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Abstract: Novel 3-D porous scaffolds made of sintered
poly(lacide-co-glycolide) (PLGA)/lecithin hybrid micro-
spheres (PLGA/Lec-SMS) were developed and investigated.
The addition of lecithin in PLGA bulk successfully managed
the desired hydrophilic modification without sacrificing
bulk properties. The outcomes were verified with infrared
(ATR-FTIR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), and contact angle analyses. Specifically, this model of
scaffold gained significant improvement in mechanical
(mainly compressive) strength upon an optimization of
lecithin fractions aligning with sintering conditions. Given a
perspective of bone tissue engineering use, human fetal
osteoblasts were seeded into a series of these PLGA/Lec-

SMS scaffolds upon which key parameters of cytocompati-
bility and osteoconductivity (including cell viability, alka-
line phosphatase activity, calcium secretion, and osteogenic
genes expression) were assessed. Osteoblasts seeded on
PLGA scaffolds with 5 wt % lecithin demonstrated high cell
viability and alkaline phosphatase activity. Moreover, ele-
vated lecithin also enhanced the expression of type I colla-
gen. Taken together, these results suggest PLGA/Lec-SMS
are promising scaffolds for bone repair. � 2009 Wiley Peri-
odicals, Inc. J Biomed Mater Res 92A: 963–972, 2010
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INTRODUCTION

Tissue engineering is a multidisciplinary science
that utilizes basic principles of engineering and life
sciences to create new tissues from their cellular com-
ponents; and furthermore it provides an alternative
approach to aid in tissue repair via creating a micro-

environment that could induce cells residing in a scaf-
fold to produce a desired extracellular matrix and
regenerate tissue.1–3 Bone tissue engineering always
demands a scaffold to ideally possess both mechanical
and biofunctional superiorities upon which the pro-
jected regeneration can be fulfilled with both instant
and permanent efficacies.4–6

In this perspective, poly(lactic-co-glycolide) (PLGA)-
based biodegradable polymeric materials have been
extensively employed due to their excellent processibil-
ity and mechanical properties as well as the talents of
controlled degradation.7,8 As a synthetic polymer,
PLGA lacks functional groups; and improvement of
biocompatibility is also demanded. Many approaches
have been carried out to enhance the bio-functionality
of PLGA, including surface plasma treatment, surface
entrapment, biomolecules blending, etc.9–11 Blending
PLGA with special natural biomolecules provides a
simple and effective pathway for this purpose. Lecithin
is a substance extracted from mammalian neuronal tis-
sues or brain.12 It is a typical amphiphilic phospholipid
with good biocompatibility and capability of mixing
with PLGA, poly(lactic acid) (PLA), or poly-e-caprolac-
tone (PCL) in their chloroform or dichloromethane
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solution. It has been applied to enhance the hydrophi-
licity of plain PLGA materials. Wang et al. employed
lecithin as an organic template to control the nucleation
and growth of inorganic minerals.13 Additionally, leci-
thin-containing systems were also found to maintain
proteins from denaturation during delivery.14,15

Besides the traditional forms of sponge-like porous
scaffolds made of PLGA, which are either fabricated
via solvent casting/particulate leaching (SCPL) or
thermally induced phase separation (TIPS), Borden
et al. have developed an innovative technology to
sinter thermoplastic microspheres together into a sin-
gle macro-construct that, as a novel tissue-engineer-
ing scaffold, achieves superior mechanical strength
with unlimited size of fabrication.16–18 Herein, we
developed a novel sintered PLGA/lecithin hybrid
microspherical (PLGA/Lec-SMS) scaffold for bone
tissue engineering. Furthermore, the improved per-
formance on osteoconductivity is assessed via an
in vitro transplantation of human fetal osteoblasts in
a series of these PLGA/Lec-SMS scaffolds.

MATERIALS AND METHODS

Materials

PLGA (lactic/glycolic 1:1; Mw 31,000 Da; inherent vis-
cosity 0.30 dL/g in chloroform at 308C) was purchased
from Daigang Biomaterials. (Jinan, China). Poly(vinyl alco-
hol) (PVA) was obtained from Sigma-Aldrich (Singapore).
Lecithin (soy) was supplied by Boao (Shanghai, China). All
the cell culture–related reagents were purchased from
Gibco (Invitrogen, Singapore).

