, or it is opportunely
modified in order to render PLGA more biomimetic and able to enhance bone regeneration [15].
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In this review, the different applications of constructs based on PLGA for bone regeneration will
be described, allowing a selection of the most promising solutions, as a base for future research in
the bone tissue engineering field. Therefore, PLGA-based bone substitutes have been categorized
according to its application forms: scaffolds, fibres, hydrogels or injectable microspheres. However,
due to the wide variety of forms, the review will describe only composite constructs, based on PLGA
and hydroxyapatite (HA), an inorganic filler largely used in bone tissue engineering due to its
non-toxicity, bioactivity and osteoconductivity, and similarity to natural bone minerals [16]. Finally,
the current trends in the development of functionalized PLGA constructs will be also reviewed,

implying the use of conventional and innovative technique of functionalization.
2. Chemistry
2.1. Synthesis

PLGA is a linear copolymer that can be prepared at different ratios between its constituent
monomers, lactic (LA) and glycolic acid (GA) (Figure 1).

Figure 1. Chemical structure of poly(lactic-co-glycolic acid) and its monomers.
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Depending on the ratio of lactide to glycolide used for the polymerization, different forms of
PLGA can be obtained: these are usually identified in regard to the monomers’ ratio used (i.e., PLGA
75:25 identifies a copolymer consisted of 75% lactic acid and 25% glycolic acid). Different
synthesis mechanisms are used to obtain PLGA and the process parameters influence strongly the
physico-chemical characteristics of the end product. Among them, the solution poly-condensation of
LA and GA at temperatures above 120 °C under water-removal conditions allows the synthesis of
PLGA with low molecular weight (Mw < 10 kDa) [17,18]. Ajioka et al. [19,20] reported a simple
one-step method, a direct polycondensation from LA and GA, carried out in the azeotropical solvent
diphenyl ether, characterized by a high boiling point. However, this solvent introduces higher levels of
complexity of both process control and purification of the end product, and thus the resultant polymers
are very expensive to produce. In 2001, Moon and Takahashi developed a new melt and melt/solid
polycondensation process, without any azeotropical solvents, to overcome these drawbacks [21,22].
Moreover, high molecular weight PLGA could be obtained by ring opening polymerization, of
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lactide with glycolide using metal catalysts at high temperatures (130-220 °C), including tin (II)
2-ethylhexanoate, tin (II) alkoxides, or aluminum isopropoxide. Among these catalysts, the stannous
octoate (SnOct2) is a highly efficient commercial catalyst and a food additive permitted in numerous
countries [23,24]. An additional mechanism is represented by the enzymatic polymerization that
appears as an alternative technique to obtaining aliphatic polyesters uncontaminated with possible
toxic metallic residues, that is an essential prerogative for a synthesized material for biomedical
applications. This mechanism of enzymatic ring-opening (i.e., by lipase) occurs under mild reaction
conditions (temperature, pH and pressure), but it needs a long reaction time, producing PLGA with a
low molecular weight [25]. Usually, by the cited ring-opening polymerization technique, randomly
distributed atactic or syndiotactic PLGA is obtained as reported in detail by Dechy-Cabaret [26],
depending both on the monomer involved and on the course of the polymerization reaction.
As known from literature, the PLGA sequence influences dramatically the degradation rate,
because random PLGA degrades quicker than analog-sequenced PLGAs, prepared by ring-opening
polymerization. Recently, a new method to obtain repeating-sequence PLGA copolymers with
different tacticities has been proposed by Li et al. [27], using 1,3 diispropylcarbodiimide (DIC) and
4-(dimethylamino)pyridinium p-toluenesulfonate (DPTS) as catalysts. In this work, PLGAs with a
high control over sequence and stereochemistry were produced, allowing for the tailoring and decrease
of the hydrolysis rate. These results may be considered promising for the use of sequenced PLGA in
biomedical applications, i.e., in drug delivery applications, where the drug/biomolecule kinetic release
is dramatically influenced by the polymeric degradation rate.

2.2. Physico-Chemical Properties

Unlike pure polylactic and polyglycolic acid show poor solubilities, PLGA can be dissolved by a
wide range of common solvents, including chlorinated solvents, tetrahydrofuran, acetone or ethyl
acetate [28] and it can be processed into any shape and size, and can encapsulate biomolecules of any
size. Physical properties of PLGA have been shown to depend on different factors, including the initial
molecular weight of the monomers, the LA:GA ratio, the exposure time to water and the storage
temperature [29]. Table 1 show the physico-chemical properties and the field of application of
different PLGA materials characterized by different LA:GA ratio.

As two enantiomeric isomers of lactide exist (e.g., D and L, according to the position of pendant
methyl group on the alpha carbon of PLA), PLGA is available as D-, L-, and D,L-isomers. Although
GA glycolic acid lacks the methyl side group (in contrast to LA), making it highly crystalline, PLGA
copolymers are amorphous.

PLGA degrades by hydrolysis of its ester linkages, through bulk or heterogeneous erosion, in
aqueous environments. In details, four steps can be described during its degradation: (i) hydration:
water penetrates into the amorphous region and disrupts the van der Waals forces and hydrogen bonds,
causing a decrease in the glass transition temperature (Tg); (ii) initial degradation: cleavage of covalent
bonds, with a decrease in the molecular weight; (iii) constant degradation: carboxylic end groups
autocatalyze the degradation process, and mass loss begins by massive cleavage of the backbone
covalent bonds, resulting in loss of integrity; (iv) solubilization: the fragments are further cleaved to
molecules that are soluble in the aqueous environment [30].
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Table 1. Properties and fabrication of biodegradable polymer materials.
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After the degradation, LA and GA are formed as by-products. The degradation rates can be
influenced by different parameters: (i) the molecular weight: increasing the molecular weight of
conventional PLGAs from 10-20 to 100 kDa, degradation rates were reported to range from several
weeks to several months; (i1) the ratio of GA to LA: PLGA with a higher content of LA are less
hydrophilic, absorb less water and subsequently degrade more slowly, as a consequence of the
presence of methyl side groups in PLA making it more hydrophobic than PGA. An exception to this
rule is the copolymer 50:50 which exhibits the faster degradation; (iii) stereochemistry: mixtures of
D and L lactic acid monomers are most commonly used for PLGA fabrication, as the rate of water
penetration is higher in amorphous D,L regions, leading to accelerated PLGA degradation; and
(iv) end-group functionalization: polymers that are end-capped with esters (as opposed to the free
carboxylic acid) demonstrate longer degradation half-lives [41,42]. Moreover, the shape of the device
strongly affects PLGA degradation behaviour depending on the accessibility of water. In addition,
acidic surrounding media accelerate PLGA degradation due to autocatalysis [43].

