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Abstract

Objective

Intravascular stents are commonly used to treat occluded arteries during coronary heart dis-
ease. After coronary stent implantation, endothelial cells grow over the stent, which is
referred to as re-endothelialization. Re-endothelialization prevents blood from clotting on
the stent surface and is a good predictor of stent success. Blood vessel mimics (BVMs) are
in vitro tissue-engineered models of human blood vessels that may be used to preclinically
test stents for re-endothelialization. BVMs have been developed in straight geometries.
However, the United States Food and Drug Administration recommends that devices
intended to treat coronary occlusions be preclinically tested in bent and bifurcated vessels
due to the complex geometries of native coronary arteries. The main objectives of this study
were to develop and characterize BVMs in complex geometries.

Design

Bioreactors were designed and constructed so that BVMs could be cultivated in bent (>45%)
and bifurcated geometries. Human umbilical vein endothelial cells were sodded onto com-
plex-shaped scaffolds, and the resulting BVMs were characterized for cell deposition. For a
final proof of concept, a coronary stent was deployed in a severely angulated BVM.

Results

The new bioreactors were easy to use and mounting scaffolds in complex geometries in the
bioreactors was successful. After sodding scaffolds with cells, there were no statistically sig-
nificant differences between the cell densities along the length of the BVMSs, on the top and
bottom halves of the BVMs, or on the inner and outer halves of the BVMs. This suggests
cells deposited evenly throughout the scaffolds, resulting in consistent complex-geometry
BVMs. Also, a coronary stent was successfully deployed in a severely angulated BVM.
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Conclusions

Bioreactors can be constructed for housing complex-shaped vessels. BVMs can be devel-
oped in the complex geometries observed in native coronary arteries with endothelial cells
evenly dispersed throughout BVM lumens.

Introduction

Coronary heart disease (CHD), which is the leading cause of death in the United States [1],
occurs when plaque occludes coronary arteries. Coronary occlusions can be treated with stents
[2]. Stents are latticed tubes that can be crimped onto catheters and deployed at blockage sites
[3]. During stent deployment, stents denude endothelial cells from vessel walls, but eventually
a new endothelial lining grows over the stented region [4,5]. This re-growth is known as re-
endothelialization and is important for successful healing after stent implantation. A confluent
monolayer of endothelial cells modulates local hemostasis and thrombolysis and protects vas-
cular smooth muscle cells from circulating growth-promoting factors [5].

Due to the importance of re-endothelialization, we previously developed an in vitro testing
system that could assess new coronary stents for their re-endothelialization capacity [6-8]. The
system consists of tissue-engineered blood vessels that have diameters similar to coronary
arteries. We refer to the in vitro vessels as “blood vessel mimics” (BVMs), and they consist of a
polymer scaffold with a cellular lining made of human endothelial cells and sometimes smooth
muscle cells. We have deployed stents in these vessels, and the vessels have successfully exhib-
ited re-endothelialization [6,7]. These systems are intended to reduce the number of stent con-
figurations that proceed to animal testing by screening out stents during in vitro studies based
on their re-endothelialization capacity. Such an approach could reduce the amount of time
and resources spent on animal testing and accelerate development of coronary stents and
other intravascular devices [9].

So far, BVMs have been developed and used in straight geometries, which do not mimic the
bends and bifurcations observed in native coronary arteries. The United States Food and Drug
Administration (FDA) recommends that in vitro vessels designed for engineering tests of coro-
nary stents should simulate worst-case bends observed in native coronary arteries [10]. The
FDA also recommends that stents intended for use in bifurcation lesions should be tested in
mock vessels with bifurcation angles representative of the most challenging anatomies
observed clinically [10]. One reason for these recommendations is that bends and bifurcations
alter stent loading conditions in ways that may affect non-clinical test results [10].

In addition to affecting stent loading conditions, coronary bends and bifurcations affect re-
endothelialization after stent implantation, leading to multiple pathologic events [11-16]. For
example, when a stent is deployed in a coronary bend, the rigid stent may partially straighten
the bend [13]. This straightening alters blood velocity profiles at the bend and reduces shear
stress on vessel walls [15,16]. In regions of low shear stress, the endothelium re-establishes
itself more slowly [12]. Large areas that remain devoid of endothelium are associated with inti-
mal thickening [11], which is the cause of in-stent restenosis. Accordingly, coronary bends
that have been straightened with stents are associated with major adverse clinical events [13].
Also, when a stent is deployed in a coronary bifurcation, stent struts may remain suspended
over coronary ostia at the branch site [14]. The suspended stent struts may not re-endothelia-
lize [14]. As a result, stented coronary bifurcations are associated with late stent thrombosis
[14]. For these reasons, and to better align with FDA recommendations, BVMs could be
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developed in bent and bifurcated geometries. Testing coronary stents in bent and bifurcated
BVMs may produce more clinically relevant re-endothelialization data compared to using
BVMs in straight geometries.

