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INTRODUCTION

IT IS WELL ESTABLISHED that the regenerative capacity
of damaged or diseased articular cartilage is limited.1,2

Numerous strategies have been employed to deliver or
recruit reparative cells to defects, with or without a three-
dimensional (3D) scaffold, for the express purpose of pro-
duction and organization of extracellular matrix (ECM)

components.3,4 It has been noted, however, that virtually
none of these cell- or scaffold-based cartilage repair
strategies employed to date accounts for the high degree
of topographical organization of cells and ECM con-
stituents within native hyaline cartilage.1,3

Chondrocytes are responsible for the synthesis and
maintenance of articular cartilage, and yet occupy only a
small portion (typically less than 2%) of the total volume
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of adult tissue5 compared with the remaining interstitial
water (about 80%) and ECM components (about 20%),
such as type II collagen, noncollagenous proteins, and a
high concentration of cartilage proteoglycans.6,7 Mature
chondrocytes are well differentiated in their lineage and
the ECM in which they assemble has a highly organized
internal structure.5,7 Distinct variations in cell density and
morphology, collagen fibril diameter and orientation, wa-
ter concentration, and glycosaminoglycan (GAG) con-
centration exist with depth from the articular surface5,6,8

and can be divided into four zones: the superficial, mid-
dle, and deep zones, and the zone of calcified cartilage,
as illustrated in Fig. 1A. The superficial (S) zone con-
tains flattened chondrocytes and densely packed collagen
fibrils (diameter, 20 nm) oriented tangentially to the ar-
ticular surface. The middle (M) zone contains randomly
oriented collagen fibers and more rounded chondrocytes,
whereas the lower (L), or deep, zone consists of large,
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spherical chondrocytes aligned in a columnar fashion,
and thicker collagen fibers (diameter, 120 nm) oriented
perpendicular to the joint surface. Chondrocytes isolated
from these superficial, middle, and deep zones have been
shown to exhibit different metabolic activities,9 and in
3D culture experiments maintain their ability to synthe-
size ECM components specific to their zonal origin.10,11

The complex zonal organization and interaction be-
tween solid ECM and fluid components within articular
cartilage are directly related to its biomechanical func-
tion.12,13 It provides the tissue with near frictionless ar-
ticulation and remarkable load-bearing abilities due to its
viscoelastic behavior, as well as zone- and frequency-de-
pendant stiffness under mechanical compression.14–17

The inexorable functional demands necessary in load-
bearing cartilage may require the repair tissue to closely
resemble that of native tissue in terms of composition and
organization for long-term success.3,13 Because chon-
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FIG. 1. (A) Anisotropic distribution and orientation of collagen fibers (left face) and chondrocytes (right face) within the su-
perficial (S, 10%), middle (M, 45%), and deep or lower (L, 45%) zones of articular cartilage. GAG:DNA content, safranin O
staining for GAG, and immunohistochemistry for collagen type II and type I of bovine articular cartilage are illustrated at right
(*significant decrease in GAG:DNA content). (B) Corresponding zonal design and SEM pictures of model 3D-deposited scaf-
folds containing either a homogeneous 1-mm fiber spacing (1mm) or an anisotropic pore-size gradient (Grad). Regions corre-
sponding to the upper (S – 10%), middle (M – 45%), and lower zones (L – 45%) are indicated on the left, whereas the associ-
ated fiber spacing used in Grad scaffolds (0.5, 1.0, and 2.0 mm) are indicated on the right. The same architectures were used to
construct 1mmF and GradF scaffolds on a basal dense film (50 �m thick).
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drocytes are responsible for synthesis of cartilage ECM,
the hypothesis is that by imitating the zonal organization
within native tissue, the local cell environment will also
stimulate synthesis of an organized cartilage construct.

As a step in this direction, studies have investigated
the possibility of incorporating biological recognition or
“instructive” features into biomaterial implants.18,19 With
respect to cartilage tissue engineering, polymer scaffolds
with cell-excluding barriers or vertically oriented pores
or channels have been developed,20–22 as have seeding
methods using cells suspended in photopolymerizing hy-
drogels,10,23 agarose,24 or alginate.25 Moreover, instead
of using a heterogeneous mixture of cells isolated from
full-thickness cartilage, these studies in gels typically in-
volved separate expansion and/or culture of zonal cell
populations, isolated from the superficial, middle, and
deep zone cartilage, and have assisted in tailoring an
anisotropic cell distribution or tissue exhibiting specific
superficial zone proteins.26,27 To our knowledge, exper-
iments using porous 3D scaffolds designed to investigate
the zonal organization of tissue-engineered cartilage
(e.g., using pore gradients) have not been reported. These
studies offer considerable challenges based on the abil-
ity to both fabricate and characterize complex, aniso-
tropic scaffold architectures in order to relate concomi-
tant tissue responses to these architectures.

