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Bioreactor System to Perfuse Mesentery Microvascular
Networks and Study Flow Effects During Angiogenesis
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A challenge for engineering models of angiogenesis is mimicking the physiological complexity of real micro-
vascular networks. Utilizing an alternative top-down tissue culture approach, our laboratory developed the rat
mesentery culture model as an ex vivo platform for investigating the multicellular dynamics involved during
angiogenesis within an intact microvascular network. The objective of this study was to introduce physiologically
relevant microvascular perfusion in cultured rat mesentery tissues and demonstrate its effect on angiogenesis.
Adult male Wistar rat mesenteric tissues were harvested along with the main feeding artery and vein, and then
transferred to a custom-designed biochamber for perfusion. The main feeding artery was cannulated with a 30G
needle and secured in place with 7–0 suture. Single-pass perfusion was accomplished using a peristaltic pump in
series with the biochamber placed inside an incubator set to standard culture conditions (37�C and 5% CO2). Flow
passed through the vasculature and drained out of the venous side to be collected in a waste reservoir. Tissues
were cultured for 48 h with perfusion in the biochamber (Perfused) in serum-supplemented media to stimulate
angiogenesis. Control tissues were cultured in biochambers without perfusion (Static). Injection with FITC-
albumin through the cannulated artery identified the lumens of vessels across the hierarchy of intact microvascular
networks and confirmed successful perfusion. Labeling with BSI-lectin identified endothelial cells along micro-
vascular networks and confirmed perfused tissues undergo angiogenesis after 48 h in culture, characterized by an
increase in capillary sprouting. The presence of physiologic levels of capillary fluid velocities and associated shear
stresses attenuated the angiogenic response compared to static controls. These results demonstrate the effect of
perfusion on angiogenesis and establishes the novelty of the rat mesentery culture model as an experimental
platform that incorporates perfusion with real microvascular networks in an ex vivo environment.
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Impact Statement

Microvascular remodeling, or angiogenesis, plays a central role in multiple pathological conditions, including cancer,
diabetes, and ischemia. Tissue-engineered in vitro models have emerged as tools to elucidate the mechanisms that drive the
angiogenic process. However, a major challenge with model development is recapitulating the physiological complexity of
real microvascular networks, including incorporation of the entire vascular tree and hemodynamics. This study establishes a
bioreactor system that incorporates real microvascular networks with physiological flow as a novel ex vivo tissue culture
model, thereby providing a platform to evaluate angiogenesis in a physiologically relevant environment.

Introduction

The microvasculature comprises blood vessels through-
out the body that mediate numerous biological functions,

including transfer of solutes and waste products, oxygen
exchange, and temperature regulation. These microvascular

networks play a central role in both the maintenance of tissue
homeostasis and dysfunction associated with multiple path-
ological conditions, including cancer, diabetes, hypertension,
and ischemia.1,2

Consider microvascular growth and remodeling, a process
that includes angiogenesis, defined as the growth of new
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blood vessels from existing vasculature. This complex
cascade involves the coordination of multiple cell types,
intracellular signaling, cell-cell interactions, deposition of
extracellular matrix (ECM) proteins, and soluble growth
factors.3,4 In addition, the cellular dynamics involved are
influenced by local mechanical factors. For example, fluid
or wall shear stress has been shown to influence endothe-
lial cell proliferation, migration, cytoskeletal reorganization,
cell-matrix adhesion, protein phosphorylation, and growth
factor production.4–7 Hemodynamic forces can also affect
perivascular cell (i.e., pericyte and smooth muscle cell)
phenotype and function.8,9

Tissue-engineered in vitro models have emerged as tools
to elucidate the mechanisms involved during angiogenesis.
A challenge with in vitro model development is the in-
corporation of physiological complexity that recapitulates
the environment of real tissue. The application of bottom-
up tissue engineering approaches, highlighted by cells-in-
scaffold models and microfluidic-based systems,10–15 has
successfully incorporated a subset of the important players
involved during angiogenesis. For example, microfluidic
models have enabled the investigation of shear stress and
interstitial flow on endothelial cell migration from lined
channels,15–18 yet whether these effects are characteristic of
real microvascular networks remains unknown. Work by
Moya et al. has demonstrated the ability of microfluidic
devices to create perfused capillary networks with endo-
thelial and stromal cells.13

More traditional biomaterial-based scaffold methods have
successfully incorporated endothelial cells, pericytes, and
stromal cells without flow to investigate vessel assembly.10–12

While these approaches have enabled reductionist studies
to focus on specific mechanistic relationships, there remains
a gap compared to the in vivo environment. This limits our
ability to investigate the effects of vessel-specific hemody-
namics within real microvascular networks, including func-
tional arterioles, capillaries, and venules.

