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Abstract: Mechanical stimulation improves tissue-
engineered cartilage development both in terms of bio-
chemical composition and structural properties. However,
the link between the compositional changes attributed to
mechanical stimulation and the changing structural proper-
ties of the engineered cartilage is poorly understood. We
hypothesize that transient events associated with construct
stiffening can be documented and used to understand mile-
stones in construct development. To do this, we designed
and built a mechanical stimulation bioreactor that can con-
tinuously record the force response of the engineered con-
struct in real time. This study documents the transient
changes of the stiffness of tissue-engineered cartilage con-
structs over the first 14 days of their development under
cyclic loading. Compressive strain stimulation (15%, 1 Hz)
was applied to poly(ethylene glycol) (PEG) hydrogels
seeded with primary articular chondrocytes. The average

compressive modulus of strain-stimulated constructs was
12.7 � 1.45 kPa after 2 weeks, significantly greater
(P < 0.01) than the average compressive moduli of both
unstimulated constructs (10.7 � 0.94 kPa) and nonviable
stimulated constructs (11.2 � 0.91 kPa). The system was
able to document that nearly all of the stiffness increase
occurred over the last 2 days of the experiment, where
live-cell constructs demonstrated a rapid 20% increase
in force response. The system’s ability to track significant
increases in stiffness over time was also confirmed by
Instron testing. These results present a novel view of
the early mechanical development of tissue-engineering
cartilage constructs and suggest that the real-time monitor-
ing of force response may be used to noninvasively track
the development of engineered tissue. Key Words:
Chondrocytes—Poly(ethylene glycol)—Mechanical sti-
mulation—Tissue engineering—Biomechanics.

Hyaline cartilage is an avascular tissue that lines
the articular surface of long bones to provide near
frictionless diarthrotic motion under physiological
loading conditions (1). The unique biochemical
composition and structure of hyaline cartilage,
which are essential for its function, are difficult to
reproduce ex vivo using tissue-engineering method-
ologies because the cartilage cells require both bio-
chemical and physical cues to sustain proper tissue
composition (2). Several attempts to grow tissue-
engineered cartilage using chondrocytes and a bio-
material scaffold have also incorporated some form
of physiological mechanical stimulation in order to

recapitulate the physical environment of the articu-
lating joint (3–5). A dynamic mechanical environ-
ment has been shown by others to be an integral
part of cartilage development as well as homeostasis
(6–10), and thus may improve the biochemical and
mechanical properties of the engineered cartilage
constructs (11).

Independent studies have demonstrated that engi-
neered cartilage cultured under dynamic stimulation
exhibits very different development patterns when
compared with static controls (12–16). Generally,
the biochemical and structural differences between
stimulated and static constructs can be observed after
a couple of weeks, including marked increases in
extracellular matrix (ECM) synthesis and superior
mechanical properties of the stimulated tissue. Inci-
dentally, some of these studies reported an indirect
link between construct stiffening and the accumula-
tion of specific ECM components such as glycosami-
noglycans (GAG) (15,17).
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Attributing the physical maturation of the construct
to elevated levels of ECM associated with dynamic
culture may underestimate the impact of mechanical
stimulation. A more complete perspective requires
some consideration for the natural breakdown of the
biomaterial scaffold in this transient development
process, as well as other factors that may influence the
structural development of the construct, including
catabolic activity and enzymatic cross-linking (18).
Indeed, tissue engineering is premised on the concur-
rent biochemical maturation of the tissue relative to
the biodegradation of the provisional scaffold matrix
(19). In this regard, it is important to study the incre-
mental development of tissue-engineered cartilage
constructs under dynamic culture to identify transient
developmental milestones that can be linked to chon-
drogenic metabolism, enzymatic activity, scaffold deg-
radation, and other factors that may be influenced by
mechanical stimulation (20).

