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Poly(1,8-octanediol-co-citrate) (POC) is a biocompatible, biodegradable elastomer with potential application for
soft tissue applications such as cartilage. For chondrogenesis, permeability is a scaffold design target that may
influence cartilage regeneration. Scaffold permeability is determined by many factors such as pore shape, pore
size, pore interconnectivity, porosity, and so on. Our focus in this study was to examine the effects of pore shape
and permeability of two different POC scaffold designs on matrix production, mRNA gene expression, and
differentiation of chondrocytes in vitro and the consequent mechanical property changes of the scaffold/tissue
constructs. Since type I collagen gel was used as a cell carrier in the POC scaffolds, we also examined the effects
of collagen gel concentration on chondrogenesis. We found that lower collagen I gel concentration provides a
favorable microenvironment for chondrocytes promoting better chondrogenic performance of chondrocytes.
With regard to scaffold design, low permeability with a spherical pore shape better enhanced the chondrogenic
performance of chondrocytes in terms of matrix production, and mRNA gene expressions in vitro compared to
the highly permeable scaffold with a cubical pore shape.

Introduction

The field of tissue engineering continues to advance
with the discovery of new biomaterials, growth factors,

and scaffold fabrication techniques. The use of biodegradable
scaffolds as a template on which cells differentiate, proliferate,
and grow new tissues has been crucial in the recent advances of
cartilage tissue engineering. However, there is still no definitive
conclusion as to how scaffold design factors affect chon-
drogenesis. The choice of scaffold material and geometry will
determine the effective scaffold structural and mass transport
properties that can significantly influence cartilaginous tissue
regeneration. The structural, mechanical, and mass transport
properties of scaffolds are determined by combination of many
factors such as pore size, pore shape, porosity, pore inter-
connectivity, permeability, scaffold surface area, scaffold ef-
fective stiffness, and scaffold material. These factors cannot be
rigorously controlled unless scaffolds are designed with spe-
cific architecture, and this architecture is realized by controlled
fabrication techniques. Many previous studies examining the
effect of scaffold designs on chondrogenesis have not rigor-
ously controlled scaffold design parameters like pore shape
and permeability, making it difficult to assess what specific
design factor had the most influence on chondrogenesis.1–7

On the basis of our own previous work,8 designed poly-
caprolactone (PCL) scaffolds with lower permeability enhanced
chondrogenesis using primary chondrocytes. However, this
study examined one pore shape in PCL scaffolds and did not
examine changes in scaffold/tissue construct mechanical
properties with tissue ingrowth. We also have demonstrated
that chondrocytes cultured in ellipsoidal pores produced
more robust extracellular matrix with higher sulfated gly-
cosaminoglycan (sGAG) concentrations in comparison to
cubical pores due to increased aggregation of local chon-
drocytes inside each pore of poly(propylene furmarate).1,9

However, the permeability of these scaffolds was not exper-
imentally characterized, making it difficult to determine if
permeability was significantly different between designs.
Poly(1,8-octanediol-co-citrate) (POC) has been shown to be a
good candidate for cartilage tissue engineering due to its
biocompatibility, biodegradability, and mechanical proper-
ties,10–12 yet there is no data on how POC scaffolds with rig-
orously controlled pore architectures (i.e., pore shape, pore
size, permeability, and regular pore interconnectivity) influ-
ence chondrogenesis and how mechanical properties of POC
scaffolds change with tissue development. The goal of this
study was to determine how POC scaffolds with designed and
rigorously controlled scaffold permeability and pore shape
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influence chondrogenesis as determined by chondrogenic
gene expression, matrix production, and tissue/scaffold me-
chanical properties. Scaffold design parameters, including
permeability, pore shape, and surface area, were controlled by
computational design, and control of these parameters in the
final fabricated scaffolds was verified by microcomputed to-
mography. Additionally, since type I collagen gel was used as
a cell carrier within the POC scaffolds, we determined how
collagen I gel concentration affected chondrogenesis before
assessments of the three-dimensional (3D) tissue/scaffold
constructs.

Materials and Methods

Collagen I/hyaluronic acid hydrogel

High-concentration collagen I hydrogels and hyaluronic
acid (HyA) were purchased from BD Bioscience Discovery
Labs and Hyalogic LLC, respectively. High-concentration
collagen I hydrogels were diluted with 0.02 N sterile acetic
acid for desired concentration (9.92, 6, and 4 mg/mL) and 5%
(w/w) HyA was combined with collagen I hydrogel based
on our previous results showing that collagen I gel with 5%
HyA enhanced chondrogenesis.

