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Cellular Self-Assembly with Microsphere Incorporation
for Growth Factor Delivery Within Engineered
Vascular Tissue Rings

Hannah A. Strobel, BS,1 Anna D. Dikina, PhD,2 Karen Levi, ME,1 Loran D. Solorio, PhD,2

Eben Alsberg, PhD,2,3 and Marsha W. Rolle, PhD1

Cellular self-assembly has been used to generate living tissue constructs as an alternative to seeding cells on or
within exogenous scaffold materials. However, high cell and extracellular matrix density in self-assembled
constructs may impede diffusion of growth factors during engineered tissue culture. In the present study, we
assessed the feasibility of incorporating gelatin microspheres within vascular tissue rings during cellular self-
assembly to achieve growth factor delivery. To assess microsphere incorporation and distribution within vas-
cular tissue rings, gelatin microspheres were mixed with a suspension of human smooth muscle cells (SMCs) at
0, 0.2, or 0.6 mg per million cells and seeded into agarose wells to form self-assembled cell rings. Microspheres
were distributed throughout the rings and were mostly degraded within 14 days in culture. Rings with micro-
spheres were cultured in both SMC growth medium and differentiation medium, with no adverse effects on
ring structure or mechanical properties. Incorporated gelatin microspheres loaded with transforming growth
factor beta 1 stimulated smooth muscle contractile protein expression in tissue rings. These findings demon-
strate that microsphere incorporation can be used as a delivery vehicle for growth factors within self-assembled
vascular tissues.
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Introduction

Vascular tissue engineering has become a viable
approach to meet the growing clinical need for blood

vessel substitutes.1–4 In addition to meeting the need for
transplantable grafts, functional vascular constructs could
also serve as in vitro models to screen potential therapies.5,6

There are a variety of approaches currently used for the
development of tissue-engineered blood vessels, including
the use of cell-seeded degradable synthetic polymer scaf-
folds2,3,7 and hydrogels,8,9 as well as scaffold-free cellular
self-assembly strategies.1,4,10,11

Our laboratory developed a cellular self-assembly system
to fabricate living engineered human vascular tissue con-
structs entirely from smooth muscle cells (SMCs).10 Briefly,
SMCs were seeded into annular agarose wells, where they
aggregated and self-assembled to form tissue rings. The
rings were then stacked together and fused in culture to form
2-mm-diameter tissue tubes.10,12 In addition to SMC rings

and tubes, this versatile cellular self-assembly system may
enable fabrication of rings and tubes of other tissue types,
including human cartilage.13

Cellular self-assembly may have advantages over
scaffold-based approaches for vascular tissue engineering.
Compared to cells seeded on scaffold materials, self-
assembled cellular constructs may have greater cell density,
enhanced extracellular matrix (ECM) production and tissue
strength, improved biological function, and lower suscepti-
bility to degradation and infection,11,14–16 and thus may be
more similar in structure and function to native tissue.
However, existing methods for fabricating self-assembled
blood vessels create homogenous tubes not conducive to
creating focal heterogeneities characteristic of certain diseases
such as aneurysm or intimal hyperplasia. Our self-assembled
cell rings can be used as building units to fabricate tubes by
modular assembly of ring subunits. This allows introduction
of spatial heterogeneity along the length of the tube en-
abling customization of distinct regions at the anastomoses,
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or within the tubes to model focal changes characteristic of
disease. To create these changes within rings, we proposed
the incorporation of degradable gelatin microspheres within
the tissue constructs during self-assembly. Microspheres
have been used to deliver growth factors such as trans-
forming growth factor beta 1 (TGF-b1) within dense tissue
constructs, to help overcome diffusion limitations and per-
mit spatiotemporal control over growth factor release.17–19

Degradable gelatin microspheres were used as the delivery
vehicle for TGF-b1, as gelatin microspheres are naturally
biocompatible and cell adhesive,18,20 and have been well
characterized.19,21,22 Gelatin degradation, and therefore
growth factor release rate, can be controlled by modifying
the polymer crosslink density.21,23–26

The first goal of this study was to test the feasibility of
incorporating microspheres into self-assembled human SMC
rings, and evaluate the effects on ring structure and me-
chanical properties. We first tested microsphere incorpora-
tion in rings cultured in a commercially available SMC
growth medium, which supports SMC proliferation and self-
assembly into tissue rings. However, the growth medium
contains epidermal growth factor and fibroblast growth
factor (FGF), which have been shown to interfere with TGF-
b1-mediated differentiation to a healthy ‘‘contractile’’ SMC
phenotype.27–29 Thus, we also tested incorporation in a dif-
ferentiation medium, which does not contain growth factors
and supports SMC differentiation to a healthy ‘‘contractile’’
phenotype.30 The second goal of this work was to evalu-
ate the feasibility of utilizing gelatin microspheres to de-
liver TGF-b1 to three-dimensional self-assembled SMC
constructs to improve ring structure and function. TGF-b1 is
important in vascular tissue engineering because it stimu-
lates ECM synthesis (e.g., collagen and elastin31–36), induces
contractile protein expression in SMCs (e.g., smooth muscle
alpha actin and calponin27,28,37,38), and enhances vascular
graft contractility.39,40 These studies may be essential for
future work aimed at modeling focal changes in the vas-
cular wall characteristic of disease.