Alternative tissue-based top-down models for angiogen-
esis succeed in increasing complexity with incorporating
multiple cell types; however, these models have not been
fully characterized for physiological relevance and do not
incorporate flow in the vasculature. For example, a common
ex vivo tissue model is the aortic ring assay. While capillary
sprouting in this culture system enables the investigation of
multiple cell-type interactions (e.g., pericytes, fibroblasts,
and endothelial cells), the newly formed vascular structures
occur radially from the tissue slice and not from the mi-
crovessels where angiogenesis normally occurs.19,20 An-
other tissue culture model for angiogenesis is the retina
explant assay.21,22 While the retinal ex vivo system has been
used for time-lapse observation of angiogenesis, the ability
to investigate pericyte-endothelial cell interactions and to
incorporate vessel perfusion has not been demonstrated.
Thus, the same gap associated with the in vitro models is left
with tissue culture approaches as well.

In an attempt to fill this gap, our laboratory has developed
the rat mesentery culture model as an alternative top-down
tissue engineering approach. The model takes advantage of
rat mesentery, a very thin (20–40 mm) and translucent tis-
sue,23 that enables imaging of real microvascular networks
down to the single cell level without the need for complex
microscopy. Importantly, our model includes blood vessels,

lymphatic vessels, endothelial cells, smooth muscle cells,
pericytes, interstitial cells, immune cells, and ECM proteins,
comprising the structure of branched microvascular net-
works. The microvascular structures remain intact during
culture and can be imaged over the time course of angio-
genesis in vitro.24,25

We have previously demonstrated that the model can
be used to investigate pericyte-endothelial cell interactions
during capillary sprouting,24 evaluate the effects of anti-
angiogenic drugs,26 and determine the ability of arterioles to
constrict during angiogenesis.27 However, for the investi-
gation of the effects of vessel-specific hemodynamics, the
incorporation of vessel perfusion is needed. The objective of
this study was to introduce physiologically relevant micro-
vascular perfusion in cultured rat mesentery tissue and
demonstrate its effect on angiogenesis.

Herein, we report a novel open-loop bioreactor system
that enables perfusion of blood microvascular networks
and live tissue imaging. The approach uses a ‘‘sandwich’’
method for assembling the bioreactor to keep mesentery
tissue flat and facilitate live imaging. Tissues were stimu-
lated to undergo angiogenesis during culture with and
without perfusion to evaluate the influences of flow dur-
ing angiogenesis. Our results suggest that (1) microvascular
networks in rat mesentery tissue can be perfused ex vivo and
maintain perfusion in culture and (2) the presence of flow
influences angiogenesis. The bioreactor system developed
for this study establishes the rat mesentery tissue culture as a
novel ex vivo platform that incorporates the complexity of
real microvascular networks with hemodynamics.

Materials and Methods

Mesentery bioreactor system overview

To perfuse blood vessels in microvascular networks, we
developed a bioreactor system that features (1) freshly har-
vested mesentery tissue containing microvascular networks,
(2) open-loop perfusion through blood vessels entering the
feeding arteriole and exiting the draining venule, and (3) a
biochamber that enables live tissue imaging (Fig. 1). Me-
sentery, a highly vascularized thin connective tissue, was
harvested from Wistar rats and the feeding arteriole was
cannulated (Fig. 1A). The biochamber was designed to secure
the cannulated mesentery tissue flat and enable live imaging
during culture (Fig. 1B). The bioreactor system is open loop
where the main feeding arteriole of the mesentery tissue is
cannulated and fluid is allowed to flow through the vasculature
and exit out the draining venule. Flow is generated by a peri-
staltic pump from the perfusate reservoir and passes through
the vasculature, and exits into the waste reservoir (Fig. 1C).

Bioreactor design and fabrication

The mesentery biochamber was fabricated using clear
cast acrylic (McMaster Carr, Elmhurst, IL) with laser cut-
ting techniques (Epilog Helix 24, 50-watt CO2 laser system)
to generate designed acrylic structures. The acrylic top and
base were designed using Solidworks 3D CAD software
(Solidworks, Waltham, MA). Threading was etched into the
laser cut holes of the biochamber base and 316 stainless
steel-threaded rods (McMaster Carr) were inserted. Poly-
dimethylsiloxane (PDMS) structures were generated by
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mixing silicon elastomer base and curing agent (Ellsworth
Adhesives, Germantown, WI) at a ratio of 10:1, degassing in
a vacuum chamber, and curing for 72 h at room temperature
in molds to form patterns. L/S13 tubing (Cole-Parmer,
Vernon Hills, IL), which has an inner diameter of 0.8 mm,
was used throughout the bioreactor with complimenting luer
connectors (Cole-Parmer) of the same dimensions. Three
hundred sixteen stainless steel knurled nuts (McMaster Carr)
were used to seal the biochamber after assembly and tissue
cannulation (Fig. 1B). The biochamber and all bioreactor
parts were autoclaved before experimental usage.