We previously described a novel 3D fiber deposition
technique that allows accurate design of polymer scaf-
folds with controlled porosity, pore size, and mechanical
properties for cartilage tissue-engineering applica-
tions.28,29 When compared with traditional foam scaffold
architectures with the same porosity, we demonstrated
that 3D-deposited scaffold architectures, with 100% in-
terconnecting pores, promoted a more homogeneous dis-
tribution of chondrocytes and ECM components as well
as enhanced chondrocyte differentiation (i.e., GAG:DNA
content) in bovine chondrocytes in vivo29 and human
nasal chondrocytes in vitro.30 By further adapting this 3D
scaffold technology, the initial aim of this study was to
design model 3D fiber-deposited scaffolds containing (1)
homogeneously sized pores or pore-size gradients, (2) a
similar scaffold volume fraction (i.e., surface-to-volume
ratio), (3) similar overall porosity for cell attachment and
ECM synthesis, and (4) a 100% interconnecting pore vol-
ume to promote cell infiltration and maximize nutri-
ent/waste exchange throughout. Because seeding tech-
niques can also influence the distribution of cells within
porous polymeric scaffolds,31 we adopted two techniques
that allowed either a random cell distribution or the di-
rect placement of cells, that is, dynamic seeding in stirred
suspension (spinner flask) and static cell injection, re-
spectively. For the static seeding method, scaffolds con-
taining homogeneously sized pores or pore-size gradient
were constructed with a dense basal film to prevent cell
loss through the highly interconnected pore volume.
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Finally, the main aim of the study was to quantitatively
evaluate zonal chondrocyte distribution and organization
of cartilage ECM components, as measured by DNA, gly-
cosaminoglycan (GAG), and collagen type II content, in
response to these model scaffold geometries and seeding
regimens after in vitro culture. Furthermore, results com-
paring zonal cell and ECM formation on scaffolds in vitro
with native bovine articular cartilage are reported herein.

MATERIALS AND METHODS

3D-deposited scaffolds

Porous poly(ethylene glycol)-terephthalate–poly(buty-
lene terephthalate) (PEGT/PBT) copolymer scaffolds
(PEG molecular weight, 300; PEGT wt%, 55; PBT wt%,
45) were produced by a novel 3D fiber deposition tech-
nique described previously.28 Briefly, scaffolds were
constructed by successively layering a 0–90° pattern of
molten copolymer from a 250-�m-diameter nozzle onto
a computer-controlled x–y–z table. By programming dif-
ferent fiber deposition paths into the computer software,
it was possible to generate a range of scaffold architec-
tures by accurately controlling the fiber spacing from one
layer to another.28

In this study, various scaffold architectures were pro-
duced with either a homogeneous 1-mm fiber spacing
(1mm) or a gradient in fiber spacing (Grad) throughout
the height of the construct. More specifically, Grad
scaffolds were constructed by initially depositing four
0–90° layers with a fiber spacing of 2.0 mm, followed
by another four layers at 1.0 mm, and finally only one
layer at 0.5 mm at the upper surface (Fig. 1B). There-
fore, the 2.0 mm-spaced region represented the deep
zone, or lower 45% of the scaffold (labeled L); the 1.0
mm-spaced region represented the middle zone, or mid-
dle 45% of the scaffold (labeled M); and the 0.5 mm-
spaced region represented the upper zone, or superficial
10% (labeled S) of the scaffold (Fig. 1A). In addition,
scaffolds with a homogeneous 1-mm fiber spacing
(1mmF) or a pore gradient (GradF) were also produced
by directly depositing fibers on a dense PEGT/PBT film
(Figs. 1B and 2) approximately 50 �m in thickness in
order to provide a barrier to cell and nutrient infiltra-
tion, similar to that present within the bone–cartilage
interface in articulating joints (Fig. 1A). Films were so-
lution cast from the same PEGT/PBT copolymer com-
position as the 3D scaffolds, using a technique described
previously.32

For cell culture experiments, cylindrical samples (7
mm in diameter by 4.0 mm) were cored from bulk 3D-
deposited Grad, 1mm, GradF, and 1mmF blocks. Before
cell seeding, scaffolds were sterilized by � irradiation
(minimum dose, 25 kGy) in a JS6500 tote box irradiator
(Isotron, Ede, The Netherlands).
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Scaffold characterization

Because of the regular pore geometry, determining the
interconnecting pore size of the resulting scaffolds was
possible by scanning electron microscopy (SEM). Theo-
retical volume percent (vol%) porosity was calculated for
each scaffold by using deposition geometries based on a
unit cube, whereby the fiber diameter and spacing be-
tween layers were equal (i.e., no overlap due to fusion
between fibers from one layer to another was assumed),
as described previously.28

The scaffold volume fraction within each of the S, M,
and L zones was also calculated from deposition geom-
etry data. Assuming a unit cube, the fiber surface area
(mm2) equaled pdln, where d, l, and n represent the fiber
diameter (250 �m), fiber length, and total number of
fibers in a given zone, respectively. Values were nor-
malized to the associated volume (mm3) of each of the
S, M, and L zones, by calculating the cross-sectional area
(l2) and height (h) of each zone, yielding the zone vol-
ume fraction (mm–1) as follows:

Zone volume fraction � �dln/l2h � �dn/lh (1)

Tissue culture

Bovine chondrocytes were isolated by collagenase di-
gestion (0.15% type II collagenase; Worthington Bio-
chemical, Lakewood, NJ) from articular cartilage har-
vested from the peripatellar groove of three 6-month-old
calf knee joints, and pooled. Full-thickness core samples
of articular cartilage (4 mm in diameter by 4.0 mm thick)
were also harvested from the same joints to allow com-
parison of histological and biochemical data with tissue-
engineered constructs.
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For Grad and 1mm scaffolds, primary cells were dy-
namically seeded (Fig. 2) on scaffolds (7 mm in diameter
by 4.0 mm thick) in spinner flasks (100-mL working vol-
ume, 50 rpm; Bellco Glassware, Vineland, NJ) at a density
of 8 � 106 cells per scaffold (56 scaffolds in total). For
GradF and 1mmF scaffolds, primary cells were statically
seeded by placing a highly concentrated cell suspension di-
rectly on top of the constructs (8 � 106 cells in a 40-�L
cell suspension per scaffold), using a micropipette (Fig. 2).
To prevent cell loss through the highly interconnected pores
of the 3D scaffolds, GradF and 1mmF constructs were
placed within sterile tubing before seeding. Therefore, with
the radial borders of the scaffold surrounded by tubing, and
a dense film present at the base of the scaffold, only the
upper surface remained open. Cells were allowed to settle
for 3 h within the scaffolds before being transferred to 12-
well plates containing 3 mL of medium. For all samples,
the culture medium contained HEPES-buffered Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich, St. Louis, MO), 0.2 mM ascorbic acid 2-
phosphate (Invitrogen), 0.1 mM nonessential amino acids
(Sigma-Aldrich), 0.4 mM proline (Sigma-Aldrich), peni-
cillin (100 units/mL; Invitrogen), and streptomycin (100
�g/mL; Invitrogen).