Synthesis of pre-POC

All chemicals were purchased from Sigma-Aldrich. POC
pre-polymer (pPOC) was synthesized as previously de-
scribed.12 Briefly, equimolar amounts of citric acid and 1,8-
octanediol were added to a 500 mL three-neck round-bottom
flask fitted with an inlet and outlet adapter. The mixture was
melted at 1608C–1658C for 15 min under a flow of nitrogen
gas while stirring. The temperature of the system was sub-
sequently lowered to 1408C for 40 min with constant stirring
to create a pre-polymer.

Scaffold design and fabrication

To design 3D POC scaffold architectures, previously devel-
oped image-based design processes and software were
used.1,13–15 Porous POC scaffolds (6.35 mm diameter, 4.0 mm
height), with 900mm interconnected spherical or cylindrical
pores (porosity: 50% spherical [S50], 62% cubical [C62]; per-
meability: High [C62]¼Low�13.5 [S50]) were designed using
customized Interactive Design Language (IDL) programs (RSI).
The details of POC scaffold fabrication were the same as pre-
viously reported.12,15 In brief, wax molds with designed archi-
tecture were built by a Solidscape PatternmasterTM machine
and inversely solid freeform-fabricated hydroxyapatite (HA)
molds were prepared before curing pPOC into architecture
scaffolds.16 pPOC was poured into the wells of a Teflon mold
and HA molds were embedded within the pPOC. The pPOC/
HA/Teflon mold unit was cured at 1008C for 1 day followed by
curing at 1008C for 3 days more with high vacuum (�30 in.Hg).
The HA mold was removed by incubation in a decalcifying
reagent (RDO; APEX Engineering Products) for *6 h followed
by incubation in water (Milli-Q water purification system) for
24 h to obtain the final porous POC scaffolds and POC scaffolds
were dried at room temperature for *24 h before autoclaving.

Mechanical tests

Four to six porous scaffolds or tissue grown scaffolds per
each design were tested in unconfined compression (Alliance

RT/30 electromechanical test frame, 50 N load cell with 0.5%
error range, MTS Systems) and TestWorks4 software (MTS
Systems) was used to collect data during compression test-
ing. MATLAB (The MathWorks) software was used to fit a
nonlinear elasticity model, s¼A[eBe� 1] to experimental
data, where s is the 1st Piola-Kirchoff stress, e is large strain,
and A and B are model coefficients. The sum of least square
errors between the model stress and experimental stress was
minimized using the LSQNONLIN minimization program in
the MATLAB optimization toolbox. Tangent moduli (¼AB
eBe) were calculated at 1%, 10%, and 30% strain from fit data
and all residuals between model and experimental stress
were below 1%.

Porosity and permeability measurements

Seven scaffolds per material were scanned in air using an
MS-130 high-resolution microcomputed tomography scanner
(GE Medical Systems) at 19 mm voxel resolution, at 75 kV and
75 mA. The porosity of each specimen was calculated by
defining a region of interest that encompassed the entire
scaffold and an appropriate threshold level was applied to
delineate the solid scaffold material using GEMS Microview
software (GE Medical Systems). All porosity scanning was
performed before mechanical tests to avoid any artifacts due
to compression. Scaffold permeability (N¼ 6–7, each mate-
rial) with and without composite HyA/collagen I (Col I,
6 mg/mL) gel was measured using previously developed
protocols on a permeability test setup.12,17 Permeability of
scaffolds with hydrogels was measured to mimic cell loading
conditions in vitro.

Cell isolation and cell/hydrogel seeding of scaffolds

Primary porcine chondrocytes (pChon) were isolated from
the joints of domestic pigs. Cartilage slices were extracted
aseptically within 3 h of slaughter. Chondrocytes were iso-
lated using a solution of 1 mg/mL collagenase II (Sigma) in
Dulbecco’s modified Eagle medium (DMEM) containing
500 U/mL penicillin and 500 mg/mL streptomycin (P/S),
100 U/mL kanamycin, and 1:500 amphotericin B (Fungizone;
Gibco). The tissue was digested for 5 h at 378C with gentle
agitation. The cell suspension was filtered through a nylon
sieve (70-mm pore size) and the centrifuged cell pellets were
re-suspended in the basal culture medium (DMEM, 10% fetal
bovine serum, 1% P/S, Gibco) supplemented with 50 mg/
mL 2-phospho-L-ascorbic acid (Sigma) and plated onto tis-
sue culture flasks. Cells were allowed to adhere for *24 h
and trypsinized for in vitro culture.

