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Abstract: Hydrostatic pressure (HP) is an important component of the loading environment of the knee joint. Studies with articular chondrocytes and TMJ disc ﬁbrochondrocytes have identiﬁed certain beneﬁts of HP for tissue engineering purposes. However, similar studies with meniscus
cells are lacking. Thus, in this experiment, the effects of
applying 10 MPa of HP at three different frequencies
(0, 0.1, and 1 Hz) to leporine meniscus cell-seeded PLLA
scaffolds were examined. HP was applied once every 3 days
for 1 h for a period of 28 days. Constructs were analyzed
for cellular, biochemical, and biomechanical properties. At
t 5 4 weeks, total collagen/scaffold was found to be signiﬁcantly higher in the 10 MPa, 0 Hz group when compared with other groups. This despite the fact that the cell

numbers/scaffold were found to be lower in all HP
groups when compared with the culture control. Additionally, the total GAG/scaffold, instantaneous modulus,
and relaxation modulus were signiﬁcantly increased in
the 10 MPa, 0 Hz group when compared with the culture
control. In summary, this experiment provides evidence
for the beneﬁt of a 10 MPa, 0 Hz stimulus, on both
biochemical and biomechanical aspects, for the purposes
of meniscus tissue engineering using PLLA scaffolds.
Ó 2009 Wiley Periodicals, Inc. J Biomed Mater Res 92A:
896–905, 2010

INTRODUCTION

The past decade has seen a marked increase in
efforts to engineer the meniscus using classical tissue
engineering strategies involving cells, growth factors,
and scaffolds. The concept of using mechanical stimulation as an additional element to tissue engineer
the meniscus is now gaining popularity.3 The importance of the mechanical environment for developing
musculoskeletal tissues cannot be understated, as
mechanical forces are known to inﬂuence these tissues’ performance. For example, numerous experiments on disuse of musculoskeletal tissues like cartilage, muscle, and bone have been correlated to apoptosis within the tissues, followed by their
subsequent atrophy.8–10 Additionally, in vitro studies
with meniscus explants and cells have shown that
mechanical stimuli such as direct compression, tension, and HP can increase extracellular matrix
(ECM) expression and synthesis.4,11–18 The use of HP
is of particular interest as it causes no macro-scale
deformation to the construct, yet is responsible in
stimulating cells to increase ECM synthesis, possibly
by altering intracellular ion ﬂux.19 Such a stimulus
may be favorable in the early stages of a tissue engineering study where cells seeded on scaffolds are
still in the proliferation and migration stages and are
vulnerable to external stimuli.