PLGA/lecithin membrane preparation

Lecithin was mixed with 2 g PLGA solution in 10 mL
methylene chloride according to a 1:100, 1:20, or 1:10 lecithin
to PLGA weight ratio. The mixture was vortexed until uni-
form solution formed, and then was poured into a glass
dish. The PLGA/lecithin composite membrane was removed
when the solvent completely evaporated in air for 8 h.

PLGA/lecithin composite microspheres preparation

As shown in Figure 1, lecithin (0.05 g, 0.25 g, or 0.5 g) was
mixed with 5 g PLGA solution in 25 mL methylene chloride
by stirring till uniform solution was formed. The mixture
was added dropwise to a stirred 1% PVA solution. The
resultant emulsion was vortexed with a stirring speed of
200 rpm for 12 h to allow the solvent to be completely
evaporated. PLGA/lecithin blend microspheres were iso-
lated by vacuum filtration and were washed three times in
deionized water. The round-shaped microspheres were cho-
sen with sieves and stored in a dessicator for future use.

Three-dimensional PLGA/Lec-SMS fabrication

PLGA/Lec-SMS were fabricated by pouring micro-
spheres with different diameter into a cylindrical silica gel
mold (diameter 5 10 mm, height 5 20 mm) and heated at
608C, 658C, or 708C for 6, 12, or 24 h, respectively. After
the molds were cooled down to the room temperature, the
samples were removed from the molds.

Morphological characterization

Morphological characterization was conducted using
scanning electron microscopy (SEM, 30XLFEG, Philips, The
Netherlands). The microspheres were adhered on a cupre-
ous stub by double-faced adhesive tape and coated with
gold and further analyzed.

Static contact angles

Static contact angles of PLGA and PLGA/lecithin mem-
branes (1 3 1 cm2) were measured with a contact angle ana-
lyzer (First 10 A8 angstroms, Virginia) using the sessile drop
technique. The measurements were carried out at room tem-
perature in air with deionized water as the probe liquid.
Twenty-five microlitre liquid droplets were deposited onto
the sample surface through a gauge-dispensing needle at a
rate of 5 mL/s. Each contact angle reported here was an
average of at least five measurements and the contact angles
were determined with direct optical images by a camera.

ATR-FTIR spectroscopy and X-ray
photoelectron spectroscopy

ATR-FTIR spectroscopy was conducted with a Nicolet
Magna-IR 550 spectroscopy. PLGA or PLGA/lecithin micro-
spheres (2 mg) were measured with 200 mg of KBr as a pel-
let pressed with 10 ton press. Each spectrum was corrected

Figure 1. Scheme for preparation process of microspheres
sintered scaffold. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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for the background to obtain the sample vibrational spec-
trum. XPS spectra were recorded on a Kratos spectrometer
(Japan) operated using Al Ka (1486.6 eV) monochromatic
X-ray source.

Porosity determination of scaffolds

Porosity of PLGA/Lec-SMS was determined following
the method described in the reference.19 Briefly, ethanol
was used as the liquid phase and kept at 258C. A bottle
filled with ethanol was weighed (W1). Then a scaffold
sample weighing WS was immersed into the bottle and
weighed (W2). q is the density of ethanol at 258C The size
of the cylindrical scaffold including radius (R) and height
(H) was measured. The porosity (P) was calculated using
the equation as follows:

P ¼ 1� ðW1 �W2 þWsÞ=qÞ=ððp 3 R2Þ 3 HÞ ð1Þ

Mechanical behavior test

Compressive strength and compressive modulus of the
cylindrical scaffolds (diameter 5 10 mm, height 5 20 mm)
were measured using a universal material testing machine
(Instron 5567, Instron) at a crosshead speed of 5 mm/min for
compressive strength tests and 50 mm/min for DTS tests.

Cells culture and seeding

Human fetal osteoblasts (hFOBs) were purchased from
American Type Culture Collection (ATCC, Manassas, VA)
and maintained in DMEM/Ham’s F12 (1:1) culture me-
dium with supplements of 2.5 mM L-glutamine, 0.3 mg/
mL G418, and 10% (v/v) FBS. The fabricated scaffolds
were sterilized with 70% ethanol for 2 h and washed with
PBS solution three times. Scaffolds were pre-wetted in the
culture medium for 12 h. Fifty microlitre of the cell sus-
pension (1 3 106 cells/scaffold) was seeded into the pre-
wetted scaffolds. The scaffolds were left in the humidified
incubator for 2 h to allow cells to attach on the scaffolds,
and then 750 lL of culture medium were added to each
scaffold. The scaffolds with cells were cultured at 33.58C
in a humidified incubator of 5% CO2 for 14 days.