The first step toward achieving the goal of docu-
menting construct development is to track the in-
cremental changes in mechanical properties of the
construct during the first days and weeks in cul-
ture. This task is particularly challenging when the
constructs are subjected to dynamic mechanical
stimulation. For this purpose, we modified an existing
bioreactor system used in our ongoing studies to
determine biochemical differences in mechanically
stimulated chondrocyte-seeded and stem cell-
seeded hydrogels made from poly(ethylene glycol)-
diacrylate (PEG-DA) (21,22). The bioreactor was
outfitted with load-sensing capabilities that enable
pseudo-real-time monitoring of structural changes to
engineered constructs as they mature. The load
sensor continuously logs the construct’s resistance to
physical deformations that are prescribed by the
mechanical stimulation. The resistance is converted
into a force response, which helps to understand how
the stiffness of the construct is incrementally chang-
ing over the time course of the experiment.

In the present investigation, the force-sensing
bioreactor system was practically applied to monitor
the structural changes that occurred in PEG-based
tissue-engineered cartilage constructs during a 14-day
development period with 15% cyclic strain stimula-
tion. The force-response data were able to identify
transient structural changes to the constructs that
were verified by comprehensive mechanical testing.
The results were helpful in drawing conclusions about
the interconnection between mechanical stimulation,
the reported changes in chondrocyte-mediated ECM
synthesis (21), and the changing mechanical proper-
ties of the tissue-engineered cartilage throughout the
course of their first 2 weeks of development.

METHODS

Cell isolation and culture
Bovine chondrocytes were isolated from the talus

of young cows by enzymatic digestion according to
published methods (23). The digest was made from
0.2% collagenase solution containing 0.06 g type-II
collagenase (Worthington Biochemical Corporation,
Lakewood, NJ, USA) and 30 mL of high glucose Dul-
becco’s Modified Eagle Medium (DMEM) (Gibco,
Grand Island, NY, USA), 5% fetal bovine serum
(FBS) (Gibco), and 2% penicillin-streptomycin (Bio-
logical Industries, Kibbutz Beit Haemek, Israel). The
isolated chondrocytes were maintained and passaged
according to standard tissue-culture techniques using
culture medium containing DMEM supplemented
with 20% FBS, 10 mg/mL ascorbic acid (Spectrum,
Gardena, CA, USA), 1.25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Sigma-Aldrich,
Steinheim, Germany), 1% nonessential amino acids
(Biological Industries), 0.4 mM proline (Merck,
Darmstadt, Germany), and 2% penicillin-strep-
tomycin (Biological Industries).

Preparation of engineered constructs
The tissue-engineered cartilage constructs were

prepared using second passage chondrocytes seeded
in PEG-DA hydrogels. The hydrogels were prepared
by suspending chondrocytes in a 10% wt/vol
PEG-DA solution (10 kDA) containing 150 mM
phosphate buffered saline (PBS) and 0.1% wt/vol
Irgacure 2959 photoinitiator (Ciba Specialty Chemi-
cals, Tarrytown, NY, USA). The final cell density in
the solution was 30 ¥ 106 cells/mL. Small samples of
the suspension (50–60 mL) were transferred into
sterile 4-mm inner diameter silicon tubes and placed
under ultraviolet light (365 nm, 4–5 mW/cm2) for
5 min (24,25). Control constructs made with non-
viable cells were prepared similarly using cells
treated for 10 min in a culture medium solution
containing 50% dimethyl sulfoxide. PEG-only con-
trols were made similarly without the cell suspension.

Perfusion and compression bioreactor system
A bioreactor was designed to alternate between

cyclic compressive strain stimulation and culture
medium perfusion of six engineered hydrogel con-
structs (5 mm diameter and 5.5 mm tall). The biore-
actor, which was described in detail by Schmidt et al.
(21), was outfitted with a miniature load cell (Fig. 1).
Other minor modifications were made to the system
for the purpose of this study, including the addition of
a second ventilation port and a high-efficiency par-
ticulate air filter, which were added to the bioreactor
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in order to balance the forces acting on the system.
A vibration-dampening mat was placed under the
bioreactor during operation to reduce internal
jarring of the load cell. A digital controller was used
to regulate air pressure into a linear position actuator
in order to position the loading piston during the
loading cycle. The linear actuator was cyclically pres-
surized for 0.5 s and depressurized for 0.5 s.

