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Assembly of Tissue-Engineered Blood Vessels
with Spatially Controlled Heterogeneities

Hannah A. Strobel, PhD,1,* Tracy A. Hookway, PhD,1–3,* Marco Piola, PhD,4 Gianfranco Beniamino Fiore, PhD,4

Monica Soncini, PhD,4 Eben Alsberg, PhD,5,6 and Marsha W. Rolle, PhD1

Tissue-engineered human blood vessels may enable in vitro disease modeling and drug screening to accelerate
advances in vascular medicine. Existing methods for tissue-engineered blood vessel (TEBV) fabrication create
homogenous tubes not conducive to modeling the focal pathologies characteristic of certain vascular diseases.
We developed a system for generating self-assembled human smooth muscle cell (SMC) ring units, which were
fused together into TEBVs. The goal of this study was to assess the feasibility of modular assembly and fusion
of ring building units to fabricate spatially controlled, heterogeneous tissue tubes. We first aimed to enhance
fusion and reduce total culture time, and determined that reducing ring preculture duration improved tube
fusion. Next, we incorporated electrospun polymer ring units onto tube ends as reinforced extensions, which
allowed us to cannulate tubes after only 7 days of fusion, and culture tubes with luminal flow in a custom
bioreactor. To create focal heterogeneities, we incorporated gelatin microspheres into select ring units during
self-assembly, and fused these rings between ring units without microspheres. Cells within rings maintained
their spatial position along tissue tubes after fusion. Because tubes fabricated from primary SMCs did not
express contractile proteins, we also fabricated tubes from human mesenchymal stem cells, which expressed
smooth muscle alpha actin and SM22-a. This work describes a platform approach for creating modular TEBVs
with spatially defined structural heterogeneities, which may ultimately be applied to mimic focal diseases such
as intimal hyperplasia or aneurysm.

Keywords: tissue-engineered blood vessel, gelatin microspheres, vascular disease model, bioreactor, modular
tissue engineering, electrospun cannulation cuff

Introduction

Cardiovascular disease is the leading cause of death
in the United States.1 By 2030, 43.9% of Americans

will be living with some form of cardiovascular disease.1

Before clinical testing, new treatments for cardiovascular
diseases are tested in 2D cell cultures and animal models.
However, 2D cultures are not representative of the 3D
mechanical environment and cell–matrix interactions found
in vivo,2 and animal studies do not accurately predict the
success of drugs in humans; many drugs that are successful
in animals fail in human clinical trials.3,4 Thus, there is a
strong need for 3D human tissues to model vascular diseases

and serve as tools to screen potential therapies.5–10 Testing
drugs on functional human tissues in vitro may allow re-
searchers to eliminate ineffective drugs earlier in the testing
process, and accelerate the development of new, lifesaving
treatments.

Several approaches have been reported for fabricating
functional 3D human vascular tissue for drug screening and
disease modeling.10–14 For example, Fernandez et al. de-
veloped a functional smooth muscle cell (SMC)-endothelial
cell co-culture tube for drug testing by seeding cells in col-
lagen gels, which reacted to vasoactive stimuli.11 There are also
many existing approaches for fabricating functional human
tissue-engineered blood vessels (TEBVs) for implantation,
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including seeding cells on polymer scaffolds,15,16 seeding
cells in hydrogels,11,17 and using scaffold-free cellular self-
assembly approaches.10 However, most TEBV approaches
use cells seeded on or within tubular scaffolds, or use rolled
cell sheets, to create a homogenous tissue tube. In contrast,
many vascular diseases, such as aneurysm and intimal hy-
perplasia, create focal changes in SMC phenotype or matrix
composition in localized regions of the blood vessel wall, not
the entire length of the vessel.18,19

Alternatively, bioprinting can be used to create complex,
modular, tubular tissue structures, which is typically done
by fusing spheroidal subunits.20–22 However, tissue spher-
oids do not fuse as effectively as other cell aggregate shapes,
because even tightly packed spheroids have limited surface
area where spheres are in contact with one another, com-
pared to other shapes such as rings.20 Thus, TEBVs fabri-
cated from spheroids often have distinct fusion boundaries
or gaps where spheroids were not in close contact.20,23,24

While some existing homogenous TEBVs may be effec-
tive for screening drugs on healthy tissues, they are not
conducive to creating focal regions of pathological tissue.
Regardless of the tissue engineering method used, the cre-
ation of localized heterogeneities within human TEBVs has
not been previously reported. Thus, the primary goal of this
study was to establish a model system that achieves spatial
control of cell position and tissue structure within human
TEBVs to introduce focal heterogeneities. To achieve this
goal, we utilized a unique modular system developed in our
laboratory for fabricating self-assembled vascular tissue from
individual ring units (shown schematically in Fig. 1).25 Hu-
man SMCs were seeded into ring-shaped agarose molds,
where they aggregated in less than 24 h to form self-assembled
tissue rings.25 Within 3 days, rings can be threaded onto sil-

icone tubing, stacked together, and fused to form vascular
tissue tubes. Unlike spheroids, rings can be pushed into close
contact and fuse without gaps between tissue units.26 We have
also shown that we can incorporate degradable gelatin mi-
crospheres within tissue rings during self-assembly, which can
be used to deliver growth factors and modulate cell phenotype
within individual ring subunits.27

