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Generally, solid-freeform fabricated scaffolds show a controllable pore structure (pore size, porosity, pore
connectivity, and permeability) and mechanical properties by using computer-aided techniques. Although the
scaffolds can provide repeated and appropriate pore structures for tissue regeneration, they have a low bio-
logical activity, such as low cell-seeding efficiency and nonuniform cell density in the scaffold interior after a
long culture period, due to a large pore size and completely open pores. Here we fabricated three different
poly(e-caprolactone) (PCL)/alginate scaffolds: (1) a rapid prototyped porous PCL scaffold coated with an al-
ginate, (2) the same PCL scaffold coated with a mixture of alginate and cells, and (3) a multidispensed hybrid
PCL/alginate scaffold embedded with cell-laden alginate struts. The three scaffolds had similar micropore
structures (pore size = 430–580 mm, porosity = 62%–68%, square pore shape). Preosteoblast cells (MC3T3-E1)
were used at the same cell density in each scaffold. By measuring cell-seeding efficiency, cell viability, and cell
distribution after various periods of culturing, we sought to determine which scaffold was more appropriate for
homogeneously regenerated tissues.

Introduction

Tissue engineering is a rapidly growing interdisciplin-
ary research area that may provide options for treating

damaged tissues and organs. As a promising technique for
regenerating various tissues, this technology requires bio-
medical scaffolds, which serve as an artificial extracellular
matrix (ECM) to support neotissue growth.1–3

Generally, the scaffold should be processed into a three-
dimensional (3D) shape because cells are sensitive to topo-
graphical differences between 2D and 3D structures.4–6

According to Abbott et al., cell activities in 3D scaffolds show
more realistic cellular behavior than those observed in 2D
scaffolds.7,8 The 3D scaffold should also have controllable
biodegradability and a reasonable pore structure of optimal
pore size and distribution with 100% interconnected pores,
allowing for facile communication between the cells dis-
persed in the scaffold, promoting cellular activities (prolif-
eration and differentiation), and inducing rapid angiogenesis

processes (blood vessel formation).9,10 To fulfill these pore
structure requirements, several types of scaffold fabrication
methods, including solvent casting/particulate leaching,
phase separation, gas foaming, freeze-drying, electrospin-
ning, and solid freeform fabrications (SFFs) have been pro-
posed.11–22 Of these methods, SFFs, which can fabricate
scaffolds with predetermined porosity and pore structures,
have been widely used to prepare custom scaffolds. How-
ever, although the scaffolds fabricated using SFF have vari-
ous advantages [controllable mechanical property and
precisely repeatable pore structure (pore size and porosity)],
they still have some drawbacks. These include a low initial
cell-seeding efficiency, which results in nonhomogeneous
cell proliferation and distribution within the scaffold after
some culture periods.

To improve the cell-seeding efficiency and enhance ho-
mogeneous cell distribution, various strategies have been
proposed. One approach involves the cell culture system.
Generally, the typical cell-seeding methods are static or
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dynamic seeding. The static system is the most generally
used method and cells can be injected on the surface of
scaffolds. In contrast, dynamic seeding uses a medium flow
that is controlled by various external tools, such as spinner
flasks,23 rotational bioreactors,24 and perfusion.25 As re-
ported by Sailon et al.,26 dynamic-seeding systems can pro-
vide a continuous medium flow across the surface of the
scaffold, inducing higher cellular activities than those of
static culture systems. However, although a dynamic seed-
ing system can increase cell-seeding efficiency to some de-
gree, the flow of medium does not fully penetrate within the
microsized pore structure in the scaffold’s interior; therefore,
the medium does not provide significantly effective chemo-
transportation.27,28

Another approach involves the physical structure of the
scaffolds. In a recent report, Sobral et al. sought to modify
the internal microarchitecture of the scaffolds to overcome
the low initial seeding efficiency and nonuniform cell pro-
liferation.29 They obtained a reasonable physical structure of
the scaffold, which improved the initial cell-seeding effi-
ciency from 35% to 70%. In addition, several researchers
have suggested unique scaffolds to improve cell-seeding ef-
ficiencies and enhance homogeneous cell distribution.22,29–31