Materials and Methods

Gelatin microsphere preparation

Microspheres were formed and characterized using meth-
ods described previously.13 Briefly, a water-in-oil emulsion
was created with 11.1 w/v% type A gelatin (Sigma-Aldrich)
and olive oil (GiaRussa). Gelatin microspheres were cross-
linked with 1% w/v genipin (Wako) for 3 h at room tem-

perature. Ninhydrin assay was used to quantify the degree of
polymer crosslinking. Images of microspheres were taken
on a TMS microscope (Nikon) with Coolpix 995 camera
(Nikon). Microsphere diameters were measured using ImageJ
software.

Human SMC culture

Human coronary artery SMCs (Lifeline) were cultured
in Lifeline complete growth medium (Lifeline VascuLife
Growth Medium) supplemented with 0.2% penicillin–
streptomycin (Mediatech) and 1% amphotericin B (Corning
Cellgro). The differentiation medium (adapted from La-
vender et al.30) consisted of a 1:1 ratio of Dulbecco’s Mod-
ified Eagle’s Medium (DMEM; Mediatech) and Ham’s F-12
(Mediatech) with 1% insulin–transferrin–selenium, 1% fetal
bovine serum (PAA Laboratories), 1% l-glutamine (Mediatech;
glutagro supplement), 1% penicillin–streptomycin (Media-
tech), 1% amphotericin B (Mediatech), and 50mg/mL ascorbic
acid (Wako).

SMC ring self-assembly and unloaded
microsphere incorporation

Agarose molds were prepared using methods described
previously10,12 with some modifications to the mold design.
Briefly, a solution of 2% agarose in DMEM (w/v) was au-
toclaved, pipetted into molds made from cured poly-
dimethylsiloxane (SYLGARD 184; Dow Corning), and
cooled to room temperature to solidify. Agarose wells were
transferred into a six-well plate and equilibrated overnight in
growth medium. Each mold consisted of five wells, each
with a 2-mm-diameter center post (Fig. 1D).

Before ring seeding, microspheres were UV sterilized for
10 min. The unloaded (growth factor free) microspheres
were hydrated in phosphate-buffered saline (PBS) for 2 h at
37�C. Then, microspheres were diluted to twice the desired
concentration (9.6 mg microspheres per mL for 0.6 mg/106

cells, and 3.2 mg microspheres per mL for 0.2 mg/106 cells)
in serum-free growth medium. SMCs were resuspended at a
concentration of 16 · 106 cells/mL and mixed 1:1 with mi-
crospheres to achieve final concentrations of 0, 0.2, or
0.6 mg microspheres per million cells. The cell–microsphere
suspension was seeded into the agarose wells (shown
schematically in Fig. 1) with 400,000 cells per ring. All
rings were seeded in growth medium and then cultured in
growth medium or switched to differentiation medium after
one day. Rings were cultured for a total of 7 or 14 days.

FIG. 1. Schematic of microsphere incorporation within self-assembled tissue rings. (A) Gelatin microspheres ( purple
circles) were mixed in suspension with SMCs (black dots) at 0, 0.2, or 0.6 mg/106 cells. (B) Cells and microspheres were
seeded into agarose molds. (C) Cells aggregate to form self-assembled rings with incorporated microspheres. (D) Photo-
graph of an agarose mold with aggregated human SMC-microsphere rings. Arrowheads point to rings on agarose posts.
SMC, smooth muscle cell. Color images available online at www.liebertpub.com/tea
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TGF-b1-loaded microsphere preparation
and incorporation within tissue rings

UV-sterilized microspheres were incubated in a solution
of 80 ng/mL TGF-b1 (Peprotech; 400 ng/mg microspheres;
5 mL/mg microspheres) in PBS for 2 h at 37�C.21 Rings were
seeded with 0.6 mg microspheres per million SMCs (as
described above) in growth medium and switched to dif-
ferentiation medium after 24 h. In the designated control
groups, 10 ng/mL exogenous TGF-b1 was added to the
differentiation medium on day 1 and continued until day 14.

