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Fabricating functionally graded scaffolds from biodegradable polymers to enable the mimicking of native
tissue is an important challenge. Here we demonstrate the fabrication and utilization of functionally
graded non-woven meshes of polycaprolactone incorporated with tricalcium phosphate nanoparticles
using a new hybrid twin-screw extrusion/electrospinning (TSEE) process, which allows the time-de-
pendent feeding of various solid and liquid ingredients and their melting, dispersion, deaeration and
pressurization together with electrospinning within the confines of a single process. Using this hybrid
method, the concentration of tricalcium phosphate nanoparticles could be tailored to vary in a targeted/
controlled manner between the two surfaces of the scaffold mesh. The graded scaffolds were seeded and
cultured with mouse preosteoblast cells (MC3T3-E1). Within 4 weeks, the tissue constructs revealed the
formation of continuous gradations in extracellular matrix with various markers including collagen
synthesis and mineralization, akin to the type of variations observed in the typical bone-cartilage
interface in terms of the distributions of concentration of Ca particles and of mechanical properties
associated with this. The demonstrated hybrid method should allow much better control of the distri-
butions of various ingredients, including the concentrations of drugs/growth factors, as well as the po-
rosity, mechanical property, wettability, biodegradation rate distributions in tissue engineering scaffolds,
aiming to mimic the elegant complex distributions found in native tissue.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Fabrication of biodegradable constructs which are functionally
graded, especially in terms of porosity and composition distribu-
tions, to serve as realistic scaffolds that can lead to the mimicking
of the complex spatial distributions of the composition, structure,
and functionality of native tissues, is the ultimate objective of
tissue engineering. For example, the microstructure of the bone
tissue (which is a two-phase porous composite comprised mainly
of calcium phosphate and collagen) is complicated by the presence
of spatial differences in the orientations as well as the concentra-
tions of its mineral and organic constituents [1,2]. Especially, at the
bone-cartilage interface both the concentrations and the orienta-
tions of the calcium phosphate mineral particles vary in the
direction normal to the axis of the interface [2–4]. Due to such
hierarchical complexities, the engineering of a fully functional
bone tissue still remains elusive, despite the excellent progress
achieved up to date [5–9]. The typical composite scaffold
consists of a biodegradable polymer homogeneously incorporated
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with various additives including tricalcium phosphate [10,11],
hydroxyapatite [12,13], calcium carbonate [14,15], carbon nano-
tubes [16,17], hydrogels [18] and proteins [19]. The preparation of
such composite scaffolds currently relies on conventional
techniques such as salt leaching, gas foaming, 3D printing, and
electrospinning.

Obviously, the engineering of complex tissues need to utilize not
homogeneous scaffolds but graded scaffolds, which can introduce
the ‘‘establishment of compositional gradients and subcompart-
ments, temporal changes and the use of cells to drive tissue
morphogenesis’’ [20]. For example, one possible approximation
to the graded compositional structure of bone has been attempted
upon the fabrication of individual sheets of polycaprolactone
and hydroxyapatite, collagen and hydroxyapatite, and poly-
caprolactone, collagen and hydroxyapatite separately and followed
by the uniaxial pressing of the sheets into a consolidated pellet [21].
Schaefer et al. [22] prepared two individual sheets consisting of
polyglycolic acid and poly-lactic-co-glycolic acid (PLGA) and then
seeded chondrocytes and periosteal cells on them separately and
then sutured the two constructs after 1 week of culture period. Gao
et al. [23] prepared sheets of spongy hyaluronan and porous
calcium phosphate and then joined them using a fibrin sealant.
Spalazzi et al. [24] prepared three individual sheets composed of

mailto:dkalyon@stevens.edu
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials


C. Erisken et al. / Biomaterials 29 (2008) 4065–40734066
PLGA and PLGA incorporated with bioactive glass and then sintered
them together.

In the area of conventional electrospinning the sequential
electrospinning of multiple sheets, each composed of a biodegrad-
able polymer with various ingredients, and then their subsequent
joining together is used to emulate the formation of distinct layers
within a scaffold. Examples include the sequential electrospinning
of a pure gelatin sheet crosslinked with a 20% hydroxyapatite
incorporated gelatin [12]; a gelatin and elastin sheet followed by
electrospinning of a sheet of elastin, gelatin and polyglyconate,
which in turn was followed by a sheet of polyglyconate
incorporated with gelatin [25]; and poly (3-hydroxybutyrate-co-4-
hydroxybutyrate) and fluoroapatite with seven different concen-
tration ratios [26]. Obviously, the labor-intensive generation of such
scaffolds upon sequential electrospinning of multiple layers with
differing compositions still involves the step changes in composi-
tion as one moves from one layer to another on one hand and
suffers from the well-known restrictions and limitations of the
conventional electrospinning process including, for example,
the inability to keep rigid particles homogeneously suspended in
the polymeric solution and the inability to prevent the agglomer-
ation of the particles and especially nanoparticles during the course
of the electrospinning process on the other.