Hierarchical scaffolds, which consist of microsized struts and
electrospun nanofibers, provide a significantly higher cell-
seeding efficiency, due to the embedded nanofibers. More-
over, coated scaffolds, which consist of rapid-prototyped
poly(e-caprolactone) (PCL) microsized struts and various
coating materials, including collagen, b-tricalcium phos-
phate, and alginate, show improved seeding and biological
properties (e.g., alkaline phosphatase activity and calcium
deposition) as compared with pure PCL scaffolds.32,33 Re-
cently, to obtain homogeneous cell distribution in cultured
scaffolds, we fabricated a highly porous cell-laden alginate
3D scaffold using an aerosol technique.34 The scaffold
showed homogeneous cell distribution with high cell via-
bility (*85%) and good cell proliferation as compared with a
conventional cell-printed scaffold. The fabricated scaffolds
showed impressive cell-seeding efficiencies and cellular activi-
ties as compared with the control scaffolds. However, although
each scaffold showed significant cellular activities (cell-seeding
efficiency, cell viability, and cell distribution) after various pe-
riods of culturing, we sought to determine which scaffold was
more appropriate for homogeneously regenerated tissues un-
der a similar pore and chemical structure of the scaffolds.

In this work, we used two polymers, PCL and alginate.
PCL is a semicrystalline aliphatic polyester that has been
investigated as a prospective biomaterial for orthopedic
applications due to its biocompatibility and slow degrada-
tion kinetics (2–4 years). However, PCL has a low cellular
activity due to its hydrophobicity and low water-absorbing
capacity.35,36 Alginate, which is derived from brown sea-
weed, is a well-known anionic linear polysaccharide com-
posed of 1,4-linked b-D-mannuronic (M) and a-a-guluronic
acid (G) residues.37 It has been used widely as a tissue re-
generative material because it accelerates epithelialization
and granular tissue formation, as well as encapsulates vari-
ous growth factors, due to its rapid gelation in calcium
chloride.38,39 However, major problems associated with al-
ginate use include its low mechanical strength and low 3D
shapeability, which may limit its further use as a template
for tissue regeneration.40 By combining the advantageous

properties (shapeability and good mechanical properties) of
PCL and reinforcing the disadvantageous factors (low cel-
lular responses) of the PCL with an alginate, we sought to
fabricate hybrid scaffolds.

In general, the cell-dispensing method has been widely
used to overcome nonhomogenous cell distribution in a
scaffold. However, although this method can homoge-
neously fabricate various cell-laden scaffolds, there are sev-
eral deficiencies, such as the noncontrollable micropore
structure, realistic 3D shape, and low mechanical properties
as a scaffold.

One of our goals was to fabricate homogenously cell-
distributed scaffolds by using a simple coating method and a
hybrid cell-dispensing technique. The cell-dispensing process
supplemented with an aerosol method to tentatively cross-
link dispensed cell-laden alginate struts was used to obtain a
designed pore structure that consisted of cell-laden alginate
and pure PCL struts in successive layers.

In this study, to achieve the goal, we fabricated three
different scaffolds and compared biological activities, cell-
seeding efficiency, cell viability, and cell distribution after
several culture periods. The reason of the selection of the
scaffolds was that the hybrid (PCL and cell-embedded algi-
nate) scaffold and cell-coated PCL scaffolds can provide high
mechanical properties as well as significantly improved cell
distribution compared to those of the synthetic pure scaffold
and pure cell-laden alginate scaffold.

The three scaffolds consisted of microsized PCL struts (a
layer-by-layer structure) and an alginate as follows: (1) a
rapid-prototyped PCL structure coated with an alginate and
cells injected on the scaffold (a static seeding method), (2) the
same PCL structure coated with a mixture of alginate and
cells, and (3) a hybrid scaffold, consisting of PCL struts and
cell-laden alginate struts, fabricated using the cell-dispensing
process supplemented with an aerosol cross-linking process.