The knee menisci, ﬁbrocartilaginous tissues that lie
on the tibial plateau, are involved in several important biomechanical processes, including load transmission, shock absorption, and lubrication of the
knee joint.1,2 The menisci are subjected to a variety
of forces in vivo, including tension, compression,
shear, and hydrostatic pressure (HP).1,3,4 The ability
of the meniscus to withstand these forces may, to a
large extent, be attributed to the unique collagen
ﬁber alignment and orientation within the structure.3,5 Abnormalities or complications in the structure of the meniscus can lead to degeneration of the
tissue as well as precipitate osteoarthritis.6,7 A promising modality to overcome this problem is functional tissue engineering which serves to replace a
damaged meniscus with an engineered construct with
desired biomechanical and biochemical properties.
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HP studies can be broadly divided into three categories, (a) 2D monolayer studies, (b) 3D explant
studies, and (c) 3D tissue engineering studies.
Results from experiments in the ﬁrst category are often reported in terms of gene expression. Studies on
articular chondrocytes and ﬁbrocartilaginous metaplasia of Achilles tendon ﬁbroblasts have shown an
up-regulation of aggrecan and collagen II expression
in cells immediately after intermittent hydrostatic
pressurization.14,20–22 Interestingly, a further up-regulation of collagen and aggrecan expression was
observed in the ﬁbrocartilaginous metaplasia study
when the samples were tested 24 h post stimulation
suggesting that rest time might be an important factor to consider in long-term tissue engineering studies. TMJ disc cells have been shown to increase collagen I expression under static HP of 10 MPa and
increase collagen II expression during intermittent
HP stimulation of 10 MPa, 1 Hz.23 Studies with
explants have investigated the effects of HP on proteoglycan synthesis as well as MMP regulation. An
experiment with articular cartilage explants showed
that cyclic HP at physiological magnitudes caused
an up-regulation of sulfate incorporation into the
explants.24 Cyclic HP on meniscus explants has been
shown to inhibit upregulation of potent effector molecules such as MMP-1, MMP-3, and COX-2.4 3D
studies for tissue engineering purposes have been
performed by encapsulating cells in alginate beads,
using pellet cultures, seeding cells on scaffolds, or
using scaffoldless self-assembly techniques.23,25–29
Results of these studies have varied signiﬁcantly
between research groups, often even when using
similar cell sources. For example, although intermittent HP application has been shown to consistently
increase GAG production by chondrocytes on PGA
and PLGA scaffolds, as well as in pellet cultures,
this has not been observed in self-assembled articular chondrocyte constructs.25,27,28 Static HP has been
shown to increase both collagen and aggrecan synthesis in intervertebral disc cells while only increasing collagen content in TMJ disc cells.23,26 Thus, speciﬁc regimens of both static and intermittent HP
stimuli exhibit beneﬁcial effects for tissue engineering purposes, even though the underlying mechanisms are still unclear.
In this experiment, a traditional tissue engineering
approach was employed using meniscus cells seeded
on PLLA scaffolds. Nonwoven meshes of high molecular weight PLLA (>100 kDa) degrade slowly
over time and are, thus, advantageous for long-term
applications over the extensively studied PGA,
which degrades rapidly in aqueous environments.30–33
In addition to the longer half-life of the polymer, data
from our laboratory using meniscus cells and TMJ
disc ﬁbrochondrocytes suggest that PLLA scaffolds
adequately promote cell proliferation and ECM syn-

897

thesis and are comparable with data published with
PGA scaffolds.23,30,34 Thus, PLLA was chosen as the
scaffold material for the experiment.
The objective of this study was to determine the
effects of periodic and intermittent HP on leporine
meniscus cell-seeded PLLA scaffolds. Several different loading regimens were tested where the frequency of loading and the pressure applied were
controlled. The hypothesis was that both intermittent
and static HP would increase the production of collagen and GAG molecules on the scaffolds as well as
enhance the mechanical integrity of the scaffolds as
a result of matrix deposition.

MATERIALS AND METHODS
Cell harvesting
Medial and lateral menisci were isolated under aseptic
conditions from 1- to 2-year-old New Zealand white rabbits, sacriﬁced by a local rabbit breeder on the day of harvest. Each meniscus was taken to a cell culture hood,
washed with autoclaved phosphate buffered saline (PBS),
and transferred to culture media containing 2% penicillinstreptomycin-fungizone (PSF) (Cambrex). The culture
media contained 50:50 Dulbecco’s modiﬁed Eagle’s medium (DMEM)-F12 (Invitrogen), 10% fetal bovine serum
(FBS) (Mediatech), 1% nonessential amino acids (NEAA)
(Invitrogen), 25 lg of l-ascorbic acid (Sigma) and 1% PSF.
The menisci were minced into small fragments (<1 mm3)
and digested overnight at 378C in 2 mg/mL collagenase
type II (Worthington Biochemical). Vascular portions of
the meniscus were discarded prior to mincing. Postdigestion, an equal volume of PBS was added to the collagenase
digest and the mixture was centrifuged at 200g. The bulk
of the supernatant was removed, more PBS was added,
and the mixture was centrifuged again to wash the pellet
of collagenase. This process was repeated twice leaving
behind a white pellet of meniscus cells. Cell counts were
obtained using a hemocytometer. Cell viability was
assessed using a Trypan blue exclusion test and was found
to be greater than 95%. The cells were then resuspended
in culture medium supplemented with 20% FBS and 10%
dimethyl sulfoxide (DMSO) and frozen at 2808C for up to
a month.