Finally, the Tg of the PLGA is reported to be above 37 °C and, hence, PLGA has a glassy
behaviour in nature, showing fairly rigid chain structure. Furthermore, it has been described that
Tg decreases with a decrease of LA content in the copolymer and with a decrease in the
molecular weight [44].

3. Applications in Bone Tissue Engineering

For biomedical applications, PLGA has been used in a wide variety of forms, such as films, porous
scaffolds, hydrogels, or microspheres that will be described in detail in the following paragraphs.

3.1. Porous PLGA-HA Scaffolds

Several techniques have been used to produce 3D porous scaffolds in the past decades, such as
porogen leaching [45], gas foaming [46], phase separation [47], and solid freeform fabrication
technologies [48]. Among these procedures, the porogen leaching has been taken by many groups,
having the advantages of easy operation and providing an effective control of pore size and porosity,
simply by varying the size and the amount of the porogens. Several papers in the literature concern the
preparation of composite scaffolds, by particulate leaching, consisting of PLGA and bioceramic
particles [49,50]. However, different disadvantages were reported: (i) the solvent removal by
evaporation may be incomplete; (ii) it is more suited to producing thin scaffolds (up to 2 mm in
thickness); and (iii) lack of interconnectivity and open-pore structure in scaffolds requiring a low
porosity [S51]. Kim et al. [52] described a novel method for fabricating a polymeric/nano-HA
composite scaffold by gas forming and particulate leaching (GF/PL) without the use of organic
solvents. The GF/PL method exposed HA nanoparticles at the scaffold surface significantly more than
the conventional solvent casting/particulate leaching (SC/PL) method does. The GF/PL scaffolds
showed highly porous structures, exhibited enhanced mechanical properties and significantly higher
cell growth, alkaline phosphatase activity, and mineralization scaffolds in vitro compared to scaffolds
fabricated by the SC/PL method. Moreover, different strategies were developed to allow the
fabrication of 3D scaffold with a more complicated shape, combining the porogen leaching and the
moulding technique together, avoiding high temperature of process, in order to reduce the degradation
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of PLGA during the processing. Cui et al. [53] reported a combination of the porogen leaching and
melt-moulding, obtaining simultaneously an internal interconnected pore structure and an external
complicated anatomical shape of the porous scaffolds. In their work, a PLGA, sodium chloride (NaCl)
particle solutions, containing different amounts of HA, were first prepared by the conventional solvent
casting, and then compressively moulded in a specially designed flexible-rigid combined mould, able
to produce complicated scaffolds in shape. The composite solutions were then moulded under 10 MPa
pressure at 150 °C (above the glass transition temperature but below the flow temperature of PLGA)
for 5 min, and cooled to room temperature. Despite particulate leaching having been used in
combination with other techniques, the lack of interconnectivity remained the major limitation [41].

Thermally induced phase separation (TIPS), based on changes in thermal energy to induce the
de-mixing of a homogeneous polymer solution into a two or multi-phase system domain, has gained
significant attention from a scientific and practical point of view. Currently, the TIPS technique is
applied in the fabrication of microporous membranes or microcellular foams from medicine to the
chemical industry, scaffolds for tissue engineering, and as a drug carrier for controlled release [54,55].
In 2011, Ebrahimian-Hosseinabadi prepared a biomimetic scaffold by TIPS at 60 °C, based on PLGA
and a nano-biphasic component (nBCP), consisting of HA and -tricalcium phosphate powders as
reinforcement material. The authors described in detail the observed mechanical properties, showing
that the composite with 20%-30% (w/w) of nBCP showed the highest and optimum value of yield
strength and Young’s modulus among the scaffolds. Furthermore, it was observed that the
agglomeration of reinforcing particles at higher percentages caused a reduction in mechanical
properties [56]. Recent studies involved the solid freeform fabrication (SFF) technology to fabricate
3D scaffolds with a controlled internal/external micro-architecture, good accuracy, intricate internal
pores, and complex geometries [57,58]. Among these techniques, evaluating the different process
parameters and the physical properties of PLGA, the selective laser sintering (SLS) was found to be
advantageous for TE scaffold fabrication, due to its ability to process a wide range of biocompatible
and biodegradable materials [59]. In 2013, Shaui reported the preparation of PLGA/nano-HA
composite porous scaffolds, with well-controlled pore architectures as well as high exposure of the
bioactive ceramics to the scaffold surface, via selective laser sintering (Figure 2) [60]. The effect of
nano-HA content on the microstructure and mechanical properties was investigated. The results
showed that the compressive strength and modulus of the scaffolds were highly enhanced when
the nano-HA content reached from 0 to 20% (w/w), while the mechanical properties decreased
dramatically with an increased nano-HA amount [60].
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Figure 2. Porous scaffolds: (a,b) neat PLGA scaffold (top view and front view);
(c,d) PLGA/nano-HA scaffold (top view and front view) [60].
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3.2. Fibrous Scaffolds

The combination of enhanced mechanical properties, biocompatibility, and fibrous formability of
the scaffolds is believed to have great potential for bone tissue regeneration. Different fibre-forming
techniques were proposed in literature to fabricate micro- and nano-fibrous composite scaffolds [61].
The wet-spinning method was used by Morgan to obtain hollow fibres, as a scaffold, used in
combination with human bone marrow stromal cells (HBMSCs) to initiate natural bone repair
and regeneration [62]. The authors prepared a 20% (w/w) solution of PLGA (75:25) in
I-methyl-2-pyrrolidinone at 20 °C. Then, the polymer solution was passed through a spinneret (needle
0.3 mm outer diameter) and precipitated into a water coagulation bath, forming fibres with a diameter
of the outer and inner walls around 770 and 500 um, respectively. However, nanofibrous structures are
more similar to that of the natural bone extracellular matrix (ECM), and may bring additional stimuli
to the cultured cells. Electrospinning process represents a simple and versatile technology for
producing ultrathin non-woven fibres with a diameter ranging from few nanometers to microns [63].
The electrospun nanofibres possess a lot of advantages, such as an extremely high surface-to-volume
ratio, a small interfibrous pore size with tunable porosity, as well as wide possibilities for achieving
desirable properties and functionalities [64]. Furthermore, in bone regeneration electrospun fibres
are hypothesized as playing a role in sustaining mechanical properties, as well as allowing for
biodegradability, and acting as an actual osteoconductive scaffold after addition or being coated by
ceramic particles [65—67].