To avoid micropore structure effects of the scaffolds on cel-
lular activities, we used a similarly sized internal microstructure
[pore size between struts = 430–580mm, square pore shape,
porosity = 62%–68% in the apparent size (10 · 10 · 1.7 mm3) of
the scaffold] and the same density of MC3T3-E1 cells (1 · 105

mL- 1). In this work, we fabricated three scaffolds with the
same material (PCL and alginate) and the same cell density.
These scaffolds were cultured with the same procedure, so that
our other goal was to determine which of these three scaffolds
was more appropriate to homogeneously regenerate tissues by
measuring cell-seeding efficiency, initial cell viability, and cell
distribution after culturing for 30 days.

Experimental

Materials and characterizations

PCL (Cat. No. 440 744, melting point = 60�C) was obtained
from Sigma-Aldrich. PCL has an average molecular weight
(Mn) of 60,000 g$mol - 1. Low-viscosity, high G-content
nonmedical grade LF10/60 alginate (FMC BioPolymer)
was mixed with phosphate-buffered saline (PBS) to prepare
3.5 wt% alginate. To cross-link the alginate solution, CaCl2
(Sigma-Aldrich) was used.

The structural morphology of the scaffolds was observed
under an optical microscope (BX FM-32; Olympus) connected
to a digital camera and a scanning electron microscope
(SEM, Leica 440). The apparent porosity of the scaffolds was
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obtained using the equation: Porosity (%) = (1–M/rV) · 100,
where M is the mass of the scaffold and V is the total scaffold
cube volume, assumed to be a bulk surface. The density, r, of
the scaffolds was obtained using the rule of mixtures.32 To
measure the mass (M), the samples were weighed with a
precise balance (AB204-S, Mettler Toledo).

The fabricated scaffolds were cut into small strips
(10 · 20 mm2). A uniaxial test was performed using a tensile
testing machine (Top-tech 2000; Chemilab). The stress–strain
curves for the scaffolds were recorded at a stretching speed
of 2 mm$s - 1. All values are expressed as the mean – standard
deviation (SD) (n = 5).

Scaffold fabrication

To fabricate the three scaffolds (S-1, S-2, and S-3), three
fabrication methods were used.

(1) S-1 Scaffold: A melt-plotting system connected to a
three-axis robot and an alginate-coating process were
used to fabricate a PCL/alginate scaffold that was
coated with an alginate. PCL powder was injected into
a heating cylinder at 110�C, and the melted PCL was
plotted through a microsized nozzle (inner diameter,
250 mm) in a layer-by-layer manner. The ambient
temperature was 27�C. The applied pneumatic pres-
sure during the extrusion of the PCL was 350 – 40 kPa.
After fabricating the PCL structure, the scaffolds were
coated with an alginate solution (3.5 wt%) using a sy-
ringe pump, and a suction process was applied to coat
the PCL scaffold evenly. The coated PCL/alginate
scaffold was dried in an incubator for 2 h. Finally, to
cross-link the coated alginate layer, the dried scaffolds
were immersed in a 2 wt% CaCl2 solution, prepared
in PBS. The final samples were washed five times
with distilled water to remove any unreacted calcium
chloride solution. Finally, cells were injected on the
coated scaffold at a density of 1 · 105 mL - 1.

(2) S-2 Scaffold: Using the previous melt-plotting method,
the same PCL structure was fabricated. However, the

scaffold was coated with a mixture of an alginate
(3.5 wt%) and preosteoblast cells (cell density, 1 · 105

mL - 1) without a suction process to sustain the cell
density. The other procedures were as described in the
previous method.

(3) S-3 Scaffold: Alginate was mixed with PBS to prepare
3.5 wt% alginate. Before loading the cells, the alginate
solution was mixed with 0.5 wt% CaCl2 to increase the
viscosity of the solution (the ratio of the alginate and
CaCl2 solution was 7:3). Cells were mixed into the al-
ginate solution using a three-way stopcock at a density
of 1 · 105 mL - 1. The cell–alginate mixture was loaded
into a syringe barrel. Perpendicular PCL struts with
1-mm pore size were fabricated using the previous
melt-plotter and the mixture of alginate and cells
was plotted between the PCL struts. During plotting of
the cell-laden alginate [nozzle size = 240 mm, moving
speed of nozzle = 10 mm$s - 1, pneumatic pressure
(260 – 23 kPa)], aerosols of the 5 wt% CaCl2 solution
(flow rate = 0.93 – 0.12 mL$min - 1) were used to tenta-
tively cross-link the plotted alginate. The detailed
aerosol process was described in our previous report.34