In this study, we present a novel approach for fabricating
3D vascular tissue from human cells with spatially controlled
heterogeneities, which may ultimately serve as a platform
technology to introduce focal regions of pathological tissue
within TEBVs. We demonstrated, in principle, that modular
building units comprising self-assembled primary human
SMC rings (with or without incorporated gelatin micro-
spheres) can be fused together into a contiguous and het-
erogeneous tissue tube with distinct structural regions. To aid
in handling and cannulation, electrospun polycaprolactone
(PCL) cannulation cuffs can be fused onto tube ends as re-
inforced extensions. We then validated that after 7 days of
fusion culture, tubes with PCL cuffs could be cannulated and
dynamically cultured on a custom luminal flow bioreactor.
Finally, we tested human mesenchymal stem cells (MSCs) as
an alternative source of SMCs and fabricated tubes that
produce smooth muscle contractile proteins.

In summary, we demonstrated a technology for creating
TEBVs that allows for customization of tissue structure and
composition along the vessel length, through use of self-
assembled cell-ring units, degradable gelatin microspheres,
and PCL cannulation cuffs. In future studies, this system
may be modified to model focal human vascular diseases.

Methods

The first goal of the study was to enhance ring fusion and
reduce fusion time. This was accomplished by evaluating
the effects of ring preculture time on ring fusion. The next
goal was to evaluate if rings maintain spatial positioning
during fusion, to determine the feasibility of creating focal
heterogeneities. The third goal of this study was to dem-
onstrate that tissue tubes can be cannulated and dynamically
cultured. PCL cannulation cuffs were incorporated on tube
ends as reinforced extensions for cannulation, and the use of
a custom luminal flow bioreactor for dynamic tube culture
was demonstrated. The final goal was to create focal het-
erogeneities within tubes, which was accomplished by cre-
ating localized regions of microsphere incorporation.

Cell culture

Human aortic SMCs (Lifeline) were cultured in Lifeline
VascuLife complete growth medium containing 10 mM L-
glutamine, 5% FBS, 5 mg/mL insulin, 5 ng/mL fibroblast
growth factor-basic, 50mg/mL ascorbic acid, 5 ng/mL epi-
dermal growth factor, 30 mg/mL gentamicin, and 15mg/mL
amphotericin B. Bone marrow-derived human MSCs (hMSCs)
were purchased from RoosterBio, Inc. and expanded according
to the manufacturer’s instructions in a propriety growth
medium (RoosterBio, Inc.).

Tissue ring fabrication

Agarose wells (2 mm post diameter) were prepared as
described previously from 2% agarose (Lonza) dissolved in

FIG. 1. Fabrication of modular tissue tubes with focal het-
erogeneities. Rings with incorporated microspheres are fused
between rings without microspheres, with PCL cuffs on either
end. The resulting construct is a fused tissue tube with focal
region of microsphere incorporation. PCL, polycaprolactone.
Color images available online at www.liebertpub.com/tea
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DMEM and autoclaved.28 Human aortic SMC rings were
seeded into agarose molds designed to fit five rings in a well
of a six-well plate,28 at a density of 400,000 cells/ring.
Molds were equilibrated overnight in growth medium before
use. All seeded rings were incubated overnight to allow cell
aggregation, and then, wells were flooded with fresh growth
medium.

Human MSCs were seeded in agarose molds at a con-
centration of 600,000 cells/ring. Wells were flooded after 2 h
of cell aggregation, and then switched to a custom medium
after 24 h containing DMEM, 5% FBS, 1% l-glutamine, 1%
ITS, 1% penicillin-streptomycin, and 50 mg/mL ascorbic
acid.

Tissue tube fusion with varying preculture time

To generate tissue tubes, rings fabricated from human
aortic SMCs were removed from agarose molds at 3, 5, or
7 days in culture and threaded onto silicone tubing mandrels
(Specialty Manufacturing Inc., O.D. 2 mm).26 Three rings
per tube were gently pushed together on the mandrel to
ensure rings were in contact with each other (Fig. 2B) and
the mandrel was secured in custom polycarbonate holders,
which were placed in a 10 cm dish with 45 mL medium.26

The tubes were then allowed to fuse for an additional 7 days
of static culture on the silicone mandrels. The experiment
was duplicated once more with the same human aortic

SMCs, and once again with human coronary artery SMCs
from a different donor (Supplementary Figs. S1–S3; Supple-
mentary Data are available online at www.liebertpub.com/tea).

Fusion angle, length, and thickness measurements

A Leica inverted microscope (DMIL) with a digital
camera (Leica DFC 480) was used to take brightfield images
of tubes daily for 1 week. Image J software (NIH) was used
to measure the angle between rings (fusion angle, ), tube
thickness (T), and tube length (L). Four fusion angle mea-
surements, six thickness measurements, and two length mea-
surements were obtained for each tube sample at each time
point and averaged to yield a single mean for each parameter
per tube per time point. Three independent tube samples were
averaged for each of the three preculture conditions. After
7 days of culture, tissue samples were fixed for 1 h in 10%
neutral buffered formalin for histological analysis. Data are
represented as mean – SD.