Experimental design
The experimental design consisted of cyclic strain

stimulation experiments with cellularized constructs
and corresponding static control experiments. Each
experiment started with first passage chondrocytes
that were thawed from liquid nitrogen and dispersed
into constructs after a single passage to 90% con-
fluence. A total of twelve chondrocyte-seeded con-
structs were created for each 2-week experiment: six
constructs in the bioreactor and six static controls.All
the stimulation experiments were performed using
15% cyclic compressive strain, a duty cycle of 0.5 s on
and 0.5 s off (1 Hz frequency), and an actuation pres-
sure of 0.1 MPa. After the initial 24-h period, com-
pressive strain stimulation was intermittently applied
for 1.5 h, followed by static perfusion for 1.5 h. The
experiment lasted for 14 days, with an initial 24-h
static culture followed by a 13-day mechanical stimu-
lation period.

Real-time force-response measuring
In order to facilitate real-time force-response mea-

surements of the hydrogel constructs in the compres-
sion bioreactor system, we incorporated a 10 N load
cell (Kyowa,Tokyo, Japan) into the bioreactor system

as detailed later. Prior to sterilization, a stainless steel
rod was attached to the load cell using a high-
strength steel epoxy (Devcon, Danvers, MA, USA).
A specialized assembly frame was used during epoxy
application to maintain the rod in a perfectly vertical
position, perpendicular to the load cell surface. In
order to maintain sterility, we compressed the load
cell onto a Viton O-ring as part of bioreactor assem-
bly by means of a polycarbonate screw (load cell
assembly can be viewed as part of Fig. 2). The biore-
actor load cell was connected to a nearby computer
by way of an A/D signal conditioning box (SC-2345,
National Instruments, Austin, TX, USA). The force-
response signals sensed by the load cell were
recorded in real time on the attached PC using
LabView software (National Instruments). In each
1.5-h period of dynamic compressive loading, short
segments of force-response measurement (30 s) were
recorded at seven separate intervals. The real-time
force-response measurements were validated by
comparisons to force-response results obtained
from an Instron 5544 single-column material testing
system when loading constructs to 15% strain at a
duty cycle of 0.5 s on and 0.5 s off (1 Hz frequency).
The Instron system was fitted with a 2530 series low-
profile static load cell (5 N capacity).

FIG. 1. A bioreactor system described by Schmidt et al. (21) for
dynamic mechanical stimulation of engineered cartilage con-
structs (A), adapted with a miniature load cell (B).

Kyowa 10N load cell

Viton O-ring

Force response transmitted to load cell

Measured force signal sent to A/D card

Bioreactor
cover

Medium
chamber

Bioreactor base

F

F

Construct

FIG. 2. Schematic illustration of the modified bioreactor with a
miniature load cell. A cross-sectional view of the bioreactor shows
the loading mechanism relative to the cartilage construct. The
components of the mechanism of force transmission are high-
lighted in the insert (right), which highlights the relative position of
the stainless steel loading piston, the load cell, and the construct.
A Viton O-ring seals the bioreactor chamber at the load cell
interface and maintains sterility of the cartilage constructs. The
displacement of the bioreactor cover relative to the stationary
base provides a uniform strain stimulation of 15% strain at 1 Hz
frequency (21).
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Force-response data processing
A process chart depicting the experimental data-

collection procedure is included as Fig. 3. Force data
acquisition was taken directly during the loading
portion of the cyclic stimulation at a sampling fre-
quency of 1.6 kHz. Each loading cycle was character-
ized by a loaded and unloaded plateau force response
(see Fig. 4A). A single force-response measurement
was obtained by averaging 28 individual force read-
ings in a 30-s segment of data acquisition. The force
reading in each cycle was measured in relation to the
unloaded plateau value of the corresponding cycle. A
force-response data point was comprised of seven

force-response measurements taken at equal inter-
vals in each 1.5-h loading period.