After obtaining the layer-by-layer structure of PCL and
alginate with cells, a secondary cross-linking proce-
dure was conducted with a 2 wt% CaCl2 solution
prepared in media for 1 min to completely cross-link
the cell-alginate struts in the hybrid scaffold. The
scaffold was then washed three times with PBS. In the
finally fabricated PCL/alginate scaffold, the cell-laden
alginate struts were displaced between the PCL struts
with interdigitated structures. Detailed scaffold fabri-
cation procedures for the S-1, S-2, and S-3 scaffolds are
shown in Figure 1.

Cell-seeding efficiency

The scaffolds in 24-well plates were cultured during 12 h,
and the scaffolds were removed, and the attached cells in
the scaffolds and the remaining cells in the wells were

FIG. 1. Schematic of the
fabrication procedures for the
three scaffolds: (a) S-1, (b) S-
2, and (c) S-3. Color images
available online at www
.liebertpub.com/tec
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determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay. The detail MTT assay was
described in next following section. In this work, we as-
sumed that the number of the initial injection cells indicated
the total optical density (OD), which is the sum of OD of the
scaffold and OD of the respective well. The ratio of the OD
value of the scaffold to the total OD value was defined as the
cell-seeding efficiency.

Fluorescence images and cell viability

After cell culture, the scaffolds were exposed to 0.15 mM
calcein AM and 2 mM ethidium homodimer-1 for 45 min
in an incubator to permit observation of live and dead cells.
The stained specimens were analyzed under a microscope
(TE2000-S; Nikon) equipped with an epifluorescence at-
tachment and a SPOT RT digital camera (SPOT Imaging
Solutions). Stained images were captured, in which green
and red indicated live and dead cells, respectively.

To observe cell viability, we captured the images and
processed the number of green and red spots using the
ImageJ program (NIH). The ratio (cell viability) of the
number of live cells to the total number of cells (includ-
ing live and dead cells) was calculated using the ImageJ
software.

In vitro cell culture

The scaffold (7 mm · 7 mm) was cultured and maintained
in the a-minimum essential medium (Life Science) containing
10% fetal bovine serum (Gemini Bio-Products) and 1% anti-
biotic (Antimycotic; Cellgro). The cells were seeded onto the
surface of the PCL scaffold coated with alginate at a density
of 1 · 105 mL - 1. To allow attachment of the seeded cells, the
scaffold without a medium was incubated for 4 h in an at-
mosphere of 5% CO2 at 37�C. The medium was changed
every second day. After 14 and 30 days of culture, the three
scaffolds were analyzed with diamidino-2-phenylindole
(DAPI) fluorescent staining to characterize the nuclei of the
cells in the scaffold. Phalloidin (Invitrogen, Inc.) was used to
visualize the actin cytoskeletons of proliferated cells in the
scaffolds. Fluorescence images were acquired with a fluo-
rescence microscope (Zeiss observer. z1; Zeiss). The prolif-
eration of viable cells was determined using the MTT cell
proliferation assay (Cell Proliferation Kit I; Boehringer
Mannheim). This assay is based on the cleavage of the yellow
tetrazolium salt, MTT, by mitochondrial dehydrogenases in
viable cells to produce purple formazan crystals. Cells on the
surface were incubated with 0.5 mg$mL - 1 MTT for 4 h at
37�C. The absorbance at 570 nm was measured using a mi-
croplate reader (EL800; Bio-Tek Instruments). Four samples
were tested for each incubation period, and each test was
performed in triplicate.

After 30 days of cell culture, the scaffolds were analyzed
with DAPI fluorescent stain to characterize the nuclei of the
cells in the scaffold. Phalloidin (Invitrogen) was used to vi-
sualize the actin cytoskeletons of proliferated cells in the
scaffolds. The cell number identified by DAPI-stained cell
nuclei was counted using ImageJ from the cross-sectional
fluorescence images of the scaffolds. The number of cells for
each region (top, middle, and bottom of the scaffolds) was
normalized with total number of cells and it was defined as
the cell uniformity of the scaffold.

