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Design and Use of a Novel Bioreactor for Regeneration
of Biaxially Stretched Tissue-Engineered Vessels
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Conventional bioreactors are used to enhance extracellular matrix (ECM) production and mechanical strength
of tissue-engineered vessels (TEVs) by applying circumferential strain, which is uniaxial stretching. However,
the resulting TEVs still suffer from inadequate mechanical properties, where rupture strengths and compliance
values are still very different from native arteries. The biomechanical milieu of native arteries consists of both
circumferential and axial loading. Therefore, to better simulate the physiological stresses acting on native
arteries, we built a novel bioreactor system to enable biaxial stretching of engineered arteries during culture.
This new bioreactor system allows for independent control of circumferential and axial stretching parameters,
such as displacement and beat rate. The assembly and setup processes for this biaxial bioreactor system are
reliable with a success rate greater than 75% for completion of long-term sterile culture. This bioreactor also
supports side-by-side assessments of TEVs that are cultured under three types of mechanical conditions (static,
uniaxial, and biaxial), all within the same biochemical environment. Using this bioreactor, we examined the
impact of biaxial stretching on arterial wall remodeling of TEVs. Biaxial TEVs developed the greatest wall
thickness compared with static and uniaxial TEVs. Unlike uniaxial loading, biaxial loading led to undulated
collagen fibers that are commonly found in native arteries. More importantly, the biaxial TEVs developed the
most mature elastin in the ECM, both qualitatively and quantitatively. The presence of mature extracellular
elastin along with the undulated collagen fibers may contribute to the observed vascular compliance in the biaxial
TEVs. The current work shows that biaxial stretching is a novel and promising means to improve TEV generation.
Furthermore, this novel system allows us to optimize biomechanical conditioning by unraveling the interrela-
tionships among the applied mechanical stress, the resulting ECM properties, and the mechanics of TEVs.

Introduction

The impact of mechanical cues on structural changes
in extracellular matrix (ECM), as well as the effect of

the resulting ECM architecture on the mechanical proper-
ties of tissue-engineered vessels (TEVs), has yet to be fully
elucidated. A bioreactor is a biomimetic system devised
to efficiently control and manipulate the chemomechanical
environment of engineered tissues. Thus, a bioreactor is an
excellent tool to examine how ECM remodels in response to
applied biochemical and biomechanical cues in developing
engineered vessels.

Previously, a pulsatile bioreactor was designed to apply
cyclic circumferential stretch (uniaxial stretch) to develop-
ing TEVs.1 Application of this mechanical conditioning

results in implantable arterial grafts with robust mechanical
strength.1,2 This bioreactor was also used to analyze the
ultrastructural collagen matrix of TEVs cultured under pul-
satile forces.3 This study showed that the ECM properties
and the mechanical properties of circumferentially stretched
TEVs (uniaxially stretched) were significantly different
from those of native arteries in various respects. For ex-
ample, the burst pressure of the uniaxial TEVs was mea-
sured to be 107 – 14 kPa compared with 443 – 55 kPa of
native arteries.4 Native arteries have significantly more
circumferential and fewer axial collagen fibrils than TEVs,
which may contribute to high burst strength of native ar-
teries.3 In efforts to understand the causes for these differ-
ences between native and engineered arteries, we noted that
circumferential stretch is not the only mechanical force
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exerted in vivo. In fact, most arteries are prestretched axially
in situ by a tension that is sustained by the tethering of
arteries to perivascular connective tissues.5,6 Arteries that
are under this axial tension can be prestretched up to 40–
65% of their unloaded length.7 Therefore, to better simulate
the physiologic environment of native arteries, we built a
biaxial bioreactor to exert axial as well as circumferential
loading on TEVs in this study.