Harvested chondrocytes were seeded into 3D scaffolds by
first suspending the cells in media with composite HyA/Col
I gels and then pushing the gel into the 3D scaffolds.1 Col-
lagen I gels were used as a cell carrier for POC scaffolds to
provide better cell distribution within scaffold pores. Five
percent HyA was added to provide a favorable environment
for chondrocyte differentiation/proliferation based on our
previous work.1 The gelation procedure was as follows:
770mL of Col I (stock concentration: 9.92, 6, or 4 mg/mL; BD
Bioscience Discovery Labs) with 77mL HyA (stock concen-
tration: 3 mg/mL in 1.5 M sodium chloride [NaCl], molecular
weight 2.4–3 million Da; Hyalogic LLC) were well-mixed. The
pH of the HyA/Col I suspension was increased with the
addition of 11mL of 0.5 N sodium hydroxide with 220 mg/mL

3760 JEONG AND HOLLISTER



sodium bicarbonate to initiate gelation. As soon as 0.5 N so-
dium hydroxide is added to HyA/Col I gel mixture, gel
contents were evenly re-suspended. Hydrogel mixtures were
then dripped down onto pre-prepared sterile scaffolds until
scaffolds were fully soaked and filled with gel to the top
surface. This was followed by incubation at 378C for 30 min to
solidify gels further. Roughly, 121 and 150mL of cell/gel
mixtures were used for 50% and 62% porous scaffolds, re-
spectively, to keep the same cell density per volume.

In vitro cell culture and histology

pChon were seeded onto scaffolds following the methods
previously published with some modifications.1 In short,
cells were re-suspended at a density of *30�106 cells/mL in
770 mL of composite HyA/Col I with *50 mL of culture
medium. The remaining steps were the same as previously
described (see Mechanical tests section). Scaffolds seeded
with pChon were cultured with the chondrogenic medium
(basal medium [DMEM, 10% fetal bovine serum, and 1% P/
S; Gibco] supplemented with 50 mg/mL 2-phospho-L-
ascorbic acid [Sigma], 0.4 mM proline [Sigma], 5 mg/mL in-
sulin [Gibco], and 0.1 mM nonessential amino acids [Gibco])
in 12-well plates. Chondrocytes were cultured for 0 (1 day),
2, or 4 weeks under gentle agitations on an orbital shaker
and the medium was changed every other day. All POC
scaffolds were sterilized in an autoclave and presoaked in
DMEM for 24 h and briefly rinsed with phosphate-buffered
saline (PBS) before cell seeding. Cell culture was maintained
in a water-jacket incubator equilibrated with 5% CO2 at 378C.
For histology, constructs (N¼ 3/material) at each time point
were fixed in 10% buffered formalin overnight, dehydrated
with a series of graded ethanol, and embedded in paraffin.
Tissue sections were stained with safranin O/Fast Green
counterstaining to assess cell distribution, morphology, and
sGAG production. Eight to 10 slides (four sections/slide)
were obtained from the center of each scaffold (top to bottom
and left to right).

sGAG and DNA quantification

For comparing the effects of collagen I gel concentration
on chondrocytes, at 7 days sGAG and DNA contents of
collagen/cell hydrogels (N¼ 4–5/concentration) were
quantified using the same methods as for scaffolds. At 2 and
4 weeks, scaffolds (N¼ 8) at each time point or each design
were removed from culture, finely diced, and placed im-
mediately into 1 mL of pre-prepared papain solution (papain
[10 units/mg: Sigma Aldrich #P4762], 1�PBS, 5 mM cysteine
HCL, 5 mM ethylenediaminetetraacetic acid, pH¼ 6.0; mixed
for 2 h at 378C and then filtered). Scaffolds were digested in
papain solution for 24 h at 608C then immediately stored at
�208C. The digested tissue-scaffold solution was analyzed
by a dimethylmethylene blue assay. Briefly, 10 mL of sample
was mixed with 200 mL of dimethylmethylene blue reagent
and absorbance was read on a plate reader (MultiSkan
Spectrum; Thermo) at 525 nm. A standard curve was estab-
lished from chondroitin 6-sulfate from shark (Sigma, C4384)
to compare absorbance for samples.18,19 The total sGAG
were normalized by DNA content, which was measured
using Hoechst dye 33258 methods (Sigma, #DNA-QF). In
brief, 10 mL digested sample was added to 200mL pre-
prepared Hoechst solution and read with excitation at

355 nm and emission at 460 nm (Fluoroskan Ascent FL; Thermo)
in a 96-well plate. Readings were compared to standard curves
made from calf thymus DNA (Sigma, #DNA-QF).20

Quantitative-polymerase chain reaction

Cartilage-specific gene (Type II collagen and aggrecan),
chondrocyte de-differentiation marker gene (Type I and X
collagen), and glycerol-dehyde-3-phosphate dehydrogenase
(GAPDH) gene expression levels were determined by
quantitative polymerase chain reaction (qtPCR) using a Gene
Amp 7700 sequence detection system (Applied Biosystems).
For different concentrations of collagen gels (N¼ 4–5), only
Type II and I collagens and aggrecan gene expressions were
quantified with normalization with GAPDH at 7 days. Col-
lagen hydrogels or scaffolds (N¼ 8–10/design) at each time
point were removed from culture, briefly rinsed with PBS,
chopped into smaller pieces, and then placed into RNAlater
(Qiagen). Scaffolds immersed in RNAlater were kept at 48C
for 24 h and stored at �208C until analysis. Total RNA was
extracted using an RNeasy Mini Kit (Qiagen) and reverse
transcription was carried out using the SuperScript First-
Strand synthesis kit (Invitrogen). A positive standard curve
for each primer was obtained by qtPCR with serially diluted
cDNA sample mixtures. Samples were prepared using a
TaqMan universal PCR master mix (Applied Biosystems)
and custom-designed porcine primers. The level of gene
expressions was calculated with standard samples and nor-
malized with GAPDH or/and low permeable design (S50).