Statistical analyses

All data are presented as means – SD. Statistical analyses
were performed using the SPSS software (ver. 20.0; SPSS,
Inc.). Statistical analyses consisted of single-factor analyses of
variance (ANOVAs). In all analyses, *p < 0.05 was taken to
indicate statistical significance. ‘NS’ indicates nonsignificant.

Results and Discussion

The efficiency of an aerosol cross-linking process
for fabricating cell-laden PCL/alginate scaffolds

In the cell-dispensing process, the controllability of the
strut diameter is an important fabrication parameter because
the size sustainability of the struts can significantly affect the
designed pore size of the final cell-laden scaffold. To show
the feasibility of the aerosol cross-linking process in the cell-
dispensing process, we simply tested the size change of the
dispended alginate struts with and without the aerosol
fuming process. The flow rate of the aerosol solution of
CaCl2 was fixed at 0.93 – 0.12 mL$min - 1. A nozzle size of the
dispenser was 310mm. Cells were mixed with various weight
fractions (2, 3.5, and 5 wt%) of the alginate solution at a
density of 1 · 105 mL - 1. Figure 2(a) and (b) show the surface
and cross-sectional optical images of cell-laden alginate
struts dispensed over the PCL struts, respectively. As shown
in the images, the cell-laden alginate struts cross-linked with
the aerosols of CaCl2 showed a significantly stable size
compared to the struts without the process [Fig. 2(c)]. As
shown in Figure 2(d), the percent of the size reduction,
([alginate strut-size w/o an aerosol process]–[alginate strut-
size with an aerosol process])/(alginate strut-size w/o an
aerosol process) · 100, for various weight fractions of algi-
nate (2, 3.5, and 5 wt%) was roughly 35% – 7%. From the
results, we can find that the aerosol cross-linking process can
highly influence the designing of the pores in the 3D cell-
laden hybrid scaffolds.

Scaffold fabrication and morphological
characterizations of scaffolds

In this work, we fixed the pore size at 500mm because a
pore size over 300 mm is recommended for osteoconduction
and vascularization.41 Figure 2 shows optical, fluorescence,
and SEM images of the pure PCL scaffold [Fig. 3(a)] and the
three scaffolds: S-1, PCL coated with the alginate solution
[Fig. 3(b)]; S-2, PCL coated with a mixture of alginate and
cells [Fig. 3(c)]; and S-3, interdigitated PCL/alginate struts in
which cells were embedded in the alginate struts [Fig. 3(d)].

As shown in Figure 3(a), a layer-by-layer pore structure
(pore size = 579 – 12mm) of the pure PCL scaffold was
achieved. When comparing the pore structure of the pure
PCL scaffold and the scaffolds coated with the alginate so-
lution and alginate/cells [Fig. 3(b, c)], the scaffold coated
with the alginate solution slightly blocked the circumference
of the square pores. However, the coated PCL scaffolds still
had sufficient pore size and open pores to induce cell pro-
liferation to the thickness of the scaffold. In addition, as
shown in Figure 3(d), the hybrid PCL/alginate scaffold, la-
den with cell-alginate struts, showed a homogeneous pore
size and 100% pore interconnectivity. Although the pore size
was slightly reduced from the original pure PCL architec-
ture, the sizes of most of the pores for all of the scaffolds
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were over 400mm. In addition, the surface and cross-
sectional fluorescence images show that the embedded cells
are well distributed and live (green color). The detailed pore
sizes, strut sizes, and porosity of the pure PCL and three
scaffolds are described in Table 1.

Mechanical properties

The mechanical properties of the scaffold are an important
parameter for the biological activities of cells, because the
cells can sense the mechanical strength of the scaffold, so that
low mechanical properties can induce low attachment and
proliferation of cells.42–44 Ordinarily, the mechanical prop-
erties of a SFF structure can be readily controlled by its mi-
croporous structures (strut diameter, pore size, porosity, and
orientation of struts). For these reasons, to avoid the effects of
the mechanical properties of scaffolds on cellular activity, we
sought to fabricate similar micropore structures in all of the
scaffolds.