Cell culture and passage
Cells from four rabbits were pooled together after thawing, and the viability was found to be over 90%. The cells
were then plated on T-225 ﬂasks at 25% conﬂuence and
allowed to expand. At full conﬂuence, the cells were passaged using trypsin/EDTA (Invitrogen) and counted with
a hemocytometer.
Journal of Biomedical Materials Research Part A
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Scaffold, spinner ﬂask preparation,
and cell seeding
High molecular weight (100 kDa) nonwoven PLLA scaffold sheets (90% porosity) (biomedical structures) were
cut into cylinders 1.5 mm in thickness and 3 mm in diameter using a 3 mm dermal punch. Each scaffold was strung
on a stainless steel wire, alternating with beads to avoid
scaffold–scaffold contact. The scaffolds were sterilized
using ethylene oxide. These were then prewetted in 70%
isopropyl alcohol, washed twice with PBS, and placed in
an autoclaved spinner ﬂask ﬁlled with regular culture
media. Cells, passaged once, were seeded into the spinner
ﬂask at a density of 0.7 million cells/scaffold corresponding to 50,000 cells/mm3 of scaffold by volume. Stirrer
bars placed at the bottom of the spinner ﬂask were rotated
at 60 RPM post-seeding for 3 days. The scaffolds were left
in the spinner ﬂask for an additional 4 days without stirring to allow cells to fully adhere to the polymer. After 1
week, the steel wire was removed and the cell-seeded constructs were transferred to agarose-coated six-well plates.
The agarose coatings on the wells were prepared by adding 1.5 mL of 2% sterile molten agarose to each well. Each
well-housed six cell-seeded scaffolds.

Figure 1. Experimental groups. (a) Culture controls (b)
HP controls (c) Periodic HP (10 MPa, 0 Hz) (d) Intermittent HP (10 MPa, 0.1 Hz) (e) Intermittent HP (10 MPa,
1 Hz). Samples were stimulated once every three days for
1 h for a period of 28 days.

Experimental groups
Post static culture, the scaffolds were randomly assigned
into HP or control groups (n 5 6 per group). Three different HP groups [Fig. 1(c,d,e)] were tested. Scaffolds in the
ﬁrst group were exposed to static HP of 10 MPa for 1 h every 3 days for 4 weeks. Semantically, a static HP regimen
implies one continuous application throughout the entire
culture duration; however, since the application occurred
repeatedly over a period of 4 weeks with nonpressurized
rest in between, the term periodic HP will be used
throughout the results and the discussion section to
describe this group. The second and third groups were
intermittent HP groups where 10 MPa at 0.1 Hz or 10 MPa
at 1 Hz of HP was applied for the same period as the periodic HP group. These particular regimens were chosen based
on their beneﬁts observed in prior HP experiments.14,23,35
Additionally, during the 1 h of stimulation, a duty cycle of
60 s on, 60 s off was employed for the intermittent HP
groups. This was employed based on a study with dynamically stimulated articular cartilage explants where increased
radiolabeled sulfate uptake was observed if a rest time of
100 s or less was employed between each stimulation.36 Two
control groups were utilized in this experiment [Fig. 1(a,b)].
Scaffolds in the ﬁrst control group remained in six-well
plates for the duration of the experiment (culture control).
The second control group consisted of unpressurized scaffolds that underwent the same manipulation as pressurized
scaffolds including loading into the pressure chamber, except
that no pressure was applied (HP control).

HP preparation and application
The cell-seeded scaffolds in the HP groups were placed
in histology cassettes (Fisher Scientiﬁc) that were previJournal of Biomedical Materials Research Part A

ously cleaned with 70% isopropyl alcohol and sterilized
with ethylene oxide. The cartridges were then transferred
to individual heat sealable sterile bags (Ampac). To each
bag, 30 mL of culture medium with 1% FBS (supplemented with 10 mM Hepes) was added, and the bag was
tapped lightly to remove air bubbles from the media and
from the cartridges. The bag was then heat-sealed without
any bubbles inside.
The HP set-up used in this experiment has been
described previously.23,28 Brieﬂy, the control specimens
were placed in an open unpressurized chamber while the
pressurized specimens were placed in a water-ﬁlled stainless steel chamber (Parr Instrument Company) that connected to an Instron 8871 via a water-driven stainless steel
piston (PHD Inc.). Both chambers rested in a water bath
set at 378C. Displacement was controlled by an Instron
WaveMaker program that also recorded pressures. Post
stimulation, the bags containing the scaffolds were cleaned
with 70% isopropyl alcohol and transferred back into the
culture hood and unsealed. The scaffolds were then
removed from the cartridges and placed back into six-well
plates with fresh media.