Seeding was evaluated after 3 days of spinner flask
(Grad and 1mm) or static (GradF and 1mmF) culture con-
ditions. After removing the tubing on statically seeded
scaffolds, all remaining samples were transferred to spin-
ner flasks and remained in culture until day 21, with
medium refreshment every 3–4 days. Grad, GradF, and
1mmF scaffolds were oriented vertically in spinner flasks
so that 0.5 mm-spaced fibers were on top, and the 2 mm-
spaced or dense films were at the bottom.
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FIG. 2. Overview of 3D-deposited scaffold architectures and in vitro seeding and culture techniques. After cell isolation, 1mm
and Grad scaffolds were dynamically seeded for 3 days in spinner flasks, whereas 1mmF and GradF scaffolds (containing a
dense base film and constrained with sterile tubing) were seeded statically for 3 days. All constructs were transferred to spinner
flasks and cultured for 21 days.
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Biochemical analysis

Tissue-engineered constructs for biochemical analysis
(n � 3 per condition at each time point) were sectioned
in the three S, M, and L zones indicated in Fig. 1B, us-
ing a custom-designed device allowing perpendicular
sections of desired thickness to be made with a microm-
eter. The diameter and thickness of each of the sections
were measured with digital calipers (Matsushita, Tokyo,
Japan) so that quantitative data from each zone could be
normalized by volume as described below. Sections were
then placed in a solution containing proteinase K (1
mg/mL), pepstatin A (10 �g/mL), and iodoacetamide
(185 �g/mL) (Sigma-Aldrich) overnight at 56°C to di-
gest the cells and extracellular matrix (ECM). These sam-
ples were then evaluated for DNA, GAG, and collagen
type II content as follows.

DNA content. Quantification of total DNA was per-
formed with a CyQUANT dye kit (Molecular Probes, Eu-
gene, OR) as per the manufacturer’s instructions, using
a fluorescence plate reader (PerkinElmer, Norwalk, CT).

GAG content. GAG was quantitatively determined by
reaction with dimethyl-methylene blue dye (Sigma-
Aldrich).33 Intensity of color change was immediately
measured with a microplate reader (EL 312e; Bio-Tek
Instruments, Winooski, VT) at an absorbance 520 nm.
Values were compared with those from a standard of
chondroitin sulfate B (Sigma-Aldrich).

Collagen type II content. By applying an enzyme-
linked immunosorbent assay to aliquots of proteinase K
digests, collagen type II content was determined as de-
scribed previously.34,35

To allow comparison with native articular cartilage
organization, the above-described biochemical assays
were performed on corresponding zones (i.e., S, M, and
L) of bovine articular cartilage cylinders (4 mm in di-
ameter by 4.0 mm thick), harvested from the same tis-
sue used for cell isolation. Furthermore, to compare the
results between the different S, M, and L zones, quan-
titative biochemical data were normalized by available
pore volume (mm3) within each zone. This was calcu-
lated by taking the total volume of the sample (�/4D c

2t)
based on direct diameter (Dc) and thickness (t) mea-
surements of the construct taken during sectioning, and
subtracting the fiber volume. Because the scaffold di-
ameter (D), height (h), and vol% porosity (P) for each
zone (excluding tissue) were known from deposition
geometries, fiber volume of each zone could be deter-
mined according to Eq. (2):

Fiber volume � scaffold volume � [(100 – 

% porosity)/100] � (�/4)Dc
2h � [(100 – P)/100] (2)
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Histological analysis

Histology. Samples were fixed overnight in 0.14 M ca-
codylate buffer (pH 7.2–7.4) containing 0.25% glu-
taraldehyde (Merck, Darmstadt, Germany). Samples
were then dehydrated in a sequential ethanol series, plas-
tic embedded in glycol methacrylate (Merck), and cut
with a microtome to yield 5-�m-thick sections. Sections
were stained with hematoxylin (Sigma-Aldrich) and fast
green (Merck) to visualize cells/cell nuclei and with
safranin O (Sigma-Aldrich) to visualize extracellular gly-
cosaminoglycan (GAG).

Immunohistochemistry. Constructs were embedded 
in optimal cutting temperature compound (Tissue-Tek
O.C.T.; Sakura Finetek USA, Torrance, CA) and snap
frozen at �60°C. Cryosections, 5 �m in thickness, were
made with a cryotome (Thermo Shandon, Pittsburgh, PA)
and fixed in acetone for 8 min. Collagens type I and II
were immunolocalized with an Animal Research kit
(DakoCytomation, Carpinteria, CA) in combination with
collagen type I (Ab-1, diluted 1:1000; Calbiochem, EMD
Biosciences, CA) and collagen type II antibodies (II-
II6B3, diluted 1:200; Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA) as described
previously.36 Staining was visualized with diaminoben-
zidine (DAB) solution (DakoCytomation) for 5 min in
addition to counterstaining with hematoxylin (Sigma-
Aldrich).