Cell viability

The viability of hFOBs on PLGA-SMS, PLGA/Lec(5%)-
SMS, and PLGA/Lec(10%)-SMS was tested using the WST-
1 assay (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)- 2H-5-tetra-
zolio]-1,3-benzene disulfonate assay, Roche Diagnostics,
Germany). Briefly, Osteoblasts were incubated for 1, 3, 7,
and 14 days before analysis. The WST-1 reagent was
added to the cell-cultured scaffolds, and incubated at 378C,
5% CO2 for 4 h. Analyses were performed in triplicate.
The level of dye formed was then measured using micro-
plate reader at a wavelength of 450 nm with a reference
wavelength of 625 nm. The loaded cell viability on the
scaffolds was detected on Day 14 using a ‘‘Live/Dead’’

assay (Molecular Probes, Invitrogen Singapore) following
the manufacturer’s instruction.

Osteogenic analysis

The culture conditions were altered to investigate differ-
entiation by elevating the cultivation temperature to
39.58C. hFOBs were harvested at various time points and
subjected to osteogenic tests, including alkaline phospha-
tase (ALP) assay, calcium deposition, and phenotype
checking. Both the ALP and total DNA tests were based
on analyses of cell lyses, while the corresponding measure-
ments were conducted using pNPP assay (p-nitrophenyl
phosphate liquid substrate, Sigma Diagnostics) and
Hoechst assay (Hoechst 33258, Molecular Probes, Invitro-
gen), respectively, following the manufacturers’ instruc-
tions. Via the measured DNA quantities, the exact num-
bers of the committed cells could be counted using a con-
version rate of 6.6 pg DNA per cell, and the ALP
outcomes were further normalized against the cell num-
bers using this value. A quantificational Alizarin red–
based assay of mineralization by osteoblasts was per-
formed according to the reference.20

Gene expression

The gene expression of ALP, type I collagen, and osteo-
calcin (OC) in the cells on the composite PLGA and
PLGA/lecithin composite scaffolds were evaluated using
a real time RT-PCR. Total RNA was extracted following
TRIzol protocol and subjected to RT with SuperScriptTM

First-Strand Synthesis System (Promega). The yielded com-
plementary DNA (cDNA) was then subjected to PCR
examining gene expressions of ALP, type I collagen, OC,
and b-actin. The adopted primer sequences and PCR con-
ditions are listed in Table I. The quantitative polymerase
chain reaction (qPCR) was conducted with SYBR green
assay (iQ supremix, Bio-rad). The gene expressions were
quantified with a calculation of 22DC

T, where CT represents
the cycle number when an arbitrarily placed threshold was
reached, and DCT 5 (CT,target gene 2 CT,b-actin).

Statistical analysis

Experiments were repeated three times and results were
expressed as means 6 standard deviations. Statistical sig-

TABLE I
Validated Primer Sequences for Real-Time PCR

Gene Direction Sequence (50-30)

ALP Forward GGGAACGAGGTCACCTCCAT
Reverse TGGTCACAATGCCCACAGAT

OC Forward AGCAAAGGTGCAGCCTTTGT
Reverse GCGCCTGGGTCTCTTCACT

Collagen I Forward CCTGCGTGTACCCCACTCA
Reverse ACCAGACATGCCTCTTGTCCTT

b-actin Forward CCTGGCACCCAGCACAAT
Reverse GGGCCGGACTCGTCATACT
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nificance was calculated using one-way analysis of var-
iance (one-way ANOVA). Comparison between the two
means was determined using the Tukey test and statistical
significance was defined as p < 0.05.

RESULTS

Morphology

The PLGA/Lec-SMS and PLGA-SMS were fabri-
cated as demonstrated in Figure 1 and the morphol-
ogies of them are exhibited in Figure 2. After intro-
ducing lecithin into PLGA bulks, composite micro-
spheres still maintain in spherical shape. Slightly
wrinkling morphologies are observed on the surfaces
of PLGA/Lec(5%)-SMS and PLGA/Lec(10%)-SMS.