Histology and immunohistochemistry

Tissue rings were fixed for 1 h in 10% neutral buffered
formalin, embedded in paraffin, sectioned in 5 mm slices,
and adhered to charged slides (Superfrost Plus; VWR).
Hematoxylin and eosin staining was used to examine ring
morphology, and Picrosirius Red/Fast Green (Sigma) was
used to visualize collagen.

To examine contractile protein expression, deparaffinized
slides were blocked with 1.5% normal rabbit serum (NRS;
Vector) in PBS for 45 min at room temperature. Antigen
retrieval was performed on samples stained for calponin by
incubating slides in 10 mM Tris, 1 mM ethylenediaminete-
traacetic acid, and 0.05% Tween-20 (pH 9.0) in a pressure
cooker for 5 min. Samples were incubated at 4�C overnight
with the primary antibodies, calponin (Dako; monoclonal
mouse anti-human clone CALP) or smooth muscle alpha
actin (Dako; monoclonal mouse anti-human clone 1A4),
diluted 1:100 in 1.5% NRS. Control slides were incubated
with mouse immunoglobulin G (Vector). Samples were in-
cubated in a secondary antibody (Invitrogen; Alexa Fluor
488 rabbit anti-mouse) at a 1:400 dilution in NRS for 1 h at
room temperature and stained with Hoechst 33342 (In-
vitrogen; 1:6000 dilution in DI water for 6 min) to visualize
cell nuclei.

SMC ring thickness and diameter measurements

Rings were removed from the agarose wells and placed in
a PBS-filled dish under a machine vision system (model
630; DVT Corporation). Ring thickness was averaged from
measurements in four locations around the circumference of
each sample using edge detection software as described
previously (Framework 2.4.6; DVT10). For microsphere in-
corporation experiments, these thicknesses were used to cal-
culate cross-sectional area and ultimate tensile stress (UTS).

For the TGF-b1 treatment experiments, rings treated with
TGF-b1 contracted on removal from agarose posts, causing
changes in thickness. To control for this, thickness was
calculated from images taken before removing rings from
molds using ImageJ. After removal, additional images of
rings were taken using a stereoscope (Leica EZ4D). Final
diameter (two measurements per ring) and thickness (four
measurements per ring) were measured using ImageJ to
determine changes after contraction.

Mechanical testing

After 14 days, rings were pulled to failure with a uniaxial
testing system (ElectroPuls E1000; Instron) as described
previously.10,12 Ring cross-sectional areas were calculated
from thickness measurements, and samples were mounted

over two stainless steel wires. After applying a tare load,
each ring was subjected to eight precycles and pulled to
failure at 10 mm/min.12 Data were analyzed in a custom
MATLAB (The MathWorks, Inc.) program to calculate UTS
(failure load/cross-sectional area), maximum load, maxi-
mum strain, and maximum tangent modulus (MTM; maxi-
mum slope of stress/strain curve) of each ring.10,12

Western blot analysis

Western blotting was performed with samples flash fro-
zen in liquid nitrogen following mechanical testing. Sam-
ples were lysed for 30 min in lysis buffer (diluted from
5· solution of 200 mM Tris at pH of 7.5, 750 mM NaCl,
40% glycerol, 0.0635% Triton X-100, 0.025% Tween-20,
and 0.01% NP-40) containing protease inhibitors (Thermo
Fisher), mechanically homogenized, and briefly sonicated.
A BCA assay (Thermo Fisher) was then used to determine
protein concentration in each sample, to allow equal
amounts of protein to be loaded into each lane. Samples
were boiled for 5 min in sample buffer (5· solution of
60 mM pH 6.8 Tris-HCl, 25% glycerol, 2% sodium dodecyl
sulfate, 14.4 mM b-mercaptoethanol, and 0.1% bromophe-
nol blue) before loading. Fifteen micrograms of protein per
sample was loaded into lanes of polyacrylamide gels with a
10% resolving and 5% stacking gel. After transfer, poly-
vinylidene fluoride membranes were blocked with 5%
nonfat dry milk powder (BioRad) in Tris-buffered saline
plus Tween 20 (TBST) for 1 h at room temperature. Mem-
branes were incubated in smooth muscle alpha actin
(1:1000; Dako; monoclonal mouse anti-human clone 1A4)
or calponin (1:500; Dako; monoclonal mouse anti-human
clone CALP) antibodies diluted in 1% milk powder in TBST
overnight at 4�C. Membranes were incubated for 1 h at room
temperature in a secondary antibody (1:3000 goat anti-
mouse; BioRad). Antibodies were detected using an HRP
substrate kit (Thermo Fisher) and imaged using a BioRad
gel documentation system. After imaging, membranes were
incubated overnight at 4�C with the anti-histone (1:250, H3;
Santa Cruz) primary antibody as a loading control, and then,
1 h at room temperature with goat anti-rabbit horseradish
peroxidase conjugate (1:5000; BioRad) before imaging.
Blots were analyzed using ImageJ. Smooth muscle alpha actin
and calponin were both normalized to histone in each blot.