Unconfined compressive testing
After each experimental period, the compressive

stress–strain characteristics of the stimulated and
control constructs were characterized using an
Instron 5544 single-column material testing system
with Merlin software (Instron Industrial Products,
Grove City, PA, USA). Each construct was com-
pressed uniaxially in physiologically buffered saline
(25°C) at a rate of 2.5 ¥ 10-3/s to an ultimate strain of
15% while the force and displacement were digitally
recorded. The raw data were converted into a stress–
strain relationship, and the elastic modulus was deter-
mined directly from the linear portion of the stress–
stain curve. Three groups of engineered constructs
were tested at the 2-week time point, including 10%
PEG-DA constructs with live cells (n = 21), with non-
viable cells (n = 18), and acellular controls (n = 8).
Treatments lasting less than 2 weeks were also char-
acterized as follows: 10% PEG-DA constructs with
live cells (n = 6) and constructs with nonviable cells
(n = 6) cultured dynamically or statically for 2, 4, 6, 8,
10, and 12 days.

Statistical analysis
Quantitative data for each experiment were rep-

resented as the mean � SD. Significant differences
in the unconfined compressive modulus or force
response between treatment groups were determined
by two-tailed Student’s t-test. In all cases, a P value
less than 0.05 was considered statistically significant.

RESULTS

Bioreactor system validation
The bioreactor system was validated by comparing

the force-response data from the load cell with the
displacement of the loading piston (Fig. 4A). Each of
the 1 Hz frequency loading cycles was characterized
by an initial 100 ms loading spike followed by 400 ms
of plateau force readings. The sample unloading con-
sisted of an initial unloading response lasting 100 ms
followed by a plateau-unloaded force reading of
400 ms in duration. The loading and unloading force
data were slightly out of phase with the independent
compressive strain measurements gathered using a
linear variable differential transformer attached to
the bioreactor lid assembly. The bioreactor force
readings were compared with Instron data using
identical loading conditions (Fig. 4B).

Step 1: A force-response plateau is recorded for each 1  
second loading cycle.

A/D converter F

Step 2: A measured value corresponds to the average of 
28 consecutive plateaus.

x 28      F 

*

Step 3: Each data point represents the average of the 7 
measured values from a 1.5-hour loading period.

F x 7      F

Step 4:Each loading period was documented following a 
1.5-hour resting period.

0 hours 12 hours etc.

*

Step 5:An experiment consisted of an initial day of culture 
with no load followed by 13 days of loading.

F
or

ce

Time

Step 6:Each data point in the final results represents each 
loading period (*) averaged over all experiments.

TimeF
or

ce

FIG. 3. Flowchart of the real-time force-response signal
processing. The load cell’s raw data go through a six-step
process to convert it into an accurate representation of the
average force of the measured construct.
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Real-time force-response measurements
The calibrated bioreactor system was used to track

the force response of engineered constructs during
2-week stimulation experiments. Figure 5 shows the
normalized averages of six bioreactor experiments
(2 weeks) using live-cell constructs (n = 4) and non-
viable cell constructs (n = 2). Both the live-cell and
nonviable cell constructs exhibited an initial decrease
in force response during the first 3 days of the
experiment.The subsequent 9 days of the experiment
exhibited relatively constant force response in both
treatments. The last 2 days of the experiment demon-
strated a rapid 20% increase in the force response of

live-cell constructs and an unchanged force response
in nonviable cell constructs.

Mechanical properties testing
In order to corroborate the overall force-response

increase in the live-cell constructs, we performed a
comprehensive mechanical testing on the constructs
after the 2-week experimental period. The live-cell
stimulated constructs demonstrated an average
compressive modulus of 12.7 � 1.45 kPa, significantly
greater (P < 0.01) than the average compressive
modulus of unstimulated control constructs (10.7 �
0.94 kPa) (Fig. 6A). The average force response of