The effect of axial loading on ECM growth and re-
modeling of native arteries has been examined previously by
several groups. For example, an ex vivo perfusion system
has been used to study the biaxial mechanical properties of
explanted arteries.5,8,9 A constant axial stretch results in
reestablishment of vascular homeostasis through remodeling
of tissue growth (wall thickness, wall stress, and vessel
length) as well as a change in both circumferential and axial
mechanical properties.5,8–10

However, only recently have studies begun to focus on
the effect of biaxial stretching on ECM growth and re-
modeling in engineered vessels. These studies led to the
development of bioreactors that can provide multiaxial
stretching of TEVs.

Mironov et al. designed a perfusion bioreactor that was
capable of applying axial stretch of up to 200% to both
silicone tubing and to native arteries.11 However, this sys-
tem was not able to support the in vitro growth of biologi-
cally based TEVs. Similarly, Zaucha et al. constructed a
computer-controlled bioreactor system that applied short-
term biaxial stretching to collagen-based TEVs.12 Never-
theless, the capability of this system to sustain long-term
tissue growth and mechanical conditioning was not exam-
ined. Tranquillo’s group built a pulsatile bioreactor that al-
lowed incremental axial retraction (60%) at the unfixed end
of TEVs.13 However, the ability to exert a constant or cyclic
axial load on TEVs was not reported using this bioreactor.
Bose� ElectroForce� BioDynamic� Test Instrument can
simulate cyclic torsion, axial loads, and pulsatile perfusion
to characterize mechanical properties of vascular constructs.
However, these expensive devices are optimized and cus-
tomized primarily to run mechanical tests on vascular con-
structs and not specifically designed for the production of
engineered arterial grafts.

The aim of this current work was to develop a bioreactor
to (i) allow independent control over the amount of stretch
in the axial and circumferential directions, (ii) to investigate
the impact of long-term biaxial loading on biological and
mechanical properties of TEVs. The results show that bi-
axial loading enhances mechanical properties of TEVs,
which is associated with an increase in mature elastin pro-
duction as well as undulated collagen development.

Materials and Methods

Design of biaxial bioreactor system

The biaxial bioreactor housing comprised entirely of glass
and was made by the Yale University glassblower (makes
tailored glassware upon request). All individual parts of
the biaxial bioreactor system are listed in Supplementary
Figure S1 (Supplementary Data are available online at
www.liebertpub.com/tec). This biaxial bioreactor is capable
of providing three types of mechanical stretching during
in vitro growth of three TEVs: static culture, circumferential

stretching only, and biaxial stretching (circumferential and
axial stretching combined). A top view of the device is
shown in Figure 1. Fluid flow, driven by a peristaltic pump
(Masterflex L/S Precision Modular Drive; Cole-Parmer),
exerts a pulsatile force (circumferential stretch) on grow-
ing engineered vessels. To provide cyclic axial stretch, a
linearly moving motor (Nipponpulse, Linear Shaft Motor
Stage SCR075) is employed. When both the linear motor
and pulsatile flow are initiated, biaxial stretching on TEVs is
achieved.

Day 1: biaxial bioreactor assembly

Tubular polyglycolic acid scaffold fabrication. A degrad-
able sheet of polyglycolic acid (PGA) mesh (Biomedical
Structures) was cut into three 1.3 ·*4 cm pieces. Dexon
6.0 suture (Syneture) was used to sew along the edges of
PGA scaffolds to form a tubular structure. Prolene 4.0 suture
(Syneture) was used to sew small pieces of Dacron cuffs
onto each end of the PGA mesh with an overlap of 2–3 mm.
The same suture was used to sew five stitches around the
ends of Dacron cuffs, leaving at least 15 cm of free suture on
the cuffs (Supplementary Fig. S2A). Tubular PGA scaffolds
were treated in 1 M NaOH for 1–2 min, followed by three
ddH2O rinses. Silicone tubing (& 3 mm diameter · 8 cm
length; Saint-Gobain) was inserted into the lumen of each
tubular PGA scaffold (Supplementary Fig. S2B). Pulsatile
phosphate-buffered saline (PBS) flow through the silicone
tubing creates cyclic circumferential stretching on both
the tubing and the TEVs.