Statistical analysis

Data are expressed as mean� standard deviation. The
statistical significance among different materials was calcu-
lated using linear regressions and one-way ANOVA with
post-hoc comparison (Tukey) or Student’s t-test using SPSS
software (SPSS for Windows, Rel 14.0. 2005 Chicago: SPSS).
Data were taken to be significant when a p-value of 0.05 or
less was obtained.

Results

Collagen I gel concentration effects on chondrogenesis

Before examining the design effects of scaffolds on chon-
drogenesis in vitro, we wanted to optimize the microenvi-
ronment conditions for cells to grow in 3D POC scaffold.
Previously, the effects of HyA combined with collagen I gel
have been elucidated in our lab,1 yet the effects of collagen I
gel concentration on chondrogenesis using chondrocytes
have not been studied. As our goal for this study was to
provide a favorable microenvironment for chondrocytes to
form cartilage tissues in our 3D scaffolds, the effects of col-
lagen I gel concentrations on chondrogenesis were in terms
of matrix production and the messenger RNA expression
relevant to chondrogenesis.

When comparing 4, 6, and 9.92 mg/mL collagen I gel
concentrations (Fig. 1a), there was a significant difference in
terms of matrix production between 6 and 9.92 mg/mL only
with 6 mg/mL Col I gel supporting formation of the highest
amount of matrix. However, in gene expression, lower con-
centrations of Col I gels caused less de-differentiation indi-
cated by an increasing trend of the ratio of collagen 2 gene
expressions to collagen 1 gene expression of cells (Col2/
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Col1), known as chondrocyte differentiation index (DI)21

(Fig. 1b). Aggrecan expression was not affected significantly
by Col I concentration although the 4 mg/mL concentration
showed the highest aggrecan expression among three dif-
ferent concentrations. Overall, 4 mg/mL seemed to be the
best concentration out of three concentrations and our results
showed that lower Col I gel is preferred by chondrocytes in
terms of differentiation. However, the gelation time of 4 mg/
mL collagen I gel was too long to keep cells evenly distrib-
uted from top to bottom (cells tended to sink down at the
bottom before complete gelation); thus, we decided to use
6 mg/mL instead of 4 mg/mL still for evenly distributed cell
seeding in 3D POC scaffolds.

Scaffold design, fabrication, and mechanical
characterization

Three-dimensional scaffolds were fabricated from POC,
which imparted variations in pore shape (either spherical or
cubical) while maintaining a consistent pore size and a reg-
ular interconnectivity (Table 1). Example scaffolds are shown
in Figure 2. For description purposes, the scaffolds with a
cubical pore design and 62% porosity are labeled C62, and
the scaffolds with a spherical pore design and 50% porosity
are labeled S50. By varying pore shape and porosity, fabri-
cated scaffold permeability was significantly different be-

tween designs (Low¼ 3.51� 0.95�10�7 m4/(N s) [S50],
High¼ 47.4� 1.15�10�7 m4/(N s) [C62, 13.6�Low] [t-test,
p� 0.05]). With collagen I/HyA hydrogel, scaffold perme-
ability values all decreased from the original scaffold per-
meability as expected yet continued to exhibit a similar trend
between designs (Low, High¼ 2.4�Low). Since collagen gels
degrade typically in a week, permeability without gel most
likely represents the permeability of scaffolds at 2–4 weeks
without tissue ingrowth, whereas permeability with gel
represents the scaffolds at 0 week with initial cell seeding.
Thus, permeability is dynamically changing within the 4-
week period. However, it is likely that the trend of different
permeability between the different designs remains.

Table 2a and b summarize the nonlinear model fit coeffi-
cients and compressive tangent moduli for different scaffold
designs. As Figure 3a shows, the more porous scaffold ex-
hibited the lower stiffness due to reduction of the elastic POC
to provide load support. These results are consistent with
reported theoretical bounds on porous nonlinear elastic
materials, which demonstrate that the nonlinear stress–strain
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FIG. 1. The effects of collagen I gel concentration on por-
cine chondrocytes for 7 days. (a) The content of sGAG/DNA
represents the overall matrix production for different con-
centrations of collagen I gels (N¼ 4–5, p� 0.05, one way
ANOVA). (b) Relative mRNA expression is normalized to
endogenous GAPDH for different collagen I gel concentra-
tions (N¼ 4–5, p� 0.05, one way ANOVA). sGAG, sulfated
glycosaminoglycan; ANOVA, analysis of variance; GAPDH,
glycerol-dehyde-3-phosphate dehydrogenase.