All histological sections were mounted and examined
under a light microscope (Nikon Eclipse E600) with rep-
resentative images captured with a digital camera (Sony,
Tokyo, Japan) and Matrix Vision software (Matrix Vi-
sion, Oppenweiler, Germany).

Scanning electron microscopy. Cultured constructs
were fixed and dehydrated as described above. To obtain
full-thickness cross-sections at right angles to the scaf-
fold fibers, sections were made with a sharp blade scalpel
before critical point drying from liquid carbon dioxide
(CPD 030 critical point dryer; Bal-Tec, Balzers, Liecht-
enstein). Samples were then sputter coated (Cressington
Scientific, Watford, UK) with a thin gold layer and stud-
ied with a Philips XL30 environmental scanning electron
microscope (ESEM). Full-thickness cross-sections of as-
produced scaffolds were also made with a blade scalpel,
before gold sputtering and SEM analysis as described
above.

Statistics

To compare biochemical composition between the var-
ious zones within each scaffold, one-way analysis of vari-
ance (ANOVA) was performed with SigmaStat statisti-
cal software (SPSS, Chicago, IL). If tests for normality
and variance passed, then one-way ANOVA was per-
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formed, whereas if variance tests failed, then one-way
ANOVA on ranks was performed with Student–New-
man–Keuls post hoc tests for significance (p � 0.05)
used in both cases.

RESULTS

Scaffold characterization

As shown in Fig. 3, the desired overall volume per-
cent porosity (80.1 and 78.0%) and volume fraction (3.25
and 3.69 mm�1) available for cell attachment and ECM
formation were similar for both Grad and 1mm scaffolds,
respectively. As expected, the S zone, with 0.5-mm fiber
spacing in Grad and GradF scaffolds, had the lowest
porosity and highest volume fraction (59.2% and 6.67
mm–1, respectively), whereas the L zone, with 2.0-mm
fiber spacing, had the highest porosity and lowest vol-
ume fraction (87.4% and 2.05 mm–1, respectively). The
M zone, with 1.0-mm fiber spacing, had a porosity and
volume fraction of 78.0% and 3.59 mm�1, respectively.
The porosity and volume fraction values of the latter were
also characteristic of each of the S, M, and L zones in
1mm and 1mmF scaffolds, as they contained the same ho-
mogeneous 1.0-mm fiber spacing throughout (Fig. 3).

The average interconnecting pore size present within
scaffold zones produced with 0.5-, 1.0-, or 2.0-mm fiber
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spacing was 192 � 47, 677 � 39, and 1650 � 75 �m, re-
spectively, and was consistent with previous SEM anal-
ysis of 3D-deposited scaffold architectures.28 Further-
more, parallel studies have demonstrated excellent
agreement between predicted values for porosity and vol-
ume fraction of 3D-deposited scaffold architectures com-
pared with microcomputed tomography analysis.29,30

Therefore, considerably different and distinct variations
in pore size, porosity, and volume fraction were avail-
able within Grad scaffold zones for observing cellular re-
sponses.

Biochemical analysis

DNA. DNA results showed a significantly higher con-
centration of cells per unit volume in Grad and GradF S
zones than in corresponding M and L zones, respectively,
on both day 3 and day 21 (Fig. 4A). This anisotropic cell
distribution, particularly on day 3, was similar to that
measured in bovine articular cartilage explants, where we
observed a significantly higher concentration of cells per
unit volume within the S zone compared with M and L
zones (Fig. 4B). In comparison, 1mm and 1mmF scaf-
folds, without a pore volume gradient, showed a more
homogeneous distribution of cells per unit volume across
the three S, M, and L zones. In these scaffolds, a signif-
icant difference in cell number was observed only be-
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FIG. 3. Zonal distribution in porosity (shaded symbols) and volume fraction (solid symbols) measured for S, M, and L zones
within Grad (solid lines) and 1mm (dotted lines) scaffolds. While volume percent (vol%) porosity and volume fraction (VF)
within each zone in Grad scaffolds varied between 59–84% and 2.05–6.67 mm–1, respectively, the total vol% porosity and vol-
ume fraction available for cell infiltration and attachment throughout all zones within both Grad and 1mm scaffolds were simi-
lar (80.1 versus 78.0% and 3.25 versus 3.69 mm–1, respectively).
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tween 1mmF S and M zones on day 21 and was likely
the result of the static seeding technique, which resulted
in the cells settling either within the upper fibers or deep
near the dense film (Fig. 6C).

When comparing the DNA per unit volume with the
volume fraction for Grad and GradF scaffolds (Fig. 5A
and C), we saw a direct correlation between cellularity
and scaffold volume fraction on day 3 in gradient scaf-
folds (R2 � 0.997 and 0.908, respectively), but to a lesser
extent after 21 days of culture (R2 � 0.715 and 0.706, re-
spectively).

GAG. GAG results showed an anisotropic distribution
similar to that of the DNA data. Again, Grad and GradF
S zones contained a significantly higher GAG content
than M and L zones, respectively, both on day 3 and day
21 (Fig. 4C). These significant trends were not seen in
1mm and 1mmF scaffolds. GAG per unit volume in na-
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tive bovine articular cartilage explants was highest in the
L zone; however, this was not significantly higher than
in S and M zones (Fig. 4D). Furthermore, the amount of
GAG measured in native cartilage was approximately 5
to 10 times higher than in the corresponding zones within
cultured scaffolds.