Statistical analysis

Mechanically tested samples that failed during loading or
precycling were omitted from analysis. Statistical analysis
was performed using SigmaPlot software (version 12.5;
Systat Software, Inc.). One-way analysis of variance
(ANOVA) tests with Holm–Sidak post-hoc analysis were
used to determine statistical significance ( p < 0.05) of normal
data sets. For data sets that failed a normality test, a one-way
ANOVA on ranks test was performed with Dunn’s multiple
comparison test. Data are represented as mean – standard
deviation (SD).

Results

Gelatin microsphere characterization

Two batches of crosslinked gelatin microspheres were
prepared for microsphere incorporation and growth factor
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delivery studies, with average microsphere diameters of
47.5 – 42.7 and 48.4 – 41.9 mm (mean – SD) and crosslink
densities of 32.6 – 6.1% and 35.7 – 15.4%, respectively.
Previous reports have characterized degradation and TGF-
b1 release profiles from similarly sized gelatin microspheres
prepared using the same protocol and materials as this
study.21,22

Effects of microsphere incorporation
on self-assembled SMC rings cultured
in growth medium

Microspheres were incorporated during ring self-
assembly as shown schematically in Figure 1. Microspheres
appeared incorporated within rings, with better distribution
around the rings when seeded with 0.6 mg/106 cells com-
pared to 0.2 mg/106 cells (Fig. 2A–C, G–I). Microspheres
were clearly visible within 7-day rings, but were difficult to

discern after 14 days (Fig. 2D–F, J–L), suggesting degra-
dation between 7 and 14 days.

Inclusion of 0.6 mg/106 cells significantly increased ring
thickness at 14 days compared to rings with 0.2 or 0 mg/106

cells (Fig. 3). Microsphere incorporation caused a signifi-
cant decrease in ring UTS (Fig. 4A) and MTM (Fig. 4B).
Significant changes in failure load (Fig. 4C) and strain
(Fig. 4D) were not observed, however, there was a slight
decrease in failure load in rings with 0.6 mg/106 cells.

Effects of microsphere incorporation
on self-assembled SMC rings cultured
in differentiation medium

Similarly, histological analysis of rings cultured in dif-
ferentiation medium showed that microspheres were incor-
porated on day 7, with clear evidence of degradation by day
14 (Fig. 5). Rings without microspheres were significantly
thinner than with 0.6 mg/106 cells, whereas 0.2 mg/106 cells

FIG. 2. Gelatin microsphere incor-
poration within rings. SMC rings were
seeded with 0, 0.2, or 0.6 mg/106 cells
and cultured for 7 or 14 days in growth
medium before harvesting for histo-
logical analysis. Hematoxylin and eo-
sin (A–F) and Picrosirius Red/Fast
Green stain [(G–L), red = collagen,
green = counterstain]. Example mi-
crospheres marked with asterisks.
Scale = 100mm. Color images avail-
able online at www.liebertpub.com/tea
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did not significantly increase ring thickness (Fig. 6). Overall,
rings cultured in differentiation medium were thinner than
rings cultured in growth medium (0.25–0.31 mm vs. 0.59–
0.72 mm; Figs. 6 and 3, respectively).

Uniaxial tensile testing of rings cultured in differentiation
medium with 0.6 mg/106 cells showed a significant increase
in failure load (Fig. 7C) and failure strain (Fig. 7D). No
significant changes in UTS (Fig. 7A) or MTM (Fig. 7B)
were observed, although a slight decrease in MTM was

observed in the 0.6 mg/106 cells group and a slight increase
in UTS was observed in rings with incorporated micro-
spheres compared to rings without microspheres.

TGF-b1 delivery from incorporated microspheres
within self-assembled SMC rings

To assess the effects of microsphere-mediated TGF-b1
delivery within rings, microspheres were loaded with TGF-
b1 and incorporated into rings. Unloaded gelatin micro-
spheres (0.6 mg/106 cells) were incorporated into control
rings to assess the effects of microspheres alone on rings
with or without exogenously added TGF-b1. Control rings
without microspheres were prepared with and without
TGF-b1 supplementation to assess the effects of exogenous
TGF-b1 on SMC contractile protein expression.