Several papers are present in literature, concerning the preparation of nanocomposite random
fibrous scaffolds, in which HA has been added to the PLGA solution before spinning. Moreover,
different process parameters were considered, such as the solvent (i.e., dicloromethane, tetrahydrofuran,
acetone), the polymeric concentration (from 15 to 25 w/w), the distance nozzle-collector (ranging from
10 to 25 cm), and, finally, the voltage (from 10 to 30 kV) [63,68,69]. The addition of an amphiphilic
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surfactant into the composite solution may reduce the agglomerate problems associated with the
hydrophilic bioceramic powders within hydrophobic PLGA [70,71]. The physico-chemical properties
of PLGA/HA electrospun scaffolds were carefully evaluated, considering different amounts of
nano-HA. As reported in literature, Jose et al. [72] prepared aligned nanofibrous scaffolds based on
PLGA and nano-hydroxyapatite (Figure 3), in which the inorganic filler concentration led to an
increase in the glass transition temperature, causing a lower chain mobility, useful to prevent shrinkage.

Figure 3. CLSM image showing dispersion of HA particles in PLGA fibres (Scale 10 pm) [72].

Furthermore, nano-HA influenced strongly the mechanical properties, showing that the addition of
nano-HA at 20% (w/w) influenced strongly the Young’s modulus of the electrospun composite
meshes. However, the modulus decreased when the nano-HA concentration was increased from
20 wt %. The decrease in modulus may be due to poor interfacial properties between the particles and
the polymer.

Recently, different research groups synthesized aligned nanofibrous scaffolds with promising
results. Yun et al. [73] attempted to characterize the gene expression pattern during osteogenic
differentiation of various stem cells on PLGA/nano-HA nanofibrous scaffolds (PLGA and nano-HA in
a 5:1 blending ratio). They cultured primary adipose tissue-derived stem cells (hADSCs) and bone
marrow cells (MSCs) from human in order to evaluate the biocompatibility of the scaffolds. The
results showed that osteogenic differentiation and mineralization of stem cells cultured on the
PLGA/HA nanofibre occurred. These results were confirmed by both an alkaline phosphatase activity
(ALP) and a calcium assay. Moreover, they investigated whether osteogenic differentiation of stem
cells affected the expression of osteogenic genes (osteocalcin, collagen type I). These gene mRNA and
protein levels were found to increase in a time-dependent manner as confirmed by RT-PCR and
Western blotting analysis.
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3.3. Hydrogels

Hydrogels are another class of scaffolds that are commonly used for tissue engineering applications.
Hydrogels, such as fibrin, hyaluronic acid and Pluronic F127, have shown promise for effective growth
factor delivery [74]. As reported by Dhillon et al. [75], blending PLGA with a plasticizer, such as
poly(ethylene glycol) (PEG), allows the production of temperature-sensitive material with a reduced
Tg of 37 °C. When the PLGA/PEG particles are mixed with a carrier solution at room temperature, a
formulation is created that can be moulded or pasted at room temperature and, subsequently, hardens
into a scaffold at 37 °C. The scaffold formation process starts with the particles becoming soft and
cohesive when they reach their Tg, which causes them to adhere to each other. At this stage, the
hydrophilic PEG component begins to leach out of the particles. This decrease in PEG content causes
the Tg of the particles to increase, which results in them resolidifying. Strong adhesion bridges are
formed between the fused particles, which create the PLGA/PEG scaffold structure. This scaffold
system has recently been demonstrated to assist bone repair in vivo in a murine calvarial defect
model [76]. However, there are drawbacks to use hydrogels for bone regeneration as they have low
mechanical strength, which can hinder their individual use as bone replacements [77]. To overcome
this issue, the combination of hydrogels and calcium phosphate particles is emerging as a
well-established trend for bone substitutes. Besides acting as binders for the inorganic phase, hydrogels
within these hybrid materials can modulate cell colonization physically and biologically [78].
Lin et al. [79] designed composites consisting of HA and a poly(ethylene glycol) (PEG) copolymer,
namely PLGA-g-PEG (Figure 4). Interestingly, this was the only article reporting the viscoelastic
profile as function of temperature. Concentrations of 30% w/w of hydrogel with different amounts of
HA were analyzed. The results revealed that hydrogel composites preserved their sol-gel transition
properties in the presence of HA. For all the formulations tested, the storage modulus displayed a
maximum at 24 °C, dropping to values of <20 Pa at 37 °C. Moreover, the acidic pH environment of
the hydrogel was neutralized by HA, both representing great advantages over the hydrogel alone.
Scanning electron micrographs showed that HA particles were well dispersed and distributed within
the hydrogel matrix. The composites showed a sustained release of a small molecule model dye for up
to two weeks with slight increase of release with addition of HA.

Figure 4. PLGA-g-PEG (30% w/w) hydrogel-HA composite containing 10% (w/w) HA
was sol at 4 °C (left) and gel at 37 °C (right) [79].
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3.4. Injectable Microspheres

Amorphous PLGA copolymers are suitable for biomedical applications, as provides a more
homogeneous dispersion of the active species in the polymer matrix [80]. Due to the hydrolysis of
PLGA, the effect of physico-chemical properties, such as the glass transition temperature (Tg),
moisture content and molecular weight, on the rate of drug release from biodegradable polymeric
matrices has been widely studied. The biodegradation properties of PLGA microparticles can be
tailored from a few weeks to several months by varying the amount of poly(lactic acid) to
poly(glycolic acid), influencing the release and degradation rates of incorporated drug molecules. The
PLGA microspheres were fabricated by conventional oil/water emulsification method and different
methods were proposed to obtain biomimetic injectable microspheres by addition of HA. Recently,
negatively charged inorganic HA nanoparticles were assembled together with positively charged
PLGA microspheres dispersed in deionized water to create a cohesive colloidal gel. This material was
held together by electrostatic forces that may be disrupted by shear to facilitate extrusion, moulding,
or injection. Scanning electron micrographs of the dried colloidal gels showed a well organized,
three-dimensional porous structure. Rheology tests revealed that certain colloidal gels could recover
after being sheared. Human umbilical cord mesenchymal stem cells were also highly viable when
seeded on the colloidal gels [81]. Another approach was described by Kang et al. [82] that prepared
HA-coated PLGA microspheres, previously prepared by water/oil/water, after immersion in simulated
body fluid (SBF) for 5 days at 37 °C. The apatite-coated PLGA microspheres with osteoblasts were
injected into a subcutaneous dorsum of the mice and tested for bone formation at 6 weeks.
The new bone formation was significantly enhanced for the apatite-coated PLGA microsphere group
compared to the plain PLGA microsphere group [82]. In another study, PLGA-hydroxyapatite
microsphere composites were loaded with the bisphosphonate-based osteoporosis-preventing drug,
alendronate (AL) [83]. These microspheres were prepared with the solid/oil/water or water/oil/water
technique. The AL release from the PLGA/HA-AL system showed a sustained releasing tendency,
except a minimal burst at the very beginning over a 30-day period. Their results indicated that the
PLGA/HA-AL system was able to improve osteoblast proliferation, and, also, enable upregulation
of ALP.