As shown in Fig. 5B and D, there was also a direct
correlation between GAG content and volume fraction
for Grad scaffolds on day 3 (R2 � 0.970), but to a lesser
extent for GradF scaffolds (R2 � 0.855). Conversely, on
day 21, GAG content more directly correlated with vol-
ume fraction in GradF scaffolds (R2 � 0.904) compared
with Grad scaffolds (R2 � 0.762).

GAG:DNA. When GAG content was normalized to
DNA for each zone in native cartilage explants, signifi-
cantly higher GAG:DNA was present in the L zone com-
pared with M and S zones, respectively (Fig. 1). There
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FIG. 4. Zonal distribution in (A and B) cell number (DNA content), (C and D) GAG content, and (E and F) collagen type II
content within Grad, 1mm, GradF, and 1mmF constructs after seeding on day 3 (shaded portion of columns) and at 21 days of
tissue culture (solid portion of columns) compared with native bovine articular cartilage explants (B, D, and F). For each scaf-
fold architecture, constructs were sectioned into their corresponding S (10%), M (45%), and L (45%) zones and analyzed sepa-
rately. A significant difference between S, M, and L zones is denoted as follows: #day 3; *day 21.
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was no significant difference in GAG:DNA within re-
spective zones of cultured scaffolds with and without
pore volume gradients (data not shown). However,
GAG:DNA content in Grad and 1mm scaffolds increased
between day 3 and day 21, whereas, for GradF and 1mmF
scaffolds, GAG:DNA remained unchanged with culture
time (data not shown).

Collagen type II. An anisotropic distribution in colla-
gen type II content per unit volume was also observed in
Grad and GradF scaffolds on day 3 and day 21, although
some significant differences were seen in 1mm and 1mmF
scaffolds on day 3 (Fig. 4E). In general, S zones of Grad
and GradF contained significantly higher collagen type
II compared with M and L zones. The exception was be-
tween Grad S and L zones, which exhibited the highest
levels of collagen type II, but were not significantly dif-
ferent from one another. Notably, however, a 10-fold in-
crease in collagen II content was observed between day
3 and day 21 in zone L, whereas only a 2-fold increase
was observed in the S zone (Fig. 4E). Therefore, on the
basis of the rate of collagen synthesis, longer culture pe-
riods might result in a distribution of collagen type II
more similar to native articular cartilage explants illus-
trated in Fig. 4F. In this case, we observed significantly
greater amounts of collagen type II per unit volume in L
and M zones than in the S zone (Fig. 4F). Similar to GAG
data, collagen type II content per unit volume within na-
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tive cartilage was approximately 10 times higher than val-
ues measured in cultured samples and, compared with
Grad and 1mm scaffolds, increases in collagen content
between day 3 and day 21 for GradF and 1mmF scaf-
folds remained limited. Possible reasons for these obser-
vations in GradF and 1mmF scaffolds may have again
been related to cell damage during the static seeding pro-
cess. Alternatively, the greater concentration of cells lo-
cated within the center of 1mmF scaffolds after static
seeding (Fig. 6C) may have limited cell nutrient and
waste exchange in these scaffolds. As a result, cells per-
haps were more likely to proliferate with compromised
GAG and collagen synthesis. GradF scaffolds also per-
formed poorly and the greater number of cells in the S
zone and possible better access to initial nutrient supply
and fluid flow though large pores in the L zone may be
responsible for marginally greater collagen II synthesis
compared with 1mmF scaffolds.

Histological analysis

SEM and GAG. SEM and safranin O-stained sec-
tions showed that after 3 days of dynamic seeding in
spinner flasks, single cells, but more predominantly cell
aggregates, were homogeneously distributed through-
out 1mm (Fig. 6A) and Grad (Fig. 6B) scaffolds, es-
sentially covering all available fiber surface area (Fig.
6A and B, insets). Because of the higher density of
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FIG. 5. Least-squares fit showing the correlation between cell number (DNA content) (A and C) and GAG content (B and D)
with scaffold volume fraction (i.e., surface-to-volume ratio) in Grad/1mm scaffolds (A and B) and GradF/1mmF scaffolds (C
and D) after 3 days of seeding and after 21 days of tissue culture. Because volume fraction remains constant for 1mm and 1mmF
scaffolds, R2 values are illustrated for Grad and GradF scaffolds at each time point.
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fibers in the upper S zone of Grad scaffolds, there ap-
peared to be a greater concentration of cells in this zone
compared with M and L zones, respectively (Fig. 6B),
as previously confirmed in DNA assays (Fig. 4A), with
cell aggregates bridging between 0.5 mm-spaced fibers
(Fig. 6B, inset). In contrast to the more random seed-
ing of cells in spinner flasks, static seeding of a highly
concentrated cell suspension on GradF (not shown) and
1mmF (Fig. 6C) scaffolds resulted in a less homoge-
neous cell distribution, leaving cell-free regions at the
periphery of the scaffolds. This was likely due to the
homogeneous 1-mm fiber spacing, which allowed cells
to progress more easily through the interconnecting
pore volume with static seeding. Central pores in these
statically seeded scaffolds tended to have considerable
bridging of cell aggregates (Fig. 6C, inset). Impor-
tantly, the dense basal film prevented these cells from
exiting the scaffold. Positive safranin O staining for
GAG was evident in the tissue surrounding fibers in all
scaffolds after 3 days (e.g., Grad shown in Fig. 6D).
The intensity of GAG staining within scaffolds tended
to be greatest in regions of highest cell concentration
and, therefore, S zones in Grad and GradF scaffolds
exhibited more regions of positive GAG staining (Fig.
6D), thus confirming our biochemical GAG findings
(Fig. 4C). In all cases, attached cells had aggregated
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around the PEGT/PBT fibers in multiple cell layers and
had a rounded morphology (Fig. 6D, inset).