Histological analysis at day 14 showed that microspheres are
well incorporated and still visible at day 14. They did not appear
degraded (Fig. 8C–E, H–J) to the same extent as observed in
initial microsphere incorporation experiments (Fig. 5).

Representative images of 14-day rings are shown in
Figure 9A–E. Samples treated with either exogenous TGF-
b1 (Fig. 9B, D) or TGF-b1-loaded microspheres (Fig. 9E)
appeared to spontaneously contract on release from the
agarose wells to a greater extent than rings that were not
exposed to TGF-b1 (Fig. 9A, C). To quantify contraction,
the inner diameter of each ring was measured and the
change in diameter was calculated (Fig. 9F). Change in ring
thickness was also calculated (Fig. 9G). Rings treated with
TGF-b1 exhibited a greater reduction in diameter (Fig. 9F)
and a greater increase in thickness (Fig. 9G) compared to
rings that were not exposed to TGF-b1. In this experiment,
before removal from agarose posts, rings treated with
TGF-b1, either exogenously or via microspheres, were
significantly thicker compared to unloaded microspheres
without TGF-b1. Specifically, rings had average thicknesses
(–SD) of 0.14 – 0.02 mm without microspheres or TGF-b1,
0.12 – 0.02 mm with exogenous TGF-b1 but no micro-
spheres, 0.25 – 0.03 mm with microspheres but no TGF-b1,
0.19 – 0.03 mm with microspheres and exogenous TGF-b1,
and 0.21 – 0.05 mm with TGF-b1-loaded microspheres. A

FIG. 3. Effects of microsphere incorporation on thickness
of rings cultured in growth medium. Images of rings seeded
with (A) 0, (B) 0.2, or (C) 0.6 mg/106 cells and cultured in
growth medium for 14 days and (D) their average wall
thicknesses. Scale = 1 mm, n = 6, *p < 0.05. Values are
mean – SD. SD, standard deviation.

FIG. 4. Mechanical properties of 14-day-
old rings cultured in growth medium. Mean
values for (A) UTS, (B) MTM, (C) failure
load, and (D) failure strain were calculated
for each ring sample. n = 6, *p < 0.05. Values
are mean – SD. UTS, ultimate tensile stress;
MTM, maximum tangent modulus.
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small number of samples failed during culture or removal
from molds, resulting in the varying sample sizes in
Figure 9F (eight rings per group were originally seeded). An
additional two rings were excluded from Figure 9G, because
there was insufficient contrast between the ring and agarose
mold to obtain an initial thickness using the DVT.

Contractile protein expression was visible in rings from
all three TGF-b1-treated groups (Fig. 10B, D, E, G, I, and J).
While positive staining could be seen throughout the TGF-
b1-treated rings, the strongest signal was observed around
ring edges (Fig. 10). Smaller amounts of smooth muscle
alpha actin and calponin were also observed around the
outer edges of rings cultured without added TGF-b1
(Fig. 10A, C, F, and H).

These trends were also apparent when contractile protein
expression was quantified with western blotting (Fig. 10K).
Smooth muscle alpha actin expression was significantly
higher in rings with loaded microspheres and rings with
unloaded microspheres and exogenous TGF-b1 than in rings

without microspheres or TGF-b1 (Fig 10L). There were also
increases in groups with exogenous TGF-b1, although the
difference was not significant. A small increase was also
seen in the group with microspheres but without TGF-b1.
Calponin expression also increased in groups treated with
TGF-b1 either exogenously or via microspheres, although
this was only significant in the group with microspheres and
exogenous TGF-b1 delivery (Fig. 10M).

When uniaxial tensile testing was performed on rings,
several rings failed during loading or precycling, resulting in
low sample sizes (Supplementary Fig. S1). There were no
significant differences between sample groups (Supplemen-
tary Fig. 1A, B, and D), except that rings cultured with un-
loaded microspheres and no exogenous TGF-b1 had a higher
failure load than rings without microspheres but with exog-
enous TGF-b1 (Supplementary Fig. 1C). A total of seven
rings were tested for the group without microspheres or ex-
ogenous TGF-b1 and the group with microspheres but
without TGF-b1, eight rings for the group with microspheres

FIG. 5. Microsphere incorporation
in rings cultured in differentiation
medium. Rings were seeded with 0,
0.2, or 0.6 mg/106 cells, harvested at 7
or 14 days, and stained with (A–F)
hematoxylin and eosin and (G–L) Pi-
crosirius Red/Fast Green stain
(red = collagen, green = counterstain).
Example microspheres marked with
asterisks. Scale = 100mm. Color ima-
ges available online at www
.liebertpub.com/tea
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and exogenous TGF-b1 and the group without microspheres
but with exogenous TGF-b1, and six rings were tested for the
loaded microsphere group. Rings that failed during precycle
or loading were not included in analysis, resulting in the
varying sample sizes. Similar observations of ring contraction
(Supplementary Fig. S2; Supplementary Data are available
online at www.liebertpub.com/tea) and contractile protein

expression (Supplementary Fig. S3) with TGF-b1 treatment
were observed when the experiment was repeated with SMCs
from a different manufacturer (cell source and culture con-
ditions described in Supplemental Methods).