Mesentery tissue harvest

All animal experiments were approved by University of
Florida’s Institutional Animal and Care Use Committee
(protocol 201710060). Adult male Wistar rats (350–400 g)
were anesthetized by an intramuscular injection with keta-
mine (80 mg/kg body weight) and xylazine (8 mg/kg body
weight). After confirming the effect of anesthesia, an in-
traperitoneal injection of heparinized saline (28 mg/kg body

weight) was administered and allowed to circulate for 10 min
followed by euthanization by intracardiac injection of 0.2 mL
beuthanasia. Mesentery windows, defined as the translucent
connective tissue between artery/vein pairs feeding the
small intestine, were aseptically exteriorized onto a custom
PDMS stage. Two vascularized mesentery windows were
identified and harvested, keeping the feeding artery/vein
pair intact; marginal vessels at the base of the tissue were
ligated with 7–0 silk sutures (Ethicon, Somerville, NJ)
(Fig. 1C). Tissues were immediately rinsed in sterile phosphate-
buffered saline (PBS; Gibco, Grand Island, NY) with CaCl2
and MgCl2 at 37�C and immersed in sterile minimum es-
sential media (MEM; Gibco) containing 1% Penicillin-
Streptomycin (PS; Gibco).

Bioreactor assembly with mesentery tissue

The bioreactor assembly was designed as an open-loop
system where media flows from the medium reservoir into
the cannulated feeding arteriole of the mesentery tissue,
circulates through the microvascular network, exits through

FIG. 1. Bioreactor system for perfused microvascular studies. (A) Side-by-side comparison of photographed and illus-
trated cannulated mesentery tissue secured in the biochamber. (B) Expanded view of the assembled biochamber with
cannulated mesentery tissue. The chamber is assembled in a ‘‘sandwich’’ manner to hold the tissue flat and enable real-time
imaging of microvascular networks. (C) Diagram of the open-loop bioreactor system used for ex vivo mesentery perfusion
studies. Flow is generated by the peristaltic pump and originates from the medium reservoir and enters the cannulated
feeding arteriole of the mesentery, circulates through the microvascular network, exits the feeding venule of the mesentery
into the biochamber, and drains through the secondary culture dish into the waste reservoir. The blue dashed line in the
biochamber depicts media exiting the feeding venule and draining through the secondary culture dish. MR = medium
reservoir, WR, waste reservoir; P, pump; BC, biochamber; SC, secondary culture dish.
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the feeding venule into the biochamber, drains into the
secondary culture dish, and finally collects in the waste
reservoir (Fig. 1C). Bioreactor tubing was connected to a
peristaltic pump (Living Systems, St. Albans City, VT) and
three-way stopcock. Biochambers were assembled by first
placing the PDMS base between the threaded rods of the
acrylic biochamber base. Harvested mesentery tissues were
then transferred to the biochamber and the feeding arteriole
was cannulated with a 30G needle connected to bioreactor
tubing. Residual blood was removed from microvascular
networks in the mesentery tissue by perfusing *3 mL of
heparinized PBS (3 mg/mL). Once the microvascular efflu-
ence was clear, the mesentery tissue was covered with a
filter membrane (Millipore, Burlington, MA) to keep the
tissue flat during culture, followed by adding the PDMS O-
ring and acrylic top. The biochamber components were se-
cured together with knurled nuts and 5 mL of medium was
added to the well of the chamber to submerge the tissue. The
biochamber assembly was then transferred to a secondary
culture dish to seal the system. Approximately 250 mL of
medium was added to the medium reservoir and the bio-
chamber was connected to the bioreactor tubing and trans-
ferred to an incubator for perfusion culture.

Albumin perfusion of microvascular networks

Perfusion in cannulated microvascular networks was as-
sessed in freshly harvested tissues (t = 0 h) and perfusion-
cultured tissues (t = 48 h). Mesentery tissues were topically
labeled with Alexa-Fluor� 594-conjugated lectin (1:100;
Invitrogen, Carlsbad, CA) to visualize microvascular net-
works. A solution of FITC-conjugated albumin (Sigma-
Aldrich, St. Louis, MO) was prepared in PBS (1 mg/mL)
and perfused through the cannulated artery. Images were
taken before and during perfusion with a 4 · and 10 · ob-
jective from an inverted microscope Olympus IX71 paired
with a Photometrics CoolSNAP EZ camera.

Flow experiments

Flow was produced in the microvascular networks using a
peristaltic pump set to a rate of 0.12 mL/min. Velocity mea-
surements were obtained by adding 1mm polystyrene FITC-
fluorescent microspheres (Invitrogen) to the perfusate and
measuring the distance they traveled through capillary vessels.
Videos were captured at a rate of 1 frame per second with a
10 · objective from an inverted microscope Olympus IX71
paired with a Photometrics CoolSNAP EZ camera. ImageJ
was used to measure the distance microspheres traveled
through capillary vessels using the following equation:

v ¼ L=t

where L is the length the microsphere traveled and t is the
elapsed time for the sphere to travel the measured distance.
The mean wall shear stress for perfused capillaries was
calculated from measured velocities assuming Hagen–
Poiseuille flow in a cylindrical pipe:

s ¼ 8lv=D

where s is the wall shear stress, m is viscosity of the perfus-
ate,v is the measured velocity, and D is the average diameter
of the vessel.