CellTracker labeling

CellTracker red and green (CMTPX and CMFDA; In-
vitrogen) were reconstituted to 10 mM in DMSO and diluted to
a final concentration of 5mM in DMEM (Corning). Plates of
human aortic SMCs were rinsed with PBS and incubated with
either red or green CellTracker solution at 37�C for 45 min.
The plates were rinsed with PBS, and growth medium was
added for an additional 30 min at 37�C. Cells were then pas-
saged and seeded into ring molds as described in the Tissue
ring fabrication section. After 3 days of culture, tubes were
fabricated with alternating red- and green-labeled rings and
imaged with an inverted fluorescent microscope (Leica DMIL)
daily for 7 days. The experiment was duplicated with human
coronary artery SMCs from a different donor (Supplementary
Methods). In a separate experiment examining cell prolifera-
tion, rings were loaded with CellTracker Red dye only, pre-
cultured for 3 days, and then fused into tubes with three rings
per tube. Tubes were fixed after 1 or 2 days of fusion, to
evaluate proliferation at earlier time points with Ki67 staining.

PCL cannulation cuff fabrication

Electrospun PCL cuffs were prepared as described pre-
viously.29 Briefly, PCL was dissolved in 2,2,2 tri-fluoro-
ethanol (TFE, T63002; Sigma) to form a 12% solution. The
solution was then electrospun onto a 2 mm diameter mandrel
using a 5 mL/h flow rate, 15 cm collector distance, and voltage
of 15–20 Kv.29 Cuffs were cut into segments *3–4 mm in
length, sterilized with ethylene oxide, and allowed to de-gas
for a minimum of 48 h before use.

Bioreactor culture

Rings were fabricated with human aortic SMCs (Lifeline)
as described in the Tissue ring fabrication section, and
threaded onto silicone tubing after 3 days of ring preculture,
with PCL cuffs adjacent to rings on either end. Tubes were
allowed to fuse for 7 days on silicone mandrels in static
culture before removal from the silicone tubing mandrel
and cannulation onto a custom bioreactor modified from
Piola et al.30 Each bioreactor fits in its own individual
15 mL conical tube, which allows for multiple units to be
cultured independently, with minimal culture medium

FIG. 2. Schematic of tube fabrication process, and tissue
tube culture experimental groups for the ring preculture du-
ration experiment. Rings are formed by seeding SMCs into
ring-shaped agarose molds, where cells aggregate around
2 mm diameter posts and form rings in less than 24 h (A).
Rings are then removed from molds and threaded onto sili-
cone tubing, where they are pushed together and cultured for 7
additional days to allow fusion (B). To test the effects of
varying ring culture duration, rings were cultured for 3, 5, or
7 days (‘‘ring culture’’), followed by 7 days of ‘‘fusion cul-
ture’’ for all groups (C). Groups are labeled as follows: days in
ring culture–days in fusion culture (ex. Group 3–7 = 3 days
in ring culture followed by 7 days in fusion culture). Black
dots = SMCs. SMC, smooth muscle cell. Color images avail-
able online at www.liebertpub.com/tea
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(*19 mL medium to fill each bioreactor unit and its tubing).
The inner cannulas are adjustable, to accommodate tubes
with lengths ranging from a few millimeters up to 3 cm.
The medium flows from a peristaltic pump (Watson Marlow,
Model 323Du), equipped with a multichannel pump head
(Watson Marlow, Model 318MC). A syringe with 2 mL of
medium and 3 mL of air is positioned between the pump and
vessel, to dampen oscillations in medium flow between the
pump and the tissue tube. The medium then flows back into
the culture chamber, before returning to the pump. For these
experiments, the bioreactor was set up to apply luminal flow,
but not pressure. We verified that pressures between cannulas
are approximately zero in benchtop experiments (not shown)
before beginning these studies. Cannulated tubes (n = 5) were
cultured with 35 mL/min applied luminal flow (correspond-
ing to an estimated 12 dyne/cm2 wall shear stress) for 7 days
before fixing for histology. Two control tubes were left on
silicone mandrels in static conditions for a total of 14 days
(same total culture time as tube exposed to 7 days of flow).

Fabricating tubes with spatially defined regions
of microsphere incorporation

Rings were fabricated from human aortic SMCs (Life-
line), with genipin-crosslinked Type A gelatin microspheres
59.3 – 28.8 mm in diameter and with a 32.3% – 15.3%
crosslink density incorporated as described previously.27

Briefly, microspheres were hydrated in PBS (25mL per mg
microspheres) for 2 h at 37�C, resuspended at 9.6 mg/mL,
and mixed 1:1 with CellTracker Red-labeled human aortic
SMCs (16 million cells/mL suspension). Rings were seeded
with 50mL cell–microsphere suspension per ring, resulting
in rings with 400,000 cells/ring and 0.6 mg microspheres/
million cells. After 3 days of preculture, rings were threaded
onto silicone tubing mandrels with a central region of three
microsphere-incorporated rings, and two outer regions with
eight rings without microspheres per side (Fig. 1). Cannu-
lation cuffs were placed adjacent to rings on tube ends.
Tubes were cultured for 4 days on silicone mandrels in static
conditions before fixation and paraffin embedding.

hMSC tube fabrication

Rings fabricated from hMSCs were harvested on day 3
for tube fabrication. After 4 days of fusion culture (7 days
total), 5 ng/mL TGF-b1 and 2.5 ng/mL BMP-4 were added
to the medium to stimulate differentiation to an SMC pheno-
type. Tubes were fixed after 7 days of fusion culture (10 days
total) for immunohistochemistry and histology.