Histology
Post stimulation (t 5 4 weeks), one sample from each
group was frozen and sectioned at 12 lm and placed on
adhesive slides (Instrumedics). Ultraviolet light was used
to crosslink the section to the slide. Harris hematoxylin
and eosin (H&E) stains were performed to conﬁrm presence of ECM. Safranin-O fast green (Saf O/fast green)
stains were performed to examine the distribution of
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glycosaminoglycans in the section.37 Picro-sirius red was
used to determine the presence of collagen.38

Biomechanics
The viscoelastic compressive properties of samples from
each group (n 5 5) were tested poststimulation (t 5 4
weeks) using an Instron 5565 set-up described previously.39 Incremental stress relaxation curves were obtained
at 10, 20, and 30% strain for 5 min each. Data were ﬁtted
using MATLAB to an incremental stepwise viscoelastic
stress relaxation solution for a standard linear solid.40 Fitted parameters obtained were converted to instantaneous
modulus (Ei), relaxation modulus (Er) and coefﬁcient of
viscosity (l).

Biochemistry
Biochemical tests were performed on samples at t 5 0
weeks and t 5 4 weeks. The 4-week samples were
obtained post-biomechanical testing. All samples were
digested at 658C overnight with 125 lg/mL papain
(Sigma) in 50 mM phosphate buffer (pH 5 6.5) containing
2 mM N-acetyl cysteine (Sigma) and 2 mM EDTA. A picogreen cell proliferation assay kit (Molecular Probes) was
used to determine total DNA content in each sample. It
was assumed that each cell contains 7 picograms of DNA
content, as reported in the literature.41 Samples were also
tested for total GAG present by a dimethymethlylene blue
(DMMB) assay.42 A modiﬁed hydroxyproline assay was
used to determine total collagen in the scaffold.43

Statistical analysis
The quantitative biochemical and biomechanical data
were compared using a one-way analysis of variance
(ANOVA) where HP was the single factor. If a statistical
difference was observed, a Tukey’s post hoc test was performed to determine speciﬁc differences among groups. A
signiﬁcance level of 95% with a p value of 0.05 was used
in all statistical tests performed. All values are reported as
mean 6 standard deviation (SD).

RESULTS
Gross morphology and histology
Post-seeding, cells on the PLLA scaffold appeared
elongated with multiple protrusions attached to the
PLLA ﬁbers. In addition, clusters of rounded cells
were also observed lodged between ﬁbers of the
non-woven PLLA mesh. At t 5 4 weeks, the presence of translucent tissue was observable in all
groups (Fig. 2); however, this was more prominent
in the controls and the periodic HP group (10 MPa,
0 Hz) where holes created by the stainless steel wire