Angiogenesis perfusion culture

To examine the effects of flow during angiogenesis, the
culture medium was supplemented with 10% fetal bovine
serum (FBS; Gibco). Serum was chosen for this study be-
cause it produces a robust angiogenic response in mesentery
tissues, as demonstrated in our previous publications.26,28

Tissues were harvested from adult male Wistar rats and
divided into two experimental groups: (1) Static: n = 7 mi-
crovascular networks from three tissues and (2) Perfused:
n = 9 microvascular networks from six tissues. For the Static
group, tissues were harvested, cannulated, and secured in the
biochamber with 5 mL of medium, and cultured without
perfusion with medium changed at 24 h. We added 5 mL of
medium to the biochamber in the Static group based on our
previous experiments with static culture of mesentery tissue
in six-well plates.24,25 For the Perfused group, tissues were
harvested, cannulated, secured in the biochamber, and cul-
tured with perfusion at a flow rate of 0.12 mL/min. Both
experimental groups were cultured in standard culture
conditions (5% CO2 and 37�C) with medium supplemented
with 10% FBS for 48 h. After 48 h in culture, tissues were
perfused with FITC-conjugated albumin diluted in PBS
(1 mg/mL) to ensure microvascular networks maintained
flow during culture.

Quantification of angiogenesis

Vascular density and capillary sprouts were quantified
from randomly selected microvascular networks per tissue
from 10 · montage images for the Static, Perfused, and
Unstimulated experimental groups. Lectin labeling iden-
tified all blood and lymphatic vessels, and blood vessels
were distinguished based on their morphology and network
structure. Microvascular networks were defined as lectin-
positive blood vessel structures having a feeding arteriole,
draining venule, and capillary plexus within the translucent
window of each mesentery tissue. Vascular density was
quantified as the number of lectin-positive blood vessel
segments (defined as vascular tubes between two connecting
nodes) divided by vascular area (defined as the area of tissue
covered by the microvascular network). Capillary sprouts
were quantified as the number of lectin-positive blood vessel
segments with blind-ended tips divided by vascular area.
The mean percentage of vessel-specific sprouts per the total
number of sprouts was quantified for arterioles, venules, and
capillaries, distinguished based on their morphology and
location within the microvascular network.

Capillary sprouts were further divided into two cate-
gories, invading or introverting, based on their location within
the microvascular networks, similar to previous descriptions
of capillary phenotypes during angiogenesis.29 Introverting
sprouts were defined as capillary sprouts enclosed within the
microvascular network that increase the vascular density of
the tissue region. Invading sprouts were defined as capillary
sprouts entering the avascular space surrounding the micro-
vascular network, which advances the vasculature into the
avascular tissue region. Quantification of angiogenesis was
analyzed for the following groups: (1) Static: n = 7 micro-
vascular networks from three tissues and (2) Perfused: n = 9
microvascular networks from six tissues. Analysis was per-
formed using the Cell Counter plugin with NIH Fiji open-
source software version 2.0.0.30
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Immunostaining

Following perfusion culture experiments, mesentery tis-
sues were removed from the biochambers and fixed in 100%
methanol at -20�C for 30 min. Tissues were then washed
three times in PBS with 0.1% saponin for 10 min each,
followed by antibody labeling. Microvascular networks
were visualized with Alexa-Fluor 647-conjugated lectin
(1:100; Invitrogen) and smooth muscle cells were stained
with aSMA Cy3-conjugated primary antibody (1:200;
Sigma-Aldrich). Additional tissues were labeled for endo-
thelial cells and vascular pericytes by tagging with CD31
(1:200; BD Pharmingen, San Jose, CA) and NG2 (1:100;
Millipore) primary antibodies, followed by streptavidin
Cy2-conjugated (1:500; Jackson Immunoresearch, West
Grove, PA) and goat anti-rabbit Cy3-conjugated (1:100;
Jackson Immunoresearch) secondary antibodies. All anti-
bodies were diluted in antibody buffer solution (PBS +0.1%
saponin +2% bovine serum albumin +5% normal goat se-
rum). Tissues were washed three times in PBS with 0.1%
saponin for 10 min each between primary and secondary
antibody labeling incubations.

Image acquisition

Fixed tissues immunolabeled for endothelial cells (CD31)
and perivascular cells (aSMA and NG2) were imaged using
a 20X (oil, NA = 1.4) objective coupled with a 1.5 · mag-

nification. For quantification of angiogenesis, tissues labeled
for lectin were imaged using a 10 · (dry, NA = 0.3) objective
and montaged with NIS Elements software. All images were
acquired on an inverted microscope Olympus IX71 paired
with a Photometrics CoolSNAP EZ camera.

Statistical analysis

Data are presented as mean – standard deviation (SD).
One-way analysis of variance (ANOVA) followed by pair-
wise comparisons with Tukey’s post hoc test was used to
compare vascular density, total capillary sprouts, and vessel-
specific sprouts. Two-tailed Student’s t-test was used to
compare invasive and introverting sprouts as a percent of
total sprouts. A p-value <0.05 was considered statistically
significant and all analysis was performed using GraphPad
Prism version 8.0 software.