Bioreactor cap assembly. Before assembling, bioreac-
tor parts were autoclaved and submerged in 70% ethanol
bath with tubular PGA scaffolds for at least 1 h for further
sterilization. Bioreactor components were assembled inside
the 70% ethanol bath inside the tissue culture hood. The
bioreactor cap consisted of a silicone stopper and Masterflex
tubes L/S 16 (Cole-Parmer) (Supplementary Fig. S3). The
silicone stopper had four drilled holes where tubes were
pulled through to allow for gas exchange. The silicone stopper
was inserted into a glass cylinder and the unit was inserted
through a Teflon bushing (Supplementary Fig. S3A). A
nylon O-ring was pulled over the glass cylinder from the
bottom (Supplementary Fig. S3B).

Bioreactor and PGA scaffold assembly. First, Masterflex
tubes L/S 16 were attached to the feeding port of the bio-
reactor for medium exchange (Fig. 2). To set up connectors
for the uniaxial TEV, detachable glass connectors (6.0 mm)
with tapered and flared ends were inserted into a Teflon
bushing and nylon O-ring (4 mm). The units were then in-
serted into the connector arms at the two sides of the bio-
reactor. These connector arms were customized to fit those
units for the uniaxial TEV. Teflon bushings were screwed
tightly to prevent medium leakage and to enclose the inside
of the bioreactor from the outside environment.

To assemble the connector for the biaxial TEV, the at-
tachable glass connector (6.5 mm) was tightly inserted into a
Teflon bellows that was axially extensible (Fig. 3). The unit
was tightly fitted into the connector arm at one side of the
bioreactor for linear axial stretching. Finally, PGA scaffolds
with silicone tubing were mounted onto the bioreactor by
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pulling two ends of the silicone tubing over flared ends of
glass connectors (Supplementary Fig. S4). Dacron cuffs
were positioned over the flared ends and were tightened with
the 4.0 Prolene suture on the Dacron cuffs. Static, uniaxial,
and the biaxial TEVs were assigned to middle, top, and
bottom PGA scaffolds, respectively (Fig. 1). Biaxial TEVs
would be stretched axially through the extensible Teflon
bellows via a linear motor. After the assembly was com-
pleted, the bioreactor and cap were submerged in 70%
ethanol bath for another hour. Excess ethanol was drained
and the bioreactor and cap were dried in the hood overnight.

Day 2: cell seeding and setting up the flow
system and linear motor

Cell seeding. Bovine smooth muscle cells (SMCs) were
isolated from the media of bovine aortas that were obtained
from the local abattoir. Bovine SMCs were expanded in
T-75 flasks till 80% confluence with a standard culture
medium (20% fetal bovine serum [FBS], 1% penicillin
and streptomycin, and high-glucose Dulbecco’s modified

Eagle’s medium [DMEM]). Passage 2 bovine SMCs were
trypsinized, resuspended in 2 mL of fresh medium, and
seeded evenly onto three PGA scaffolds. Approximately
7 · 106 passage 2 bovine SMCs were seeded onto each tu-
bular PGA scaffold (Fig. 4). Cell suspension was carefully
dripped onto the entire PGA scaffolds with a pipette until
the suspension was absorbed by the entire scaffold.

Enclosure of bioreactor. The bioreactor cap was placed
on top of the bioreactor, and the Teflon bushing was rotated
several times to enclose and seal the bioreactor (Supple-
mentary Fig. 5). Finally, air filters (0.22 mm; Whatman)
were inserted into the segments of Masterflex tubes L/S 16
to allow for sterile gas exchange between the incubator
and bioreactor environments. The bioreactor was placed into
the incubator to allow seeded cells to infiltrate and attach
onto PGA scaffolds. After 40 min, 250 mL of fresh medium
was added to the bioreactor through the feeding tubing
(Fig. 5). TEVs were cultured statically for the first week.
Mechanical stretching was applied on the second week of
tissue culture.