FIG. 4. Bioreactor load cell force
response and strain calibration. (A) The
characteristic output of the force signal
from the load cell is plotted together with
the compressive strain measurements of a
linear variable differential transformer. The
characteristic force-response signal during
the dynamic loading of a tissue-
engineered cartilage construct shows
similarity to the Instron validation data
using an identical strain loading pattern
(B). The loading and unloading force-
response measurement is taken directly
from the region indicated on the graph to
minimize the bioreactor inertial effects.
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live-cell stimulated constructs, measured using
Instron testing, was 35 � 3 mN, which was signifi-
cantly greater (P < 0.01) than the average force
response of 29 � 3 mN of unstimulated control con-
structs (Fig. 6B). No significant differences were
noted in either the nonviable cell or PEG-only
control constructs when comparing stimulated and
unstimulated treatments.The average modulus of the
PEG-only controls on day 1 was 50.1 � 0.55 kPa, and
it was not significantly different than the modulus of
the PEG-only constructs after 2 weeks in culture
(P < 0.05). The average live-cell stimulated construct
modulus and force response were also significantly
greater (P < 0.01) than the average modulus and
force response of nonviable cell stimulated con-
structs
(11.2 � 0.91 kPa and 31 � 2 mN, respectively). Con-
versely, the average modulus and force response of
the live-cell unstimulated constructs were signifi-
cantly greater (P < 0.01) than the average modulus
and force response of the nonviable cell controls
(11.6 � 0.74 kPa and 31 � 2 mN, respectively).
The average moduli and force responses of both
the stimulated (16.6 � 0.59 kPa, 45 � 2 mN) and
unstimulated (17.2 � 0.91 kPa, 47 � 2 mN) PEG-
only constructs were significantly greater than those
of both the viable and nonviable cell-seeded
constructs. Further Instron testing was performed
intermittently during the course of the 2-week stimu-
lation experiments in order to validate the real-time
force-response data and confirm the timing of the
increase in force response. Instron provided modulus

data to supplement the force-response data obtained
from the bioreactor experiments. Other than at day
14, there were no statistically significant differences
in compressive modulus between each of the treat-
ment groups at any of the other time points.

DISCUSSION

Mechanical stimulation is an essential part of the
chondrocyte environment and may be necessary for
successful cartilage tissue engineering. This study uti-
lizes a novel bioreactor that enables real-time force
measurements of tissue-engineered cartilage con-
structs in a sterile culture environment as they are
subjected to dynamic mechanical stimulation in vitro.
The objective of this study was to assess if such a
system could document transient development of the
constructs as they mature over the course of a 2-week
culture period. The results underscore the practical
benefits of dynamic mechanical stimulation on tissue-
engineered cartilage construct development and
provide detailed clues about the timing of structural
and mechanical changes that occur during this
process. The use of traditional mechanical testing
devices to measure mechanical properties of engi-
neered cartilage constructs can only be carried out
invasively and therefore provide only end-point
measurements. The novel system described herein
was able to provide a continuous, noninvasive moni-
toring of the developmental effects of mechanical
stimulation on the tissue-engineered cartilage
constructs. Indeed, one of the immediate conclusions
that can be drawn from this study is that real-time
force data can be used to detect the beneficial effect
of dynamic mechanical compression on the develop-
ment of tissue-engineered cartilage after 14 days of
intermittent stimulation, with the most significant
increase in the force response occurring during
the final 24–48 h of culture. Although the extent of
such benefit in cartilage tissue engineering greatly
depends on the scaffold type, the cell type, and the
experimental duration, our system was able to detect
even modest changes to the construct development at
the earlier time points of development.

In the real-time force-feedback bioreactor system,
it was not possible to perform the force-response
measurements without applying mechanical stimula-
tion to the constructs. Even the negative control
group situated in the bioreactor system would be
subjected to dynamic stimulation by default when
obtaining the real-time force response of that group.
Therefore, the negative control group used for the
real-time force-response experiments was chosen in
such a way that the dynamic stimulation of those
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FIG. 5. The real-time force responses for live-cell constructs
(n = 4) and dead-cell constructs (n = 2) during the 2-week
dynamic culture experiments. The constructs were cultured in the
mechanical compression bioreactor environment, and the real-
time force data were measured continuously and averaged so
that each point on the graph represents a 1.5-h segment of the
experiment. The live-cell constructs demonstrated an increase in
force response during the final 2 days of culture when compared
with dead-cell controls.
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constructs would not alter the inherent biosynthetic
activity. One possible control was the PEG-only
group; however, the mechanical differences between
PEG-only constructs and chondrocyte-seeded con-
structs were significant enough to necessitate an
alternate nonviable negative control for the real-time
force-response experiments (26). The dead-cell con-
structs were used as a negative control in force-
feedback experiments based on the rationale that
these controls were mechanically similar to the live-
cell constructs, yet their biosynthetic activity would
not be altered by the cyclic mechanical stimulation
inherent to the experimental system. Static controls