Wettability

The surface hydrophilicity of PLGA and PLGA
with different lecithin as characterized by static water
contact angle is presented in Figure 3. All the contact
angles of different composite surfaces declined signifi-
cantly (from 838 to nearly 08), which indicates that the
hydrophilicity enhances with the increasing content
of lecithin in the hybrid films. When the lecithin con-
tent reaches 40 wt % in PLGA bulks, the contact angle
is almost 08.

ATR-FTIR and XPS

Figure 4 shows typical ATR-FTIR spectra of the
PLGA/lecithin and pure PLGA. The band at 2859 cm–1

Figure 2. SEM images of (A) PLGA-SMS, (B) PLGA/Lec(5%)-SMS, (C) PLGA/Lec(10%)-SMS , and PLGA/Lec(1%)-SMS
at different temperature 608C (D), 708C (E), and 758C (F).
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representing symmetric CH2 emerges on the spectrum
of PLGA/lecithin (10%).21 In addition, the peak at
1095 cm–1 broadens, due to the coalescent of peaks
locating at 1095 and 1092 cm–1 ascribing to C-O
stretching of PLGA and symmetric PO2

– of lecithin.22

The vibration peak at about 1600 cm–1 which ascribes
to the amide of lecithin appears on PLGA/lecithin
composite. As shown in Figure 5 and Table II, XPS
spectra of PLGA/lecithin (5%) and PLGA/lecithin
(10%) exhibit three separated peaks, which corre-
spond to P2p (133eV), P2s (188eV), N1s (400eV). With
the increasing of the lecithin content, the composition
of P increases due to the presence of more lecithin on
the surfaces of PLGA bulks.

Porosity

Table III reveals the porosity of PLGA/Lec-SMS
with different fabrication conditions. The range of
porosity of all the scaffolds is from 30 to 50%. With
the increase of duration and temperature, the poros-
ities of scaffolds decrease remarkably, which may be
due to the higher degree of bonding between adja-
cent microspheres.

Mechanical properties

Table III exhibits compressive strength and com-
pressive modulus of the scaffolds built by micro-
spheres with different sizes. With the diameters of
microspheres increasing from 200–300 lm to 400–
450 lm, the compressive strength of scaffold
decreases from 5.16 6 0.43 to 4.15 6 0.30 MPa,
and the compressive modulus also decreases from
150.68 6 23.46 to 114.78 6 20.18 MPa.

The sintering time is another factor which influen-
ces the mechanical properties of the scaffolds. At the
same sintering temperature, the mechanical behav-

Figure 3. Wettability of PLGA microspheres sintered
scaffolds with different lecithin content.

Figure 4. ATR-FTIR spectra of (A) PLGA, (B) PLGA/
Lec(1%), (C)PLGA/Lec(5%), and (D) PLGA/Lec(10%).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5. XPS survey scan spectra of surfaces of various
PLGA and PLGA/Lec microspheres. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

TABLE II
Elemental Composition of PLGA/Lecithin

Microspheres Scaffolds

Composition (%)

Variables C O P N

PLGA 62.69 37.31 0 0
PLGA/lecithin (5%) 74.57 23.91 0.85 0.67
PLGA/lecithin(10%) 78.55 19.52 1.17 0.76
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iors of PLGA/Lec(5%)-SMS with similar micro-
spheres size are significantly greater as the sintering
time extending from 6 to 24 h.

The morphology of the sintering microspheres
scaffolds (Figure 2) with different sintering tempera-
ture directly reflects the condition of microspheres
bond. The microspheres exhibit no distinct bonding
area at 608C. After elevating the sintering tempera-
ture to 658C, moderate bonding area is observed.
And the microspheres sintered at 708C present com-
pact bonding. Strong bonding among adjacent micro-
spheres is responsible for high mechanical properties
of scaffolds. As sintering temperature increased from
608C to 708C, compressive strength and compressive
modulus significantly increased from 4.37 6 0.46 MPa
and 122.856 21.56 MPa to 7.456 0.38 MPa and 250.356
24.15 MPa, respectively.

The variation of lecithin content in PLGA/Lec-SMS
also influences the scaffold mechanical properties.
With the increase of lecithin content from 0 to 10%,
the compressive strength increases from 4.15 6 0.27 to
4.75 6 0.37 MPa, and the compressive strength also
increases from 111.18 6 19.89 to 141.52 6 10.34 MPa.