Results

Demonstration of blood vessel perfusion
in cultured microvascular networks

Perfusion in freshly harvested mesentery tissue (t = 0 h)
was confirmed by the presence of FITC-albumin in blood
vessel lumens (Fig. 2). Topical labeling with Alexa-594 lectin
visualized microvascular networks where arterioles, ve-
nules, and capillaries were identified based on morphology

FIG. 2. Demonstration of perfused mi-
crovascular networks from freshly harvested
mesentery tissue (t = 0 h). (A) Representative
epifluorescence images of microvascular
networks perfused with FITC-conjugated
albumin (B). (C) Lectin labeling identified
microvascular networks where blood and
lymphatic vessels were distinguished based
on their morphology and network structure.
L, lymphatic vessel; V, venule; A, arteriole;
C, capillary.

BIOREACTOR TO PERFUSE MICROVASCULATURE DURING ANGIOGENESIS 451



and network structure (Fig. 2C). Albumin was not detected in
lymphatic vessels for all perfused tissues (Fig. 2A).

To measure the observed flow in capillaries of perfused
microvascular networks, fluorescent microspheres (1 mm
diameter) were introduced into blood vessels through the
cannulated arteriole. Microspheres were observed across the
hierarchy of perfused microvascular networks, including
arterioles, venules, and capillaries (Fig. 3A, B and Supple-
mentary Movie S1). Microspheres were tracked as they
traveled along the length of perfused capillaries and average
velocities were measured (Fig. 3C and Supplementary
Movie S2). Capillary microsphere velocities ranged from
0.1 mm/s up to 2.9 mm/s. The mean wall shear stress for
perfused capillaries was calculated assuming Hagen-
Poiseuille flow in a cylindrical pipe and an approximate fluid
viscosity of 0.006922 dyne-s/cm. The mean velocity and
shear stress for all observed capillaries (n = 28 capillaries
from four tissues) were 0.9 – 0.6 mm/s and 8.9 – 6.9 dyne-s/
cm, respectively (Fig. 3C).

In addition, a Spearman’s correlation was run to deter-
mine the relationship between velocity and shear stress
to capillary diameter (Supplementary Fig. S1). There was
no significant ( p = 0.2887) correlation between measured
velocities to capillary diameter (rs = -0.1100, n = 28 capil-
laries). However, there was a moderate, negative mono-
tonic correlation between calculated shear stress to capillary
diameter (rs = -0.1404, p = 0.0150, n = 28 capillaries).

Injection of FITC-albumin confirmed blood vessels re-
main perfused after 48 h in culture with the bioreactor sys-
tem (Fig. 4). Albumin was observed in 9 out of the 10
cultured microvascular networks, including arterioles, ve-
nules, and capillaries. Albumin was also observed in net-
work regions characterized by high vessel density, the

presence of blind-ended sprouts, and vascular loops (Fig. 4).
Importantly, these characteristics are associated with angio-
genesis in rat mesenteric tissues.24,28 A subset of capillar-
ies (Fig. 4A, B) and capillary sprouts (Fig. 4C–F) displayed
‘‘hot spots’’ of albumin leakage, indicative of increased
permeability.

aSMA and NG2 labeling of microvascular networks
cultured with perfusion for 48 h identified smooth muscle
cells and pericytes, respectively (Fig. 5). Smooth muscle
cells were consistently observed to remain tightly wrapped
along arterioles and venules (Fig. 5A), and NG2-positive
pericytes were observed to wrap along capillaries (Fig. 5B).
Injection of FITC-albumin in microvascular networks before
tissue fixation confirmed that perfused capillaries and sprouts
have perivascular cell coverage (Supplementary Fig. S2).

Presence of perfusion influences angiogenesis

Lectin labeling of mesentery tissues from freshly har-
vested tissues (Unstimulated) and cultured (Perfused and
Static) experimental groups identified endothelial cells
along blood vessels in microvascular networks (Fig. 6A–C).
Microvascular networks cultured with (Perfused) and with-
out (Static) perfusion underwent angiogenesis, supported by
an increase in vascular density and capillary sprouting
compared to tissues from the Unstimulated group (vascular
density: 26.6 – 20.7 segments/vascular area, n = 9; capillary
sprouts: 2.4 – 1.6 sprouts/vascular area, n = 9).