were also a necessary part of the overall experimen-
tal design and were included in the Instron analysis
for comparison with the stimulated live-cell con-
structs and the dead-cell controls. The unconfined
uniaxial compressive testing of the specimen did
demonstrate a significant difference in the modulus
and force response (at 15% strain) of the stimulated
live-cell constructs after 14 days relative to stimu-
lated dead-cell constructs and to static controls. Inter-
estingly, the dead-cell stimulated constructs and
PEG-only (acellular) stimulated constructs actually
had a lower modulus on average than their respective
static control constructs, although these differences

FIG. 6. Instron data of 2-week stimulated
and unstimulated constructs. The force
response (A) and compressive modulus
(B) of the cultured constructs were deter-
mined by Instron testing to verify the real-
time experimental results at the 2-week
time point. The live-cell stimulated
constructs demonstrated a significant
increase in both their force response and
compressive modulus values when com-
pared with static and dead-cell controls.
Poly(ethylene glycol) (PEG)-only stimu-
lated constructs (acellular) did not demon-
strate a significant difference in force
response or compressive modulus when
compared with static control.
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were not statistically significant (P > 0.05, n � 8).This
could suggest that physical perturbations to the scaf-
fold resulting from the mechanical stimulation accel-
erate the deterioration of the polymer network over
time (27).

An increase in the unconfined compressive
modulus of the stimulated live-cell constructs must
be associated with cellular remodeling, mainly with
the production of new ECM that reinforces the dete-
riorating polymer network of the scaffold. In a
previous publication, our group demonstrated that
mechanical stimulation was responsible for a 37%
significant increase in sulfated GAG (sGAG) content
in constructs seeded with chondrocytes, relative to
static controls (21). Incidentally, there was no statis-
tically significant difference in total deoxyribonucleic
acid, type-II collagen levels, or cell orientation in
the mechanically stimulated constructs as compared
with static controls. Other groups published similar
results of increased biosynthesis by chondrocytes
in response to mechanical stimulation of tissue-
engineered cartilage (17,28–32). Table 1 summarizes
some of these results in relation to scaffold type and
mechanical loading parameters. It is therefore pos-
sible that the sGAG accumulation or other biosyn-
thetic activity of the cells in the constructs is the
primary contributor to the increased compressive
modulus of the stimulated specimen.

Other studies have reported similar trends in
both sGAG production and mechanical properties
of dynamically cultured cartilage constructs. Mauck
et al. discovered that chondrocyte-seeded constructs
cultured under cyclic mechanical compression for
14 days demonstrated a significant rise in sGAG
content alongside a rise in average peak stress
response and aggregate modulus (12). Although
their mechanics data did not prove to be statistically
significant in comparison to static controls, the stress
response and modulus increases of the stimulated
constructs were on the same order as that reported
in the present study. The similar trends reported in
the various studies reinforce the hypothesis that
mechanics and sGAG production are linked in
some way to dynamic stimulation (15,33). It is rea-
sonable to assume that the increased sGAG produc-
tion resulting from dynamic stimulation has some
effect on the stiffness of the construct, although this
has yet to be proven experimentally in our system.
It is also important to highlight that the other
studies employed different construct materials, cell
densities, and loading parameters, yet the results
were very similar.