4. Current Trends in the Development of Functionalized PLGA Constructs

PLGA is widely used in bone tissue engineering due to its suitable physico-chemical properties and
biodegradability rate; however, compared to natural polymerssuch as collagen and chitosan which
have numerous ionic molecular groups, the synthetic polymers have relatively few of these groups,
making it very difficult to induce mineralization [84,85]. Surface modification is an interesting
approach to increase cell affinity or to generate a biomimetic interface between PLGA and the
biological environmental. In this contest the main research goal is the formation of biomimetic apatite
layer onto device surface [86]. As widely reported in literature, surface negative charge and
topography influence the apatite formation [87,88]. Wan et al. [89] demonstrated that appropriate
oxygen plasma treatment could not only incorporate functional groups on PLGA surface, increasing its
negative charge, but also could change surface topography due to etching effects. Qu et al. [90] treated
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PLGA films and scaffolds with oxygen plasma and then incubated them in a modified SBF solution to
obtain a bone-like apatite layer. The formation of bone-like apatite was enhanced by oxygen plasma
treatment, allowing an increased number of negative charge and surface roughness. The formed apatite
was similar in composition and structure to the natural bone mineral and enhanced the adhesion and
proliferation of OCT-1 osteoblast-like cell when compared with neat PLGA.

Other strategies to functionalize the PLGA surface involve physical adsorption, a simple method to
attach bioactive molecules, such as peptides and growth factor, but without controlling the amount
and/or orientation of immobilized molecules. Using covalent techniques it is possible to obtain a better
control of the amount immobilized, prolonged retention of the biomolecules, and ability to dictate
the orientation/presentation of molecules [91]. Since Pierschbacher and Ruoslahti found that
the argimine-glycine-aspatic acid (RGD) was the minimal cell-recognizable sequence in many
extracellular matrix protein and blood proteins [92], the covalent linking of RGD to biomaterials is a
widely used technique favouring their biological response. Yoon et al. [93] prepared a blend of PLGA
and functionalized PLGA, in various ratios to prepare films by solvent casting or to fabricate porous
scaffolds by a gas foaming/salt leaching method. In this work, carboxyl terminal end of PLGA was
functionalized with a primary amine group by conjugating hexaethylene glycol-diamine. Then, under
hydrating conditions, the activated GRGDY (Gly-Arg-Gly-Asp-Tyr) could be directly immobilized to
the surface-exposed amine groups of the PLGA-NH; blend films or scaffolds. The results showed that
the extent of cell adhesion was substantially enhanced by increasing the blend ratio of PLGA-NH, to
PLGA. The level of an alkaline phosphatase activity (ALP), measured as a degree of cell
differentiation, was also enhanced as a result of the introduction of cell adhesive peptides.
Recently, Huang et al. [94] modified PLGA/nano-hydroxyapatite composite with GRGDSPC
(Gly-Arg-Gly-Asp-Ser-Pro-Cys) through coupling mediated by a polyethyleneimine (PEI). The
biocompatibility of PLGA/nano-HA-GRGDSPC was greatly increased compared with PLGA/nano-HA,
and the scanning electron micrographs images showed that the cells grew better on
PLGA/nano-HA-GRGDSPC both in 2D and 3D materials than that on PLGA/nano-HA. Moreover, the
scaffolds PLGA/nHA-GRGDSPC showed better results in bone healing in rabbit mandibular defect.

Unfortunately, the technologies for surface modification of synthetic polymers, such as covalent
graft, ionized gas treatments, silane monolayers, generally require complex reaction conditions and
specific equipment, which greatly limit the application at a large industrial scale [95]. An innovative
approach to modify the synthetic polymer surface consists of employing mussel-inspired
molecules,3,4-dihydroxy-L-phenylalanine (DOPA), that mimic the Mytilus edulis foot protein-5
(Mefp-5). DOPA and its derivates, such as 3,4-dihydroxyphenethylamine (dopamine) exhibit a
powerful ability to adhere to almost any type of surface, including artificial polymers. The
polymerization process of dopamine to polydopamine is likely to involve oxidation of the catechol
(dopamine) to a quinone, followed by polymerization in a manner similar to that of melanin formation.
Furthermore, the deposited film formed by polydopamine is easily adapted for a secondary
modification due to it having many active functional groups [96,97]. Chen et al. [88] prepared a
collagen/chitosan coating on polydopamine-modified PLGA in order to obtain a suitable material for
guided bone regeneration (GBR). The composite membrane retained mechanical properties from
PLGA and biological properties from natural polymer coatings. Recently, Lee and co-workers [98]
fabricated barrier membranes with appropriate porosity and bioactivity for GBR, producing bioactive
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electrospun membranes based on PLGA by immobilizing bone-forming peptide 1 (BFP1) derived from
the immature region of bone morphogenetic protein 7 (BMP7). The authors employed poly(dopamine)
to graft BFP1 on nanofibre surfaces as shown in Figure 5.

Figure 5. Schematic illustration of the preparation of electrospun fibres with immobilized
BFP1 by polydopamine coating [98].
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In vitro tests performed using human mesenchymal stem cells (hMSCs) displayed a significant
increase in ALP activity and calcium deposition when cells were cultured on BFP1 functionalized
fibres. Moreover, in vivo tests carried out by implanting samples onto mouse calvarial defects,
demonstrated an effective integration of the bioactive membranes with the host tissue.

5. Conclusions and Future Prospects

This article reviews the potential of PLGA to favour bone tissue engineering, due to its biological
safety and tuneable degradation properties. As reported in this review, PLGA is categorized to its
application forms: scaffolds, fibres, hydrogels or microspheres; composite constructs based on PLGA
and hydroxyapatite are widely discussed. As reported, the addition of HA enhanced the
osteoconductivity and the mechanical properties of PLGA scaffolds for their use as load-bearing
applications, and the bone tissue regeneration. Finally, the review reports an alternative strategy to
increase cell affinity or to generate a biomimetic interface between PLGA and the biological
environment, involving the formation of the biomimetic apatite layer on the PLGA surface by
surface modification. Furthermore, the combination of both strategy (HA addition and surface
functionalization) in PLGA scaffold is expected to create an osteoconductive and osteoinductive
gradient, allowing an increased success of bone tissue regeneration.