A hybrid twin-screw-extrusion/electrospinning (TSEE) process
was recently developed to enable the carrying out of multiple unit
operations within the confines of a single apparatus including
solids conveying, melting, temperature control, distributive and
dispersive mixing of particles and nanoparticles, deaeration and
electrospinning of nanofibrous membranes [27]. However, one
important integral capability of the process, i.e., the feeding of solid
and liquid ingredients in a time-dependent fashion to allow the
generation of continuous spatial gradations in composition and
porosity of electrospun nanofibrous membranes was not previously
demonstrated. Here, this ability to generate spatially varying con-
tinuous compositional and porosity gradations to achieve 3D
electrospun nanofibrous and nanocomposite biomimetic scaffolds
is demonstrated and applied to the area of bone tissue re-
generation, especially towards the controlled formation of the
bone-cartilage interface.

2. Materials and methods

2.1. Materials

The 3-polycaprolactone (PCL) with a number average, Mn, molecular weight of
80,000 and b-tricalcium phosphate (b-TCP) nanoparticles were procured from
Sigma-Aldrich (Saint Louis, MO). The particle diameter of b-TCP was measured to
range between 50 nm and 2.5 mm. The dichloromethane (DCM) solvent was
obtained from Pharmco (Brookfield, CT).

2.2. The hybrid twin-screw extrusion/electrospinning (TSEE) process for scaffold
fabrication

The hybrid twin-screw extrusion/electrospinning (TSEE) process consists of
a twin-screw extruder with fully intermeshing and co-rotating screws (Material
Processing & Research, Inc., Hackensack, NJ) integrated with the electrospinning
process [27]. The spinneret die with multi-channels for flow and shaping is con-
nected to a high-voltage supply that is capable of generating DC voltages up to 30 kV.
Injection ports and other feed ports in the barrel of the extruder enable the in-
troduction of various liquid and solid ingredients/additives simultaneously with
their flow rates varying in a time-dependent fashion to generate compositional and
porosity variations in the electrospun non-woven meshes. The screw sections can be
configured [28] to allow different operations like conveying, melting, mixing,
shaping, and devolatilization to occur simultaneously. The dispersive mixing capa-
bility of the screws can also be tailored by using combinations of kneading discs with
fully-flighted elements, staggered at the desired stagger angle and direction
(kneading discs) or at any pitch (fully-flighted screw elements). The ability to
introduce various ingredients of multiple formulations in a time-dependent fashion
during electrospinning is a major advantage and enables manufacture of spatially
graded electrospun membranes on a reproducible basis to thus eliminate one of the
major drawbacks of the conventional electrospinning process.
The special design feature of the screws is the availability of reversely configured
kneading blocks, i.e., lenticular discs staggered at an angle, to enable the application
of relatively high shearing stresses especially suitable to break up the agglomerates
of nanoparticles that need to be incorporated into the biodegradable polymeric
matrix. This is a feature that would be totally lacking in the conventional electro-
spinning process, where the solution is mechanically displaced with a plunger/ram
and uncontrolled migration/sedimentation of various ingredients is encountered.
The presence of tight clearances between the screws and the barrel, and between
the screws contributes to the dispersion capability of the process during conveying/
melting/pumping/devolatilization, where the dispersive mixing and associated
break up of the agglomerates arise due to the repeated passage of the suspension
through small gaps, where relatively high shearing stresses are applied. The fully-
intermeshing and self-swiping features of the co-rotating screws facilitate effective
distributive mixing of the ingredients.

The operation of the twin-screw extruder (dual drive, i.e., could be hydraulically
or servo-driven) was controlled by the aid of a computerized field-point based data
acquisition/process control system. The unit has the capability to control tempera-
tures over three different and separate heat transfer zones, which is again not
possible in conventional electrospinning. The screw configuration was selected to
generate three consecutive mixing zones, two of which were sealed with reversely
staggered kneading discs and the third sealed with the die, to generate partially full
sections in the extruder. This enables the break down of the continuity of the feed
streams at intervals, and thus prevents the charges from reaching relatively long
distances. The split die was designed/manufactured to allow multiple apertures, i.e.,
multiple fibers but only one aperture was used in the study.

