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Abstract
The purpose of this study was to investigate the effect of directional fluid flow on periosteal
chondrogenesis. Periosteal explants were harvested from two-month-old rabbits and sutured onto
poly-ε-caprolactone (PCL) scaffolds with the cambium layer facing away from the scaffolds. The
periosteum/PCL composites were cultured in suspension in spinner flask bioreactors and exposed
to various fluid flow velocities: 0, 20, 60, 150 rpm for 4 hours each day for 6 weeks. The
application of fluid flow significantly increased percent cartilage yield in periosteal explants from
17% in the static controls to 65-75% under fluid flow (there was no significant difference between
20, 60, or 150 rpm). The size of the neocartilage was also significantly greater in explants exposed
to fluid flow compared to static culture. The development of zonal organization within the
engineered cartilage was observed predominantly in the tissue exposed to flow conditions. The
Young's modulus of the engineered cartilage exposed to 60 rpm was significantly greater than the
samples exposed to 150 rpm and 20 rpm. These results demonstrate that application of directional
fluid flow to periosteal explants secured onto PCL scaffolds enhances cell proliferation,
chondrogenic differentiation, cell organization, and alters the biomechanical properties of the
engineered cartilage.
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Introduction
Damaged articular cartilage, either traumatic or degenerative, predisposes patients to
osteoarthritic changes in the joint, which leads to debilitating joint pain and is a major
problem in orthopedics today1,2. Since articular cartilage lacks a suitable intrinsic repair
mechanism, repair of the damaged articular cartilage becomes a complex undertaking.
Tissue engineering has emerged as a viable option to induce repair and ultimately restore
pain free joint function. Functional tissue engineering, in particular, is focused on the
biomechanical properties of tissues and in vitro mechanical stimulation to produce a tissue,
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which meets the functional and mechanical needs of the damaged area3,4. Scientists have
used this approach to improve cell adherence, distribution and nutrient diffusion in scaffolds
through applying mechanical forces5-9. However, an engineered construct that consistently
meets all of the properties of healthy articular cartilage has yet to be found10.

Periosteum, the connective tissue that surrounds bones, has been established as a viable
autologous tissue for cartilage repair and cartilage tissue engineering11,12. In addition,
although age is a limitation13, recent studies demonstrate that periosteum remains a viable
source for musculoskeletal tissue engineering throughout adult life and has the potential to
be rejuvenated by local injection of growth factors14-16. Importantly, the quality of
neocartilage produced by transplanted periosteum is enhanced by joint motion, especially
continuous passive motion17-19. Periosteal explants also respond to mechanical stimulation
in tissue culture. Dynamic fluid pressure can enhance periosteal cell proliferation and
chondrogenesis in vitro when cultured in agarose suspension20,21. However, other forces
such as fluid flow and shear may also be important aspects of mechanical stimulation
through joint motion. Therefore, we hypothesized that the application of directional fluid
flow on periosteal explants would enhance periosteal cell proliferation and chondrogenesis.

A simple way to produce media flow when culturing chondrogenic cells is by using a
spinner flask bioreactor5,22,23. Previous studies demonstrated that the application of mixing
in a spinner flask influences the nature of tissue-engineered cartilage produced from
chondrocyte-seeded scaffolds5,22,24,25. However, the effects of directional fluid flow on
cultured periosteal explants in vitro have not been reported.

Previously, we demonstrated that periosteal tissue grafts sutured to porous poly-ε-
caprolactone (PCL), or porous tantalum scaffolds, with the cambium layer facing away from
the scaffold, supports the regeneration of osteochondral tissue in vivo26. PCL scaffolds are
attractive for tissue regeneration because they are biocompatible and combine slow
degradation kinetics with initial mechanical stability27.