899

through the centers of scaffolds prior to seeding
were ﬁlled with ECM. The holes were still partially
visible in the intermittent HP groups. Although
structural integrity was maintained over 4 weeks in
all constructs, the scaffolds exposed to intermittent
HP (10 MPa, 0.1 and 1 Hz) were less uniform
around the periphery; that is, strands of single or
multiple ﬁbers projected outwards when compared
with the scaffolds in the other groups. At t 5 4
weeks, construct diameter in the culture control and
the intermittent HP groups was 3.0 6 0.1 mm while
in the HP control and the HP 10 MPa 0 Hz groups
the diameter was higher, 3.1 6 0.1 mm and 3.1 6 0.8
mm, respectively. The thickness of the constructs
varied from 1.4 6 0.2 mm for the 10 MPa, 1 Hz
group to 1.7 6 0.2 for the 10 MPa, 0 Hz group. No
signiﬁcant differences, however, were observed
among groups for the construct diameter (p 5 0.71)
and thickness (p 5 0.27). H&E stains conﬁrmed the
presence of ECM in all groups (Fig. 3). Saf O/fastgreen stains exhibited little staining for proteoglycans, correlating with low GAG production observed
in all groups (Fig. 3). Picro-sirius red staining was
positive, with stronger staining observed on the periphery of the scaffolds (Fig. 3).
Biochemistry
Dry and wet weights of the scaffolds at t 5 4 wks
are shown in Table I. The dry weight of scaffolds
exposed to a pressure of 10 MPa at 1 Hz was 1.3 6
0.3 mg, half the weight of scaffolds in other groups
(p 5 0.009). The wet weight of the scaffolds ranged
from 12.4 6 0.5 to 15.7 6 2.9 mg; however, no significant difference was observed among groups (p 5
0.37). A signiﬁcant difference was observed in cell
number/scaffold among groups (p < 0.0001) (Table I).
Cells were originally seeded at 0.7 million cells/
scaffold. At t 5 0, the cell count was measured at
0.62 6 0.17 million cells/scaffold (efﬁciency >80%)
and by the fourth week, the number of cells on the
control scaffolds increased to 0.8 million cells/scaffold, although increase over t 5 0 was not signiﬁcant. However, an intergroup comparison showed
that the cell numbers on scaffolds in all HP groups
(0.5 million cells/scaffold) were fewer than in the
culture control at t 5 4 weeks. No detectable collagen or GAG was observed at t 5 0. At t 5 4 weeks
[Fig. 4(a)], the total collagen/scaffold was found to
be two times higher in the periodic HP group (27 lg
6 5 lg) than in all other HP groups and controls
(p 5 0.0006). At t 5 4 weeks, low amounts of GAG
[Fig. 4(b)] were detected in all groups (<8 lg/scaffold, p 5 0.03). A signiﬁcant difference in GAG/scaffold was only observed between the 10 MPa, 0 Hz
group, and the culture control (1.8 times higher).
Journal of Biomedical Materials Research Part A
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Collagen and GAG data were also normalized to cell
number [Fig. 4(c,d)]. In both cases, all three HP
groups (10 MPa 0, 0.1, and 1 Hz) were found to exhibit signiﬁcantly higher collagen levels/cell when
compared with the controls. The highest collagen
content/cell (p 5 0.003) was exhibited in the 10
MPa, 0 Hz group with collagen values three times
greater than the culture control. For GAG content/
cell (p 5 0.008), a three times greater GAG accumulation was observed in 10 MPa, 0 Hz and 10 MPa,
1 Hz groups when compared with the culture control.

Biomechanics
Figure 2. Gross morphology of pressurized and unpressurized scaffolds at 4 weeks. Top left and right pictures
represent unpressurized controls. Bottom from left to right:
constructs pressurized at 10 MPa and 0 Hz, 10 MPa and
0.1 Hz, and 10 MPa and 1 Hz. [Color ﬁgure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

The viscoelastic parameters, Er, Ei, and l, were
determined at 10, 20, and 30% strain via incremental
stress relaxation tests. No apparent strain dependencies were identiﬁed for any of the parameters.
Values of Er, Ei, and l at 30% strain are shown in

Figure 3. Histological stains of constructs at t 5 4 weeks: Top from left to right: Picrosirius red stains of unpressurized
constructs (original magniﬁcation, 3200). Middle from left to right: Picrosirius red stains of constructs pressurized at 10
MPa and 0 Hz, 10 MPa and 0.1 Hz, and 10 MPa and 1 Hz. Bottom from left to right: Representative images of constructs
stained with Saf O/fast green and H&E. [Color ﬁgure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
Journal of Biomedical Materials Research Part A
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TABLE I
Dry Weight, Wet Weight, and Cell Number of Scaffolds
at t 5 4 Weeks from Different Treatment Groups
Treatment

Dry Weight
(mg)

Wet Weight
(mg)