Cell viability

hFOBs were used to evaluate the osteogenesis of
the PLGA-SMS and PLGA/Lec-SMS. Cell viability
was analyzed using WST-1 assay. As shown in Figure
6, a relative increase in absorbance from Day 3 to Day
14 was recorded, indicating a trend of cell viability on

all scaffolds. On the third day, the viability of hFOBs
within the PLGA/Lec(5%)-SMS were observed to be
significantly higher than those within the PLGA-SMS
and PLGA/Lec(10%)-SMS. By contrast, there were no
significant difference on cell viability between PLGA-
SMS and PLGA/Lec(10%)-SMS. After 14 days of cul-
ture, PLGA/Lec(5%)-SMS exhibited remarkable cell
viability. The cell viability of PLGA/Lec(5%)-SMS
was nearly 30% higher than that of other groups.
Moreover, the cell viability of osteoblasts cultured on
the PLGA-SMS and PLGA/Lec(10%)-SMS was com-

TABLE III
Effects of lecithin content, microspheres size, sintering temperature and sintering time on compressive strength and

compressive modulus, and porosity of PLGA-SM and PLGA/lec-SMS

Variables Compressive strength (MPa) Compressive modulus (MPa) Porosity (%)

Lecithin content
0% 4.15 6 0.27 111.18 6 19.89a 43.51 6 5.86
1% 4.09 6 0.17a 114.74 6 14.28a 40.15 6 7.72
5% 4.37 6 0.46 122.85 6 21.56 43.20 6 2.05
10% 4.75 6 0.37 141.52 6 10.34 38.15 6 6.67

Microsphere size
200–300 lm 5.16 6 0.43 150.68 6 23.46 37.33 6 4.97
300–350 lm 4.80 6 0.45 137.99 6 19.97 38.57 6 5.19
350–400 lm 4.37 6 0.46 122.85 6 21.56 43.20 6 2.05
400–450 lm 4.15 6 0.30b 114.78 6 20.18 39.37 6 0.68

Sintering temperature
608C 4.37 6 0.46c,d 122.85 6 21.56c,d 43.20 6 2.05
658C 5.95 6 0.78c 165.77 6 32.20 37.89 6 1.50
708C 7.45 6 0.38 250.35 6 24.15 31.43 6 1.70

Sintering time
6 h 4.37 6 0.46e,f 122.85 6 21.56e 43.20 6 2.05
12 h 5.13 6 0.20e 146.19 6 34.95 38.56 6 1.28
24 h 6.41 6 0.53 184.48 6 16.42 37.50 6 1.11

aIndicated statistical significance when compared with the scaffolds with 10% lecithin.
bIndicated statistical significance when compared with the scaffolds with microsphere size between 200 and 300 lm.
c,dIndicated statistical significance when compared with the scaffolds sintered at 70 and 658C, respectively.
e,fIndicated statistical significance when compared with the scaffolds sintered for 24 and 12 h, respectively.

Figure 6. Relative HFOBs viability in PLGA/lecithin
microspheres scaffolds. (*) and (#) indicated statistical sig-
nificance when compared with PLGA/Lec(5%)-SMS and
PLGA/Lec(10%)-SMS, respectively.
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parable. Cell morphology and distribution on the scaf-
folds (Figure 7) were recorded by fluorescence micro-
scope. As seen from the micrograph, cells grew well
and proliferated around the microspheres and their
bonding area at Day 14.

Osteogenesis

As a standard maker of osteoblasts differentiation,
ALP was determined by pNPP assay (Figure 8) Posi-
tive ALP production was first detected at Day 3, fol-
lowed by significant upregulation until Day 14. On

the third day, PLGA/Lec(10%)-SMS exhibited higher
ALP activity than other group. However, the osteo-
blasts on the PLGA/Lec(5%)-SMS showed significant
higher level of ALP activity compared to other
groups after 14 days of culture.

A critical important function of osteoblasts is par-
ticipating in biological mineralization. The calcium
deposition by osteoblasts was accessed by a quantifi-
cational Alizarin red2based assay (Figure 9). The
results demonstrated that the calcium content of all
the scaffolds increased continuously over the culture
period. After 7 days and 14 days of culture, the cal-
cium deposition on PLGA/Lec(5%)-SMS scaffold
was higher than that on PLGA-SMS and PLGA/
Lec(10%)-SMS. Regarding PLGA/Lec(10%)-SMS and

Figure 7. Cell morphology and distribution of PLGA, PLGA/Lec(5%)-SMS and PLGA/Lec(10%)-SMS after 14 days cul-
ture indication with the fluorescent ‘‘Live/Dead’’ assay. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 8. Alkaline phosphatase activity of osteoblasts cul-
tured on PLGA-SMS and PLGA/Lec-SMS for 14 days. (*)
indicated statistical significance when compared with
PLGA/Lec(5%)-SMS.