The overall goal of the present study was to establish preliminary methods for the genera-
tion of BVMs in bent and bifurcated geometries. Achieving this goal first required developing
and implementing appropriate bioreactor systems and scaffold geometries and determining
whether cell deposition would be possible in these geometries. The specific aims of the study
were (1) to design and construct bioreactors that could house BVMs in bent and bifurcated
geometries, (2) to add scaffolds and cells into the bioreactors to generate and evaluate cell
deposition in BVMs in complex geometries, and (3) to deploy a coronary stent in a complex-
shaped BVM as a proof of concept.

Materials and methods
Bioreactor design and construction

Bioreactors were designed using SolidWorks (Waltham, MA). Prototypes were constructed
based on the designs. To help ensure ease of use, off-the-shelf components were incorporated
into as many aspects of the bioreactor designs and prototypes as possible. For example, the
main chamber of the bioreactor consisted of a polypropylene container with a snap-on lid
(Lock and Lock, Seoul, South Korea, catalog # HPL806) and easy-to-use plastic fittings (Value
Plastics, Loveland, CO). Silicone tubing (Tygon, Beaverton, MI, catalog # WU-95702-06) was
used to create a network of tubing to direct fluid flow. The biocompatibility of various bioreac-
tor components has been tested by the vendors. Specifically, the polypropylene biochamber
passed FDA hygiene and safety tests that assess interaction between raw materials and the
human body [17], and the silicone tubing underwent USP Plastics Class VI and 1SO10993
biocompatibility tests [18]. To attach the tubing to the main chamber, holes were drilled into
the chamber using a handheld power drill and a 15/64” drill bit. Initially, separate bioreactors
were designed and constructed for each BVM geometry. Ultimately, multifunctional bioreac-
tors were designed and constructed to support multiple BVM geometries. More detailed parts
lists and assembly instructions are available [19,20].

Cell culture

HUVECs (Lonza, Basel, Switzerland, catalog # C2519A) were expanded in T75 and T225 flasks
using 1:2 and 1:3 split ratios. Cells were cultured in EGM-2 BulletKit medium (Lonza, Basel,
Switzerland, catalog # CC-4176) and maintained at 37°C and 5% CO,. Cells were used at pas-
sage numbers of P8 or less.

Scaffold preparation

All scaffolds were made of tubular expanded polytetrafluoroethylene (ePTFE) (Impra Bard,
Tempe, AZ). The scaffolds had an inner diameter of 4 mm. ePTFE has large nodes that are
connected with small fibers. The internodal distance is considered the measure of porosity
[21]. We used scaffolds with a porosity of 30 um, an interfiber distance of approximately

3.2 um, and a fiber width of approximately 0.2 um. S-, L-, and U-shaped scaffolds were con-
structed by bending straight pieces of ePTFE into the respective shapes. S-shaped scaffolds
were 7 cm long, L-shaped scaffolds were 5 cm long, and U-shaped scaffolds were 5.5 cm long.
The scaffolds were secured onto female luer threaded barbed fittings using sutures. Scaffolds
were sterilized via autoclave. Scaffolds were then submerged in 70% ethanol, followed by 100%
ethanol for denucleation of scaffold pores [22], followed by conditioning medium consisting
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of M199, 15% fetal bovine serum, 1% penicillin-streptomycin, and 0.1% Fungizone. Scaffolds
were left in the conditioning medium overnight at 37°C and 5% CO,.