Culture Control
HP Control
10 MPa, 0 Hz
10 MPa, 0.1 Hz
10 MPa, 1 Hz
p value

2.2 6 1.1
2.8 6 0.2
2.3 6 0.5
1.3 6 0.3
2.9 6 0.8
p 5 0.009

15.7 6 2.9
12.4 6 0.5
13.8 6 1.4
13.1 6 2.7
13.7 6 1.4
p 5 0.37

Cell Number
(millions)
0.8
0.5
0.5
0.3
0.4
p<

6 0.1
6 0.1
6 0.1
6 0.1
6 0.1
0.0001

All values reported as mean 6 SD. A p < 0.05 was considered signiﬁcant.

Figure 5. In general, the instantaneous modulus
ranged from 31 to 88 kPa while the relaxation modulus ranged from 8 to 30 kPa among groups. The periodic HP group was found to be signiﬁcantly stiffer
than the culture control and 10 MPa, 1 Hz groups
for the instantaneous moduli (1.5 times stiffer, p 5
0.005) and relaxation moduli values (1.75 times
stiffer, p 5 0.02). The coefﬁcient of viscosity (p 5
0.05) was found to be greatest for the periodic HP
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group (730 6 167 Pa s) and lowest for the culture
control (241 6 190 Pa s). Similar differences were
also observed for these parameters at 10% and 20%
strain.

DISCUSSION
HP was used as a mechanical stimulus to coax
meniscus cells seeded on PLLA constructs to up-regulate relevant ECM matrix in vitro, and to enhance
the biomechanical properties of the constructs. The
results of this study show that HP does, indeed,
have a beneﬁcial effect for meniscus tissue engineering purposes. Speciﬁcally, we found that the application of periodic HP (10 MPa, 0 Hz) for 1 h every 3
days resulted in constructs with greater collagen
deposition when compared with the other examined
groups. In addition, the compressive mechanical
properties of scaffolds in this group were found to
be signiﬁcantly higher than scaffolds in the culture
control and the 10 MPa, 1 Hz group.
Physiologic pressures in the knee joint range from
3 to 18 MPa.44,45 To our knowledge, there is scant

Figure 4. Biochemical data at t 5 4 weeks: (a) Collagen/scaffold (p 5 0.0006) (b) GAG/scaffold (p 5 0.03). (c) Collagen/
million cells (p 5 0.003). (d) GAG/million cells (p 5 0.008). All values reported as mean 6 SD. Groups with the same
letter are not signiﬁcantly different from each other.
Journal of Biomedical Materials Research Part A
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Figure 5. Biomechanical data (30% strain) at t 5 4 weeks: (a) Relaxation modulus (p 5 0.02) (b) Instantaneous modulus
(p 5 0.005) (c) Coefﬁcient of viscosity (p 5 0.05). All values reported as mean 6 SD. Groups with the same letter are not
signiﬁcantly different from each other.

information about pressures experienced by ﬁbrochondrocytes and chondrocytes. Several mechanical
tests have shown that chondrocytes in articular cartilage experience 7 to 10 MPa of hydrostatic pressure
during normal activities.46 In addition, a frequency
ranging from 0.6 to 1.09 Hz is observed during normal walking rhythm of an adult human.47 Thus, the
goal in this experiment was to apply physiologically
relevant pressures to knee meniscus constructs. Several tissue engineering studies with articular chondrocytes and TMJ disc ﬁbrochondrocytes have
shown beneﬁcial effects for a loading regimen of 10
MPa21,23,48 and for frequencies between 0 and 1
Hz23,28,49 As a ﬁrst step, we sought to use these beneﬁcial regimens for a meniscus tissue engineering
strategy. Thus, a pressure of 10 MPa at three frequencies (0, 0.1, and 1 Hz) was investigated with
clear beneﬁts for the 10 MPa, 0 Hz group. In future
studies, we will examine alternative loading regimens and frequencies to further optimize and
enhance the biochemical and biomechanical properties of meniscus cell-seeded constructs.
The cell numbers per scaffold in each group were
analyzed to determine whether a particular HP stimulus resulted in cell proliferation on the scaffold.
Contrary to our hypothesis that HP would increase
cell proliferation, cells numbers/scaffold in all HP
groups, including the HP controls, were found to be
signiﬁcantly lower than those of the unpressurized
culture control at t 5 4 weeks, as well as lower than
the original seeding density of 0.7 million cells/
Journal of Biomedical Materials Research Part A