For the demonstration study polycaprolactone was dissolved in dichloro-
methane (DCM) at a ratio of 12/100 (g/ml). The PCL/DCM solution was fed through
one of the injection points into the first mixing zone of the extruder where b-TCP
nanoparticles were also introduced from another injection point. Prior to the onset
of the voltage to initiate the electrospinning process, there were no flow instabilities,
which are frequently observed in the extrusion of polymeric melts and solutions
[29]. The ability to control the feed rates of the PCL/DCM solution and b-TCP
nanoparticles in a time-dependent fashion enabled the generation of continuously
varying b-TCP concentrations in the non-woven mesh in the range of 0–15% by
weight as the suspension was electrospun into nanofibers. The process allowed the
generation of a linear concentration gradient of the TCP nanoparticles between the
two surfaces of the meshes. To study the effect of b-TCP concentration on MC3T3-E1
cell attachment and growth rate, as well as on the mechanical properties of the
composite mesh, a PCL-b-TCP mesh containing a constant 15% concentration of
b-TCP by weight and pure PCL meshes were also fabricated under similar processing
conditions.

2.3. Characterization of scaffolds

The diameter, morphology, and surface properties of the electrospun fibers were
documented using a LEO Gemini 982 scanning electron microscopy. The weight
fraction of b-TCP contained in the electrospun PCL-b-TCP non-woven meshes was
validated by using a thermo-gravimetric analysis apparatus (TGA-Q50, TA In-
struments of New Castle, Delaware) upon heating from 25 to 550 �C at 15 �C/min
under N2. The tensile properties of PCL and PCL-b-TCP composite meshes were
characterized using a Rheometric Scientific Dynamic Mechanical Analyzer at
a crosshead speed of 0.01 mm min�1 at 25 �C. The compression tests of PCL-b-TCP
composite discs were performed using a Rheometric Scientific ARES Rheometer
(currently TA Instruments) at a crosshead speed of 0.1 mm min�1 in a phosphate
buffered saline (PBS) environment at 37 �C.

2.4. Proliferation of MC3T3-E1 cells on pure PCL and PCL-b-TCP scaffolds

In the first part of the study pure PCL and PCL-b-TCP scaffolds were individually
prepared and subjected to cell proliferation studies. Electrospun PCL and PCL-b-TCP
(containing 15% b-TCP) non-woven meshes were individually prepared and were
then punched into 8.6 mm circular discs with 0.35–0.40 mm thickness. They were
kept under vacuum until use. The discs were sterilized upon multiple immersions
into 70% ethanol and then a PBS solution. To facilitate cell attachment the discs were
then immersed into complete medium (see below) for 2 h at 37 �C and 5% CO2. The
MC3T3-E1 mouse preosteoblast cells from bone-calvaria (ATCC, Manassas, VA) were
cultured in complete medium containing Minimum Essential Medium, Alpha 1X
(Cellgro, Manassas, VA) supplemented with fetal bovine serum (Invitrogen, Carls-
bad, CA) and penicillin/streptomycin (1/0.1/0.01 volume ratio, respectively) until
80% confluency before use. The preosteoblast cells were then detached with 0.25%
Trypsin EDTA (Invitrogen, Carlsbad, CA), centrifuged, and resuspended in complete
medium for use.

The cells were seeded onto the scaffolds placed in a 24 well plate (Corning, NY)
at a density of 20,000 cells/cm2. A total of 1 mL of complete medium was added to
immerse the scaffolds completely followed by the culturing of the cells in an
incubator at 37 �C and 5% CO2. A similar number of cells were also seeded on
polystyrene surfaces, as controls. The samples were harvested after 24, 72, and 120 h
and the proliferation rates were determined using MTT assay. The attachment and
morphology of the cells were assessed using polarized light microscopy after
staining the cells with methylene blue. The cell proliferation study was repeated
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three times under identical conditions and three samples were included in each
group. The results of the three experiments were combined to compile the final data
comprised of a total of nine samples for each treatment group.