FIG. 1. Top view and side
view of the biaxial bioreactor
system. Three tissue-en-
gineered vessels (TEVs)
were cultured under different
mechanical stimuli within the
same biochemical milieu.
The biaxial bioreactor is
connected to a flow system
and linear motor to achieve
cyclic biaxial stretching (cir-
cumferential and axial
stretching). Axial stretch is
achieved when the linear
motor axially stretches the
movable connector of the
bioreactor through a bellows.
Circumferential stretch is
achieved through pulsatile
phosphate-buffered saline
(PBS) flow that is maintained
by a peristaltic pump. Arrows
indicate the direction of flow.
Color images available
online at www.liebertpub
.com/tec
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Connecting the bioreactor to the flow system and linear
motor. The biaxial bioreactor system consisted of three
completely separate systems: biaxial bioreactor (TEV
culture), flow system (cyclic circumferential stretching),
and linear motor (circumferential axial stretching). Each
of the three TEVs in this biaxial bioreactor was cultured
with no loading (static), uniaxial loading (circumferen-
tially stretched), or biaxial loading. The biaxial bioreactor
was first connected to the flow system and then to a linear
motor (Fig. 6). The static TEV was not connected to ei-
ther the flow system or linear motor. Both uniaxial and
biaxial TEVs were connected to the flow system, while
the biaxial TEV was also attached to the linear motor
through the axially movable connector. The flow system
consisted of a PBS reservoir, Masterflex L/S 16 tubing,
and connectors, as well as a pressure transducer. Con-
necting tubes (bifurcated from two ends of the main flow
system through three-way connectors) were connected to

corresponding glass connectors that were designed for
uniaxial and biaxial TEVs (Fig. 6). Parallel PBS flow through
the bioreactor generated cyclic circumferential stretching to
both uniaxial and biaxial TEVs. To provide axial stretch to
the TEV that was to be stretched biaxially, the axially
movable glass connector was fastened to the moving stage
of linear motor by using a screw (Fig. 6).

Bioreactor maintenance. TEVs were maintained in ves-
sel growth medium at 37�C and 5% CO2.2,14 The vessel
growth medium is optimized specially to support ECM
synthesis and consists of high-glucose DMEM supple-
mented with 10% FBS, penicillin G (100 U/mL; Sigma),
ascorbic acid (50 ng/mL; Sigma), CuSO4 (3 ng/mL; Sigma),
HEPES (5 mM; Sigma), proline (50 ng/mL; Sigma), glycine
(50 ng/mL; Sigma), and alanine (20 ng/mL; Sigma). The
culture medium was refreshed weekly and ascorbic acid was
refreshed every 2 days.

Application of mechanical cues:
circumferential and axial stretching

Application of axial stretching. Once the bioreactor
was set up, the bioreactor was maintained under static cul-
ture for the first week. During the first week, no mechanical

FIG. 2. Assembly of uniaxial TEV connectors. A feeding
tube is pulled over the feeding port of the bioreactor for medium
exchange. Detachable glass connectors (6.0 mm) are fitted into
O-rings and Teflon bushings. The units are inserted into cor-
responding connector arms at two sides of the bioreactor for the
uniaxial TEV. The bushings are screwed tightly to enclose the
openings. Only a portion of the feeding tube is shown above.
Color images available online at www.liebertpub.com/tec

FIG. 3. Assembly of biaxial TEV connector. The detachable
glass connector (6.5 mm) is tightly fitted into an axially exten-
sible Teflon bellows. The unit is inserted into the corresponding
connector arm at one side of the bioreactor for biaxial TEV
setup. Color images available online at www.liebertpub.com/tec
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stimuli were applied to any of the TEVs. The static TEV
was maintained under static conditioning for the entire 13-
week culture period. Starting from the second week, axial
stretching was applied only to the TEV that was to undergo
biaxial stretching while keeping the other two TEVs under
static conditions. To apply axial stretching, the linear motor
was turned on and set to a cyclic displacement of 3.2 mm,
which resulted in *8% axial stretch on the TEV. To avoid

FIG. 4. Cell seeding in the biaxial bioreactor. Bovine
smooth muscle cells (SMCs) are seeded onto each poly-
glycolic acid (PGA) scaffold inside the bioreactor. PGA
scaffolds absorb seeded cells and appear red. The position for
each TEV and corresponding mechanical cues are labeled.
Color images available online at www.liebertpub.com/tec