Table 1. Scaffold Descriptions

Design name (N¼ 8) S50, Lowa C62, Higha

Porosity (%) 50� 1.62 62� 2.36
Permeability without

gel (10�7 m4/[N s])b
3.51� 0.95 47.4� 1.15

Permeability with
gel (10�7 m4/[N s])b

1.72� 0.45 4.14� 0.73

Surface area (mm2)c 288� 38 243� 15
Pore shape Spherical Cubical
Pore size 900mm 900 mm

aNote that design names are based on its pore shape and porosity;
for example, ‘‘S’’ in S50 is from ‘‘spherical pore shape’’ and ‘‘50’’
indicates its porosity. It is the same for C62, with ‘‘C’’ from ‘‘cubical
pore shape.’’ Low and high are based on relative permeabilities.

bStatistically significant ( p� 0.05, t-test).
c( Not Significant (NS), p� 0.05, t-test).

FIG. 2. Optical (top) and microcomputed tomography
(bottom) images (side view) of two different scaffold designs.
Color images available online at www.liebertonline.com/ten.
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curve of the base material is an upper bound on the non-
linear stress–strain curve of the porous material.22 In other
words, the nonlinear stress–strain curve of the porous ma-
terial will be contained within the nonlinear stress–strain
curve of the base material. Porosity reduces the stiffness of
nonlinear base materials.23,24

Unlike the relation between porosity and stiffness, there
was no significant trend or relation between permeability
and scaffold stiffness. Table 3a and b and Figure 3b–d
summarize nonlinear model fit coefficients and compare
compressive tangent moduli for different scaffold designs
with or without cells at different time points (2 and 4 weeks).
Control here represents scaffolds seeded with gels only that
were subjected to the same conditions as those scaffolds
seeded with cells/gels. At 2 weeks, there was no significant
difference in control versus cell-seeded scaffolds (data not
shown); however, at 4 weeks both designs with cells have
shown a significant increase in tangent moduli compared to
control scaffolds (Fig. 3b). The lower permeability (S50)
scaffold design showed a higher increase (*10 times) in
tangent moduli from control and this is probably due to the
faster tissue formation rate over scaffold degradation rate
compared to the higher permeable design (C62). As more
tissue formed, the mechanical behavior became more non-
linear with higher strain stiffening. Figure 3c shows the ef-
fects of architectural scaffold design on scaffold degradation
when no cells were involved; low permeability design de-
creased its stiffness significantly over 4 weeks but not the
high permeability design. From 2 to 4 weeks, both designs
increased in stiffness and nonlinearity, indicating active tis-
sue formation inside scaffold pores in that 2-week period
(Fig. 3d). Overall, Figure 3b–d suggest that tissue formation
is dominant over scaffold degradation in determining overall
scaffold/tissue construct mechanical properties up to 4
weeks, especially in the low permeable design.

In vitro cell culture—matrix production
and mRNA expression

Chondrocytes proliferated and produced cartilaginous
matrix during the 2 and 4 weeks in vitro culture periods
(Fig. 4). The low permeable design (S50) attained signifi-

cantly higher sGAG/DNA content at both time points and
showed a significant increase of sGAG/DNA content from 2
to 4 weeks (39.62 to >55.94, *140% increase), whereas the
high permeable design (C62) did not show a significant in-
crease in matrix production from 2 to 4 weeks. An increase in
sGAG/DNA content implies that a single cell is more geared
toward chondrocytic phenotype with more matrix produc-
tion. At 2 weeks sGAG/DNA content of S50 was 1.6 times
higher than that of C62 and at 4 weeks sGAG/DNA content
of S50 was 2.3 times higher than that of C62.

qtPCR was used to measure messenger RNA expression
for collagens by cells and for aggrecan found in cartilage at
the 4-week time point (Fig. 5). Although there were trends
with other gene expression ( p� 0.1), only Col2/Col1 (DI)
and Col10 expression showed a statistically significant dif-
ference between the two designs ( p� 0.05). The main com-
ponents of healthy articular cartilage are collagens and
proteoglycans, which form a highly organized network to-
gether. Type II collagen is the major fibrillar collagen of ar-
ticular cartilage, accounting for 90%–95% of the overall
collagen content and determining mechanical behavior25;
hence, it is often used as a marker for cartilaginous tissues.
When Type II collagen is destroyed, it is replaced with a type
I collagen fibro-cartilage that does not have the same func-
tional properties as type II collagen, and this is why DI is
frequently used as a marker for chondrocytic differentiation.
The low permeable design (S50) showed higher collagen 2
and lower collagen 1 expression resulting in DI to be 1.6
times higher than the DI of the high permeable design (C62).