2.5. MTT assay

MTT assaying involves a colorimetric measurement based on tetrazolium salt to
determine the concentration of living cells. MTT (Sigma, USA) was dissolved in PBS
(5 mg/ml) and sterilized by Millipore filtration. After 24, 72, and 120 h of culture,
10 ml of MTT solution was added to each cell-scaffold construct and the controls, and
incubated for 2 h in the dark. After careful removal of the medium, 100 ml of di-
methyl sulfoxide (Sigma, USA) was added to each well to extract the formazan
crystals under gentle shaking. The extract of each sample was transferred to 96-well
plate and the absorbance intensities were measured at 570 nm using Biotek Synergy
HT Microplate Reader (Biotek, Vermont).

2.6. Tissue formation on functionally graded PCL-b-TCP scaffolds

The functionally graded non-woven composite meshes were electrospun and
then were kept under vacuum until use. Typical schematics along with scanning
electron micrographs of functionally graded non-woven meshes (punched into
8.6 mm circular discs with 0.35–0.40 mm thickness) are shown in Fig. 1. The ster-
ilization and cell culturing procedures were similar to those described in Section 2.4.
However, upon culturing in complete medium for 3 days, the medium for the
functionally graded scaffolds was replaced with osteogenic differentiation medium,
MEM Alpha Medium (Invitrogen, USA), which was further supplemented with fetal
bovine serum (Gibco, USA), penicillin/streptomycin (1/0.1/0.01 volume ratio, re-
spectively) and NaHCO3 (2.2 g/L). The tissue constructs were harvested after 1 and
4 weeks for histological and biomechanical analyses.

2.7. SEM analysis of tissue constructs

The harvested tissue constructs were fixed in buffered 4% formaldehyde solution
and dehydrated using a series of increased concentrations of ethanol, and kept
overnight under vacuum. The specimens were then mounted on Al stubs, coated
with Au and analyzed using a LEO Gemini 982 scanning electron microscope.

2.8. Histology analysis

The harvested tissue constructs were fixed in buffered 4% formaldehyde solu-
tion, dehydrated using a series of graded ethanol solutions (starting with 70% and
increasing to 100% ethanol at 10% increments), and embedded in paraffin. Thin cross
sections (5 mm) were obtained from the samples embedded in paraffin. The thin
sections were stained with hematoxyline and eosin (H&E) to examine the cell
Fig. 1. SEM micrographs from the top (a, b), and side (c) sections of functionally-graded e
distance between the spinneret and the collecting plate of 7.5 cm, flow rate of 10 ml min�1,
distribution and morphology in the constructs. Sections were also stained with
Alizarin Red and von Kossa stain for Ca deposition. The stained sections were ana-
lyzed using a Nikon Polarizing Microscope (Micron Optics, NJ).

2.9. Biomechanical characterization

Unconstrained uniaxial compression testing of the cultured tissue constructs
together with unseeded functionally graded PCL-b-TCP scaffolds were performed
using a Rheometric Scientific ARES Rheometer at a constant compression velocity of
0.1 mm/min. Three runs were performed for each sample, and the data were
recorded between the strain ranges of 0–10%. The modulus and toughness values of
the specimens were determined from the slope of the stress versus strain behavior
and the area under the stress versus strain curve, respectively. In order to prevent
the drying of tissue constructs during the compression tests, the samples were
deformed within a custom designed environmental chamber filled with PBS and
kept at 37 �C. The samples were first compressed until a normal force of 0.1 g to
assure full contact and the compression tester was zeroed at this level in terms of
both the applied stress and the strain and subsequently the compression test was
initiated.

2.10. Statistical analyses

Statistical significance was tested by using two-way ANOVA analysis in con-
junction with Scheffe’s Posthoc test and using SPSS software package. The p levels at
which differences between groups were considered statistically significant are de-
fined in the captions of the relevant figures.

3. Results and discussion

3.1. Scaffold fabrication and characterization

The application of the hybrid technology to incorporate b-TCP
nanoparticles into PCL nanofibers with continuously changing
concentrations yielded a highly interconnected and porous 3D
matrix with varying concentrations of b-TCP nanoparticles
contained in randomly oriented nanofibers (Fig. 1). The process
generated nanofibers and fibers in the diameter range of 200–
2000 nm, and b-TCP nanoparticle concentrations continuously
ranging from zero to 15% by weight. Fig. 1 shows the micro-
graphs associated with the top (Fig. 1a,b) and side (Fig. 1c)
sections of a typical punctured scaffold, with the well-
lectrospun PCL-b-TCP composite mesh fabricated using an applied potential of 5 kV,
and spinneret inner diameter of 600 mm.



Fig. 2. SEM micrograph of cross-section of the functionally graded non-woven mesh (a), von Kossa staining for distribution of b-TCP nanoparticles along distance (b), and the
quantification of b-TCP concentration with TGA (c).