Figure 4(a) shows the stress–strain curves of the three
scaffolds. The mechanical analysis was conducted using the
tensile mode for a constant stretching speed of 2.0 mm$s - 1.
As expected, the S-3 scaffold showed the lowest tensile
strength curve, due to the low volume fraction of PCL and
cell-laden alginate struts in the scaffold. The S-1 and S-2

scaffolds showed similar mechanical properties because of
their similar PCL structures. Figure 4(b) shows the compar-
isons of the elastic modulus and maximum strength for the
three scaffolds. As shown in the figure, the moduli of the
scaffolds (S-1 and S-2), ranging from 4.1 to 5.1 MPa, were
approximately similar to that of the pure PCL structure
(4.5 – 0.7 MPa) for the given stretching speed. Statistical
analysis using a one-way ANOVA indicated no significant
difference (*p > 0.05) among the moduli of the S-1 and S-2
scaffolds. This indicates that the coated alginate did not af-
fect the mechanical properties of the PCL/alginate scaffolds,
due to the low mechanical nature of the alginate, while the
S-3 scaffold showed a relatively low tensile modulus
(3.5 – 0.4 MPa) due to the relatively low volume percentage
of PCL struts in S-3. This can be analyzed simply with the
rule of mixture, (ET = Epfp + Eafa), where Ep (4.5 MPa) and Ea

(0.5 MPa) are the moduli of pure PCL and pure alginate,
measured using the same tensile testing condition, respec-
tively, and fp (65%) and fa (35%) are the volume fractions of
the PCL and alginate of the S-3 scaffold, respectively. The
volume fractions of PCL and alginate were calculated using
the numbers of each strut, assuming that the strut was a
completely cylindrical shape. Through this simple analysis,
the calculated modulus for the S-3 scaffold was obtained as
3.1 MPa. This value was slightly below the measured one

FIG. 2. The optical images
of cell-laden alginate struts
with and without an aerosol
process, (a) surface, and (b)
cross-sectional images. (c)
The dispensed alginate struts
(3.5 and 5 wt% of alginate
with cells) over the poly(e-
caprolactone) (PCL) struts
with and without an aerosol
process. (d) The percent of
the size reduction, ([alginate
strut-size w/o an aerosol
process]–[alginate strut-size
with an aerosol process])/
(alginate strut-size w/o an
aerosol process) · 100, for
various weight fractions of
alginate (2, 3.5, and 5 wt%).
Color images available online
at www.liebertpub.com/tec
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(3.5 MPa), but considering the calculation assumptions, the
difference between the measured and calculated moduli was
insignificant.

In terms of mechanical properties, we can see that the
mechanical properties of the alginate-coated scaffolds (S-1
and S-2) were similar, but the mechanical properties of the
S-3 scaffold were relatively low (about 30% in the modulus)
compared to those of the S-1 and S-2 scaffolds. However, if

we consider the low mechanical properties of pure alginate,
the mechanical properties of the S-3 scaffold were quite high.

Cell-seeding efficiency

Generally, cell-seeding efficiency can greatly influence
tissue formation, uniformity of regenerated tissue, and even
differentiation of cells.45,46 To observe cell-seeding efficiency,

FIG. 3. Surface and cross-sectional
scanning electron microscopy and
optical images. (a) Pure PCL struc-
ture, (b) S-1 scaffold coated with the
alginate solution (3.5 wt%), (c) S-2
scaffold coated with a mixture of
alginate (3.5 wt%) and cells (MC3T3-
E1, 1 · 105 mL - 1), and (d) S-3
scaffold consisting of pure PCL
struts and cell-laden alginate
struts (1 · 105 mL- 1). Color images
available online at www
.liebertpub.com/tec

Table 1. Strut Diameter, Pore Size, and Porosity for Pure PCL Structure and the Three Scaffolds