Qualitative observations of denser microvascular net-
works were identified in the Static culture group compared
to the Perfused culture group, suggesting that the presence
of flow in blood vessels influences the density of angio-
genic networks. Quantitative analysis of blood endothelial

FIG. 3. Velocity measure-
ments in perfused microvas-
cular networks ex vivo.
Velocities were calculated by
tracking fluorescent mi-
crobeads (1mm diameter)
flowing through capillary
networks. Example images
of the start (A) and end (B)
of tracking a microbead
along the path of a perfused
capillary vessel over the time
course of 0.3 s. (C) Velo-
cities and wall shear stresses
calculated from capillary
vessels across four micro-
vascular networks are shown
in the table. Real-time im-
aging of microspheres trav-
eling through capillaries is
shown in Supplementary
Movie S1 and visualization
of whole network perfusion
with microbeads is shown in
Supplementary Movie S2.
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segments from perfusion-cultured microvascular networks
(94.9 – 44.2 segments/vascular area, n = 9) revealed a sig-
nificant decrease ( p = 0.0027) in vascular density com-
pared to static-cultured networks (332 – 192 segments/
vascular area, n = 7) (Fig. 6C). The number of capillary

sprouts per vascular density between Perfused (28.8 – 10.6
sprouts/vascular area, n = 9) and Static (28.3 – 8.81 sprouts/
vascular area, n = 7) microvascular networks was not sig-
nificantly different ( p = 0.9269) between experimental groups
(Fig. 6D).

Since microvascular density temporally follows capillary
sprouting during angiogenesis, the increased density for
static networks suggests that the tissues experience an in-
creased rate of microvascular growth. Additional studies
compared vascular density in tissues cultured with flow in the
biochamber, but without flow in the microvascular networks
(Media Sham) to elucidate the effect of medium exchange on
angiogenesis (Supplementary Fig. S3). Quantitative analysis
revealed a significant decrease ( p = 0.0030) in vascular den-
sity from the Perfused group compared to the Media Sham
group, suggesting medium exchange alone does not decrease
the rate of microvascular growth.

While the total number of capillary sprouts per vascu-
lar area was not significantly different between Perfused
and Static experimental groups at 48 h ( p = 0.9269), evalu-
ation of vessel-specific sprouts identified differences in
sprout location within the network. The mean percentage of
sprouts originating from arterioles (0.7% – 0.3%), venules
(2.6% – 1.0%), and capillaries (96.7% – 1.1%) was quanti-
fied from the total number of sprouts per microvascular
network (n = 9) in the Perfused experimental group. Sprouts
originating from arterioles and venules were significantly
less ( p < 0.0001) than sprouts originating from capillaries
(Fig. 7). Additional analysis of the arteriovenous origin of
capillary sprouts revealed no significant difference ( p =
0.1252) in sprouts originating from arterioles versus venules
in microvascular networks from the Perfused experimental
group (Supplementary Fig. S4).

Capillary sprout phenotype analysis identified differences
in both invasive and introverting sprouts in microvascular
networks from the Perfused (Fig. 8A) and Static (Fig. 8B)
experimental groups. Quantitative evaluation of the percent
invasive sprouts per total capillary sprouts identified a sig-
nificant increase ( p = 0.0298) in microvascular networks
cultured with perfusion (29.5% – 11.0%, n = 9) compared to

FIG. 5. Representative immunofluorescence images of peri-
vascular cells after 48 h in perfusion culture. (A) aSMA-positive
smooth muscle cells maintain tight wrapping morphologies
along main arteriole and venule blood vessels in perfused
microvascular networks. V, venule; A, arteriole. (B) NG2-
positive (red) vascular pericytes maintain close wrapping along
blood capillaries (green) in perfused microvascular networks.
Arrows indicate individual vascular pericyte cell bodies.

FIG. 4. Microvascular net-
works maintain perfusion
during culture. (A, B) Re-
presentative immunofluores-
cence images of capillary
networks perfused with
FITC-conjugated albumin
(green) after 48 h in culture.
The * symbol indicates
newly formed capillary loops
with perfusion culture. (C–F)
Examples of newly formed
capillary sprouts perfused
with FITC-conjugated albu-
min (green). Microvascular
networks were identified by
lectin (red) labeling, where
blood and lymphatic vessels
were distinguished based on
their morphology and net-
work structure.
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static culture (17.1% – 8.83%, n = 7) (Fig. 8C). In addition,
quantitative analysis of the percent introverting sprouts
per total capillary sprouts identified a significant decrease
( p = 0.0298) in the Perfused group (70.5% – 11.0%, n = 9)
compared to the Static group (82.9% – 8.83%, n = 7) (Fig. 8D).

Discussion

The main contribution of this study is the establishment
of a novel experimental platform that integrates intact
real microvascular networks with physiological vascular
perfusion in a bioreactor system to evaluate the effects of
flow during angiogenesis. A major challenge for tissue en-
gineering experimental models is matching the complexity
of real tissues with physiological flow in an in vitro setting.