Fig. 3. Mechanical properties of PCL and PCL-b-TCP non-woven meshes with varying
b-TCP concentrations. Stress and elongation data correspond to the values at break
(* denotes statistical significance with p < 0.10).
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interconnected pores with the sizes ranging between 5 and
50 mm evident.

A typical cross-section of the electrospun functionally graded
scaffold is shown in Fig. 2a. The cross-section shows the typical
distribution of the fibers and nanofibers located in between the
bottom and top surfaces of the scaffold. The distribution of the b-
TCP concentration as a function of distance from the bottom surface
of the scaffold was determined using time-sectioning followed by
thermo-gravimetric analysis, TGA, of specimens located at various
distances from the bottom surface. The results of TGA for the
compositional distribution of b-TCP nanoparticles as a function of
distance away from the bottom surface are shown in Fig. 2c. The
concentration of the b-TCP nanoparticles increases from zero at the
bottom surface of the scaffold to 15% by weight at the top surface of
the scaffold.

The ability to alter the concentration distribution as a function
of distance provides the functional-grading ability to our method-
ology. The b-TCP concentration could be altered in a monotonically
increasing fashion as shown in Fig. 2c. The von Kossa staining
results shown in Fig. 2b further reveals the gradual change of
concentration of b-TCP nanoparticles as a function of distance from
the bottom surface of the scaffold. The metallic silver associated
with von Kossa staining gives rise to the black spots shown in
Fig. 2b. The greater prevalence of the black spots at the top versus
the bottom surface of the scaffold is indicative of the increasing Ca
concentration associated with the increasing b-TCP nanoparticle
concentration as one moves away from the bottom surface. Overall,
Fig. 2 indicates that a monotonically increasing gradual distribution
of b-TCP nanoparticles as a function of distance could indeed by
achieved. It should be noted that by controlling the feeding rates of
the individual ingredients into the twin-screw extruder as a func-
tion of time, the ultimate distributions of the concentrations of two
or multiple ingredients can be controlled generating the requisite
functionally graded scaffolds targeting particular tissue engineer-
ing applications.

As the concentrations of the ingredients vary as a function of
location within the confines of the electrospun meshes, the me-
chanical properties are expected to change as a function of location
also. The distribution of typical mechanical properties obtained
upon tensile deformation experiments are shown in Fig. 3. The
mechanical properties of the different sections of the functionally
graded meshes located between the bottom and top surfaces and
containing differing concentrations of b-TCP were determined. The
typical elongation at break values of the PCL, PCL-b-TCP with 6%
b-TCP, and PCL-b-TCP with 12% b-TCP meshes were 259, 202 and
171%, respectively, while the tensile stress at break values were 810,
990, and 1080 kPa, respectively. Furthermore, the modulus values,
i.e., the slopes of the stress versus elongation curves within the
strain limit of elasticity, were determined to be 18.5, 19.5, and
27.5 kPa for the PCL, PCL-b-TCP with 6% b-TCP, and PCL-b-TCP with
12% b-TCP, respectively. These results clearly show the distribution
of the mechanical properties as a function of the differing con-
centrations of b-TCP found at different sections of the graded non-
woven electrospun meshes. The distributions of the mechanical
properties of the non-woven meshes can be further manipulated by
tailoring processing geometries and conditions to obtain varying
degrees of dispersion and mixedness, and particle size distribution
as well as distributions of concentrations of ingredients upon
changes in the operating conditions and the feeding rates into the
twin-screw extruder to give rise to any type of desired functional
grading of the scaffolds.
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3.2. Effect of b-TCP on the attachment, proliferation, and
differentiation of MC3T3-E1 cells

The cell adhesion behavior and the proliferation rates on the
functionally graded scaffolds are important and determine the
quality and suitability of the scaffold for the targeted application. In
the past, the mouse preosteoblast cells from bone-calvaria (MC3T3-
E1) have been extensively used to investigate the change in mor-
phology, bone matrix formation, mineralization, and expression of
bone related proteins [30–33]. Generally, the initial cell attachment
and a rapid cell division period are followed by a transitional period
of formation of type I collagen-rich extracellular matrix. In the final
stage achieved after the elapse of approximately 2 weeks upon cell
seeding, the expression of bone related proteins and mineral
deposition further promote the osteoblastic differentiation [32].
We have also used the mouse preosteoblast cells from bone-
calvaria (MC3T3-E1) for our demonstration study.