FIG. 5. Illustration of medium change through the feeding
port. (A) A top view of the bioreactor showing medium change
through the feeding port. (B) A side view of the bioreactor
during the medium exchange process through the feeding tube.
Color images available online at www.liebertpub.com/tec

FIG. 6. Connecting the biaxial bioreactor to the flow system
and linear motor. One week after cell seeding, opaque extra-
cellular matrix (ECM) started to be deposited onto PGA scaf-
folds of TEVs. The flow system is connected to the bioreactor
by attaching connecting tubes to designated connector arms.
Pink and purple highlights mark the connection locations for
uniaxial and biaxial TEVs, respectively. The bioreactor is then
connected to the linear motor by attaching the axially movable
connector to the moving stage. The surface of the moving stage
is prescrewed with multiple holes. A screw is used to secure the
axially movable connector to the moving stage through one of
those holes. Arrows indicate the direction of PBS flow. Color
images available online at www.liebertpub.com/tec
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disruption of the PGA matrix, the seeded cells were allowed
to form a rudimentary tissue matrix before axial stretching.
Since a high axial stretch was applied to the PGA scaffolds,
axial stretching was not applied until the second week. The
linear motor axially stretched the TEV by cyclically ex-
tending the bellows that was connected to the moving stage
through the axially movable connector. Axial stretching
was maintained for the remaining 11 weeks at a rate of
0.0333 Hz for the biaxial TEV.

Application of circumferential stretching. After 1 week of
axial stretching (starting from the third week), circumfer-
ential stretching was applied to both uniaxial and biaxial
TEVs. Since uniaxial and biaxial TEVs were aligned in
parallel inside the bioreactor, the pulsatile flow simulta-
neously exerted cyclic circumferential stretching on both
TEVs. For uniaxial and biaxial TEVs, the pulsatile flow was
maintained for the remaining 11 weeks at the pressure range
of 300 to - 30 mmHg at a rate of 245 bpm. Luminal pressure
of 270–300 mmHg resulted in 1.5–2.0% distension in sili-
cone tubing. The flow was monitored and measured using a
pressure transducer (Edwards Lifesciences) and PowerLab
(ADInstruments) with LabChart Pro software (ADInstru-
ments). A summary on the application of mechanical con-
ditioning on TEVs can be found in Table 1.

Working range of the biaxial bioreactor system

The linear motor (Linear Shaft Motor Stage SCR075;
Nipponpulse) was pretreated with a chromium coating

(customarily done by Nipponpulse upon request) to enhance
anticorrosion and antioxidization properties of the moving
stage in a humid environment. The linear motor was capable
of operating for 26 weeks in an incubator without any
failure. The system can exert an axial displacement between
0 and 4 mm at a rate between 0 and 0.3 Hz. In addition,
interchangeable properties of those glass connectors allowed
for a versatile selection for TEVs with diameters ranging
from 1 to 4 mm. Different combinations of static, circum-
ferential, axial, and biaxial conditions can be applied to
study the impact of mechanical cues on ECM remodeling of
TEVs using this bioreactor system. Furthermore, second
harmonic generation images could be obtained on living
TEVs inside the bioreactor by placing a viewing window
through the Teflon bushing of the bioreactor cap to assess
ECM growth and remodeling in a real-time setting.15 The
capacity of this biaxial bioreactor system is summarized in
Table 2.

Picrosirius red staining
and immunofluorescence staining

At the conclusion of the 13-week culture period, en-
gineered vessel segments were fixed in 10% neutral buffered
formalin. After embedding the tissue samples in paraffin, the
vessels were cut into 5-mm sections for histology and im-
munofluorescence staining.

The cross sections of TEVs were stained with picrosirius
red to visualize fibrillar collagen. Images were acquired
with an Olympus BX51TF microscope equipped with an

Table 1. Chart Describing the Application of Mechanical Conditioning

to the Static, Uniaxial, and Biaxial Vessels
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Olympus DP70 camera using Olympus CellSens Dimension
1.4.1 software. We utilized polarizing optics and dark-field
imaging as well as bright-field imaging. Magnification was
set to 20 · and 60 · .