Histology and immunohistochemistry

After fixing for 1 h in 10% neutral buffered formalin, sam-
ples were processed and embedded in paraffin. Longitudinal
sections 5mm thick were adhered to positively charged slides.
Hematoxylin and eosin staining was used to examine tube
morphology. Picrosirius red/fast green and orcein stains were
used examine collagen and elastin deposition, respectively.

Antigen retrieval was performed on samples to be stained
for Ki67, smooth muscle alpha actin (SMA), smooth muscle
protein 22 alpha (SM22-a), and calponin by incubating
slides in 10 mM Tris, 1 mM EDTA, and 0.05% Tween-20
(pH 9.0) in a pressure cooker for 5 min. Slides were blocked

in 5% normal goat serum (Ki67) or 1.5% normal rabbit serum
(SMA, SM22-a, and calponin) for 30 min, and were incubated
overnight at 4�C in anti-Ki67 (Abcam Ab16667; 1:100), SMA
(Dako; clone 1A4, 1:100), SM22-a (BioRad VPA00048;
1:100), or calponin (Dako; CALP, 1:100) antibodies. Negative
control samples were incubated with rabbit, mouse, or goat
immunoglobulin G (Vector). Samples were incubated in a
secondary antibody (Invitrogen; Alexa Fluor 488 goat anti-
rabbit, rabbit anti-mouse, or mouse anti-goat) at a 1:400 di-
lution for 1 h at room temperature. Samples with CellTracker
labeling or antibody stains were stained with Hoechst dye to
visualize nuclei (Invitrogen; 1:6000 in DI water for 6 min).
Images were acquired using an epifluorescent microscope
(Leica DMLB2) with a digital camera (Leica DFC 480).

Statistics

Statistical tests were performed using SigmaPlot software
(Version 11.0 Systat Software, Inc.). A two-way analysis of
variance (ANOVA) with Holm–Sidak post hoc analysis was
used to compare fusion angles, thicknesses, and lengths of
tissue tubes. A p-value of less than 0.05 was considered
significant. A sample size of n = 3 was used in statistically
analyzed ring preculture experiments.

Results

Effect of ring preculture time on human SMC tube
fusion rate

The first goal of this study was to accelerate production of
tissue tubes and enhance ring fusion by examining how ring
‘‘preculture’’ time before tube fabrication affects fusion. In
previous studies, we observed cohesive tubes after fusion,
but ring boundaries remained visible after a total 14-day
culture period (7 days as rings and 7 as tubes).25 By de-
creasing ring preculture duration before fusion, we aimed to
decrease the length of time required to generate tissue tubes,
and generate a more seamless ring fusion. Other published
studies also suggest that less mature cell aggregates fuse to-
gether more rapidly than more mature tissues.31,32 Therefore,
we hypothesized that decreasing the ring preculture duration
before fusion would decrease the length of time required to
generate tissue tubes, and lead to more seamless ring fusion.

Human aortic SMC rings were removed from agarose molds
after 3, 5, or 7 days of ring preculture and cultured as tubes for
7 days, resulting in groups 3–7, 5–7, and 7–7, respectively
(shown schematically in Fig. 2). Fusion was measured daily as
the angle between adjacent rings, to determine the time course
for tissue fusion31,33 (Fig. 3A). When human aortic SMC tubes
were fused, there was a significant difference in fusion angle
only on day 2 between the 7–7 group versus 5–7 group, and on
day 3 between the 5–7 group versus 7–7 and 3–7 groups
(Fig. 3B). In all groups, the fusion angle appeared to plateau by
day 3, with only slight increases after this point. Tube length
(Fig. 3C) remained relatively constant over time, although
tubes in the 3–7 group were significantly longer overall, and the
5–7 group was significantly shorter than the other 2 groups.
Significant differences were not observed in tube thickness
(Fig. 3D), although tubes appear to thin slightly over time.
These results are consistent with duplicate studies performed
both with human aortic SMCs and human coronary artery
SMCs (Supplementary Figs. S1 and S2).
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Structure and morphology of fused human SMC tubes

To evaluate fusion of SMC ring units, tissue tube sections
were stained with hematoxylin and eosin to compare mor-
phology of the 3–7, 5–7, and 7–7 tubes. Tubes appeared well
fused after a 7-day fusion period, although ring boundaries
remained detectable in all groups (Fig. 4). Ring boundaries
are most distinct in the 7–7 group. Nearly seamless fusion was
observed in the 3–7 group, although ridges at ring boundaries
were still slightly visible on the tube exterior (Fig. 4). This
suggests that rings precultured for a shorter duration before
tube fabrication may allow for more complete tissue fusion.