The typical attachments of the MC3T3-E1 cells to the surfaces of
tissue culture plate, pure PCL scaffold, and PCL-b-TCP scaffold with
15% b-TCP, and their morphologies after 24 h are shown in Fig. 4.
The MC3T3-E1 cells attach to all of the surfaces tested, however
they exhibit different attachment behavior and morphologies when
grown on the different surfaces. They adhere and spread well on
the tissue culture plate, which was surface modified using corona
discharge, and moderately on pure PCL nanofibers and relatively
poorly on PCL-b-TCP scaffolds with 15% b-TCP. It was observed in
the earlier studies that the presence of nano-indentations, which
can also be formed by the nanoparticles on the surfaces of nano-
fibers as in the case of the present study, or other types of surface
irregularities affect the attachment and morphology of osteoblasts
and fibroblasts [34–36].

The relatively poor adhesion and spreading of MC3T3-E1 cells
on PCL nanofibers incorporated with b-TCP nanoparticles as com-
pared to other surfaces can be attributed primarily to the presence
of protrusions created by the b-TCP nanoparticles on the fiber
Fig. 4. Attachment and morphology of MC3T3-E1 cells after 24 h on: tissue culture plate
represents 100 mm for a, b, and c, and 50 mm for the inset.
surfaces (see Fig. 2a). It is expected that the height of the pro-
trusions be small and the spacing between the protrusions be large
enough to enable the clustering of integrins (around 30 nm in
length), which is a requirement for the formation of mature and
stable focal adhesions [35]. When the b-TCP nanoparticles (with
diameters in the range 50–2500 nm) are highly concentrated on
the surfaces of the fibers, the probability of the integrins reaching
the surface and eventually to achieve stable focal adhesion gets
smaller. The existence of such a structure at the surface of the fibers,
therefore, prevents the cell cytoplasm to expand equally well in all
directions and thus makes it difficult for the cells to proliferate due
to the lack of adequate number of contact points with each other.

As part of this study, the effect of b-TCP nanoparticles on the
hydrophilicity of PCL-b-TCP scaffold was also assessed and it was
found that incorporation of 15% (by weight) of b-TCP nanoparticles
into the PCL fibers decreased the contact angle only slightly from
133� to 127�, suggesting that it is the roughness of the surfaces,
associated with the different concentrations of b-TCP nanoparticles
which play a more dominant role in the adhesion behavior of the
preosteoblast cells.

The effects of b-TCP on the proliferation rates of osteoblast-like
MC3T3-E1 [37] and Wistar-rat calvaria osteoblast [38] cells were
studied earlier and it was determined that the rate of proliferation
of cells in the presence of b-TCP was lower than that on tissue
culture plates. As shown in Fig. 5, where the growth rates of
MC3T3-E1 cells on tissue culture plates (control), on PCL scaffolds,
and on PCL-b-TCP scaffolds containing 15% b-TCP are reported,
these earlier findings were corroborated by the results of our study.

Clearly, the proliferation rates of MC3T3-E1 cells on pure PCL
scaffolds and PCL-b-TCP scaffolds were lower than that on tissue
culture plates at and after 72 h of culture. The difference is signif-
icant between the proliferation rate on tissue culture plates and
PCL-b-TCP scaffolds at the p < 0.05, while it is significant between
PCL and PCL-b-TCP scaffolds only at p < 0.10. These results imply
that b-TCP nanoparticles incorporated into nanofibers would
(a), on PCL scaffolds (b), and on PCL-b-TCP scaffold containing 15% b-TCP. Scale bar



Fig. 5. Comparison of MC3T3-E1 cell proliferation on tissue culture plates (control),
PCL scaffolds, and PCL-b-TCP scaffolds containing 15% b-TCP. (* and ** indicate signif-
icance with p < 0.05, and p < 0.10 levels, respectively).
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hinder the proliferation of MC3T3-E1 cells, which is in agreement
with the previous findings [34]. It was also shown previously that
proliferation and differentiation behaviors of osteoblast cells are
competing properties, i.e., proliferation rate starts to decrease with
the initiation of differentiation [39]. Furthermore, previous exper-
imental studies have revealed that the incorporation of calcium
phosphates into the cell culture environment [10,15] and increasing
Fig. 6. SEM image of MC3T3-E1 cells seeded on PCL-b-TCP scaffolds. (a) Tissue construct afte
like cells. (b) Higher magnification of scaffold surface after 1 week. The spread of cells over
were observed. (c) Tissue construct after 4 weeks of cell culture. The surface of the scaffold
indicator of differentiation. (d) Formation of denser collagen bundles and Ca deposition in t
a focus on collagen bundles. (f) Higher magnification of Ca particles deposited by the cells
the roughness of the cell culture substrate [40] triggered the
expression of typical bone differentiation markers. The lower cell
proliferation rates measured on the scaffolds containing 15% b-TCP
as compared with pure PCL and control can, therefore, be explained
by the accelerated initiation of differentiation process and/or the
presence of large protrusions and small spacing between the
protrusions created with the incorporation of b-TCP nanoparticles.
The characterizations of the cell proliferation and differentiation
behavior on our functionally graded scaffolds are discussed next.