Aggrecan is the main proteoglycan found in cartilage, and
is a typical marker of differentiated chondrocytes along with
collagen II. Even though aggrecan expression of both designs
was not significantly different, S50 was higher than C62.
Type X collagen serves as a marker of the terminally differ-
entiated (hypertrophic) chondrocyte phenotype, and detec-
tion of the type X collagen gene transcript and translation
product is useful for studies of chondrocyte growth and de-
differentiation.26,27 Type X collagen expression of C62 was
significantly higher than that of S50 (2.2 times higher than
S50), implying a greater tendency to hypertrophy.

Histology

Safranin-O staining (Fig. 6) supported the sGAG quanti-
fication data such that low permeable design (S50) showed a
larger area of sGAG staining overall and each pore was more
packed with sGAG-containing tissues. Also, even for outer
layer tissues formed around the edges of scaffolds, low
permeable design had darker sGAG staining with more
vivid chondrocytic cell phenotypes (i.e., round shape with
lacuna) than high permeable design, consistent with the re-
sults in Figure 4.

Discussion

There are many structural parameters that characterize
and affect the overall function and performance of 3D scaf-
folds, including pore size, porosity, pore shape, degrees of
interconnectivity, and scaffold surface area. Each of these
structural parameters influences permeability, and their ag-
gregate combination determines the final permeability, a
measure of effective mass transport. Because of these inter-
related structural parameters, it is infeasible to isolate the

Table 2a. s¼A(ebe� 1) Nonlinear Model Fit

Coefficients and Tangent Moduli

Empty scaffolds Nonlinear model coefficients

Design/coefficients A B fval

S50 0.11� 0.03 1.89� 0.36 8.88E-04
C62 0.013� 0.004 4.34� 0.58 6.92E-04

fval is value of the objective function: [objective function¼
(sexperiment�smodel fit)2].

Table 2b. Tangent Moduli (MPa) at 1%, 10%,
and 30% Strain

Design/strain (%) 1 10 30

S50 0.199� 0.010 0.235� 0.004 0.344� 0.019
C62 0.057� 0.014 0.085� 0.021 0.201� 0.048
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effects of one structural parameter on cartilage regenera-
tion.28 Although there have been numerous efforts to eluci-
date the effects of single or multiple scaffold structural
parameters in cartilage tissue engineering,3,4,29–33 they either
performed limited characterization of scaffold structures and
resulting permeability and mechanical properties or the ar-
chitectural parameters were not rigorously designed or
controlled before. Malda et al.,34 Woodfield et al.,5 and Miot
et al.35 reported the studies comparing architectures made
using a bioplotter fabrication system with those created by
porogen leaching and compression molding. These studies

did yield insights suggesting that controlled architectures
with interconnected porosity yielded increased cartilage
matrix production compared to the porogen leaching meth-
od with tortuous porosity. However, the effective scaffold
permeability was not characterized, neither were two well-
defined pore shapes compared. Moutos et al.36,37 and Valo-
nen et al.38 evaluated 3D woven textile PCL scaffolds for
cartilage regeneration. They determined aggregate modulus
for these structures to be in the range of 0.4–0.8 MPa, which
is within the range of native articular cartilage. Permeability
was determined by fitting creep data to linear biphasic the-

FIG. 3. (a) Comparison of compressive stress versus strain model fit for low (S50) and high (C62) permeable scaffold
designs. (b) Comparison of compressive stress versus strain model fit of different scaffold designs for with or without cells
(control) at 4 week time point. Control represents scaffolds that were not seeded with cells yet they were subjected to
degradation by culture media over 4 weeks, whereas scaffolds with cells represent that cells were seeded onto scaffolds and
were subject to both degradation and tissue formation for 4 weeks. (c) Comparison of compressive stress versus strain model
fit for different scaffold designs at 0 and 4 week time points without cells (control). This represents a sole degradation effect
on mechanical strength of the scaffolds. High permeable design (C62) causes less acid accumulation resulting in slower and
less degradation overall. (d) Comparison of compressive stress versus strain model fit for different scaffold designs at 2 and 4
week time points with cells. More matrix formation and lower permeability reformed by tissues result in increases in
mechanical strength of tissue/scaffold construct. Greater increase in stiffness of low permeable design (S50) represents more
tissue formed, which is reflective of sGAG/DNA content shown in Figure 4. Color images available online at www
.liebertonline.com/ten.
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ory. Aggregate modulus increased and permeability de-
creased with ingrowth, similar to this study. However, car-
tilage gene expression was not determined and safranin O/
Fast Green staining did not reveal significant sGAG content
in the scaffolds. Further, permeability was not determined by
direct fluid flow experiments. The variability of pore struc-
ture created by the textile weaving is not known, and
therefore it is uncertain whether the pore structure is rigor-
ously controlled as in the current study. Although perme-
ability was measured, it was not specifically controlled
through scaffold design. Lastly, we have previously shown39

that PCL scaffolds do not support cartilage regeneration or
POC scaffolds for the same architecture.