Figure 9. Calcium deposition of osteoblasts on PLGA-
SMS and PLGA/Lec-SMS for 14 days. (*) indicated statisti-
cal significance when compared with PLGA/Lec(5%)-SMS.
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PLGA-SMS, no significant difference in calcium dep-
osition between them was observed.

To further analyze cell differentiation on scaffolds,
Real-time PCR was used to assess mRNA expression
of typical osteoblastic markers (Figure 10). The osteo-
blasts within PLGA/Lec(5%)-SMS displayed signifi-
cantly higher expression of ALP than that of other
scaffolds, which is consistent with the results of ALP
activity assay by pNPP. No difference was observed
in transcripts for OC in cells with all the groups. In
addition, a lecithin-dependent increase in the expres-
sion level of type I collagen was observed.

DISCUSSION

It is well known that the mechanical properties of
scaffold are of importance for bone regeneration. The
scaffold should have suitable mechanical strength and
act as temporary substitution of bone during bone re-
covery process. Many approaches have been utilized
to enhance mechanical properties of PLGA scaffold,
and the most popular one is hybridizing the second
phase such as inorganic nano-powders and fibers
with PLGA matrix.23–25 Herein, sintering microsphere
technique was used to manufacture scaffolds. The sin-
tered microsphere scaffolds are built up by bonding
microspheres via surface fusing. And the bondings
among adjacent microspheres, mainly determined by
sintering conditions (time and temperature), is para-
mount for scaffold mechanical properties. The bond-
ings among microspheres can decrease microsphere
sizes, but provide the bridges for adjacent micro-
spheres and finally construct an integrated scaffold. A
small bonding area results in weak coalescents among

microspheres, consequently the whole scaffold owns
poor capacity to resist outside forces; while a large
bonding area induces decreased microsphere diame-
ter and scaffold porosity accordingly. Therefore, the
key factor in scaffolds fabrication is to control the
degree of bonding among the microspheres by regu-
lating sintering conditions. With moderate porosity
and high mechanical behaviors, PLGA-SMS and
PLGA/Lec-SMS, with microspheres size above 300
lm, which were sintered at 608C for 6 h were used for
biocompatibility evaluation in this study.

PLGA/Lec-SMS with comparable mechanical
properties as cancellous bone (Table IV) could be
manufactured simply and controllably, which caters
for the need on mechanical behavior for cancellous
bone regeneration.26 On the other hand, cell migra-
tion and vascularization requires more porosity.26

The pore volume of sintered microsphere scaffolds is
between 30 and 50%. Previous studies revealed that
the scaffolds fabricated by sintered microspheres
methods can provide moderate structure for osteo-
blasts proliferation.27 Additionally, these kinds of
scaffolds can also stimulate endothelial cell growth
and maintain its characteristic phenotype, indicating
that it has a potential for promoting new blood ves-
sel formation.28

Lecithin is a composite of lipids such as phosphati-
dylcholine, phosphatidylethanolamine, inositol-phos-
patides, phosphatidylserine, and some other biomole-
cules. In this study, lecithin was incorporated into
PLGA bulks to improve biocompatibility of scaffolds.
Firstly, lecithin-containing scaffolds were found to
effectively enhance cell proliferation. Via controlling
the content of lecithin blending with PLGA, the sur-
face wettability can be regulated, and ultimately the
optimal surface characteristics for cell proliferation
was achieved (Figure 7). Cell attachment to biomate-
rial surface is influenced by their surface properties
such as wettability, chemical functionalities, rough-
ness, and surface charger. A surface hydrophilic–
hydrophobic balance is a paramount factor that influ-
ences the cytocompability of biomaterials. Surface
wettability affects protein adsorption and activity,
which in turn accelerates or restrains the cell adhesion

Figure 10. Osteoblastic markers gene expression of cells
cultured on PLGA-SMS and PLGA/Lec-SMS. (*) and (#)
indicated statistical significance when compared with
PLGA/Lec(5%)-SMS and PLGA/Lec(10%)-SMS, respec-
tively.