Discussion

The goal of this work was to determine the feasibility
of microsphere incorporation within self-assembled SMC
rings for the purpose of growth factor delivery, and eval-
uate effects on ring mechanical properties and morphol-
ogy. Microsphere incorporation was tested in two medium
types, shown to have different effects on SMC growth
and differentiation, respectively. Ring tissue assembly and
microsphere incorporation were successfully demonstrated
independent of the medium in which the tissue rings were
cultured.

The effects of microsphere incorporation on mechanical
strength were evaluated, as polymer fragments within tissue-
engineered constructs can create focal weaknesses.41 When
rings were cultured in growth medium, a decrease in UTS
was measured, which may be due to the increase in ring
thickness and cross-sectional area (given that stress is cal-
culated as force divided by cross-sectional area). However,
the load at failure was not significantly different between
groups. Interestingly, when rings were grown in the differ-
entiation medium, significant increases in failure load were
observed in rings with microspheres, although UTS only
slightly increased. This suggests that microspheres will not
adversely affect ring mechanical strength when grown
in differentiation medium. Others have reported increases in
tissue strength and stiffness with gelatin microsphere in-
corporation,13,21 which may be due to improved oxygen and
nutrient diffusion in dense tissues.16,42 The decrease in ring
MTM was unexpected, as microsphere incorporation has
been shown to increase tissue stiffness.21,43 However, mi-
crospheres in this experiment appear to be degraded by
14 days and may no longer be directly contributing to
stiffness.

FIG. 6. Effects of microsphere incorporation on thickness
of rings cultured in differentiation medium. Images of rings
seeded with (A) 0, (B) 0.2, or (C) 0.6 mg/106 cells and
cultured for 14 days and (D) their average wall thicknesses.
Scale = 1 mm; n = 8 for the 0 mg group; n = 9 for the 0.2 and
0.6 mg/106 cells groups, *p < 0.05. Values are mean – SD.

FIG. 7. Mechanical properties of 14-day-
old rings with incorporated microspheres
cultured in differentiation medium. Mean
values for (A) UTS, (B) MTM, (C) failure
load, and (D) failure strain were calculated
from stress–strain curves for each ring sam-
ple. n = 6, *p < 0.05. Values are mean – SD.
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It may be noted in this study that there was a large var-
iation in microsphere size, however, the size distribution
between batches is relatively consistent, and there is pre-
cedent for the use of similarly sized microspheres with large
size variations.13,16,19,22,44,45 A large size variation could

potentially result in ring failure due to the presence of some
large microspheres, as any remaining fragments may create
local stress concentrations.41 However, SDs in failure load
were relatively small, suggesting rings were failing consis-
tently despite the variation in microsphere size. In addition,

FIG. 8. Microsphere incorporation in TGF-b1-treated rings. (A, F) Control (untreated) rings. (B, G) Rings without
microspheres cultured with exogenous TGF-b1 (10 ng/mL). Rings with unloaded microspheres are (C, H) untreated or (D,
I) treated with exogenous TGF-b1. (E, J) Rings with TGF-b1-loaded microspheres but without exogenous TGF-b1. (A–E)
Hematoxylin and eosin stain and (F–J) Picrosirius Red/Fast Green stain, (F–J; red = collagen, green = counterstain). Ex-
ample microspheres marked with asterisks. Scale = 100mm. TGF-b1, transforming growth factor beta 1. Color images
available online at www.liebertpub.com/tea

FIG. 9. Effect of TGF-b1 treatment on ring morphology. (A) Untreated control ring with no microspheres. (B) Ring
treated with 10 ng/mL exogenous (exo) TGF-b1. (C, D) Ring with unloaded gelatin microspheres either (C) untreated or (D)
treated with exogenous TGF-b1. (E) Ring with TGF-b1-loaded microspheres. Change in (F) inner diameter and (G) ring
thickness after removal from agarose posts. Scale = 1 mm, *p < 0.05. Values are mean – SD, sample size for each group
shown on bars. Color images available online at www.liebertpub.com/tea
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the majority of microspheres in these studies were degraded
before mechanical testing. In the few groups where micro-
sphere fragments were still apparent, ring failure load was
not negatively impacted. In future studies, we may utilize a
sieve to obtain microspheres of a consistent size and assess
the effect of microsphere size on tissue ring structure and
mechanics.