After 21 days of culture, SEM and safranin O-stained
sections showed tissue formation within interconnecting
pores of all scaffolds with ECM bridging the gaps be-
tween fibers and resulting in consistent GAG staining
(e.g., 1mm and Grad; Fig. 7A and B). The exception was
ECM formation within L zones in Grad (Fig. 7B) and
GradF (Fig. 7D) scaffolds, where there was incomplete
bridging between fibers and areas of void space still re-
maining unfilled. Qualitatively, the amount of cells and
GAG staining present within the various S, M, and L
zones was consistent with biochemical DNA and GAG
data, particularly with the higher content of DNA and
GAG within the upper S zone of Grad and GradF scaf-
folds. In contrast, the homogeneous pore distribution in
1mm (Fig. 7A) and 1mmF scaffolds (Fig. 7C) tended to
result in a more homogeneous cell and GAG distribution
(Fig. 7E). In all scaffolds, a thin fibrous capsule, ap-
proximately 100 �m thick, was present at the periphery
of all scaffolds cultured for 21 days (e.g., 1mm and Grad;
Fig. 7E and F), and was likely related to the dynamic
fluid flow imparted on the cells at the periphery of the
scaffold during spinner flask culture.37 ECM within this
thin layer did not stain positively for GAG and contained
flattened, more fibroblast-like cells similar to the super-
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FIG. 6. SEM (A–C, �15) and safranin O-stained sections (D) showing cell attachment and morphology on 1mm (A), Grad (B
and D), and 1mmF (C) scaffolds after 3 days of seeding. Available fiber surfaces of spinner flask-seeded 1mm and Grad scaf-
folds were nearly completely covered with a layer of cells/cell aggregates (A and B [insets], �150). Statically seeded scaffolds
[1mmF shown in (C)] contained localized regions of high cell density (C [inset], �150), often bridging between fibers at the
center and base of the scaffold, resulting in cell-free regions at the periphery (*50-�m-thick dense film).
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ficial zone of native bovine cartilage (see safranin O
staining in Fig. 1).

Immunohistochemistry. Collagen type I and II im-
munostaining was performed on scaffolds cultured for 21
days only, as we expected limited collagen synthesis to
have occurred at the 3-day time point. Within Grad, 1mm,
GradF, and 1mmF scaffolds, collagen type II was clearly
expressed in each zone (e.g., 1mm and Grad; Fig. 7G and
I). Collagen type I was expressed only at the periphery
of the scaffolds in correlation with the fibrous capsule
(e.g., 1mm and Grad; Fig. 7H and J). Interestingly, be-
cause of the film in GradF and 1mmF scaffolds, no fi-
brous capsule formed in L zones, resulting in only colla-
gen type II expression and not type I (not shown). With
respect to collagen orientation in scaffolds, we were un-
able to clearly comment on a recapitulation of the radial
collagen orientation present in native cartilage (see col-
lagen II in Fig. 1) after 21 days.

DISCUSSION AND CONCLUSIONS

The aim of this study was not to completely recapitu-
late the zonal cell and ECM distribution of articular car-
tilage, but to describe a preliminary model to investigate
whether scaffolds designed with pore volume gradients
could be instructive for cell and/or ECM distribution. Us-
ing a novel computer-controlled 3D fiber deposition tech-
nique,28 we successfully produced scaffolds with 100%
interconnecting porous architectures with pores that were
either homogeneous (1mm) or gradated in size (Grad)
(Fig. 1A). This accurate control over scaffold design al-
lowed direct comparisons to be made, relating cell and
tissue responses to scaffold pore architectures. For com-
parison with tissue-engineered constructs, we also de-
scribed a technique to determine the zonal distribution of
DNA, GAG, and collagen type II within S, M, and L zones
in 4.0-mm-thick native bovine articular cartilage ex-
plants. This technique was verified by quantitative bio-
chemical data and qualitative histology and immuno-
histochemistry techniques, and were consistent with pre-
vious studies demonstrating the organizational structure
of native articular cartilage.5,10 Cell attachment to
PEGT/PBT fibers was achieved by two seeding tech-
niques. Dynamic spinner flask seeding was used to ran-
domly introduce cells to various scaffolds, whereas sta-
tic cell seeding was used to offer a level of control over
cell placement within various scaffolds. Statically seeded
scaffolds (GradF and 1mmF) contained a dense film to
confine cells within the porous architectures. By using a
static seeding method, we hoped to further control the
placement of cells, based on the expectation that most of
the cell suspension would remain in the upper S zone of
GradF and 1mmF scaffolds, with some cells gravitating
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toward the basal dense film through the large intercon-
necting pores.