The typical scanning electron micrographs of tissue constructs
from the functionally graded scaffolds of our study harvested after
1 and 4 weeks of culturing and fixed/dehydrated as described in
Section 2.7 are shown in Fig. 6. SEM characterization of the tissue
constructs revealed that the period of cell attachment and division
was followed by the initiation of collagen synthesis in the extra-
cellular matrix after 1 week and abundant mineralization in the
form of Ca deposition after 4 weeks as shown in Fig. 6. At 1 week of
culture time, the top surface of the functionally graded scaffold was
partially covered with preosteoblast cells initiating collagen syn-
thesis and calcification (Fig. 6a,b). Cells are well spread over the
nanofibrous scaffold and the beginnings of a multilayered cell
structure were observed. At 4 weeks, the surface was fully covered
with multilayers of cells and considerable amount of calcification
took place (Fig. 6c). The osteoblastic differentiation process is more
visible after 4 weeks, which was marked by the formation of denser
collagen bundles with diameters of around 100 nm (Fig. 6e).
r 1 week of cell culture. The surface of the scaffold is partially covered with osteoblast-
the nanofibrous structure and initiation of both Ca deposition and collagen synthesis
is fully covered with cells. Considerable amount of Ca deposition is noticeable as an

he bulk of the tissue construct. (e) Higher magnification of the bulk of the tissue with
.



Fig. 7. Light microscopy of tissue constructs: H&E staining after 1 week (a) and after 4 weeks (b), and Alizarin Red staining after 1 week (c) and after 4 weeks (d) of culture. Scale bar
is 150 mm.

Fig. 8. Biomechanical compression of PCL-b-TCP unseeded scaffolds and tissue con-
structs after 1 and 4 weeks. The error bars represent the upper and lower bounds
determined at 95% confidence level. The narrower error bars are hidden behind the
markers for some of the data points.
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Significant amounts of Ca deposition were also revealed (Fig. 6f). It
is clear from these results that the preosteoblastic MC3T3-E1 cells
mostly differentiated into osteoblasts after a series of processes,
eventually converting the PCL-b-TCP non-woven composite
meshes into a bone tissue-like construct.

3.3. Histological examination of functionally graded tissue samples

The formation of extracellular matrix, synthesis of collagen
type-I, and deposition of minerals as indicators of the differentia-
tion activities of bone cells were also verified by histological
examination of tissue constructs. H&E staining after 1 week of cell
culture revealed the penetration of cells into the interior of the
functionally graded scaffolds as shown in Fig. 7a. After 4 weeks of
cell culture, a noticeable amount of new ECM was observed in the
inter-fiber space across the tissue construct (Fig. 7b). The high
surface to volume ratio and the highly interconnected structure of
the electrospun scaffold allowed and facilitated the attachment and
migration of MC3T3-E1 cells throughout the scaffold to form a 3D
extracellular matrix. As the presence of b-TCP nanoparticles was
observed to hinder the cell proliferation rate, the scaffolds were
placed into the tissue culture plates such that the b-TCP rich side of
the functionally graded scaffold is at the bottom, where the cell
density is higher during the seeding stage due to the effect of
gravity. Unfortunately, we had no means to separate the effect of
gravity from these experiments where the cells had a tendency to
settle towards the bottom surface during the seeding stage. Such
gravitational effects were also observed by others especially when
the pore size of the scaffolds is appreciable [41–43]. With time,
however, cells migrated upward throughout the scaffold, which
became more visible particularly after 4 weeks of cell culture. The
very bottom region of the engineered tissue constructs consisted of
a thick layer of cells due to presence of extremely high concentra-
tion of cells at this portion of the tissue constructs.