In this study, in order to study the effects of directional fluid flow on periosteal explants, we
immobilized the explants by suturing them onto porous PCL scaffolds with the cambium
facing away from the scaffolds26. The composites were cultured in spinner flasks at various
flow velocities and the effects on periosteal tissue growth, chondrogenesis and the
biomechanical properties of the resulting neocartilage were analyzed.

Materials and Methods
Scaffold synthesis

Porous PCL scaffolds (10×10×5 mm) were fabricated using a custom-designed rapid
prototyping system as previously reported28,29. Briefly, molten PCL polymer (Mw=65,000,
MN=42,500; Sigma, MO, USA) was extruded onto a collection platform by air pressure (630
kPa) through the system's nozzle (Ø 200 μm), which is attached to a temperature-controlled
reservoir (60°C). This reservoir is mounted onto a 3-axis, computer-controlled 3D motion
system. Positioning of the system is controlled via a user-defined computer DMC Smart
Terminal program (Galil Motion Control, CA, USA) and the motion controller for the
servomotors. X-axis and y-axis servomotors control the system's planar positioning. The
PCL was deposited onto a platform connected to the z-axis-servomotor that lowered the
platform at the start of each new scaffold layer. The architectural geometry of the scaffolds
produced was 0/45/135° with a porosity and pore size ranging from 60-65% and 100-150
μm respectively. The architecture of the scaffolds was selected to be the same as our
previous in vivo study in which periosteal grafts were sutured to the PCL scaffolds and
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implanted into osteochondral defects in rabbits26. The scaffolds were sterilized in 70%
ethanol.

Periosteal tissue harvesting and culture
The Institutional Animal Care and Use Committee (IACUC) at Mayo Clinic approved the
methods used in this study. Periosteal explants (8×4 mm) were harvested by sharp
subperiosteal dissection from the proximal medial tibia of 12 two-month-old New Zealand
white rabbits, four from each rabbit30. Explants were obtained within 30 minutes after
euthanasia to minimize post-mortem effects on chondrogenic potential31 and sutured onto
PCL scaffolds using prolene 7-0 with the cambium layer facing up (Fig. 1). All periosteal
explants were placed in Dulbecco's modified Eagle medium (DMEM) with penicillin/
streptomycin (50 U/ml and 50 μg/ml) and 1 mM L-proline at 4°C for no longer than 1.5
hours prior to placement into incubator. The scaffolds were threaded onto Kirschner wires
that pointed out from the silicone stopper of 100 ml spinner flasks (Bellco Glass, Vineland,
NJ). The periosteum/PCL composites were positioned with the periosteum facing the
perimeter of the spinner flask (Fig. 1). Each Kirschner wire carried two composites and each
flask contained three Kirschner wires. Magnetic stir plates and stir bars (38 mm) generated
fluid flow. The composites were divided into four groups defined by the stir rate: 0, 20, 60
and 150 rpm for four hours of spinning each day for the 6-week culture period. Each flask
contained 100 ml of DMEM supplemented with 0.1% BSA plus ITS+ (2.08 μg/ml each of
insulin, transferring, and selenious acid, plus 1.78 μg/ml linoleic acid and 0.42 mg/ml BSA),
1 mM L-proline, Pen/Strp (50 U/ml and 50 μg/ml), and 50 μg/ml ascorbic acid. The medium
was replaced once every week, and cultures were maintained at 37°C, 5% CO2. After six
weeks, the length, width, and thickness of the engineered cartilage were measured.

Histological Analysis and Scoring
Specimens were fixed in 10% neutral formalin buffer, embedded in paraffin, and 3-μm thick
sections were cut from the central portion of the parallel long axis and stained with Safranin-
O/fast green for histological analyses32. An automated histomorphometry method was used
to determine the percentage red staining in our samples (i.e. cartilage yield) as previously
described and validated33.