Spatial positioning of SMCs within rings during fusion

To assess the feasibility of creating tubes with distinct tis-
sue regions along the tube length, we next evaluated whether
cells within ring units maintain their spatial position along
tissue tubes after ring fusion. Three-day-old human aortic
SMC rings were created from green or red CellTracker-
labeled cells. Alternating red and green fluorescently labeled
rings were fused in culture for 7 days, and images were ac-
quired daily. We did not observe ‘‘mixing’’ of cells at the ring
borders over the culture period (Fig. 5A). This observation
was confirmed when tubes fused for 7 days were examined
histologically and stained with Hoechst (Fig. 5B–E). Similar
results were observed when the experiment was repeated with
coronary artery SMCs (Supplementary Fig. S3). Although
some tissue compaction was visible, Hoechst-stained sections
clearly show that cells within rings maintain their original
spatial position after tube fusion. Some decrease in Cell-
Tracker signal was distinguishable at ring edges after fusion

FIG. 3. Fusion kinetics of human SMC rings. Three human
SMC rings were threaded onto silicone tubing mandrels (A).
The angle between rings ( ), tube length (L), and thickness
(T) was measured for each sample on each day of culture (A).
Fusion angles (B), tube length (C), and thickness (D) as a
function of time for tubes fabricated from rings cultured for 3
(3–7), 5 (5–7), or 7 (7–7) days before 7 days of fusion culture.
N = 3 tubes per group. Data points are mean – SD. #p < 0.05
for 5–7 versus 3–7 and 7–7, ** p < 0.05 for 5–7 versus 7–7,
*p < 0.05. Scale = 0.5 mm.

FIG. 4. Histological assess-
ment of human SMC tubes.
H&E-stained tissue tubes
comprised rings precultured
for 3 (A–C), 5 (D–F), or 7
(G–I) days before fusion. Low
magnification longitudinal
sections shown in (A, D, G).
Higher magnification views
show one fusion point at the
outer surfaces (solid box; B,
E, H) and at the inner surfaces
(dashed box; C, F, I) of the
tissue tubes. Lumen on bottom,
scale bars = 250mm (low mag-
nification) or 100mm (high
magnification). Images repre-
sentative from n = 3 samples/
group. Sectioning schematic
shown in lower right. Color
images available online at
www.liebertpub.com/tea

1496 STROBEL ET AL.



(Fig. 5E). We hypothesized that this was due to cellular
proliferation at ring edges during fusion, which may dilute
CellTracker signal. To test this, rings loaded with only
CellTracker red dye were fused, and were fixed after either
1 or 2 days of fusion. Rings fused for only 1 day partially
separated during processing, indicating they were not fully
fused. Ki67 staining of these sections shows proliferating
cells around the edges of individual rings (Fig. 6A, B). After
2 days of fusion, fewer proliferating cells are visible, and are
predominately at the tube surfaces and not between indi-
vidual rings (Fig. 6C, D). This suggests that cell prolifera-
tion at the edges of the rings may cause the decrease in
CellTracker signal, and may play a role in initial ring fusion.

PCL cannulation cuffs and dynamic tube culture

The next step in generating an in vitro TEBV model is
applying luminal flow, which is critical for maintaining blood

vessel function.34–36 However, self-assembled tissues can be
fragile at early time points in culture, and may not withstand
handling or suturing forces necessary to load the tissue into a
flow bioreactor. Thus, our modular system for vascular tissue
fabrication includes electrospun PCL cannulation cuffs in-
corporated onto each end of the tube by cellular attachment
and infiltration from adjacent cell rings.29 Previously, we
incorporated PCL cuffs into tubes made from rat aortic SMCs
in static experiments.29 In this study, we assessed the feasi-
bility of incorporating PCL cannulation cuffs into human
aortic SMC tubes to serve as reinforced extensions to aid in
cannulation and dynamic culture (Fig. 7A). After 7 days of
fusion (3 days of ring preculture), we removed fused human
tissue tubes from silicone tubing and mounted them onto a
custom bioreactor to demonstrate that tubes are strong en-
ough to withstand luminal flow. Cannulation cuffs fit snugly
over bioreactor cannulas, and did not require additional su-
turing, as shown in Figure 7B.

FIG. 5. Spatial position of rings during fusion. Human aortic SMCs were preloaded with red or green CellTracker dye
before ring seeding. Rings with alternating dyes were then stacked and allowed to fuse for 7 days (A). Tubes were then
sectioned and stained with Hoechst dye. Red = CellTracker Red (B), green = CellTracker Green (C), and blue = nuclei (D).
Merged image shown in (E). Scale = 1 mm (A) or 100 mm (B–E). Lumen on bottom (B–E). Images representative from n = 3
samples. Color images available online at www.liebertpub.com/tea

FIG. 6. Cell proliferation during
fusion. Human aortic SMCs were
preloaded with red CellTracker dye
before ring seeding. Rings were
allowed to fuse for 1 (3-1 Tube) or
2 (3-2 Tube) days. Tubes were then
sectioned and stained for Ki67 to
examine proliferation. Green =
Ki67, red = CellTracker Red,
blue = nuclei. Scale = 100 mm. Ima-
ges representative of n = 2 samples.
Color images available online at
www.liebertpub.com/tea
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The bioreactor used in these studies was modified from
Piola et al.30 An image of the bioreactor with a cannulated
SMC tube inside is shown in Figure 7C, and a schematic of
the bioreactor flow loop is shown in Figure 7D. Five tubes
were successfully mounted onto bioreactors and cultured for
an additional 7 days (17 days total culture) under luminal
flow (12 dyne/cm2). Tubes fixed for histology are shown in
Figure 8, which demonstrates that tubes remained intact and
rings are fully fused. Ring boundaries are almost indistin-
guishable in both static (on silicone mandrels) and dynam-
ically cultured tubes. Tubes exposed to flow appeared to
have fewer cell nuclei on the luminal surface of the tube
than static controls.