The results of Alizarin Red staining after 1 week of cell culture
(Fig. 7c) showed the presence of the gradually changing concen-
tration of previously incorporated b-TCP nanoparticles (increasing
concentration from top to the bottom). The indication of extra
mineral deposition within the scaffold at 1 week of cell culture is
rather weak as compared to the concentration of previously in-
corporated Ca nanoparticles. However, after 4 weeks of cell culture
additional mineral deposition by the cells became more evident
throughout the tissue constructs as shown in Fig. 7d. The increase
in the color intensity of the Alizarin Red stain with time shows the
increased bone nodule formation and mineralization both at the
surfaces and within the bulk of the tissue constructs. The graded
structure of the tissue construct in terms of Ca content is still ap-
parent after 4 weeks of culture. Von Kossa staining of the sections
also revealed similar characteristics of the tissue constructs. The
tissue constructs generated after 4 weeks of cell culture resemble,
in appearance, the bone-cartilage interface in terms of the distri-
bution of the concentration of Ca particles and the associated
spatial variation of mechanical properties as well as the
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extracellular matrix formed by the cells migrated into the bulk of
scaffold. The gradations observed in the tissue constructs develop
as a consequence of the gradations in composition available in the
electrospun scaffolds.

3.4. Biomechanical characterization

The compressive stress–strain behavior of engineered tissue
constructs after 1 and 4 weeks of culture period, together with the
unseeded PCL-b-TCP scaffolds are shown in Fig. 8. The results show
that the mechanical properties of the tissue constructs alter sig-
nificantly after 4 weeks as compared to those after 1 week of cell
culture and unseeded scaffolds. The normal stresses in compression
determined at 10% strain observed for the unseeded scaffold, the
tissue constructs cultured for 1, and 4 weeks were 590, 630, and
1150 Pa, respectively. The insignificant difference between the
stress values obtained for unseeded scaffold and the tissue con-
struct cultured for 1 week suggests that only minor changes in the
composition and/or structure of cell-seeded scaffold occur after
1 week of cell culturing. However, significant changes in mechan-
ical properties occurred upon the elapsing of 4 weeks as the
formation of a bone-like structure progressed.

Previous research suggested that biomechanical properties such
as modulus and toughness of bone tissue are good predictors for
the degree of mineralization and collagen type-I formation, re-
spectively [44,45]. The modulus and the toughness of the tissue
constructs as well as the unseeded scaffolds were determined and
the results are shown in Fig. 9. Fig. 9a shows that the modulus of
the tissue constructs after 1 and 4 weeks of cell culturing are
significantly (at p < 0.05) higher than that of unseeded scaffold. In
Fig. 9. Modulus (a) and toughness (b) of the tissue constructs and unseeded scaffolds.
(* and ** indicate significance at p < 0.05, and p < 0.1 levels, respectively).
other words, significant but only modest mineralization took place
within 1 week of cell culturing while significant and relatively high
degree of mineral density was present after 4 weeks. These findings
suggest that the mineral deposition was initiated at a time that is
earlier than 1 week and that the mineral deposition progressed
rapidly during the 4 weeks of cell culture period. Fujihara et al. [15]
and Wutticharoenmongkol et al. [46] have also observed similar
behavior of mineral deposition by MC3T3-E1 cells on electrospun
PCL scaffolds incorporated with functional nanoparticles of CaCO3

or hydroxyapatite.
Fig. 9b shows that the toughness values of the tissue construct

cultured for 1 week are slightly higher (but not significant at
p < 0.05) than those of the unseeded scaffold. The toughness values
of the tissue constructs cultured for 4 weeks, however, are signifi-
cantly (at p < 0.05) higher than those of the unseeded scaffolds and
the tissue constructs cultured for 1 week. These findings again
reinforce the noted penetration of the cells into the interior of the
scaffold and the associated development of the expression of bone
related proteins at 1 week to form the collagenous extracellular
matrix throughout the scaffold. The expression of collagen type-I
by MC3T3-E1 cells as a marker of osteoblastic differentiation was
also observed by Choi et al. [31] within 10 days of cell culture in
tissue culture plates.
4. Conclusions

Functionally graded nanocomposite structure of PCL-b-TCP was
fabricated by using a hybrid twin-screw extrusion electrospinning
process and its potentials for tissue engineering in general, and to
bone-cartilage interface formation in particular were demonstrated
using MC3T3-E1 cells. The ability to incorporate the b-TCP nano-
particles into PCL nanofibers in a controlled manner enabled the
better mimicking of the compositional and structural characteris-
tics of the bone tissue particularly at the bone-cartilage interface.
The approach demonstrated here offers additional degrees of
freedom in the engineering of graded constructs for tissue engi-
neering applications.
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