Immunofluorescence staining was performed for SMC
markers and elastin in the TEVs. Briefly, tissue sections
were incubated with primary antibodies overnight at 4�C
(1:50 rabbit anti-elastin [ab21610; Abcam] and 1:5 for
mouse anti-smoothelin [SC R4A; Santa Cruz]). Secondary
antibodies (Invitrogen Alexa Fluor� 555 IgG [H + L], 1:400
dilution) were applied for 1 h at room temperature. Fluor-
escence images were acquired using Volocity software with
40 · magnification.

Mechanical tests

Suture retention strength was measured by hanging
weights at 2–3 mm from the edge (axial direction) of TEVs
until tearing, at which point the failure load was recorded.
Biaxial mechanical tests were performed on TEVs as pre-
viously described.16 Before removal from the bioreactors,
India ink was used to mark the bioreactor length (in situ) of
the TEVs. Subsequently, the unloaded length was measured
and used to calculate the stretch ratio between the in situ and
unloaded lengths. The TEVs were then secured to custom
glass cannulae using a suture and cyanoacrylate glue and
placed within Hanks phosphate-buffered solution (1.26 mM
CaCl2 at 37�C) in a custom biaxial testing system.17 Lu-
minal pressure, outer diameter in the central region, axial
force, and axial extension were measured using protocols
established previously.18,19 Briefly, all TEVs were subjected
to four cycles of preconditioning, followed by three cycles
of pressure–diameter tests (0–140 mmHg).

Desmosine assay

Tissue samples with wet weight of at least 3 mg were first
hydrolyzed in 6 N HCl at 110�C for 24 h. The samples were

then lyophilized and redissolved in water to measure the
total protein mass for each TEV.20 The amount of desmo-
sine was measured using a radioimmunoassay as described
previously.21 The desmosine content was expressed as pi-
comoles of desmosine per milligram of protein in tissue
samples.

Results

The assembly procedures for our bioreactor system are
reliable with a success rate of 75% for culture of 13 weeks.
The first of four setups resulted in contamination due to
inexperience in the assembly and sterilization processes.
After optimization, all three consequent experiments lasted
13 weeks and resulted in successful cultures free of con-
tamination and without failure of the linear motor or peri-
staltic pump. Once set up properly, both the linear motor
and flow system sustained a stable stretching rate and dis-
placement for the entire culture duration. Since the flow
system was a separate system from the bioreactor and TEV
culture, PBS leakage was readily salvaged by replacing the
damaged tubing. The cost for our biaxial bioreactor system
is approximately $3200. This cost is significantly lower than
the $50,000 for the ElectroForce BioDynamic Test Instru-
ment marketed by Bose.

Engineered arteries upon harvest

After 13 weeks of bioreactor culture, all three engineered
vessels developed an opaque appearance as shown in the
cross-sectional rings of each TEV (Fig. 7). TEVs cultured
with biaxial stretching developed the thickest vascular
wall, whereas the static vessel developed the thinnest wall
(wall thickness: static [0.40 – 0.2 mm, n = 2], uniaxial [0.56 –
0.14 mm, n = 2], and biaxial [1.0 – 0.36 mm, n = 2]). The av-
erage wall thickness of the biaxial TEVs is higher than what
is reported for human coronary arteries, which are of com-
parable diameter (0.75 – 0.17 mm).22

Examination of collagen matrix

Differences in fibrillar collagen structure among the three
types of TEVs were visualized through picrosirius red stain
under a polarized microscope (Fig. 8). Under dark field,
mature or thicker collagen fibers appear bright red/orange,
while the thinner fibers appear green/yellow. Shadowed
regions found in both static and uniaxial vessels under dark
field suggest the presence of thin/immature collagen fibers
that were below the threshold for detection (Fig. 8D, E). A
large number of green/yellow collagen fibers were detected
in biaxially stretched TEVs, indicating active remodeling of
the collagen matrix (Fig. 8F). Collagen fibers in the biaxial

Table 2. List of Tested Parameters and Capacity

of the Bioreactor System

Parameters Tested capacity

Reliability > 75% success rate
System duration 26 weeks
Axial displacement 0–4 mm (0–10%)
Axial stretching rate 0–0.33 Hz
TEV diameter 1–4 mm (outer diameter)
Noninvasive

imaging
With a specially designed

imaging window

TEV, tissue-engineered vessel.