A second batch of gelatin microspheres was prepared for
the TGF-b1 delivery experiments. It was apparent from
histological images that microspheres used for the TGF-b1
studies did not appear completely degraded at day 14 as in
the initial microsphere incorporation experiments. This may
be due to differences in crosslink density between the two
microsphere batches, as increased crosslink density has been
shown to slow degradation.21,26

In vivo, SMCs in healthy blood vessels exhibit a ‘‘con-
tractile’’ phenotype and contract or relax to regulate blood
flow in response to stimuli.38 Following vascular injury or
disease, SMCs shift to a ‘‘synthetic’’ phenotype character-
ized by increased proliferation and ECM deposition, and
decreased contractile protein expression.38,46 SMCs in cul-
ture typically adopt this synthetic phenotype, making
it necessary to differentiate cells in vascular constructs
by switching to a differentiation medium with TGF-
b1.30,38,46,47 TGF-b1 is well known to stimulate differenti-

ation to a contractile phenotype and increase contractile
protein expression.27,28,37,38 Our results are consistent with
these observations, as rings supplemented with TGF-b1,
either exogenously or through microspheres, displayed vis-
ible increases in expression of the contractile proteins,
smooth muscle alpha actin and calponin (Fig. 10). These
results were confirmed when contractile protein expression
was quantified with western blotting. Smooth muscle alpha
actin was significantly increased compared to untreated
controls without microspheres in the TGF-b1-loaded mi-
crosphere group and unloaded microspheres with exogenous
TGF-b1 (Fig. 10L). Calponin was significantly increased
with unloaded microspheres and TGF-b1 treatment, al-
though trends were visible in all three TGF-b1 groups
(Fig. 10M). This suggests that microspheres successfully
delivered TGF-b1 within tissue rings, and the bioactivity of
TGF-b1 was maintained. Interestingly, there was also a
notable, although not significant, increase in smooth muscle
alpha actin in rings with unloaded microspheres but without
exogenous TGF-b1, suggesting that microspheres alone may
stimulate contractile protein expression. This is not entirely
surprising, as microsphere incorporation alone has been
shown to increase differentiation of other cell types, such as
pluripotent stem cells, chondrocytes, and adipose-derived
stem cells.17,48,49

FIG. 10. Smooth muscle contractile protein expression in rings treated with TGF-b1. (A, F) Control (untreated) rings. (B,
G) Rings without microspheres cultured with exogenous TGF-b1 (10 ng/mL). Rings with unloaded microspheres (C, H)
untreated or (D, I) treated with exogenous TGF-b1. (E, J), Rings with TGF-b1-loaded microspheres. Rings were stained for
either (A–E) smooth muscle alpha actin (green) or (F–J) calponin (green). Nuclei are shown in blue (Hoechst). Scale =
100 mm. Corresponding western blots are shown below (K), with histone (H) loading control shown below each protein.
Densitometry analysis is shown of smooth muscle alpha actin (L) and calponin (M) normalized to histone. Lanes are
marked as with or without exogenous TGF-b1 (Tb) and with or without microspheres (MS). Loaded MS are marked as with
Tb. N = 4, *p < 0.05 (one-way analysis of variance on ranks, Dunn’s post hoc analysis). Color images available online at
www.liebertpub.com/tea
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Controlling SMC phenotype and ring contractility is an
important step for developing in vitro vascular disease
models. In addition to increased contractile protein expres-
sion, rings treated with TGF-b1 visibly contracted when
removed from agarose posts, resulting in significant de-
creases in diameter (Fig. 9), which is an expected outcome
of the increased contractile protein expression. Others have
also reported increases in vascular graft contractility in re-
sponse to TGF-b1 treatment.39,40 Future work will include
quantification of active contraction in response to vasoactive
substances, compared to passive tension on the ECM re-
leased on ring harvest from the agarose posts.

In the TGF-b1 delivery study, TGF-b1 treatment ap-
peared to reduce ring thickness, although this difference was
only significant between unloaded microsphere groups with
and without TGF-b1 supplementation. This may be due to
reduced proliferation and matrix deposition, or increased
tissue compaction.50 While no significant differences in
UTS were observed, the group with the highest failure load
contained unloaded microspheres and no TGF-b1. However,
the low sample sizes in some groups limit the conclusions
that can be drawn from this experiment. It also should be
noted that fewer rings in the unloaded microsphere groups
failed before testing. This supports our conclusion that mi-
crospheres alone do not adversely affect ring strength and
may in fact increase failure load, which is an important
criterion for implantation.