S-3

PCL structure S-1 S-2 PCL Cell-laden alginate strut

Strut diameter (mm) 251 – 26 277 – 25 281 – 24 445 – 28 436 – 45
Pore size (mm) 579 – 12 575 – 12 546 – 52 430 – 66
Porosity (%) 68.9 68.2 67.6 62.6

PCL, poly(e-caprolactone).
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the numbers of cells attached in the scaffolds and residual
cells in the respective wells after culturing for 12 h with
seeding (S-1), coating (S-2), and fabricating (S-3) were used.
Figure 4(c) shows the OD, as determined using the MTT
assay, after 12 h for scaffolds and respective wells. The cell-
seeding efficiency was defined as the ratio of the OD of the
scaffold to the total OD value (the OD value of scaf-
folds + OD value of the respective well). Figure 4(d) shows
the seeding efficiency for the scaffolds. The seeding effi-
ciencies of S-2 and S-3 were *72.0% – 10% and 72.8% – 12%,
respectively. The values for S-2 and S-3 were quite high ver-
sus that of the S-1 scaffold (conventional static cell-seeding
method), which was *33.8% – 7%, because the cells in the
S-2 and S-3 can become fixed with the mixed alginate or
alginate struts. Although the hydrophobic surface of PCL
(seeding efficiency for the pure PCL scaffold = 18.7%) was
changed to a hydrophilic surface by the coated alginate so-
lution, the S-1 scaffold showed the lowest cell-seeding effi-
ciency, due to the larger pore size and open pores within the
scaffold. This result was validated by live cell images, as in
Figure 4(e–g), which were taken after 12 h in culture. As
shown in the figures, live cells numbers with the S-2 and S-3
scaffolds were significantly higher than that with the S-1
scaffold.

Additionally, we expected a much higher seeding efficiency
for the S-2 and S-3 scaffolds, but unlike our expectations, both
the S-2 and S-3 scaffolds showed relatively low-seeding effi-

ciencies. We estimate that this may have been because cells
attached near the surface of the coated alginate and alginate
struts may become detached from the surface.

Initial cell viability, MTT assay, and cell distribution

Initial cell viability is an important parameter for suc-
cessful tissue regeneration using a scaffold because it
greatly affects cellular activities, including proliferation and
distribution of cells in the scaffold and tissue-regenerating
time. To observe cell viability, live and dead cells were
analyzed 12 h after seeding. To acquire images of live and
dead cells, the scaffolds were stained with calcein AM and
ethidium homodimer 1, respectively. Figure 4(e–g) shows
fluorescent images of the scaffolds (S-1, S-2, and S-3, re-
spectively), where live cells are green and dead cells are
red. Using the fluorescence images, initial cell viability was
measured with the number of live and dead cells. Figure
4(h) shows the comparison of cell viability of scaffolds after
12 h. Interestingly, the initial viability of S-1 (62.9% – 6%)
and S-2 (67.4% – 5%) was relative low as compared with
that of S-3 (83.6% – 7%). We cannot completely explain this
result, but we can estimate that the cell-attaching process
with the S-1 scaffold during the initial 4 h without a me-
dium may have caused damage to the injected cells. Re-
garding cell viability with S-2, the calcium chloride solution
(the cross-linking agent of alginate) may have damaged

FIG. 4. (a) Stress–strain curves for the three scaffolds (S-1, S-2, and S-3). (b) Young’s modulus and maximum strength (n = 5).
(c) Optical density (OD) as determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
after 12 h for scaffolds and respective wells and (d) cell-seeding efficiency (%); ([OD value of cells in scaffold] · 100)/total OD
value, for the scaffolds. *p < 0.05 and NS indicate a significant difference and nonsignificance, respectively. Fluorescence
images of the surface and interior regions of scaffolds showing live (green) and dead (red) cells after 12 h in culture on (e) S-1,
(f ) S-2, and (g) S-3 scaffolds. (h) Comparison of initial cell viability (12 h) for surface and interior regions of the scaffolds. The
scale bar in the magnified images indicates 100 mm. *p < 0.05 and NS indicate a significant difference and nonsignificance,
respectively. Color images available online at www.liebertpub.com/tec
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cells, because the protruding cells on the thin alginate, as
seen in Figure 3(c), can directly contact the calcium chloride
solution. However, for the S-3 scaffold, the alginate struts
(436 – 45 mm) can protect the cells embedded within it, al-
though the curing solution may slightly interact with cells
at the alginate surface.