When this experiment was repeated, one tube out of six
tore during loading, but the remainder of the tubes were

cultured successfully for 7 days. Picrosirius red/fast green
and orcein stains were used to examine extracellular matrix
(ECM) deposition of fused tubes following static (Fig. 9A,
B) or dynamic (Fig. 9C, D) culture. Collagen deposition is
visible throughout tubes (Fig. 9A, C). Elastic fibers were not
visible (Fig. 9B, D).

Incorporation of degradable gelatin microspheres
to fabricate focal heterogeneities in fused tissue tubes

An important step toward modeling focal vascular diseases
is the ability to create spatially controlled heterogeneities
within engineered vessel walls. To do this, we incorporated
degradable gelatin microspheres within three rings (with
CellTracker Red dye) and positioned them in a central region

FIG. 7. PCL cannulation cuff incorporation for bioreactor culture. Electrospun PCL cuffs were threaded onto silicone
tubing and pushed into contact with cell rings at each end of the tube. Tubes were cultured for 7 days on silicone mandrels
(A) to achieve ring fusion, and then mounted onto the cannulas in the chamber of a custom luminal flow bioreactor (B).
Image of bioreactor with SMC tube is shown in (C), and a schematic of the medium flow loop is shown in (D). Scale = 1 cm.
Color images available online at www.liebertpub.com/tea

FIG. 8. Histological images of
tubes cultured in a luminal flow
bioreactor. Hematoxylin and eosin
stain of longitudinal section of tis-
sue tubes cultured as rings for
3 days, fused as tubes for 7 days,
and then cultured on silicone man-
drels in static conditions (A, B) or
with *12 dyne/cm2 shear stress
(C, D) for an additional 7 days.
Lumen at bottom of image.
Scale = 100mm. Color images
available online at www
.liebertpub.com/tea
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of the tube, between rings without microspheres (eight per
side, Fig. 10A). The region with incorporated microspheres is
clearly visible due to CellTracker Red dye and genipin
crosslinked microspheres, which both impart a purple hue to
the tissue in these regions. Histological analysis demonstrated
fully fused tubes with regions of microsphere incorporation
within a localized region of the tube (Fig. 10B, C).

Fabrication of tissue tubes from human MSC rings

When fabricating engineered blood vessels, it is impor-
tant that cells express smooth muscle proteins, indicative of
a healthy, contractile SMC phenotype. We did not observe
contractile protein expression in tubes fabricated from pri-
mary aortic SMCs (Supplementary Fig. S4). Therefore, we
decided to explore alternative SMC sources. Human MSCs
are highly proliferative and are well established to differ-
entiate into contractile SMCs with treatment of TGF-b1 and
BMP-4.37 In this study, we demonstrated that rings fabricated
from bone marrow-derived hMSCs can be fused into tubes,
which were strong enough to handle after 7 days of fusion.
Figure 11 shows contractile protein expression of tubes after
7 days of fusion. SMA and SM22-a expression are clearly
visible, although calponin appears limited. Contractile pro-
teins are predominantly localized to the tube outer edge.

Discussion

The long-term goal of these studies is to develop a platform
for fabricating 3D human vascular tissue that may potentially
be used for in vitro modeling of focal vascular diseases such
as intimal hyperplasia or aneurysm. We previously described
a method to rapidly generate vascular tissue tubes from indi-
vidual self-assembled SMC ring units.25,26 In this study, we
reduced the total time needed to create cohesive tissue tubes
from self-assembled rings, and utilized the modular nature of
this system to create focal heterogeneities within the tube wall.

FIG. 9. Matrix deposition in
fused tissue tubes. Longitudinal
sections of tubes cultured in static
conditions for 14 days (A, B), or in
static conditions for 7 days fol-
lowed by 7 days of dynamic culture
with *12 dyne/cm2 of applied
shear (C, D). Picrosirius red fast
green stain shown in (A, C;
red = collagen, green = counter-
stain), orcein stain shown in (B, D;
dark pink = elastic fibers, pur-
ple = nuclei). Lumen on bottom of
image. Scale = 100mm. Color ima-
ges available online at www
.liebertpub.com/tea

FIG. 10. Human SMC tube with spatial heterogeneity.
Human aortic SMC rings were either loaded with gelatin
microspheres and red CellTracker dye, or without micro-
spheres or dye. Rings with microspheres were placed in the
central region of the tube, between outer regions without
microspheres. Photograph of fused tissue tube shown in (A).
PCL cuffs on either end reinforce the tube ends to aid in
handling and cannulation. Low (B) and high (C) magnifica-
tion H&E images of the vessel wall show that rings appear
well fused, and microspheres maintain their spatial position in
the center. Lumen on bottom of image (B, C). Scale in mm
(A) or 100mm (B, C). Images representative of two samples.
Color images available online at www.liebertpub.com/tea
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Furthermore, we incorporated PCL cannulation cuffs29 on each
end, making the tubes amenable for cannulation and dynamic
culture within a custom-designed luminal flow bioreactor. In
future studies, this unique modular platform may be modified
to model a variety of vascular diseases.