While TGF-b1 release from the gelatin microspheres re-
ported herein has already been well characterized for car-
tilage differentiation,21 delivery may need to be optimized
specifically for SMC differentiation. Future studies will in-
clude testing different types and concentrations of growth
factors to increase ring strength and contractility. The ef-
fects of TGF-b1 may be dependent on microsphere distri-
bution within ring tissues, delivery rate, cell density, and the
amount of growth factor available per cell.27,51 Due to the
high cell density of our constructs, a higher dosage of TGF-
b1 or delayed release may be necessary to further enhance
contractility and strength, as TGF-b1 responses have been
shown to be dose dependent.28,35,37,52 It may be possible to
delay TGF-b1 supplementation or deliver additional growth
factors, such as platelet-derived growth factor (PDGF) and
FGF, to promote SMC proliferation and collagen deposi-
tion.53,54 Gong et al. created a culture system for growing
tissue-engineered blood vessels with human mesenchymal
stem cells, where grafts were initially grown in medium
supplemented with PDGF to encourage proliferation and
collagen deposition, and then switched to TGF-b1.28 This
resulted in increased cell number and collagen deposition, as
well as increased contractile protein expression.28 Mod-
ifications to microspheres, such as increased crosslink den-
sity, may be used to slow degradation, resulting in a longer
growth factor delivery period.24 Others have also demon-
strated the use of polymeric microsphere coatings to reduce
burst release and delay growth factor delivery.55

Published studies have reported that microsphere-
mediated delivery of cytokines results in more homogenous
delivery throughout dense tissue constructs and improved
cell differentiation, compared to exogenous treatment.56,57

While these data do not include direct measurements of
TGF-b1 diffusion, contractile protein expression is an im-
portant outcome of TGF-b1 delivery. Within rings, exoge-

nous TGF-b1 supplementation and microsphere-mediated
delivery resulted in contractile protein expression (Fig. 10),
visible primarily around ring edges. These increases were
uniform around the entire circumference of the rings. Thus,
we have concluded that any slight heterogeneity of micro-
sphere distribution and TGF-b1 delivery does not affect our
control over SMC phenotype within each individual ring.
This is consistent with the observation that diffusion limits
within dense tissues are typically 100–200 mm.58,59 Since
rings cultured in differentiation medium with or without
TGF-b1 were 200–300 mm thick, and microspheres were in
the central portion of the ring, it is expected that TGF-b1
can diffuse throughout the ring.

We have demonstrated that degradable gelatin micro-
spheres can be incorporated into self-assembled vascular
tissue constructs without adversely affecting ring strength,
and can even increase ring failure load, supporting the use of
microspheres in future studies. Since gelatin is cell adhesive,
it may provide tissue stability at early time points, which
will be beneficial when rings are harvested for tube forma-
tion. This stability was evident when commercially avail-
able crosslinked gelatin beads were used by Twal et al. as
microcarriers for forming vascular tissue constructs.20

SMCs and endothelial cells were cultured on the beads,
which were then seeded into a mold and fused to form small
tissue tubes. In contrast to our ring constructs, there was
lower cell density, gelatin appeared to make up the bulk of
the construct, and gelatin bead degradation was minimal
over a 17-day culture period.20 In our system, microspheres
appeared to be mostly degraded and replaced by the ECM
within 14 days, and successfully demonstrated delivery of
bioactive TGF-b1 as indicated by induction of SMC dif-
ferentiation.

One critical advantage of microsphere-mediated delivery
is the spatial control over growth factor release.
Microsphere-mediated growth factor delivery stimulated
cell differentiation within self-assembled vascular tissue
rings. This will be essential in future studies aimed at fab-
ricating more complex tubular structures where spatial
control of growth factor delivery may be required. After
rings are fused together to form tubes, we may be able to
create localized phenotypic changes by delivering TGF-b1
or other growth factors to specific ring segments within the
tube. This could be applied to modeling diseases such as
intimal hyperplasia, which is characterized by localized de-
differentiation and increased proliferation of SMCs.60 Using
this system, we may be able to spatially control growth
factor release and differentiation of multiple tissue types
within a single tissue construct to fabricate more complex
multicellular tissues. Modular fabrication of vascular tissue
from microsphere-incorporated cell rings may enable spatial
and temporal regulation of tissue structure and function, and
has the potential to address the need for functional human
vascular tissue as model systems for screening therapies
in vitro.
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