FIG. 7. Cross-sectional
rings of TEVs cultured in the
biaxial bioreactor upon har-
vest. Differences in the wall
thickness were found among
static TEVs (A), uniaxial
TEVs (B), and biaxial TEVs
(C).
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TEVs appeared more undulated than those in the uniaxial
TEVs. In contrast, the undulated collagen structure was
essentially absent in the collagen matrix of the uniaxial
TEVs (Fig. 8H).

SMC contractile marker in TEVs
under different loading conditions

Smoothelin, a late-stage SMC contractile marker, was
examined in all TEVs (Fig. 9A–C). In comparison with
static conditioning, both uniaxial and biaxial loading re-
sulted in robust smoothelin expression in SMCs (Fig. 9A–C).
This result implies that mechanical conditioning encourages
the expression of late-stage contractile markers compared
with no mechanical conditioning.

Mature elastin analysis

Double staining of cellular marker and elastin was
performed to compare intra-and extracellular elastin in the
three TEV groups (Fig. 9D–F). The biaxial TEVs ex-
hibited the most extensive elastin deposition in the ECM
compared with the static and uniaxial TEVs (Fig. 9D–F).
As for quantitative measure of mature elastin, a radioim-
munoassay was used to detect desmosine, which is a
specific amino acid found in elastin cross-links. The bi-
axial TEVs showed the highest desmosine content
(555 – 449 pmole/mg protein, n = 2) compared with the
static (72 – 41 pmole/mg protein, n = 2) and uniaxial TEVs
(221 – 11 pmole/mg protein, n = 2) (Fig. 9G). The desmo-
sine content of the biaxial TEVs was *50% of that in
native coronary artery (1171 pmole/mg protein, n = 1). The
result suggests that biaxial loading enhances the formation
of mature elastin.

Mechanical analysis

The biaxial TEVs showed a suture retention strength of
302 g, which is higher than the reported value of 200 g for
native human arteries23 (Fig. 9H). The stretch ratio, lz,
indicates TEV retraction after releasing from an axial
tension (removal from the bioreactor). Both biaxial (lz =
1.16 – 0, n = 2) and uniaxial TEVs (lz = 1.17 – 0.06, n = 2)
showed a higher degree of retraction than the static TEVs
(lz = 1.09 – 0.06, n = 2) (Fig. 9H). Stress–stretch relation-
ships of TEVs were also impacted by biaxial conditioning.
The biaxial TEVs showed a nonlinear behavior, including a
toe region that is reminiscent of that seen in native arteries
(Fig. 9I). In contrast, the static and uniaxial TEVs dem-
onstrated a more linear relationship between the circum-
ferential stress (sy) and the circumferential stretch (ly),
which implies a comparative lack of elasticity (Fig. 9I).
This result suggests that biaxial loading appears to increase
vascular compliance compared with uniaxial loading or
static conditions.