A blinded observer used a simple histology score (O'Driscoll score), modified from a
previously published and validated method34, to assess the cartilage cell and matrix
organization. A score of 0 indicated either no cartilage tissue to evaluate or little to no
organization of the cartilage cells present (almost homogeneous mixture of cell and cell
matrix organization). A score of 3 was given if there were clearly defined layers and the
organization of the cartilage cells closely resembled the layering of normal articular
cartilage. A score of 1 or 2 was given to those tissue samples that displayed some
organization and heterogeneity but were not a 3. A score of 1 was assigned to tissue samples
that were closer to being a homogeneous cell mixture and had little organization. While a
score of 2 were assigned to those tissue samples that more closely resembled articular
cartilage but did not have the clear organization.

Biomechanical testing
The experimental design was repeated with four additional rabbits, in order to produce
specimens for biomechanical analysis. After harvesting the samples, we obtained a 3 mm
plug for biomechanical tests, from the same area on each scaffold, using a sample corer
(FST 18035-03, Ø3 mm). The thickness of each sample was measured with a caliper prior to
mechanical testing and the surface of each sample tested was reasonably flat for valid use in
biomechanical testing. The mechanical tests were performed on a dynamic testing device
(EnduraTec ELF 3200) with a displacement resolution of 1.0 μm. A 50N load cell
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(Transducer techniques, MDB-10) was used (0.01N resolution). Throughout the tests, the
samples were immersed in PBS at room temperature. To determine the equilibrium Young's
modulus, we performed unconfined compression using a stress relaxation protocol35. A
preload (0.2N) was applied to ensure contact at the cartilage-indenter interface. Following
the preload, a stepwise stress-relaxation compression was performed starting at 10% of the
sample thickness followed by four incremental steps of 5% up to 30% thickness at a
displacement rate of 0.01 mm/s. The relaxation time was estimated at 3, 5, 5, 10 and 10 min
for 10%, 15%, 20%, 25% and 30% thickness, respectively. Equilibrium Young's modulus
was determined as a linear fit to the equilibrium stress strain curve35.

Statistics
Data were analyzed statistically by Kruskal-Wallis and Wilcoxon signed-rank non-
parametric tests and one-way analysis of variance (ANOVA) where appropriate. Statistical
differences between treatment groups were evaluated with post hoc testing using the Least
Squares Means Differences Student's t-Test (p = 0.05).

Results
Cartilage yield in the engineered tissue

The use of fluid flow for four hours per day resulted in approximately a four-fold increase in
cartilage yield compared to static culture. This increase was significant (p < 0.0001) with a
cartilage yield of 17 % in the control static culture group compared to 65-75% in the groups
subjected to flow (Fig. 2 & 5). The application of fluid flow rather than the velocity of flow
was the major determinant of cartilage production from the periosteal explants cultured on
PCL scaffolds (Fig. 2 & 5).

Periosteal tissue growth
As evident in the gross images in Figure 3, the application of fluid flow for four hours per
day to periosteal explants secured to PCL scaffolds resulted in a significant increase in the
size of the resulting cartilage after six weeks of culture. In fact, the tissue grew well beyond
the dimensions of the scaffold. Notably, the majority of the longitudinal growth of the tissue
was in the direction of flow. Similar to the cartilage yield, the primary determinant for tissue
growth was the presence or absence of fluid flow producing cartilage approximately 3-fold
larger than those produced under static culture condition (p < 0.001).

Cellular organization
There was a significant difference in the cell morphology and organization between the
tissue samples exposed to fluid flow and those in the static culture group (p < 0.05) (Fig. 5
& 6). There was more heterogeneity and organization of the cells towards the resemblance
of articular cartilage in the tissue exposed to flow. The only group that received scores of
zero was the static culture group. There was no statistically significant difference in the
organization and heterogeneity among the different velocities of fluid flow.