Int. J. Mol. Sci. 2014, 15 3653

Acknowledgments

The authors would like to thank the FP7-PEOPLE-2011-IEF-302315-NBC-ReGen4 Grant and
Mi.S.E.-ICE-CRUI “B3-BARRIER” Project for providing financial support to this study.
Piergiorgio Gentile and Paul V. Hatton are members of the UK EPSRC Centre for Innovative
Manufacturing of Medical Devices—MeDe Innovation (EPSRC grant EP/K029592/1).

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Amini, A.R.; Laurencin, C.T.; Nukavarapu, S.P. Bone tissue engineering: Recent advances and
challenges. Crit. Rev. Biomed. Eng. 2012, 40, 363—408.

2. Ferrone, M.L.; Raut, C.P. Modern surgical therapy: Limb salvage and the role of amputation for
extremity soft-tissue sarcomas. Surg. Oncol. Clin. N. Am. 2012, 21, 201-213.

3. Dimitriou, R.; Jones, E.; McGonagle, D.; Giannoudis, P.V. Bone regeneration: Current concepts
and future directions. BMC Med. 2011, 9, 66.

4. Martou, G.; Antonyshyn, O.M. Advances in surgical approaches to the upper facial skeleton.
Curr. Opin. Otolaryngol. Head Neck Surg. 2011, 19, 242-247.

5. Stevens, M.M. Biomaterials for bone tissue engineering. Mater. Today 2008, 11, 18-25.

6. Li, X.M.; Wang, L.; Fan, Y.B.; Feng, Q.L.; Cui, F.Z.; Watari, F. Nanostructured scaffolds for
bone tissue engineering. J. Biomed. Mater. Res. Part A 2013, 1014, 2424-2435.

7. Cordonnier, T.; Sohier, J.; Rosset, P.; Layrolle, P. Biomimetic materials for bone tissue
engineering—State of the art and future trends. Adv. Eng. Mater. 2011, 13, B135-B150.

8. Salgado, A.J.; Coutinho, O.P.; Reis, R.L. Bone tissue engineering: State of the art and future
trends. Macromol. Biosci. 2004, 4, 743-765.

9. Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D.S. Polymeric scaffolds in tissue
engineering application: A review. Int. J. Polym. Sci. 2011, doi:10.1155/2011/290602.

10. Gunatillake, P.A.; Adhikari, R. Biodegradable synthetic polymers for tissue engineering.
Eur. Cells Mater. 2003, 5, 1-16; discussion 16.

11. Mano, J.F.; Sousa, R.A.; Boesel, L.F.; Neves, N.M.; Reis, R.L. Bloinert, biodegradable and
injectable polymeric matrix composites for hard tissue replacement: State of the art and recent
developments. Compos. Sci. Technol. 2004, 64, 789—817.

12. Lin, H.R.; Kuo, ClJ.; Yang, C.Y.; Shaw, S.Y.; Wu, Y.J. Preparation of macroporous
biodegradable PLGA scaffolds for cell attachment with the use of mixed salts as porogen
additives. J. Biomed. Mater. Res. A 2002, 63, 271-279.

13. Jagur-Grodzinski, J. Biomedical application of functional polymers. React. Funct. Polym. 1999,
39,99-138.

14. Lanao, R.P.F.; Jonker, A.M.; Wolke, J.G.C.; Jansen, J.A.; van Hest, J.C.M.; Leeuwenburgh, S.C.G.
Physicochemical properties and applications of poly(lactic-co-glycolic acid) for use in bone
regeneration. Tissue Eng. Part B Rev. 2013, 19, 380-390.



Int. J. Mol. Sci. 2014, 15 3654

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Pan, Z.; Ding, J.D. Poly(lactide-co-glycolide) porous scaffolds for tissue engineering and
regenerative medicine. Interface Focus 2012, 2, 366-377.

Zhang, L.J.; Webster, T.J. Nanotechnology and nanomaterials: Promises for improved tissue
regeneration. Nano Today 2009, 4, 66—80.

Zhou, S.B.; Deng, X.M.; Li, X.H.; Jia, W.X.; Liu, L. Synthesis and characterization of
biodegradable low molecular weight aliphatic polyesters and their use in protein-delivery systems.
J. Appl. Polym. Sci. 2004, 91, 1848—1856.

Wang, Z.Y.; Zhao, Y.M.; Wang, F.; Wang, J. Syntheses of poly(lactic acid-co-glycolic acid)
serial biodegradable polymer materials via direct melt polycondensation and their characterization.
J. Appl. Polym. Sci. 2006, 99, 244-252.

Ajioka, M.; Enomoto, K.; Suzuki, K.; Yamaguchi, A. The basic properties of poly(lactic acid)
produced by the direct condensation polymerization of lactic-acid. J. Environ. Polym. Degrad.
1995, 3, 225-234.

Ajioka, M.; Suizu, H.; Higuchi, C.; Kashima, T. Aliphatic polyesters and their copolymers
synthesized through direct condensation polymerization. Polym. Degrad. Stab. 1998, 59, 137-143.
Moon, S.I.; Lee, C.W.; Taniguchi, I.; Miyamoto, M.; Kimura, Y. Melt/solid polycondensation of
L-lactic acid: An alternative route to poly(L-lactic acid) with high molecular weight. Polymer
2001, 42, 5059-5062.

Takahashi, K.; Taniguchi, I.; Miyamoto, M.; Kimura, Y. Melt/solid polycondensation of glycolic
acid to obtain high-molecular-weight poly(glycolic acid). Polymer 2000, 41, 8725-8728.
Kricheldorf, H.R.; Boettcher, C.; Tonnes, K.U. Polylactones: 23. Polymerization of racemic
and meso D,L-lactide with various organotin catalysts stereochemical aspects. Polymer 1992, 33,
2817-2824.

Kowalski, A.; Duda, A.; Penczek, S. Mechanism of cyclic ester polymerization initiated with
tin(I[) octoate. 2. Macromolecules fitted with tin(Il) alkoxide species observed directly in
maldi-tof spectra. Macromolecules 2000, 33, 689—695.

Duval, C.; Nouvel, C.; Six, J.-L. Is bismuth subsalicylate an effective nontoxic catalyst for plga
synthesis? J. Polym. Sci. Part A 2014, doi:10.1002/pola.27096.

Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D. Controlled ring-opening polymerization of
lactide and glycolide. Chem. Rev. 2004, 104, 6147-6176.

Li, J.; Stayshich, R.M.; Meyer, T.Y. Exploiting sequence to control the hydrolysis behavior of
biodegradable plga copolymers. J. Am. Chem. Soc. 2011, 133, 6910-6913.