Complex-shaped BVM setup and cultivation

Multifunctional bioreactors, tubing, and other components were sterilized via ethylene oxide
gas. Bioreactors were filled with bioreactor medium, which consisted of M199, 10% fetal
bovine serum, 1% L-glutamine, 1% penicillin-streptomycin, 0.1% Fungizone, and 0.5%
HEPES buffer. Conditioned scaffolds were placed in the bioreactors, submerged in the biore-
actor medium, and secured into the desired geometry. The American College of Cardiology
and the American Heart Association (ACC/AHA) classify coronary arteries as “non-angu-
lated” if they bend less than 45 degrees, “moderately angulated” if they bend 45 to 90 degrees,
and “extremely angulated” if they bend more than 90 degrees [23]. For the BVM cultivation in
this study, scaffolds were secured into an L-shape to model moderately angulated coronary
arteries and a U-shape to model extremely angulated coronary arteries. Any unused inlets or
outlets were closed using luer caps. Bioreactor tubing was connected to peristaltic pumps, and
the pumps circulated medium luminally (10 rpm, 1 mL/min) for 1 minute to remove any
remaining air bubbles from the bioreactor systems. Luminal outlets were then closed, and
medium was circulated transmurally (150 rpm, approximately 10 mL/min) for 10 minutes to
ensure medium could move through the scaffold pores. Approximately 1.5 million HUVECs/
cm?® were pressure-sodded onto each scaffold by injecting a HUVEC suspension transmurally
as described previously [6]. Pumps circulated medium transmurally (10 rpm, 1 mL/min) for
30 minutes to help cells securely deposit onto the luminal surface of the scaffolds. Luminal out-
lets were then opened, and pumps circulated medium luminally (15 rpm, 1.2 mL/min) for 1
day. We previously showed that the pump setting of 15 rpm corresponds to an average shear
stress of approximately 0.029 dyn/cm? for both the L- and the U-shaped scaffolds [24]. All
BVMs in the present study were cultivated for this 1-day period except the stented BVM and
its control, which is described as follows.

Coronary stent implantation

A bare metal stent (4 mm inner diameter x 38 mm length coronary stent, Guidant Corpora-
tion, Indianapolis, IN) was deployed into a U-shaped BVM after 14 days of cultivation. Specifi-
cally, the stent was deployed by inserting a stent-loaded balloon catheter into the luminal inlet
of the multifunctional bioreactor, inflating the balloon to 8 atm for 10 seconds, deflating the
balloon, and removing the catheter to leave behind the deployed stent. This stenting procedure
was performed aseptically in a biological safety cabinet, then the BVM was returned to the
incubator and pump. Luminal flow was maintained for 3 days after stent deployment, then the
BVM was harvested for evaluation. An un-stented control was created and cultivated for
comparison.

BVM harvest and fixation

BVMs were harvested from bioreactors at the time points described in the preceding two para-
graphs and were cut into 5 equal segments along their length in order to capture any differ-
ences along the length of the various geometries. The segments were cut in half so that the
inner and outer curves of the segments could be analyzed separately. On each half-segment,
the top and bottom edges were identified. Samples were fixed in Histochoice overnight then
used for either histology, scanning electron microscopy, or fluorescence microscopys, all of
which are described as follows.
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Histology

The BVMs that were cultivated for 1 day were analyzed histologically for cell deposition. After
BVM harvest and fixation as described above, samples were processed and embedded in paraf-
fin. Sections were cut at a thickness of 6 pm and mounted on slides. Sections were stained with
hematoxylin and eosin (H&E) for visualization of general histological characteristics.

Scanning electron microscopy

A subset of the BVMs that were cultivated for 1 day were analyzed via scanning electron
microscopy (SEM). After BVM harvest and fixation, samples were dehydrated in a series of
progressively more concentrated ethanol solutions and desiccated overnight. SEM images
were acquired using a Tabletop Scanning Electron Microscope (Hitachi, Tokyo, Japan, model
# TM-1000).

Fluorescence microscopy

The BVMs that were cultivated for 1 day were analyzed via fluorescence microscopy in order to
capture images that would allow for cell counting and quantification of cell deposition. After
BVM harvest and fixation, samples were stained with a nuclear-specific bisbenzimide (BBI)
agent. Fluorescent images were acquired on the inner and outer halves and the top and bottom
regions of all 5 segments. Fluorescence microscopy was also used to analyze the BVM cellular
lining after stent deployment and in the corresponding un-stented control BVM. A BX41 micro-
scope (Olympus, Center Valley, PA) was used to acquire the images. The images were imported
into PowerPoint (version 14.4), and five white boxes were overlaid on the images. An observer
blinded to the identity of the samples manually counted cells in the boxes in each image.