Biomechanical analysis
The experimental design was repeated with four additional rabbits (16 periosteal explants),
in order to produce specimens for biomechanical analysis. None of the static culture group
produced sufficient tissue for biomechanical tests. The equilibrium Young's modulus for the
20 rpm samples had a mean value of 0.10 ± 0.01 MPa, for the 60 rpm group 0.18 ± 0.04
MPa, and for the 150 rpm group 0.06 ± 0.01 MPa (Fig. 7). We found statistically significant
differences across all groups: between 60 and 20 rpm groups (p = 0.0008); 60 and 150 rpm
groups (p < 0.0001); and 20 and 150 rpm groups (p = 0.032).

Tarng et al. Page 4

J Biomed Mater Res A. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
In this study, the use of a porous PCL scaffold as a solid support for explanted periosteum
enabled us to determine the effects of directional fluid flow on this chondrogenic tissue
using a spinner flask bioreactor. Consistent with previous reports23, the application of
mechanical stimuli produced dramatic effects on the engineered cartilage compared to static
culture. Specifically, similar to reported results with chondrocyte-seeded polyglycolic acid
scaffolds cultured in spinner flasks25, the primary determinant of periosteal tissue growth
and cartilage production in this experiment was the presence or absence of fluid flow as
opposed to the velocity of the flow. Exposure of periosteal explants to directional fluid flow
resulted in a significant increase in tissue growth and cartilage yield. Notably, the amount of
tissue growth observed under directional fluid flow in this study exceeded what we typically
observed previously using other culture protocols on over twenty thousand periosteal
explants during the last fifteen years11,20,21,36-38. In addition, much like previous reports,
fluid flow altered cell morphology, enhanced the zonal organization of cells within the
engineered cartilage and altered the biomechanical properties of the tissue22,39. The zonal
cell organization within the engineered cartilage documented in this study is also something
that we have not observed previously from cultured periosteal explants. Interestingly, in the
present study, the biomechanical properties of the engineered cartilage were dependent on
the velocity of fluid flow with the highest Young's modulus observed in the 60 rpm group.

The main roles of the PCL scaffolds used in this experiment were to immobilize the
periosteum in order to provide directional fluid flow, and provide sufficient porosity for
nutrient exchange and tissue attachment. It is likely that similar results could be achieved
with porous scaffolds other than those selected for this study. For example, we previously
demonstrated that periosteal explants could be induced to grow cartilage on porous tantalum
scaffolds under static culture conditions40 and in vivo26.

Based on what is known about periosteum, and previous studies with engineering cartilage
in bioreactors, it might seem obvious that culturing periosteal explants under fluid flow
conditions would improve tissue growth and chondrogenesis. However, other bioreactor
systems such as roller bottles, agitators, and rotating vessels produced a negative effect on
periosteal chondrogenesis in our laboratory (unpublished findings). In addition, while we
have been able to increase periosteal cell proliferation and cartilage production using
dynamic fluid pressure20,21, over the course of many experiments, this device proved to be
inconsistent41. It is important to note that the periosteum was not secured to a solid support
in the other bioreactors. Therefore, an important aspect for applying mechanical stimulation
to periosteal explants may be to establish and maintain the orientation of the tissue in order
to apply directional stimulation.

One of the main advantages of periosteal transplantation is the fact that a tissue culture step
is not required for joint resurfacing. However, it is possible that a prior optimized culture
step with growth factor and/or mechanical stimulation would enhance the quality and
durability of the regenerated tissue produced by periosteum. Future studies are needed to
address this issue. In addition, because the cartilage produced from periosteum in the spinner
flask was non-uniform, modification of the bioreactor system to minimize turbulent flow
will be needed to produce optimized engineered cartilage of appropriate dimensions and
shape with a smooth and even surface. Nevertheless, the results from this experiment may
help to explain the beneficial effects of continuous passive motion on periosteal
chondrogenesis in vivo17-19, and provide a means to further decipher the mechanisms of
periosteal tissue response to fluid flow.
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Figure 1.
Illustration of the experimental set up for culturing periosteal explants in spinner flask
bioreactors after suturing to PCL scaffolds. A) Illustration of periosteum/PCL scaffold
composite with periosteum sutured to the PCL scaffold with the cambium layer facing away
from the scaffold. B) Illustration of the spinner flask bioreactor showing the positioning of
periosteum/PCL composites with periosteum facing the perimeter of the spinner flask.
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Figure 2.
Mean percent cartilage yield from periosteum/PCL composites cultured for six weeks in
spinner flask bioreactors. Groups exposed to fluid flow produced significantly more
cartilage than static controls (p<0.0001). There was no significant difference due to the
velocity of fluid flow applied. The data are presented as mean ± S.E.M., n=10. Lowercase
letters indicate the results of post-hoc testing using the Least Squares Means Differences
Student's t test (p<0.05). Columns with letters in common are not statistically different.