Few studies have systematically investigated the effect
of pore size on chondrocyte behavior; however, it has
been suggested that in scaffolds containing small pore
sizes (�20 �m), cell–cell interactions are enhanced, re-
sulting in improved chondrocyte proliferation and GAG
content,38 whereas total collagen content39 and collagen
type II40 are little affected by pore size and geometry.
Scaffolds used in these studies were suboptimal, how-
ever, for comparison of effects between biodegradable
substrates of different composition that also changed
shape with time in culture,38 or did not support tissue for-
mation throughout, but rather on top of scaffolds.39 More-
over, investigators have not typically evaluated scaffolds
with 100% interconnecting pores with large variation in
size (i.e., typically 20–300 �m in diameter, compared
with 200–1650 �m used in this study), or investigated
how collagen type II is distributed throughout porous
scaffolds. Other reports suggest that pellet or mass cul-
tures, which allow close cell–cell interactions, enhance
chondrocyte (re)differentiation (i.e., GAG:DNA content)
and ECM matrix production.41,42 We hypothesized that
differences in biochemical content may exist between
zones where cell–cell interactions varied greatly, that is,
S zones (0.5-mm fiber spacing) compared with L zones
(2.0-mm spacing). Purely on the basis of available zonal
pore volume and on the fact that chondrocytes in native
cartilage occupy a small percentage of the overall tissue
volume (�2%), we had hypothesized that there were
physical volumetric limits to the amount of GAG and col-
lagen type II synthesis per cell in S zones as opposed to
L zones, if cells were provided with suitable nutrients and
a 3D environment. For example, chondrocytes in S zones
with high cell–cell interaction would be stimulated to pro-
liferate and rapidly synthesize ECM until the available
pore volume was filled, whereupon further ECM forma-
tion might reach an equilibrium. On the other hand, chon-
drocytes in L zones, with low cell density, fewer cell–cell
interactions, and fewer volumetric limitations could pro-
liferate and, on a per-cell basis, synthesize more GAG
and collagen type II, more akin the levels synthesized by
cells in the deep zone of native articular cartilage.

By incorporating pore size gradients based on S, M,
and L zones, we were able to demonstrate an anisotropic
cell and ECM distribution, whereby direct correlations
between cell number (DNA content) and GAG content
with scaffold volume fraction were observed in Grad and
GradF scaffolds after 3 days of seeding, which was main-
tained in spinner flask culture up to 21 days. Moreover,
this zonal distribution in DNA content within Grad and
GradF scaffolds was shown to be similar to that mea-
sured in native bovine articular cartilage. The slightly
lower GAG content observed in GradF and 1mmF scaf-
folds could be related to the dense film blocking fluid
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flow and/or nutrition to the cells, or the injection seed-
ing technique may have caused greater damage to cells
than dynamic seeding (although cell viability was not de-
termined in this case). Pore volume gradients, within the
ranges used in this experiment, were not sufficient to
elicit noticeable differences in GAG:DNA, particularly
in relation to the zonal variations seen in native cartilage.

Similar to DNA and GAG results, anisotropic distrib-
utions of collagen type II content per unit volume were
observed in Grad and GradF scaffolds (Fig. 4). Interest-
ingly, after 21 days of culture the collagen type II con-
tent in the Grad L zone was not significantly different
from that in the S zone, with a 10-fold increase in accu-
mulation from day 3 (Fig. 4E). Because DNA content in
the L zone was significantly lower than in the S zone on
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day 21 (Fig. 4A), this suggests that in the L zone, with
its low volume fraction and high porosity, a greater
amount of collagen type II was being synthesized per cell
than in other zones. This observation was not made, how-
ever, in the L zone of GradF scaffolds, where signifi-
cantly higher collagen type II content existed in the S
zone compared with both M and L zones. It is intuitive
to expect zones of high cell density per unit volume (i.e.,
the S zone) to synthesize greater amounts of collagen;
however, there may be another mechanism operating in
the L zone of Grad scaffolds related to the low cell num-
ber, low volume fraction, and large pore size. SEM and
safranin O-stained sections demonstrated that few of the
large pores within Grad scaffolds were completely filled
with ECM after 21 days (Fig. 7E). Therefore, with fewer
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FIG. 7. Representative SEM (A–D, �15) and safranin O (E and F), collagen type II (G and I), and collagen type I (H and J)
immunohistology sections showing extracellular matrix (ECM) formation within 1mm (A, E, G, and H), 1mmF (C), Grad (B, F,
I, and J), and GradF (D) scaffolds after 21 days of dynamic culture. Regions corresponding to S, M, and L zones are indicated
on the left, with associated fiber spacing of Grad/GradF scaffolds indicated on the right (scale bars � 1 mm unless otherwise
stated).
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cell–cell interactions and incomplete bridging of about
1650 �m-sized pores compared with S and M zones, it
was likely that more cells were exposed to dynamic fluid
flow conditions resulting in stimulation of higher colla-
gen type II synthesis per cell.43 This is further evidenced
in GradF scaffolds where, even though few of the large
pores were filled with ECM after 21 days, fluid flow was
likely inhibited in the L zone by the dense film, result-
ing in reduced collagen type II synthesis compared with
the L zone of Grad scaffolds. These results also raise the
possibility that pore geometry affects the synthesis of
GAG and collagen II differently, even by cells within the
same scaffold. Perhaps longer culture periods would al-
low ECM to completely fill these L zones, resulting in
significant variations in zonal collagen type II content
more in line with that present in native articular cartilage
(Fig. 6B). Although we did observe zonal variations in
collagen type II synthesis per cell, based on available pore
volume in this study, we could not confirm this hypoth-
esis, and further studies are required to understand pos-
sible mechanisms and/or alternative methods are needed
to control zonal cell behavior.

Other studies have attempted to address the need for
developing scaffolds or culture techniques that (re)create
repair tissue resembling the zonal organization within ar-
ticular cartilage. In general, these studies have adopted
the use of polymer, alginate, or agarose gels to spatially
distribute chondrocytes isolated from superficial, middle,
and deep zone cartilage.10,23,24,27 Although these studies
have promising advantages in that the desired cells and
cell concentrations can be easily incorporated in a 3D en-
vironment, and that specific zonal markers, such as su-
perficial zone protein, or differential accumulation of
GAG and total collagen can be achieved, they do offer
some limitations. First, it is difficult to isolate chondro-
cytes from separate zones in articular cartilage, particu-
larly for human tissue where the zonal differences are
less distinct and biopsies are limited in size. Second, these
gels typically have limited mechanical properties com-
pared with native cartilage and the gels also contain dis-
tinct boundaries between zones that could delaminate as
a result of shear stresses.