Despite some consensus in the literature regarding
the effects of mechanical stimulation on engineered
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cartilage, few have reported tracking the develop-
ment of a construct in dynamic culture in real time.As
such, most published data reflect end-point measure-
ments that leave much uncertainty about the tran-
sient development of the constructs. In our view, it is
important to understand the precise process of devel-
opment in order to account for nonuniform kinetics
of scaffold degradation or ECM synthesis by dynami-
cally stimulated chondrocytes. The real-time force
measurements represent a certain advance in this
regard in that they provide highly detailed tracking
of the mechanical changes that occur in response
to dynamical stimulation, even if those structural
changes are modest. It is evident from the transient
force-response data that the mechanical properties of
the constructs do not increase linearly, but rather, the
constructs weaken over the first 3–4 days of the
experiment. The initial weakening of the constructs
may be attributed to the fatigue of the polymer
because of the physical perturbations prescribed by
the bioreactor in the aqueous environment.Although
the PEG-DA hydrogels are susceptible to degrada-
tion by hydrolysis, the amount of degradation occur-
ring in 2 weeks of culture should not significantly
reduce the modulus of a 10% PEG-DA hydrogel.
After this initial decline in force response, both the
live- and dead-cell constructs appear to stabilize and
maintain their structural stability through day 12 of
the experiment.After day 12, the force measurements
depict a rapid increase in the stimulated live-cell con-
structs to a final force value that was up to 13% higher
than that of the dead-cell constructs. This was consis-
tent with the Instron results that show stimulated
live-cell constructs having an average force response
that was 14.8% higher than that of the stimulated
dead-cell constructs after 14 days. The rapid increase
is noteworthy as it represents new insight into how
mechanical stiffening of stimulated tissue-engineered
cartilage constructs transpires in time.

The real-time force data presented in Fig. 5 exhibit
some fluctuations that may be attributed to variabil-
ity between samples and experimental runs, as well as
errors introduced by the dynamic stimulation system.
For example, the bioreactor lid moves at a very high
rate of speed during each cycle (15% strain in 0.03 s
or ~3 cm/s), with an actuation pressure driving this
motion being above 100 kPa. The accelerations and
decelerations of the system relative to the sensitivity
of the force transducer are believed to be the main
cause of the high fluctuations of the raw data. Never-
theless, using an algorithm designed to deal with
these conditions (Fig. 2), we were able to provide a
real-time indicator for the actual force response of
each construct with a �1 mN resolution. This resolu-

tion is sufficient to draw conclusions about the
progressive enhancement of mechanical properties
associated with the stimulation of the engineered
cartilage. Although the bioreactor represents a sub-
optimal milieu for precise mechanical properties
testing of engineered constructs, and the 10 N force
sensor used was reaching its lower sensitivity limits,
there was only a 6% discrepancy between the bio-
reactor force-response results and the Instron force
results. This level of accuracy was also confirmed by
simulations using the Instron to dynamically load the
constructs as part of the validation of the system
(Fig. 4). The overall trend of bioreactor and Instron
force measurements during a loading cycle was
similar. The bioreactor force reading contained
several spikes that were associated with inertial
effects of the pneumatic system, mainly the initial
loading and final unloading of the piston manifold as
it reaches its stationary positions. The measured
loading and unloading force-response data collected
did not include these spiked regions on the graph.
Moreover, the absolute value of force response of the
bioreactor and the Instron (at 15% strain) was very
similar.

CONCLUSIONS

A dynamic stimulation bioreactor was developed
with the capabilities of measuring real-time force
response of mechanically stimulated cartilage
constructs. Constructs made from primary chondro-
cytes, embedded in a PEG-based scaffold, were
physically deformed dynamically for 14 days, and
their development was tracked through the resis-
tance to deformation of the construct. The force
response to deformation initially declined but ulti-
mately increased during the final 2 days of the experi-
mental period, confirming that the system was able to
document even modest structural changes to the
construct. The transient changes in force response
were confirmed by compressive modulus measure-
ment and attributed to the degradation of the scaf-
fold as well as the production of sGAG by the
stimulated chondrocytes. The acellular and dead-cell
control groups did not demonstrate a similar increase
in force response.
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