Makadia, H.K.; Siegel, S.J. Poly lactic-co-glycolic acid (plga) as biodegradable controlled drug
delivery carrier. Polymers-Basel 2011, 3, 1377-1397.

Houchin, M.L.; Topp, E.M. Physical properties of plga films during polymer degradation. J. Appl.
Polym. Sci. 2009, 114, 2848-2854.

Engineer, C.; Parikh, J.; Raval, A. Review on hydrolytic degradation behavior of biodegradable
polymers from controlled drug delivery system. Trends Biomater. Artif. Organs 2011, 25, 79-85.
Baino, F. Biomaterials and implants for orbital floor repair. Acta Biomater. 2011, 7, 3248-3266.
You, Y.; Min, B.M.; Lee, S.J.; Lee, T.S.; Park, W.H. In vitro degradation behavior of electrospun
polyglycolide, polylactide, and poly(lactide-co-glycolide). J. Appl. Polym. Sci. 2005, 95, 193-200.



Int. J. Mol. Sci. 2014, 15 3655

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

You, Y.; Lee, S.W.; Youk, J.H.; Min, B.M.; Lee, S.J.; Park, W.H. In vitro degradation behaviour
of non-porous ultra-fine poly(glycolic acid)/poly(L-lactic acid) fibres and porous ultra-fine
poly(glycolic acid) fibres. Polym. Degrad. Stab. 2005, 90, 441-448.

Holland, S.J.; Jolly, A.M.; Yasin, M.; Tighe, B.J. Polymers for biodegradable medical devices: II.
Hydroxybutyrate-hydroxyvalerate copolymers: Hydrolytic degradation studies. Biomaterials
1987, 8, 289-295.

Bergsma, J.E.; Debruijn, W.C.; Rozema, F.R.; Bos, R.R.M.; Boering, G. Late degradation
tissue-response to poly(L-lactide) bone plates and screws. Biomaterials 1995, 16, 25-31.

Agrawal, C.M.; Ray, R.B. Biodegradable polymeric scaffolds for musculoskeletal tissue
engineering. J. Biomed. Mater. Res. 2001, 55, 141-150.

Vert, M.; Li, S.; Garreau, H.; Mauduit, J.; Boustta, M.; Schwach, G.; Engel, R.; Coudane, J.
Complexity of the hydrolytic degradation of aliphatic polyesters. Angew. Makromol. Chem. 1997,
247,239-253.

Sarazin, P.; Roy, X.; Favis, B.D. Controlled preparation and properties of porous poly(L-lactide)
obtained from a co-continuous blend of two biodegradable polymers. Biomaterials 2004, 25,
5965-5978.

Borden, M.; Attawia, M.; Khan, Y.; Laurencin, C.T. Tissue engineered microsphere-based
matrices for bone repair: Design and evaluation. Biomaterials 2002, 23, 551-559.

Athanasiou, K.A.; Niederauer, G.G.; Agrawal, C.M. Sterilization, toxicity, biocompatibility and
clinical applications of polylactic acid polyglycolic acid copolymers. Biomaterials 1996, 17,
93-102.

Wu, X.S.; Wang, N. Synthesis, characterization, biodegradation, and drug delivery application of
biodegradable lactic/glycolic acid polymers. Part II: Biodegradation. J. Biomater. Sci. Polym. Ed.
2001, 72, 21-34.

Lu, L.C; Peter, S.J.; Lyman, M.D.; Lai, H.L.; Leite, S.M.; Tamada, J.A.; Vacanti, J.P.; Langer, R.;
Mikos, A.G. In vitro degradation of porous poly(L-lactic acid) foams. Biomaterials 2000, 21,
1595-1605.

Holy, C.E.; Dang, S.M.; Davies, J.E.; Shoichet, M.S. In vitro degradation of a novel
poly(lactide-co-glycolide) 75/25 foam. Biomaterials 1999, 20, 1177-1185.

Park, P.I.P.; Jonnalagadda, S. Predictors of glass transition in the biodegradable polylactide and
poly-lactide-co-glycolide polymers. J. Appl. Polym. Sci. 2006, 100, 1983—1987.

Mikos, A.G.; Thorsen, A.J.; Czerwonka, L.A.; Bao, Y.; Langer, R.; Winslow, D.N.; Vacanti, J.P.
Preparation and characterization of poly(L-lactic acid) foams. Polymer 1994, 35, 1068—1077.
Harris, L.D.; Kim, B.S.; Mooney, D.J. Open pore biodegradable matrices formed with gas
foaming. J. Biomed. Mater. Res. 1998, 42, 396—402.

Zhang, R.; Ma, P.X. Poly(alpha-hydroxyl acids)/hydroxyapatite porous composites for
bone-tissue engineering. I. Preparation and morphology. J. Biomed. Mater. Res. 1999, 44, 446-455.
Zein, 1.; Hutmacher, D.W.; Tan, K.C.; Teoh, S.H. Fused deposition modeling of novel scaffold
architectures for tissue engineering applications. Biomaterials 2002, 23, 1169—1185.

Zhang, P.; Wu, H.; Lu, Z.; Deng, C.; Hong, Z.; Jing, X.; Chen, X. Rgd-conjugated copolymer
incorporated into composite of poly(lactide-co-glycotide) and poly(L-lactide)-grafted
nanohydroxyapatite for bone tissue engineering. Biomacromolecules 2011, 12, 2667-2680.



Int. J. Mol. Sci. 2014, 15 3656

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

McMahon, R.E.; Wang, L.; Skoracki, R.; Mathur, A.B. Development of nanomaterials for bone
repair and regeneration. J. Biomed. Mater. Res. B 2013, 101, 387-397.

Kumar, S.K.; Krishnamoorti, R. Nanocomposites: Structure, phase behavior, and properties.
Annu. Rev. Chem. Biomol. Eng. 2010, 1, 37-58.

Kim, S.S.; Park, M.S.; Jeon, O.; Choi, C.Y.; Kim, B.S. Poly(lactide-co-glycolide)/hydroxyapatite
composite scaffolds for bone tissue engineering. Biomaterials 2006, 27, 1399-1409.

Cui, Y.; Liu, Y.; Cui, Y.; Jing, X.B.; Zhang, P.B.A.; Chen, X.S. The nanocomposite scaffold of
poly(lactide-co-glycolide) and hydroxyapatite surface-grafted with L-lactic acid oligomer for bone
repair. Acta Biomater. 2009, 5, 2680-2692.

Okamoto, M.; John, B. Synthetic biopolymer nanocomposites for tissue engineering scaffolds.
Prog. Polym. Sci. 2013, 38, 1487-1503.