In our study, we designed scaffolds such that pore size,
surface area, and degrees of interconnectivity were rigor-
ously controlled within narrow ranges. Further, pore shape
was specifically controlled to match either spherical or cu-
bical pore geometry. Thus, the effects of porosity, pore shape,
and surface area on permeability and mass transport were
well characterized. In a previous study,8 we examined the

effects of scaffold permeability on chondrogenesis by vary-
ing both porosity and surface area within a spherical pore
shape. This study demonstrated that scaffolds with reduced
permeability improved in vitro chondrogenesis by primary
chondrocytes. However, since permeability was decreased
by changing the spherical neck connection size, lower per-
meable scaffolds would have increased surface area. Al-
though we postulated that surface area was not a major
factor in that study since the chondrocytes were not seen on
histology to attach to the scaffold surface, it, nonetheless,
raises the question whether increased surface area played a
role in the increased chondrogenesis with decreased per-
meability.

In this study, we designed scaffolds to examine the effects
of permeability due to pore shape while eliminating surface
area as a potential confounding factor. In addition, the po-
rosity difference between the two designs was minimal
(1.2�between designs) compared to the permeability differ-
ences (13.5�between designs). Thus, in this study, we have
isolated the major differences in scaffold architecture to
permeability and pore shape (cylindrical vs. spherical). Since
the overall impact of scaffold design on cartilage regenera-
tion should not just be measured in terms of cartilage matrix
production and gene expression, we also determined how
scaffold architecture affected scaffold degradation and scaf-
fold mechanical behavior with and without seeded cells.
Scaffold behavior with seeded cells obviously represents
the overall mechanics of the scaffold/regenerated tissue
construct.

The lower permeable with spherical pore shape design,
‘‘S50,’’ led to increased cartilage matrix production and in-
creased cartilage gene expression (Figs. 4–6). The spherical
pore shape may have helped creating denser cell aggregation
within the pore volume, conditions that would be favorable
to chondrogenesis.9,32 In addition, as we have earlier sug-
gested8 that the lower permeability may enhance chon-
drogenesis due to decreases in oxygen tension and lower
reactive oxygen species around cells that results from
lower permeability and higher cell concentration. Finally,
lower permeable design may demonstrate enhanced carti-
lage matrix production due to retained sGAG molecules that
could diffuse out from more permeable designs. These three
factors, (1) increased cell aggregation, (2) decreased O2 ten-
sion resulting from lower permeability, and (3) increased
sGAG retention in lower permeable designs, could all con-
tribute to enhanced chondrogenesis in the spherical pore
shapes. Thus, the spherical pore shape may enhance chon-
drogenesis due to its unique capability of generating a larger
pore volume for cell aggregation while maintaining low
permeability for sGAG retention and low O2 tension.

Table 3a. Model Fit for Scaffolds with Cells: Control (Gel, No Cell) Versus Scaffolds (Gel þ Cell) For 2, 4 Week

Control Cells
Scaffold design/conditions
(N¼ 4) A B A B

S50 2 week 0.003� 0.001 6.51� 1.08 0.060� 0.014 2.24� 0.41
C62 2 week 0.003� 0.000 6.55� 0.37 0.024� 0.027 4.13� 2.08
S50 4 week 0.023� 0.006 3.79� 0.23 0.28� 0.33 3.00� 1.15
C62 4 week 0.011� 0.005 4.55� 1.26 0.114� 0.175 3.35� 1.65

fval is within 0.000–0.005 so not shown.

Table 3b. Tangent Moduli at 10% Strain

Scaffold design (N¼ 4)/
conditions Control Cells

S50 2 week 0.038� 0.006 0.161� 0.005
C62 2 week 0.042� 0.003 0.095� 0.061
S50 4 week 0.125� 0.027 0.550� 0.045
C62 4 week 0.072� 0.002 0.156� 0.055
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FIG. 4. The representation of matrix production for differ-
ent scaffold architectures: the sGAG/DNA content was
normalized to that of 0 week. (N¼ 7–8, one way ANOVA,
*p� 0.05).
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In addition to significantly affecting cartilage matrix pro-
duction, scaffold architecture design had significant effects
on scaffold mechanics (empty without cells) and scaffold
degradation (empty without cells). Architecture design sig-
nificantly affected the inherent effective nonlinear elastic
properties. Despite having only 12% less porosity, the stiff-
ness of the S50 (low permeable) design as measured by
tangent modulus (Fig. 3a and Table 2b) was from 1.5 to 4
times greater than the C62 (high permeable) design de-
pending on strain magnitude. The C62 design exhibited
greater nonlinear behavior, as seen in Figure 3a and as
demonstrated by the larger b coefficient in the nonlinear
elastic model s¼A(ebe� 1), where a higher b coefficient in-
dicates greater nonlinear behavior. Thus, it is clear that 3D
arrangement of material greatly affects the stiffness and
nonlinearity of scaffold mechanics for nonlinear elastomers
like POC, even when the amount of material used in the
scaffolds is very similar.