Discussion

Biaxial loading had major quantitative and qualita-
tive impacts on ECM deposition and structure as well as
mechanical properties in TEVs. In comparison with the
traditional approach, biaxial loading greatly increased elas-
tin deposition in the TEVs. The highest desmosine con-
tent in biaxial TEVs suggests that biaxial loading is required
for extensive formation of mature elastin. Biaxial loading
also had an impact on development of collagen structure
by yielding highly undulated collagen fibers, which re-
semble those in native arteries and are essentially absent
in uniaxial TEVs. More importantly, biaxial loading

FIG. 8. Examination of
collagen matrix in TEVs.
Picrosirius red stain was used
to examine fibrillar collagen
in TEVs under bright and
dark fields of a polarized
microscope. (A, D, G) Static
vessel; (B, E, H) uniaxial
vessel; and (C, F, I) biaxial
vessel. (A–F) Scale bar rep-
resents 100mm. (G–I) Scale
bar represents 20mm. The
luminal side is indicated by
‘‘L.’’ Color images available
online at www.liebertpub
.com/tec
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effectively enhanced arterial wall thickness as well as
mechanical strength of the grafts. The presence of both
mature elastin and undulated collagen fibers could con-
tribute to the improved compliance in this situation. These
results suggest that biaxial loading enables regeneration of
TEVs that further mimic the physiologic characteristics of
native arteries. Although biaxial loading greatly enhances
TEV functionalities, either biaxial or uniaxial loading ap-
pears to be important for maintaining SMCs in a contractile
phenotype.

This study suggests that incorporation of axial stretch into
conventional mechanical conditioning plays an important
role in matrix development and cellular phenotype. Further
study is needed to demonstrate if biaxial stretching is re-
quired to achieve a collagen matrix that more completely
recapitulates that of native arteries.

Our novel bioreactor is built to sustain long-term multi-
axial stretching to engineered vessels during in vitro growth
in a sterile environment. This biaxial bioreactor therefore
allows us to elucidate the impact of specific mechanical

FIG. 9. Immunostaining,
biochemical, and mechanical
analysis on TEVs. (A–C)
Smoothelin, a late-stage
contractile marker for SMCs.
Red indicates smoothelin,
blue indicates DAPI. Re-
sidual PGA fragments could
also be found in TEVs. Scale
bar = 37 mm. (D–F) Immuno-
fluorescence staining to de-
tect elastin deposition in the
ECM in all TEVs. Red indi-
cates elastin, and blue indi-
cates DAPI. Scale bar =
50 mm. (G) Desmosine, an
elastin cross-link, units of
picomoles of desmosine per
milligram of total protein.
n = 2, average – SD. (H) Su-
ture retention, unloaded
thickness, and axial retrac-
tion ratio, lz, of TEVs.
Average – SD, n = 2. (I) Cir-
cumferential stress (sy) ver-
sus circumferential stretch
(ly) relationship. Color
images available online at
www.liebertpub.com/tec
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conditions on ECM properties through side-by-side com-
parison of different mechanical stimuli within the same
biochemical environment.

Most commercial bioreactors are not designed to apply
multi-axial loading while supporting long-term tissue regen-
eration. Bose ElectroForce BioDynamic applies multiaxial
mechanical stresses primarily for testing and characteriz-
ing material properties of tissue samples. Similarly, Instron
LumeGen� Chambers (TGT) are designed for vascular tissue
culture, but cannot apply multiaxial loads. The LumeGen
Chambers share some features with our bioreactor system,
but the LumeGen does not apply cyclic axial stretching or
biaxial loading. Therefore, our biaxial bioreactor combines
the strengths of both the Bose and the Instron systems. This
biaxial bioreactor applies long-term multiaxial loading and
has also been optimized for neotissue regeneration. In addi-
tion, the cost of our biaxial bioreactor is roughly10-fold lower
than commercial bioreactors. Low cost, versatility, and reli-
ability also may make this biaxial bioreactor attractive to
research laboratories.

Conclusions

In summary, the current study describes the design and
construction of a novel bioreactor system that is designed to
apply biaxial stretch to TEVs to better simulate physiolog-
ical conditions of native arteries. We showed that biaxial
loading results in mature extracellular elastin as well as
undulated collagen fibers. Both elastin and collagen struc-
ture contribute to vascular mechanics, such as compliance
and mechanical strength.16,24,25 Therefore, additional stud-
ies are required to understand the impact of functional
elastin and undulated collagen on the mechanics of biaxial
TEVs. In conclusion, our study shows that biaxial stretching
is a novel and valuable means to regenerate TEVs with
improved physiologic properties.
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