The first goal of this study was to improve and acceler-
ate tissue fusion. In our studies, fusion is defined as an
increase in fusion angle (angle between adjacent rings) to
*180�.31,33 While we did not observe significant differ-
ences in fusion rate with varying preculture time, histolog-
ical images suggest more complete fusion in the 3–7
group. This is consistent with other reports, which suggest
tissues fuse more rapidly and more completely when pre-
cultured for less time before fusion.31 Others have suggested
that tissues with increased ECM (such as collagen) are
generally more cohesive and difficult to remodel.38 It is
possible that increased matrix deposition at later time points
may be a reason why more mature tissues fuse less com-
pletely than less mature tissues.

Additionally, fusion angle, parameters such as thickness
and length of constructs can be used to assess fusion.31 We
did not observe significant changes in length over time,
which is contrary to previous reports of spheroid fusion.31,39

This may be due to differences in tissue size or geometry,
which are known to affect fusion,20,31,33 or due to differ-
ences in cell type. Overall, 3–7 tubes were significantly
longer than the 5–7 and 7–7 groups, and the 5–7 tubes were
significantly shorter. This may be due to ring remodeling,
compaction, and thinning over time during ring culture,
resulting in the 5–7 and 7–7 groups being constructed from
thinner rings.

A primary goal of varying preculture time was to deter-
mine a time course for ring fusion, and develop cohesive
tissue tubes in a minimal amount of time. In all experiments,
fusion angles plateaued after 3–4 days, which is consistent
with other reports.20,23,33 In preliminary studies, we aimed
to begin dynamic culture at this point, based on the obser-
vation that tubes are fully fused. However, when tubes were
fused for only 4 days, 66% of the tubes tore during the
cannulation procedure (data not shown). Thus, we increased
fusion time to 7 days to allow for increased ECM deposi-
tion, which improved our ability to cannulate tubes and
substantially reduced tube failure rates to an average of 8%.
Importantly, this is still less time than described in most
other published reports, where engineered vascular tissue is
typically matured 2 weeks to several months in static culture
before mounting on bioreactors for dynamic culture,12,40,41

compared to the 3 days of ring preculture and 7 days of
fusion culture used in this study. This may be because cell-

derived tissues can have enhanced ECM production and
tissue strength compared to tissue fabricated using degrad-
able scaffold materials.42–46 Additionally, PCL cannulation
cuffs aided in handling and cannulation of tissue tubes at
early time points.

To further evaluate fusion, we examined if cells maintain
spatial positioning within rings during fusion. We observed
that rings with red and green CellTracker dye are still spa-
tially distinct after 7 days of fusion. This result is consistent
with previous reports examining fusion of tissue sheets and
spheroids, which showed that limited cellular migration or
‘‘mixing’’ is evident between most fusing tissues, despite
some tissue remodeling and compaction.20,33,47–50 Because
cells within ring units maintained their spatial positioning
along tubes, we can customize individual rings and place
them in distinct regions of the tube before fusion (Fig. 1).
This feature may enable us to model focal disease pathol-
ogies in future studies, by engineering regions of tissue that
contain a diseased cell phenotype in the middle of an oth-
erwise healthy vascular tissue tube. CellTracker dye signal
was less visible around individual ring edges, possibly due
to the dye diluting as cells proliferate. We verified this by
staining tubes for Ki67 after 1 or 2 days of fusion. Ki67
staining was visible predominantly around individual ring
edges after 1 day of fusion. This was also evident at day 2,
although fewer cells were Ki67 positive, likely due to
contact inhibition of SMC proliferation. This suggests that
proliferation may play a role in tissue fusion.

Shear forces created from fluid flow are important for the
progression of many vascular diseases.51,52 Thus, it is crit-
ical to incorporate luminal flow during early culture of en-
gineered vascular disease models. However, self-assembled,
scaffold-free tissues may be too fragile at early time points
in culture to be sutured onto cannulas for dynamic culture.
The modular nature of our system is conducive to adding
biomaterial units on either end of the tissue tube to serve as
reinforced extensions, without affecting tissue structure.
Previously, we evaluated the incorporation of PCL cannu-
lation cuffs with tubes fabricated from rat aortic SMCs in
static culture.29 In this study, we applied this technology to
human TEBV constructs, enabling the successful cannulation
of vascular tissue tubes in a custom bioreactor for dynamic
culture within 10 days of cell seeding. In these studies, human
aortic SMC tubes remained intact in a proof-of-concept ex-
periment for 7 days of dynamic culture under physiologically
relevant wall shear stress. It was not surprising that fewer
nuclei were observed on the luminal surface of the dynami-
cally cultured tube, as the endothelium typically prevents
SMCs from being exposed directly to shear forces. Others

FIG. 11. Contractile protein
expression in fused hMSC tubes.
Tubes were fabricated from
3-day-old hMSC rings, which
were allowed to fuse for 7 days
in static conditions. Green = SMA
(A), SM22-a (B), or calponin
(C), blue = nuclei. Lumen on
bottom of image. Scale = 100 mm.
hMSC, human mesenchymal stem
cell. Color images available online
at www.liebertpub.com/tea
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have reported that direct exposure to shear stress can trigger
SMC apoptosis.53 Future studies will focus on establishing a
functional endothelial layer by developing a luminal cell
seeding system for our custom bioreactor.