We describe in this study an alternative method for
studying zonal organization within tissue-engineered car-
tilage constructs. By controlling the design of scaffolds
by 3D fiber deposition, we were able to influence the
number and distribution of cells and, to a certain extent,
their ability to produce zonal ECM components by vary-
ing the volume fraction and pore volume distribution
within a single scaffold. The computer-controlled nature
of the 3D fiber deposition process also allows accurate
and reproducible bonding of PEGT/PBT fibers, integrat-
ing one zone into another, irrespective of architecture, so
that complex gradient scaffolds can be produced with a
thickness similar to that of articular cartilage (2–6 mm).
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Furthermore, we have previously demonstrated how fiber
spacing and deposition patterns can be tailored to pro-
duce scaffolds with dynamic mechanical properties sim-
ilar to those of articular cartilage.28 For example, 3D-de-
posited PEGT/PBT scaffolds with 1.0-mm fiber spacing
exhibited a compressive dynamic stiffness (at 0.1 Hz) of
4.3 � 0.5 MPa compared with the 4.1 � 1.6 MPa exhib-
ited by bovine articular cartilage, whereas scaffolds with
2.0-mm fiber spacing were significantly less stiff (0.2 �
0.1 MPa). Although gel techniques offer limited me-
chanical properties, particularly at the interface from one
zone to another, some studies are emerging in which dif-
ferent concentrations of agarose gels have been combined
to produce zonal constructs with varying stiffness24; how-
ever, these are far from matching articular cartilage.

For clinical applications, the ability to incorporate a
dense basal layer into the construct, which prevents in-
filtration of blood- and/or marrow-derived progenitor
cells into the wound site, a repair consequence that typ-
ically results in inferior fibrocartilage in vivo as opposed
to the desired hyaline cartilage, may be an important fea-
ture in future scaffold designs.44 We demonstrated that
the dense film in GradF and 1mmF scaffolds assisted cell
retention with static seeding techniques and could be in-
corporated into future in vivo studies in which both zonal
pore gradients and solid barriers to host cell infiltration
can be evaluated. It is worth noting that the natural bar-
rier, the layer of calcified cartilage that anchors cartilage
to subchondral bone, was not addressed in this zonal
study. This limitation should be addressed in future as
the calcified cartilage layer forms a critical link with the
remaining zonal organization for successful biomechan-
ical function of the articulating joints.45,46

One other limitation of the technique presented in this
study is that a heterogeneous chondrocyte population
(i.e., cells from superficial, middle, and deep zones) was
introduced into the scaffold, offering little control over
the placement of cells in specific zones, as achieved by
previously mentioned gel encapsulation techniques. Pre-
vious studies within our group have demonstrated that
different compositions of PEGT/PBT copolymers can in-
fluence the attachment and phenotypic expression of hu-
man articular chondrocytes on both 2D films47 and on
3D-deposited fiber scaffolds.30 In future, the flexibility
of the 3D fiber deposition technique may allow us not
only to control the gradient in pore volume, volume frac-
tion, and mechanical properties, but also to incorporate
gradients in PEGT/PBT composition within scaffolds to
regulate chondrocyte phenotype, irrespective of cell het-
erogeneity or zonal origin of the cell. For instance, a high
density of fibers from a PEGT/PBT composition, which
promotes cell attachment, proliferation, and a more ded-
ifferentiated phenotype (i.e., lower GAG:DNA and col-
lagen II content indicative of more superficial chondro-
cytes), could be applied at the superficial zone. This
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architecture may also provide sufficient mechanical prop-
erties to withstand tensile forces at the articulating sur-
face. Whereas, at the deep zone, a lower density of fibers
with a PEGT/PBT composition, which promotes a more
differentiated phenotype (i.e., higher GAG:DNA and col-
lagen II content), could result in a zonal tissue organiza-
tion and biomechanical properties more similar to native
articular cartilage. The flexibility in PEGT/PBT copoly-
mer composition may also allow us in future to influence
the zonal scaffold biodegradation rate,48 another feature
that has been shown to influence deposition of ECM com-
ponents in vitro in hydrogels.49 In future studies, we 
intend to address whether such scaffolds will result in 
enhanced instructive characteristics relative to those pre-
sented in this study.

In conclusion, this study provides insight into ways in
which instructive characteristics could be incorporated
into 3D scaffold designs for tissue engineering articular
cartilage that resembles native zonal cell, structural, and
mechanical organization. We demonstrated an experi-
mental model for developing porous, 100% intercon-
nected scaffolds with similar pore volume, but contain-
ing either homogeneous pores or pore-size gradients. In
vitro cell seeding showed that pore-size gradients pro-
moted an inhomogeneous cell distribution mimicking that
of immature bovine cartilage, irrespective of dynamic or
static seeding methods. Prolonged in vitro tissue culture
showed similar inhomogeneous distributions in zonal
GAG and collagen type II. However, gradients in
cell–cell interactions based on controlled changes in pore
size within Grad and GradF scaffolds did not influence
the zonal distribution of GAG:DNA. Further research
employing the techniques used in this study is required
in order to recreate the same distributions of GAG and
collagen II in vitro and in vivo as in native articular car-
tilage.
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