Statistical methods

Microsoft Excel (version 14.4.0) was used to perform an Anderson-Darling test for normality.
All data was normally distributed. Microsoft Excel was used to perform an f-test to assess
whether variances between groups were equal. The variances between the inner and outer
groups were equal, the variances between the top and bottom groups were equal, and the vari-
ances between the 5 regions along the length of the scaffolds were equal. Next, Microsoft Excel
was used to perform a Student’s t-test (two-tailed, unpaired) for equal variance to compare
inner versus outer cell densities and top versus bottom cell densities. GraphPad Prism (version
6.0f) was used to perform an ANOVA to compare cell densities in the 5 regions along the
length of the BVMs. For all statistical analyses, a p-value of less than 0.05 was considered statis-
tically significant. Microsoft Excel was used to calculate means and standard deviations. All
graphs were made using GraphPad Prism.

Results
Design and construction of bioreactors and scaffolds

BVMs were previously developed, and used for stent testing, in straight geometries [6,7]. How-
ever, the bioreactors that were used previously to cultivate straight BVMs had multiple features
that could be improved, especially when increasing geometric complexity of the scaffold was
desired. For example, construction of the bioreactors involved intensive machining steps.
Also, operation of the bioreactors involved relatively cumbersome steps to seal media cham-
bers with a series of screws while attempting to maintain aseptic conditions. In the present
study, we went through a three-stage design process. In the first stage, BVM bioreactors were
redesigned using off-the-shelf components that made them easily fabricated (Fig 1). Such
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Fig 1. Basic bioreactor design and prototype for straight BVMs. SolidWorks was used to design a bioreactor that could house straight BVMs. (A) The main chamber
of the bioreactor consisted of an off-the-shelf polypropylene container with a snap-on sealable lid. (B) Prototypes were constructed based on the design; in B, the
container is shown without the lid. The bioreactor has luminal inlets and outlets to allow culture media to flow into and out of the scaffold lumen, respectively. (C)
ePTFE scaffolds were mounted onto female luer threads using 2.0 silk suture and secured into the bioreactor.

https://doi.org/10.1371/journal.pone.0217709.9001

components eliminated intensive machining steps and cumbersome steps to seal media cham-
bers, which made the systems easy to reconfigure for complex geometries and easy to use.

In the second stage of our design process, the new BVM bioreactors were further modified
so that BVMs could be cultivated in the complex geometries of native human coronary arter-
ies. Specifically, a bioreactor was designed to house an S-shaped scaffold to model a non-angu-
lated coronary artery, another bioreactor was designed to house an L-shaped scaffold to model
a moderately angulated coronary artery, and a third bioreactor was designed to house a U-
shaped scaffold to model an extremely angulated coronary artery (Fig 2). Since worst-case cor-
onary bends have been shown to exhibit a 15-mm radius of curvature [10,25], the bioreactor
for U-shaped BVMs was designed so that a U-shaped scaffold could be mounted with a
15-mm radius of curvature.

The third stage of our design process focused on optimizing efficiency and utility of the bio-
reactor systems. To minimize the number of bioreactors that would need to be constructed
and used on a recurring basis, the bioreactor designs for S-, L-, and U-shaped BVMs were
combined into a single multifunctional bioreactor design. In this design, the single bioreactor
could house any of the three scaffold geometries (Fig 3A-3D). Prototypes of the multifunc-
tional bioreactors were constructed, and the ePTFE scaffolds that were used for straight BVMs
were simply cut to appropriate lengths, bent into S-, L- and U-shapes, and mounted into the
multifunctional bioreactors (Fig 3E-3]).

Establishment of complex-shaped BVMs

We previously showed that HUVECs are a cost-effective cell type for generating BVMs in
straight geometries [8]. Therefore, in the present study, HUVECs were used for generating com-
plex-shaped BVMs. Specifically, HUVECs were pressure-sodded onto the luminal surface of L-
and U-shaped scaffolds. As mentioned in the Methods, the present study focused on generating
L- and U-shaped BVM:s because the ACC/AHA define L- and U-shaped vessels as “angulated”
due to their more severe bends compared to S-shaped vessels, which are defined as “non-angu-
lated” due to their less severe bends. Angulated vessels better represent the geometries of native
coronary arteries where stents may be deployed. H&E staining was used to assess general histo-
logical characteristics of L- and U-shaped BVMs 1 day after pressure-sodding cells onto scaf-
folds. The inner and outer edges of the bends in each BVM were assessed separately. The inner
and outer edges qualitatively exhibited similar cell deposition in the H&E images (Fig 4A and
4C respectively) and in the SEM images (Fig 4B and 4D respectively). While there was clearly
consistent deposition of cells, the cellular lining was not yet 100% confluent at this time point.