Forgacs, C.; Sun, W. Biofabrication: Micro- and Nano-Fabrication, Printing, Patterning, and
Assemblies; William Andrew Publishing: Norwich, NY, USA, 2013; pp. 1-265.
Ebrahimian-Hosseinabadi, M.; Ashrafizadeh, F.; Etemadifar, M.; Venkatraman, S.S. Evaluating
and modeling the mechanical properties of the prepared PLGA/nano-BCP composite scaffolds for
bone tissue engineering. J. Mater. Sci. Technol. 2011, 27, 1105-1112.

Shim, J.H.; Moon, T.S.; Yun, M.J.; Jeon, Y.C.; Jeong, C.M.; Cho, D.W.; Huh, J.B. Stimulation of
healing within a rabbit calvarial defect by a PCL/PLGA scaffold blended with TCP using solid
freeform fabrication technology. J. Mater. Sci. Mater. Med. 2012, 23, 2993-3002.

Park, J.K.; Shim, J.H.; Kang, K.S.; Yeom, J.; Jung, H.S.; Kim, J.Y.; Lee, K.H.; Kim, T.H.;
Kim, S.Y.; Cho, D.W.; et al. Solid free-form fabrication of tissue-engineering scaffolds with a
poly(lactic-co-glycolic acid) grafted hyaluronic acid conjugate encapsulating an intact bone
morphogenetic protein-2/poly(ethylene glycol) complex. Adv. Funct. Mater. 2011, 21, 2906-2912.
Xia, Y.; Zhou, P.; Cheng, X.; Xie, Y.; Liang, C.; Li, C.; Xu, S. Selective laser sintering
fabrication of nano-hydroxyapatite/poly-epsilon-caprolactone scaffolds for bone tissue
engineering applications. /nt. J. Nanomed. 2013, 8, 4197-4213.

Shuai, C.J.; Yang, B.; Peng, S.P.; Li, Z. Development of composite porous scaffolds based
on poly(lactide-co-glycolide)/nano-hydroxyapatite via selective laser sintering. Int. J. Adv.
Manuf. Technol. 2013, 69, 51-57.

Puppi, D.; Piras, A.M.; Chiellini, F.; Chiellini, E.; Martins, A.; Leonor, 1.B.; Neves, N.; Reis, R.
Optimized electro- and wet-spinning techniques for the production of polymeric fibrous scaffolds
loaded with bisphosphonate and hydroxyapatite. J. Tissue Eng. Regen. Med. 2011, 5, 253-263.
Morgan, S.M.; Tilley, S.; Perera, S.; Ellis, M.J.; Kanczler, J.; Chaudhuri, J.B.; Oreffo, R.O.
Expansion of human bone marrow stromal cells on poly-(D,L-lactide-co-glycolide) (PDL LGA)
hollow fibres designed for use in skeletal tissue engineering. Biomaterials 2007, 28, 5332—-5343.
Huang, Z.M.; Zhang, Y.Z.; Kotaki, M.; Ramakrishna, S. A review on polymer nanofibers by
electrospinning and their applications in nanocomposites. Compos. Sci. Technol. 2003, 63,
2223-2253.

Wang, X.Y.; Drew, C.; Lee, S.H.; Senecal, K.J.; Kumar, J.; Sarnuelson, L.A. Electrospun
nanofibrous membranes for highly sensitive optical sensors. Nano Lett. 2002, 2, 1273-1275.

Nie, H.M.; Wang, C.H. Fabrication and characterization of plga/hap scaffolds for delivery of
BMP-2 plasmid composite DNA. J. Control. Release 2007, 120, 111-121.



Int. J. Mol. Sci. 2014, 15 3657

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Mouthuy, P.A.; Ye, H.; Triffitt, J.; Oommen, G.; Cui, Z. Physico-chemical characterization of
functional electrospun scaffolds for bone and cartilage tissue engineering. Proc. Inst. Mech. Eng. H
2010, 224, 1401-1414.

Peng, F.; Yu, X.H.; Wei, M. In vitro cell performance on hydroxyapatite particles/poly(L-lactic
acid) nanofibrous scaffolds with an excellent particle along nanofiber orientation. Acta Biomater.
2011, 7, 2585-2592.

Shin, S.H.; Purevdorj, O.; Castano, O.; Planell, J.A.; Kim, H-W. A short review: Recent advances in
electrospinning for bone tissue regeneration. J. Tissue Eng. 2012, 3, doi:10.1177/2041731412443530.
Teo, W.E.; Ramakrishna, S. A review on electrospinning design and nanofibre assemblies.
Nanotechnology 2006, 17, R§9—R106.

Talwar, S.; Krishnan, A.S.; Hinestroza, J.P.; Pourdeyhimi, B.; Khan, S.A. Electrospun nanofibers
with associative polymer-surfactant systems. Macromolecules 2010, 43, 7650-7656.

Kriegel, C.; Kit, K.M.; McClements, D.J.; Weiss, J. Influence of surfactant type and concentration
on electrospinning of chitosan-poly(ethylene oxide) blend nanofibers. Food Biophys. 2009, 4,
213-228.

Jose, M.V.; Thomas, V.; Johnson, K.T.; Dean, D.R.; Nyairo, E. Aligned PLGA/HA nanofibrous
nanocomposite scaffolds for bone tissue engineering. Acta Biomater. 2009, 5, 305-315.

Yun, Y.P.; Kim, S.E.; Lee, J.B.; Heo, D.N.; Bae, M.S.; Shin, D.R.; Lim, S.B.; Choi, K.K_;
Park, S.J.; Kwon, [.LK. Comparison of osteogenic differentiation from adipose-derived stem cells,
mesenchymal stem cells, and pulp cells on plga’hydroxyapatite nanofiber. 7Tissue Eng. Regen. Med.
2009, 6, 336-345.

Bergman, K.; Engstrand, T.; Hilborn, J.; Ossipov, D.; Piskounova, S.; Bowden, T. Injectable
cell-free template for bone-tissue formation. J. Biomed. Mater. Res. Part A 2009, 914, 1111-1118.
Dhillon, A.; Schneider, P.; Kuhn, G.; Reinwald, Y.; White, L.J.; Levchuk, A.; Rose, F.R.A.J.;
Muller, R.; Shakesheff, K.M.; Rahman, C.V. Analysis of sintered polymer scaffolds using
concomitant synchrotron computed tomography and in situ mechanical testing. J. Mater. Sci.
Mater. Med. 2011, 22, 2599-2605.