Tarng et al. Page 10

J Biomed Mater Res A. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Gross view of the resulting engineered cartilage after culturing periosteum/PCL composites
in spinner flasks under various velocities of fluid flow for six weeks. A significant increase
in tissue growth was observed in the samples exposed to fluid flow compared to those
cultured statically. Examples of the engineered cartilage from the A) 0 rpm, B) 20 rpm, C)
60 rpm and D) 150 rpm groups. The greatest tissue outgrowth from the scaffolds was in the
direction of the fluid flow (from left to right in these images).
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Figure 4.
Measurements of tissue engineered cartilage after culturing periosteum/PCL composites in
spinner flasks under various velocities of fluid flow for six weeks. For all parameters
measured, the mean tissue size in groups exposed to fluid flow was significantly larger than
the static control group (p<0.001). (A) As the fluid flow increased, the mean length of the
tissue decreased. This difference was significant when increasing the fluid flow from 60 rpm
to 150 rpm. For the measurements of thickness (B) and width (C), no such pattern emerged
although in mean width there was a significant difference between the 20 rpm and the 60
rpm groups (p<0.05). The data are presented as mean ± S.E.M., n=10. Lowercase letters
indicate the results of post-hoc testing using the Least Squares Means Differences Student's t
test (p<0.05). Columns with letters in common are not statistically different.
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Figure 5.
Histological examples of periosteum/PCL composites cultured in spinner flask bioreactors
for six weeks. Sections of the engineered cartilage were stained with safranin O/fast green.
(A & B) Minimal cartilage was produced from periosteum/PCL composites cultured under
static conditions (0 rpm), as indicated by safranin O/fast green stain (red). Significantly
more cartilage was produced under fluid flow, 20 rpm (C &D), 60 rpm (E & F), and 150
rpm (G&H).
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Figure 6.
Mean histological score. Scores of 0, 1, 2, or 3 were assigned to each sample of engineered
cartilage produced from periosteum/PCL composites cultured in spinner flask bioreactors
for six weeks. The scores reflect cell morphology, matrix orientation and organization, and
layer development with a score of 3 resembling articular cartilage. The groups experiencing
fluid flow during the six-week culture period had a significantly higher mean histological
score than those groups cultured under static conditions (p<0.05). The data are presented as
mean ± S.E.M., n=6-10. Lowercase letters indicate the results of post-hoc testing using the
Least Squares Means Differences Student's t test (p<0.05). Columns with letters in common
are not statistically different.
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Figure 7.
Biomechanical properties of the engineered cartilage produced from periosteum/PCL
composites cultured in spinner flask bioreactors for six weeks. None of the samples from the
0 rpm group produced sufficient tissue for biomechanical tests. We found statistically
significant differences across all fluid flow groups: between 60 and 20 rpm groups (p =
0.0008); 60 and 150 rpm groups (p < 0.0001); and 20 and 150 rpm groups (p = 0.032). The
data are presented as mean ± S.D., n=4. Lowercase letters indicate the results of post-hoc
testing using the Least Squares Means Differences Student's t test (p<0.05). Columns with
letters in common are not statistically different.
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