scaffold. These results are consistent with a previous
study using TMJ disc ﬁbrochondrocytes seeded on
PGA scaffolds where the average cell number/scaffold in pressurized groups was four times lower
than the day 0 control.23 However, unlike that study,
we did not observe a drop in cell number in our
unpressurized culture control. This leads us to
believe that the manipulation involved in bagging
the constructs was a major factor in inducing cell
loss. Furthermore, our experiment was conducted
over a long duration (4 weeks), with samples pressurized once every 3 days, thereby increasing the
probability of cell dislodgment from the scaffolds. In
addition to manipulation of the constructs for prolonged periods, the HP stimulation itself might have
contributed to cell dislodgment from the scaffold.
Although HP stimulation should not cause volumetric changes to the construct, theoretical models for
the effect of HP on composite polymers, such as
PLLA, have shown that increasing HP can increase
the bulk modulus and Poisson’s ratio of the polymer
slightly while decreasing its speciﬁc volume.50 Thus,
these effects might result in extremely small displacements on the scaffold causing cells to dislodge.
Despite observations of cell loss, however, HP was
still shown to be beneﬁcial for constructs in terms of
their biochemical and biomechanical composition.
Meniscus cells were pooled from medial and
lateral menisci which may have introduced some
variability in our experiment. The meniscus
contains two major cell types, ﬁbroblast-like cells
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and ﬁbrochondrocytes, which are capable of producing different types of collagens in vivo and in
vitro.5,51–53 Although speciﬁc collagens present in our
constructs were not examined, it is expected that
both collagen I and collagen II would be present. A
study in the literature has shown that meniscus cells
seeded on scaffolds produced both collagen I and
collagen II as seen by immunohistochemical analysis.52
The focus of this experiment was to identify a hydrostatic pressure regimen that enhanced the total collagen and GAG content and improved the mechanical
properties of the cell-seeded PLLA constructs. In
future studies, we will investigate whether hydrostatic
pressure inﬂuences speciﬁc collagen levels, akin to a
study conducted with inner and outer ﬁbrous cells
where signiﬁcant differences were observed in collagen
I and collagen II content between inner and outer cells
exposed to hydrostatic pressure.29
Biochemical tests were conducted after 4 weeks of
pressurization to determine 10 MPa HP effects at
varying frequencies (0, 0.1, and 1 Hz). HP was found
to be a signiﬁcant factor, and the 10 MPa, 0 Hz
group showed the greatest collagen content/scaffold.
This result is in agreement with a previous study
using TMJ disc cells that showed signiﬁcantly higher
levels of collagen/construct under a 10 MPa static
HP regimen than under an intermittent regimen of
10 MPa, 1 Hz.23 If total collagen and GAG content
are normalized to cell number, constructs in all three
HP groups (10 MPa 0, 0.1, and 1 Hz) result in significantly higher collagen and GAG deposition per cell
than in the controls, suggesting that both intermittent and periodic HP increase the cells’ capability to
synthesize ECM. This ﬁnding is consistent with gene
expression studies on articular chondrocytes where
intermittent HP results in up-regulation of collagen
II and aggrecan expression.14,20,21,54 Although the
mechanism to explain these results remains elusive,
several theories have been proposed in the literature.
In chondrocytes, intracellular ionic and osmotic variations as a result of HP stimulus have been shown
to alter the activity of membrane transport pathways
that affect matrix synthesis.19 In cultured mouse calvariae and periosteal cells, intermittent HP has been
shown to stimulate the release of activated TGF-b.55
TGF-b1 has been shown in several experiments to
up-regulate collagen expression and synthesis
in vitro in meniscus cells.32,56 HP has also been
shown to regulate matrix metalloproteases (MMPs)
and tissue inhibitors of matrix metalloproteases
(TIMPs) in meniscus cells, which would affect matrix
breakdown and accumulation. A recent study
showed that removing rabbit menisci from the knee
joint results in an up-regulation of MMP-1 and
MMP-3 in the explant, which could then be downregulated by HP.4 Further, meniscus cells embedded