Rahman, C.V.; Ben-David, D.; Dhillon, A.; Kuhn, G.; Gould, T.-W.A.; Muller, R.; Rose, F.R.A.J.;
Shakesheff, K.M.; Livne, E. Controlled release of bmp-2 from a sintered polymer scaffold
enhances bone repair in a mouse calvarial defect model. J. Tissue Eng. Regen. Med. 2014, 8, 59—66.
Eyrich, D.; Brandl, F.; Appel, B.; Wiese, H.; Maier, G.; Wenzel, M.; Staudenmaier, R.;
Goepferich, A.; Blunk, T. Long-term stable fibrin gels for cartilage engineering. Biomaterials
2007, 28, 55-65.

D’Este, M.; Eglin, D. Hydrogels in calcium phosphate moldable and injectable bone substitutes:
Sticky excipients or advanced 3-D carriers? Acta Biomater. 2013, 9, 5421-5430.

Lin, G.; Cosimbescu, L.; Karin, N.J.; Tarasevich, B.J. Injectable and thermosensitive
PLGA-G-PEG hydrogels containing hydroxyapatite: Preparation, characterization and in vitro
release behavior. Biomed. Mater. 2012, 7, 024107.

Habraken, W.J.; Wolke, J.G.; Mikos, A.G.; Jansen, J.A. Injectable plga microsphere/calcium
phosphate cements: Physical properties and degradation characteristics. J. Biomater. Sci. Polym. Ed.
2006, 77, 1057-1074.



Int. J. Mol. Sci. 2014, 15 3658

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Wang, Q.; Gu, Z.; Jamal, S.; Detamore, M.S.; Berkland, C. Hybrid hydroxyapatite nanoparticle
colloidal gels are injectable fillers for bone tissue engineering. Tissue Eng. Part A 2013, 19,
2586-2593.

Kang, S.W.; Yang, H.S.; Seo, S.W.; Han, D.K.; Kim, B.S. Apatite-coated poly(lactic-co-glycolic acid)
microspheres as an injectable scaffold for bone tissue engineering. J. Biomed. Mater. Res. Part A
2008, 854, 747-756.

Shi, X.T.; Wang, Y.J.; Ren, L.; Gong, Y.H.; Wang, D.A. Enhancing alendronate release from a
novel PLGA/hydroxyapatite microspheric system for bone repairing applications. Pharm. Res.
2009, 26, 422-430.

Kawasaki, K.; Aihara, M.; Honmo, J.; Sakurai, S.; Fujimaki, Y.; Sakamoto, K.; Fujimaki, E.;
Wozney, J.M.; Yamaguchi, A. Effects of recombinant human bone morphogenetic protein-2 on
differentiation of cells isolated from human bone, muscle, and skin. Bone 1998, 23, 223-231.
Meng, Z.X.; Li, H.F.; Sun, Z.Z.; Zheng, W.; Zheng, Y.F. Fabrication of mineralized electrospun
plga and plga/gelatin nanofibers and their potential in bone tissue engineering. Mater. Sci. Eng: C
2013, 33, 699-706.

Chiono, V.; Gentile, P.; Boccafoschi, F.; Carmagnola, I.; Ninov, M.; Georgieva, V.; Georgiev, G.;
Ciardelli, G. Photoactive chitosan switching on bone-like apatite deposition. Biomacromolecules
2010, /1, 309-315.

Li, F.; Feng, Q.L.; Cui, F.Z.; Li, H.D.; Schubert, H. A simple biomimetic method for calcium
phosphate coating. Surf. Coat. Technol. 2002, 154, 88-93.

Chen, G.; Xia, Y.; Lu, X.L.; Zhou, X.F.; Zhang, F.M.; Gu, N. Effects of surface functionalization
of plga membranes for guided bone regeneration on proliferation and behavior of osteoblasts.
J. Biomed. Mater. Res. Part A 2013, 1014, 44-53.

Wan, Y.; Qu, X.; Lu, J.; Zhu, C.; Wan, L.; Yang, J.; Bei, J.; Wang, S. Characterization of surface
property of poly(lactide-co-glycolide) after oxygen plasma treatment. Biomaterials 2004, 25,
4777-4783.

Qu, X.; Cui, W.; Yang, F.; Min, C.; Shen, H.; Bei, J.; Wang, S. The effect of oxygen plasma
pretreatment and incubation in modified simulated body fluids on the formation of bone-like
apatite on poly(lactide-co-glycolide) (70/30). Biomaterials 2007, 28, 9—18.

Ito, Y. Covalently immobilized biosignal molecule materials for tissue engineering. Soft Matter
2008, 4, 46-56.

Pierschbacher, M.D.; Ruoslahti, E. Cell attachment activity of fibronectin can be duplicated by
small synthetic fragments of the molecule. Nature 1984, 309, 30-33.

Yoon, J.J.; Song, S.H.; Lee, D.S.; Park, T.G. Immobilization of cell adhesive RGD peptide onto
the surface of highly porous biodegradable polymer scaffolds fabricated by a gas foaming/salt
leaching method. Biomaterials 2004, 25, 5613-5620.

Huang, Y.; Ren, J.; Ren, T.; Gu, S.; Tan, Q.; Zhang, L.; Lv, K.; Pan, K.; Jiang, X. Bone marrow
stromal cells cultured on poly (lactide-co-glycolide)/nano-hydroxyapatite composites with
chemical immobilization of Arg-Gly-Asp peptide and preliminary bone regeneration of
mandibular defect thereof. J. Biomed. Mater. Res. A 2010, 95, 993—-1003.



Int. J. Mol. Sci. 2014, 15 3659

95. Saxena, S.; Ray, A.R.; Kapil, A.; Pavon-Djavid, G.; Letourneur, D.; Gupta, B.; Meddahi-Pelle, A.
Development of a new polypropylene-based suture: Plasma grafting, surface treatment,
characterization, and biocompatibility studies. Macromol. Biosci. 2011, 11, 373-382.

96. Lee, H.; Dellatore, S.M.; Miller, W.M.; Messersmith, P.B. Mussel-inspired surface chemistry for
multifunctional coatings. Science 2007, 318, 426—430.

97. Ku, S.H.; Lee, J.S.; Park, C.B. Spatial control of cell adhesion and patterning through
mussel-inspired surface modification by polydopamine. Langmuir 2010, 26, 15104—15108.

98. Lee, Y.J.; Lee, J.H.; Cho, H.J.; Kim, H.K.; Yoon, T.R.; Shin, H. Electrospun fibers immobilized
with bone forming peptide-1 derived from bmp7 for guided bone regeneration. Biomaterials
2013, 34, 5059-5069.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



Copyright of International Journal of Molecular Sciences is the property of MDPI Publishing
and its content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print, download, or
email articlesfor individual use.