More recently, advancements in cutting-edge technolo-
gies such as microfluidics have helped bridge this gap.
For example, Moya et al. demonstrated the development of
vascularized microtissues that anastomose with side chan-
nels to enable the evaluation of flow and shear rates in
human capillary networks.13 Osaki et al. engineered mi-
crochannels that mimic the cooperative effects of sprouting

FIG. 6. Evaluation of an-
giogenesis in microvascular
networks cultured with flow
(Perfused) and without flow
(Static). Microvascular net-
works from both experimental
Perfused (B) and Static (C)
groups became angiogenic af-
ter 48 h in culture, defined by
an increase in vascular density
(D) and capillary sprouts (E)
compared to microvascular
networks from freshly har-
vested mesentery tissue in the
Unstimulated (A) group
(t = 0 h). Angiogenic micro-
vascular networks cultured
without flow exhibited signif-
icantly ( p = 0.0027) denser
vascular structures compared
to networks cultured with
flow. Interestingly, no signifi-
cant difference ( p = 0.9269)
was observed in capillary
sprouting between Perfused
and Static groups. Black,
white, and striped bars repre-
sent Unstimulated, Perfused,
and Static groups, respec-
tively. The *** and **** in-
dicate a significant difference
of p < 0.001 and p < 0.0001
by one-way ANOVA and
Tukey’s post hoc method
comparing vascular density
between Perfused and Static
groups. The ‘‘ns’’ indicates
no significant difference
( p > 0.05) comparing capillary
sprouts between Perfused and
Static groups.

FIG. 7. Evaluation of vessel-specific sprouts as a per-
centage of total sprouts from cultured tissues in the Perfused
experimental group. Black, white, and striped bars represent
Arteriole Sprouts, Venule Sprouts, and Capillary Sprouts,
respectively. The **** indicates a significant difference of
p < 0.0001 by one-way ANOVA and Tukey’s post hoc
method.
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interactions during angiogenesis and lymphangiogenesis to
elucidate mechanisms of action that drive cancer metastasis
and corneal implant rejection.14 The results of this study
establish the physiologic relevance of our bioreactor model
as we demonstrate that the presence of flow influences the
spatial patterning of angiogenic microvascular networks.

To incorporate perfusion into microvascular networks of
mesentery tissue, we introduced flow through a cannulated
feeding arteriole secured within a bioreactor system using
PDMS and acrylic that was designed, fabricated, and char-
acterized (Fig. 1). Our perfused bioreactor system, inspired
by an ex vivo lymphatic vessel explant chamber,31 enables
the following: (1) velocity measurements in physiologically
relevant microvascular networks, (2) observation of angio-
genesis at specific locations within a vascular tree, and (3)
evaluation of wall shear stress on capillary sprouting. The
novelty of the perfused mesentery bioreactor system is the
incorporation of physiological flow with real microvascular
networks in an ex vivo environment to study flow effects
during angiogenesis.

To create a realistic in vitro microvascular model with
physiologically relevant flow, perfusion of the vascular
networks is required. In this study, perfusion of freshly
harvested microvascular networks was demonstrated by in-
jection with FITC-albumin following a vascular flush with
heparinized PBS to remove blood (Fig. 2A). While suc-
cessful perfusion of arterioles, venules, and capillaries were
observed in cannulated microvascular networks, it is im-
portant to note a subset of capillaries and blind-ended blood-

filled capillaries were not perfused in some tissues (data not
shown). The observation of nonperfused vessels is not un-
usual as vessels lacking perfusion are also commonly ob-
served during intravital microscopy experiments.32 We
speculate the apparent lack of perfusion in these vessels may
be attributed to vessel blockage, collapse, or damage asso-
ciated with tissue harvesting.

Evaluation of blood velocity profiles in capillary net-
works is important from a microvascular physiological point
of view. Capillary blood flow regulates the supply of oxy-
gen, nutrients, and waste products. Velocity also influences
the relative wall shear stress in microvessels, which has
been shown to regulate angiogenesis during microvascular
remodeling.4,7

In this study, we measured the velocity profiles in capil-
laries from four microvascular networks using fluorescent
microbeads and live tissue imaging. By controlling peri-
staltic pump speed, we demonstrate a wide range of aver-
age capillary velocities ranging from 0.4 mm/s to 1.4 mm/s
across four different microvascular networks (Fig. 3 and
Supplementary Movie S1). These average velocity mea-
surements are in the physiological range based on com-
parison with the literature using intravital microscopy to
observe in vivo capillaries in rat mesentery tissue (0.96 mm/s
–1.2 mm/s).33–35 The range of capillary velocities also re-
flects a heterogeneity characteristic of intact microvascu-
lar networks in vivo.36

Fluorescent microbead velocities in larger arterioles
(>28mm) and venules (>38 mm) were too fast to capture

FIG. 8. Quantification of capillary sprout phenotypes. Representative images of both invasive and introverting capillary
sprout phenotypes from microvascular networks in the Perfused (A) and Static (B) experimental groups. The arrows
indicate invasive sprouts and the arrowheads indicate introverting sprouts. (C, D) Numbers on x-axis refer to the percent
invasive or introverting sprouts per total sprouts for each experimental group. Comparison between Perfused and Static
groups revealed a significant increase ( p = 0.0298) in the percent of invasive sprouts in microvascular networks cultured
with perfusion. Likewise, a significant decrease ( p = 0.0298) in the percent of introverting sprouts in microvascular net-
works cultured with perfusion was observed. White and striped bars represent Perfused and Static groups, respectively. The
* indicates a significant difference of p < 0.01 by two-tailed Student’s t-test.
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between frames making velocity measurements difficult to
consistently replicate across the four microvascular net-
works (Supplementary Movie S2). However, arteriole and
venule velocities and wall shear stresses were calculated
for a subset of these vessel types downstream from feeding
arterioles and draining venules (Supplementary Table S1).
The average velocity measurements for these vessels were
comparable to values from the literature.37–40 Future experi-
ments will be needed to fully characterize the effects of input
flow rate on vessel-specific velocities in the larger vessels.