TABLE IV
Compressive Strength and Compressive Modulus

of Cortical Bone, Cancellous and PLGA
Based Microspheres Scaffolds

Variables
Compressive
strength (GPa)

Compressive
modulus (MPa)

Cortical bone 7–30 100–230
Cancellous bone 0.05–0.5 2–12
PLGA/lecithin

microspheres
sintered scaffolds

0.1–0.3 4–8
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and proliferation. More recently, Lim et al.29 demon-
strated moderate hydrophilic surface significantly
increased cell adhesion, and at the same time, osteo-
blasts on moderate hydrophilic surfaces exhibited
increased mineralized area. Ma et al.30 also revealed
the similar results by studying the cytocompability of
cells on hydrophilic groups2grafted PLLA surfaces.
Other studies reported that the emergence of groups
such as amino (2NH2), carboxylic acid (2COOH), or
hydroxyl (2OH) and moderate wettability with water
contact angles of 4082708 presented by polymer sur-
face benefit cell attachment.31

Secondly, osteoblasts on PLGA/Lec-SMS exhibited
significantly higher osteogenic marker expression
(Figure 8 and Figure 10). ALP is expressed mainly
on cell surfaces or in matrix vesicles. It specifically
degrades the organic phosphoesters in bone and car-
tilage, which inhibits cartilage mineralization and
promotes the calcium deposition in bone.32,33 The
expression of ALP increases before mineralization
and subsequently decreases after the initiation of
mineralization. OC is an important-late bone marker
that regulates the formation and growth of bone
minerals and therefore indicates the finalization of
osteogenesis.33 Type I collagen holds overwhelming
majority (over 90%) among the bony structural pro-
teins and takes major responsibility for the tensile
strength of the tissue and also provides templates
for mineralization.33 In summary, the gene expres-
sion data (Figure 10) suggest a more rapid differen-
tiation of osteoblasts on PLGA/Lec(5%)-SMS.

In addition, Lecithin also promotes mineralization.
Lipids are present in the extracellular matrix at sites
of mineralization and are associated with the mineral
phase such as regulating the growth of preformed
mineral crystal.26 Wuthier’s group34 identified a phos-
pholipids complex composed of acidic phospholipids,
calcium, and inorganic phosphate. The phospholipids
were found in mineralizing tissues and were identi-
fied as the nucleational core of these tissues. And fur-
thermore, acidic phospholipids which present in min-
eralization sites were considered as important factors
responsible for the rapid accumulation Ca2þ.35 There-
fore, these theories that are based on the experiments
in vitro or in vivo support the data from our studies.
By introducing lecithin into PLGA matrix, a high-level
calcium deposition of osteoblasts on the composite
scaffolds was observed (Figure 9). And at the same
time, some mineralization-related protein such as
Type I collagen and OC also display higher level
expression (Figure 10). However, the expression of
osteoblastic markers of cells on PLGA/Lec(10%)-SMS
decreased compared to PLGA/Lec(5%)-SMS. This
outcome could be attributed to the wettability of scaf-
fold. PLGA/Lec(10%)-SMS exhibits significantly high
hydrophilicity, and the contact angle is below 408. The
extra high surface hydrophilicity would influence

cells attachment, which leads to low cells viability as
shown in Figure 7. Therefore, some mineralization-
related data for PLGA/Lec(10%)-SMS are incompara-
ble to PLGA/Lec(5%)-SMS.

CONCLUSIONS

Toward an ultimate goal of bone regeneration, we
have introduced lecithin as a modifying additive in
PLGA bulk, based on which a series of novel PLGA/
Lec-SMS scaffolds are developed and tested. The
desired hydrophilic modification has been achieved
without sacrificing material bulk property; while as
demanded for bone substitution, the construction
mechanics and porosity are also optimized by altering
lecithin fractions associating with various sintering
conditions. Human fetal osteoblasts are employed to
evaluate the biofunctional performance of the scaf-
folds in vitro. The result confirms that 5% lecithin in
PLGA/Lec-SMS scaffolds yields the best cyto-compat-
ibility as well as the greatest osteoconductivity, with
indications of cell viability, ALP activity, calcium dep-
osition, and phenotype checking with osteogenic
markers.

The authors thank Dr. Jinghua Hao at NTU for helpful
revision.
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