Architecture design greatly influenced in vitro scaffold
degradation as well (Fig. 3c). The S50 design without cells

demonstrated a significant decrease in effective tangent
moduli, but the nonlinearity of the stress–strain curve in-
creased. The C62 design demonstrated slight overall de-
crease in tangent moduli between 0 and 4 weeks, although
the nonlinearity appeared unchanged. These mechanical re-
sults would suggest a significant change in polymer cross-
linking and molecular weight for the S50 (Low) design, but
not for the C62 (High) design. Again, given that the amount
of material is similar between designs, it is likely the ar-
rangement of material in 3D space as well as the perme-
ability that most influenced degradation.

Of significant interest for eventual in vivo application are
the combined effects of cartilage matrix production and
scaffold material degradation on overall scaffold/tissue
construct mechanical properties. Here again, there is a sig-
nificant influence of scaffold architecture design. There is a
tremendous increase in both the stiffness (tangent modului)
and nonlinearity of both designs with seeded cells, although
the increase is more dramatic for the S50 design. This reflects
the greater increase in cartilaginous matrix within the S50
design over the C62 design. The tangent modulus of S50
tissue/scaffold constructs at 4 weeks (Table 3b) was also
closer to the tangent modulus of native cartilage reported
previously (0.44 MPa).40 This increased cartilaginous matrix
is reflected in the increased mRNA expression (Fig. 5),
sGAG/DNA quantification data (Fig. 4), and sGAG staining
of different scaffold designs (Fig. 6). Higher expression of
collagen 2 and lower expression of collagen 1 creating a
higher DI (higher collagen 2 to collagen 1 ratio), coupled
with low collagen 10 expression of low permeable design
(S50), are all positive indications of higher chondrocytic
differentiation and matrix production, and less hypertrophy.
The high permeable design (C62) seemed to cause more
rapid de-differentiation marked by higher expression of
collagen 1 with high tendency toward hypertrophy. Thus, in
both cases, the ability to rapidly generate cartilage matrix
within the pores more than overcame the material degra-
dation effects on mechanical properties.

FIG. 6. Safranin-O/Fast-Green staining of scaffolds at 4 weeks: more chondrocytic cells with vivid lacunae and darker
sGAG staining were present in the low permeable design with spherical pore shape (S50). All the sections were taken from
the center of the scaffolds cross sectionally and longitudinally. Color images available online at www.liebertonline.com/ten.
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FIG. 5. Relative mRNA expression comparisons between
different scaffold designs at 4 weeks (N¼ 8–10, t-test,
*p� 0.05).
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The final component in our system that can affect cartilage
matrix production is the cell seeding gel. The use of collagen
gels allows seeds to be evenly seeded through the 3D ar-
chitecture. Our results (Fig. 1) showed that lower collagen I
gel provided a more preferable microenvironment for pChon
in terms of matrix production and chondrocytic differentia-
tion. This can be explained by comparing to the environ-
ments of chondrocytes in normal cartilage. Chondrocytes are
known to be sensitive to the macromolecular organization of
collagen fibrils and the spherical chondrocytes in normal
cartilage are surrounded by a network of hyaluronan and
GAG molecules containing Type II collagen fibrils.41,42 The
abundance of Type I collagen instead of hyaluronan, GAG,
and Type II collagen surrounding chondrocytes may have
led to morphological changes of chondrocytes, indicating
that lower content of collagen I gel was actually better in
production and maintenance of matrix (sGAG) than higher
content of collagen I gel.

Conclusions

Our study clearly shows that chondrocytes prefer lower
permeable scaffolds in terms of matrix production and dif-
ferentiation; pore shape not only plays a role in determining
effective scaffold permeability but also may play an additive
role ensuring abounding pore space for enhancing cell ag-
gregation and sGAG retention. The enhanced cartilage ma-
trix production in the low permeable design resulted in
superior mechanical properties for the scaffold/tissue con-
struct for this design. In addition, designed pores architec-
ture significantly influenced empty scaffold degradation
kinetics in addition to effective mechanical and permeability
properties. The results of this study motivate further inves-
tigation to separate pore shape and permeability effects on
chondrogenesis. It further suggests that designed scaffold
architecture is a component affecting the success or failure of
tissue engineered cartilage that should be further studied in
appropriate in vivo cartilage defect models.
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