The importance of wall shear stress in microvascular
remodeling has been implicated in numerous processes,
including vascular permeability, growth factor secretion,
regulation of endothelial cell phenotype, and the onset of
atherosclerosis.41 For example, Ueda et al. demonstrated
that increased shear stress increased endothelial cell mi-
gration velocity on the surface of a collagen gel in vitro.42

In another study using an in vivo rabbit ear chamber, Ichioka
et al. found that increased wall shear stress in microvessels
improved wound healing angiogenesis.43 In addition, Song
and Munn demonstrated using a microfluidic device that a
wall shear stress of 3 dyne/cm2 reduced endothelial sprouting
during vascular endothelial growth factor-induced angio-
genesis.15

For this study, wall shear stresses were estimated from
velocity measurements in perfused capillary networks as-
suming Poiseuille flow through a cylindrical tube using the
following equation: ?? = m8(Vmean/D), where Vmean is the
average velocity, d is the inner capillary diameter, and u
represents viscosity. Our estimations demonstrate a range of
shear stresses from 2.6 dyne/cm2 to 27.3 dyne/cm2, which
includes physiologically relevant values.36

The importance of flow and shear stresses within the
cultured microvascular networks is supported by the de-
creased microvascular network density in perfusion-cultured
mesentery tissue compared to the static culture. Importantly,
we found the amount of capillary sprouting between the
Perfused and Static culture groups was comparable, indi-
cating microvascular networks cultured with flow indeed
underwent angiogenesis (Fig. 6). Considering the differ-
ences in vascular density between culture groups, our results
suggest the lack of flow causes an enhanced rate of growth
as increased density follows capillary sprouting.44,45 Other
qualitative observations of perfusion effects during angio-
genesis included decreased vessel tortuosity and the specific
location and phenotype of capillary sprouts.

Invasive and introverting sprout phenotypes were evalu-
ated in perfused and static-cultured microvascular net-
works. Invasive sprouts are defined by their outward growth
into the avascular tissue region of mesentery tissue and in-
troverting sprouts grow within central vascular regions of
microvascular networks.29 Analysis revealed that the per-
cent invasive sprouts per total number of sprouts in per-
fused microvascular networks was increased compared to
static-cultured tissues, indicating the presence of flow in-
fluences the outward growth of new capillary sprouts.
Inversely, the percent introverting sprouts per total num-
ber of sprouts in static-cultured microvascular networks
was increased, suggesting an enhanced growth rate dem-
onstrated by the vascular density differences.

Altogether, our results support an effect of perfusion
on network growth and motivate future studies to correlate

vessel-specific hemodynamics with localized sprouting dy-
namics (i.e., endothelial cell changes, formation of new
anastomoses, evaluation of gene/protein expression for cap-
illary sprout-specific phenotypes, and changes to the local
stroma and ECM). In addition, this study motivates future
experiments to evaluate how vessel-specific hemodynamics
affect perivascular cell (i.e., smooth muscle and pericyte)
coverage and phenotypic differentiation.

A limitation of our study was the difference in medium
exchange between experimental groups. In the Perfused
culture group, medium was continuously delivered through
the lumens of microvascular networks over a 48-h time
course. The bioreactor open-loop system required *250 mL
of medium delivered during culture compared to 10 mL for
the Static culture group, where tissues were submerged in
media and exchanged every 24 h. The medium amount
difference between the Perfused and Static groups raises a
question whether this contributed to the effects of angio-
genesis.

To address this issue, we performed an additional ex-
periment with a Media Sham experimental group to control
for the amount of medium exchange associated with the
open-loop perfusion protocol (Supplementary Fig. S3). The
Media Sham group matched the amount of medium ex-
change with the Perfused group. Medium was exchanged by
the 30G needle and at the same flow rate as the Perfused
group. However, for the Media Sham group, the feeding
arteriole was not cannulated. The Media Sham group dis-
played a comparable vascular density level compared to the
Static control and an increased vascular density compared to
the Perfused group. These results suggest that the attenuated
angiogenic response for the cannulated Perfused group is
indeed associated with microvascular network perfusion.

In summary, the results from this study establish a novel
ex vivo microvascular network model that maintains the
multicellular complexity of real tissue and incorporates
vessel perfusion. We envision this experimental platform can
help bridge the tissue engineering gap between current
in vitro models and the in vivo microenvironment.
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