in alginate beads down-regulated MMP-1 and MMP-
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13 when exposed to static HP and up-regulated
TIMP-1 and TIMP-2 when exposed to intermittent
HP.57 Thus, we believe that collagen regulation may
be affected both directly due to HP mechanotransduction on the cells, as well as indirectly via the regulation of TGF-b and MMP pathways which in turn
may enhance collagen synthesis or prevent collagen
breakdown.
Some interesting observations can be made about
the compressive mechanical properties of the scaffolds in relation to their biochemical properties. Constructs in the 10 MPa, 0 Hz group were signiﬁcantly
stiffer in compression than the culture control and
the 10 MPa, 1 Hz group. In addition, the intermittent
HP regimens were neither detrimental nor beneﬁcial
for the formation of robust tissue when compared
with the controls. In vivo, articular cartilage and, to a
lesser extent, the knee meniscus exhibit high compressive properties because of the presence of highly
negatively charged GAGs that attract water and
hydrate the tissue.58 A signiﬁcant increase in GAG/
scaffold at t 5 4 weeks for the periodic HP group
over the culture control correlated well with the
biomechanical data and suggested that periodic
HP stimulation resulted in mechanically superior
scaffolds.
Rest time between HP stimulation may be an important factor to consider in tissue engineering studies. A short-term gene expression study with ﬁbrochondrocytes showed that ECM gene proﬁles were
up-regulated to a greater extent 24 h post HP stimulation as opposed to directly after pressurization.22
A delayed gene expression response for ECM molecules would likely translate to delays in ECM synthesis as well. On the basis of this working hypothesis, we utilized a rest time of 2 days after each HP
stimulus to allow cells seeded on scaffold to up-regulate gene expression of important ECM components
and provide sufﬁcient time for matrix synthesis and
organization prior to the next pressurization cycle.
Other loading regimens of 5 day on, 2 days off or 2
days on, 1 day off have been employed in the past
by researchers conducting HP tissue engineering
studies on articular chondrocytes and TMJ disc
cells.23,28 However, these studies and ours examined
only one rest time and so conclusions about their
beneﬁcial effect may be premature. Nonetheless, it
will be prudent in future experiments to examine rest
time as an experimental factor to determine an optimal
condition that favors greater ECM synthesis such as
the study on dynamically compressed articular cartilage explants where the authors discovered that a rest
time of 100 s or less between stimulation increased the
radiolabeled sulfate uptake in the explants.36
In conclusion, the experimental data provide signiﬁcant evidence for the beneﬁt of periodic HP
(10 MPa, 0 Hz) for the purposes of meniscus tissue
Journal of Biomedical Materials Research Part A
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engineering using PLLA scaffolds. The increase in
total collagen in the periodic HP constructs, despite
the drop in cell number, is a signiﬁcant ﬁnding and
an investigation on the inﬂuence of HP on the metabolic pathways of meniscus cells might shed some
light on the underlying mechanism for this observation. The compressive stiffness of our constructs was
found to increase concomitantly with increases in
GAG deposition; however, the values (31–88 kPa)
are still below those of native tissue (100–400 kPa).59
To further improve the structural integrity, the use
of growth factors can be employed. Previous
research has shown that growth factors, such as
TGF-b1 and b-FGF, are responsible for up-regulating
collagen I, collagen II, and proteoglycan synthesis in
cartilaginous cell cultures, explants, and cell-seeded
scaffolds.32,56,60–62 Further, static HP alone has been
shown to up-regulate TGF-b1 expression in a characterized human chondrocyte cell-line.63 Thus, a myriad of possibilities can be investigated to better
understand the effects of HP at the cellular and tissue level, as well as create cartilaginous tissue engineered constructs with biochemical and biomechanical properties approaching those of native tissue.
The authors thank Dr. Jerry Hu for aiding with the revision of the manuscript.
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