Additionally, the bioreactor chamber can also be easily
modified to separate the luminal vessel compartment from
the external medium compartment.54 In future studies, this
will allow endothelialization of cannulated tissue tubes, and
enable us to flow vasoactive substances through the tube
lumen for endothelial and SMC functional testing. Alter-
natively, this bioreactor can also be modified to apply cyclic
stretch to tissue tubes30 to enable mechanical conditioning
during tissue tube culture and maturation.

We reported previously that incorporated gelatin micro-
spheres can be used to locally deliver growth factors within
SMC rings, for the purpose of controlling SMC phenotype.27

The gelatin microspheres degrade within *2 weeks, and do
not adversely affect ring mechanical strength.27 In this study,
we demonstrated that rings containing microspheres can be
localized to a central region of the tissue tubes and success-
fully fuse with unmodified rings to create a focal heteroge-
neity (Fig. 10). This ability to create focal changes is a unique
attribute of our system, as other methods for fabricating self-
assembled TEBVs only create homogenous tubes.

In studies with primary aortic SMCs, we did not observe
contractile smooth muscle markers such as SMA (Supple-
mentary Fig. S4), or elastin deposition (Fig. 9). This is not
surprising, since cells were cultured in a growth medium
designed to support SMC proliferation and ECM deposition
consistent with a synthetic SMC phenotype. We have pre-
viously observed that TGF-b1 treatment can stimulate
contractile protein expression in 2D SMC cultures, but not
in 3D rings or tubes (not shown). Creating a healthy, con-
tractile SMC phenotype will be critical for fabricating
functional vascular tissue in the future. Thus, we began
exploring alternative cell sources, including hMSCs. We
demonstrated in preliminary studies that tubes fabricated
from hMSCs express the markers SMA and SM22-a
(Fig. 11A, B), although calponin is not visible. The absence
of late-stage differentiation markers is unsurprising, due to
the short duration of the experiment. In an earlier study, we
found that when TGF-b1 and BMP-4 were added at the
beginning of ring and tube culture, rings did not fuse suc-
cessfully (not shown). Thus, in this study, the differentiation
factors (TGF-b1 and BMP-4) were added after 4 days of
fusion (3 days total of growth factor treatment), which may
also explain the absence of calponin (Fig. 11C, D).

Cell alignment is also important for creating functional
vessels, as radially aligned cells give tubes the ability to
constrict and dilate to regulate blood flow in vivo. In an
hMSC tube cross-section, it is apparent that nuclei are ra-
dially aligned around tube outer edges, but not the middle
region of the tissues (Fig. 12). Alignment may improve in
future studies with mechanical stimulation.55 Human MSCs
are highly proliferative and reliably differentiate to an SMC
phenotype in 3D cultures, and hMSC rings fuse into tubes
strong enough to handle after 4 days of fusion, making them
an ideal cell type for future experiments. Additionally,
hMSCs may allow for the fabrication of patient-specific
tissue tubes to model vascular disease, as shown in principle
in previous work with induced pluripotent stem cell-derived
vascular SMCs (iPSC-VSMCs).13

In future studies, we will use growth factor-loaded mi-
crospheres, different cell types, or genetically modified cells
to generate vessels with regions of cells that are composi-
tionally distinct from adjacent regions. For example, growth
factor-loaded microspheres may be able to create a hyper-
proliferative region for modeling intimal hyperplasia. Our
ability to fabricate rings and tubes from a variety of SMC
sources demonstrates the potential of this system to model
focal diseases that manifest in various types of vessels. We
have shown that we can produce rings using iPSC-VSMCs
both from healthy patients (that produce elastin) and from
patients with genetic disorders leading to elastin defi-
ciencies.13 Using iPSC-VSMC rings to create a localized
region of elastin deficiency may allow us to model aneurysm.
We have also applied this modular tube fabrication system to
create engineered cartilage rings and connective tissue rings
with immature vascular structures, and fused these rings to
engineer tracheal tissue that anastomosed with host vascula-
ture upon subcutaneous implantation in a mouse model.49

The controlled release of growth factors through microsphere
incorporation within individual rings may be ideal for such
multitissue tubular structures, where different tissue regions
may require different biochemical stimuli to maintain their
differentiation and function. The ability to create high fidelity
in vitro human tissue models may provide an invaluable tool
for high-throughput drug screening, and potentially accelerate
the development of new therapeutics.

In this study, we developed a modular system for fabricating
focal heterogeneities within vascular tissue tubes, which may
be modified in the future to model focal pathologies. Rings
maintained their spatial position within tubes, which allowed
us to generate localized regions of microsphere incorporation.
After only 7 days of fusion, tubes were cohesive enough to be
cannulated and cultured on a luminal flow bioreactor. Overall,
this work will serve as a platform technology for fabricating
engineered blood vessels with localized vascular diseases such
as intimal hyperplasia, aneurysm, and atherosclerosis. Such
in vitro disease models may serve as tools for high-throughput
drug screening, and accelerate the development of new treat-
ments for vascular diseases.

FIG. 12. Alignment of hMSCs within hMSC tubes. Radial
cross-section of hMSC tube after 4 days of fusion. Hematoxylin
and eosin stain. Lumen on bottom of image. Scale = 100mm.
Color images available online at www.liebertpub.com/tea
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