To quantitatively observe the proliferation of viable cells,
MTT assays were used [Fig. 5(a)]. Viable cells on the scaf-
folds proliferated with time, and at day 1, the OD value was
higher in the S-2 and S-3 scaffolds than in the S-1 scaffold.
This may be related to the cell-seeding efficiency. However,
the proliferation rate of S-1 was higher than the cells on the
S-2 and S-3 scaffolds. We believe this was because the cells
attached on the S-1 scaffold could more freely proliferate on
the surface of struts, while the cells bound with the alginate
in the S-2 and S-3 scaffolds could not proliferate so easily.
However, although the S-2 and S-3 scaffolds provided
slightly lower proliferation rates as compared with S-1, the
cells were still proliferating.

According to several researchers, to be able to obtain ul-
timate functionality as a tissue regenerative substitute, a
biomedical scaffold should achieve homogeneous cell dis-

tribution in its interior structure.47,48 Generally, the MTT
assay results do not completely represent the cell distribu-
tion; therefore, we measured the cell distribution for various
regions (top, middle, and bottom region of the cross section
of the scaffolds) of the three scaffolds.

Figure 5 (b)–(d) show fluorescence images after 30 days of
scaffold culture (S-1, S-2, and S-3), and the stained nuclei and
F-actin in the images are shown in blue and red, respectively.
As seen in the surface and cross-sectional images, the cells
with the ECM proliferated well, and, in particular, for cross-
sectional images, the cells grew between the pores during the
culture period for each scaffold.

Although the cells proliferated in all scaffolds, the S-3
scaffold, which has interdigitated PCL and alginate struts
embedded with cells, showed a very homogeneous cell dis-
tribution over the long culture period, versus the S-1 scaffold
[Fig. 5(e)]. The S-2 scaffold also showed a quite homoge-
neous proliferated cell distribution. We believe the homog-
enous cell distribution in the S-3 scaffold was because of the
cell-laden alginate struts in the scaffold, which can act as a
cell reservoir to continuously release cells over the long
culture period.

FIG. 5. (a) MTT assay result after
1, 3, and 7 days of scaffold culture
(S-1, S-2, and S-3). *p < 0.05 and
NS indicate a significant difference
and nonsignificance, respectively.
Fluorescence surface and cross-
sectional images for the (b) S-1,
(c) S-2, and (d) S-3 scaffolds after
30 days in culture. In this image,
nucleus (blue) and F-actin (red).
(e) Cell density for three regions
(top, middle, and bottom) of the
scaffolds. *p < 0.05 indicates a sig-
nificant difference. In the surface
and crosssectional images, the
scale bar means 500 mm. The scale
bar in the magnified image is 30
mm. Color images available online
at www.liebertpub.com/tec
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Conclusions

In this study, we fabricated three cell-laden scaffolds: a
general rapid-prototyped PCL/alginate scaffold (S-1), a
cell-coated PCL/alginate scaffold (S-2), and a hybrid PCL/
alginate scaffold laden with alginate cells (S-3). All scaffolds
had similar microarchitectures (pore size, pore shape, po-
rosity, and open pores) to avoid effects of the pore structure
on cellular behaviors, such as cell-seeding efficiency, prolif-
eration, and distribution. Regarding cell-seeding efficiency,
S-2 and S-3 showed significantly higher values than S-1,
while cell proliferation in these scaffolds was slightly lower
than that in S-1. Regarding cell distribution after a long cell
culture period, the S-3 scaffold showed dramatically homo-
geneous cell density over the entire region of the scaffold as
compared with the other scaffolds. This was because the cells
from the cell-laden alginate struts in the scaffold could be
released continuously, acting as a tentative cell reservoir.
Based on the results of the biological activities, we confirmed
that the S-3 scaffold, having cell-laden alginate struts,
showed the highest cellular behavior, although the me-
chanical properties were relatively low versus the S-1 and S-2
scaffolds due to the inserted cell-laded alginate struts.
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