Cell deposition on the angulated scaffolds was also assessed quantitatively. BVMs were
stained with the nuclear-specific BBI agent and imaged via fluorescence microscopy. Cells
were counted in all 5 regions along the length of the BVMs, on the inner and outer halves of
the BVMs, and on the top and bottom halves of the BVMs (Fig 5A and 5B). Cell counts were
converted to cell densities (Fig 5C). There were no statistically significant differences between
the cell densities along the length of the BVMs, on the top and bottom halves of the BVMs, or
on the inner and outer halves of the BVMs for both L- and U-shaped geometries (Fig 5D-5I).
Data is provided in S1 File. These quantitative results confirmed that cells successfully depos-
ited throughout the complex-shaped scaffolds as observed qualitatively in H&E and SEM
images.
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Fig 2. Bioreactor designs for complex-shaped BVMs. SolidWorks was used to design bioreactors that could house BVMs in some of the complex geometries of native
coronary arteries as defined by the ACC/AHA. The main chamber of each new bioreactor consisted of the same easy-to-use polypropylene container as described in Fig

1. However, inlets and outlets were repositioned so that scaffolds could be mounted in the various bent geometries, resulting in three different systems to accommodate
S- (A-B), L- (C-D), and U-shaped (E-F) configurations.

https://doi.org/10.1371/journal.pone.0217709.9002
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Fig 3. Multifunctional bioreactor design and prototype. (A-D) SolidWorks was used to design a multifunctional bioreactor that
could house BVMs in a range of complex-shaped geometries. Prototypes were constructed based on the design. The same
polypropylene container that was used for the straight-BVM bioreactor was used for the multifunctional bioreactor. ePTFE scaffolds
were secured into the multifunctional bioreactors in S- (E-F), L- (G-H), and U-shapes (I-]). Luer caps were used to close any unused
inlets or outlets.

https://doi.org/10.1371/journal.pone.0217709.9g003

Stent implantation and assessment

To test whether deployment of a coronary stent was feasible in an angulated BVM, a bare
metal stent was deployed in a U-shaped BVM. Specifically, a stent-loaded catheter was intro-
duced into the silicone tubing of a multifunctional bioreactor. The stent and catheter were visi-
ble through the silicone tubing. The catheter was pushed through the silicone tubing until
reaching the U-shaped BVM that had been cultivated in the chamber. The catheter was pushed
into the BVM until the stent was positioned near the center of the U-shaped vessel. The cathe-
ter and stent were both visible through the BVM walls. The stent was then deployed in the
BVM. As the stent was deployed, the U-shaped BVM partially conformed to the shape of the

HUVEC
monolayer

ePTFE
scaffold

HUVEC
monolayer

ePTFE
scaffold

O

Fig 4. A monolayer of cells lines the luminal surface of complex-shaped BVMs. After pressure-sodding HUVECs onto the luminal surface of L- and U-shaped
scaffolds and cultivating the angulated BVMs for 1 day, a monolayer of cells was visible. (A-B) On the inner curve of the angulated vessels, cells were visible in cross-
sectional H&E images (A) and in en face SEM images (B) (n = 3). (C-D) On the outer curve of the angulated BVMs, cells were also visible in cross-sectional H&E images
(C) and in en face SEM images (D) (n = 3). The SEM images show the surface of the ePTFE scaffolds: long vertical lines are the “nodes” of the scaffold, and short
horizontal lines are the “internodal fibers.” The SEM images also show the cells sprawling across the scaffold nodes and fibers. The amount of cells appeared similar on
the inner and outer halves of the angulated BVMs.

https:/doi.org/10.1371/journal.pone.0217709.9g004
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Fig 5. Cells deposited evenly throughout the luminal surface of L- and U-shaped scaffolds. To quantify the number of cells that deposited onto L- and U-shaped
scaffolds, cells were counted in various regions throughout the luminal surface of the scaffolds after one day of cultivation. (A-B) Specifically, cells were counted on the
inner and outer halves of the scaffolds, on the top and bottom halves of the scaffolds, and in five regions along the length of the scaffolds (red arrows denote the direction
of fluid flow). Cell counting was performed on fluorescent BBI images. (C) Specifically, a template of five boxes was overlaid onto the BBI images, and cells in the boxes
were counted and averaged to obtain a number of cells per unit area for each image. (D-F) In L-shaped BVMs, there was no statistically significant difference between
the cell densities on the inner and outer halves (p = 0.272, n = 3), on the top and bottom halves (p = 0.765, n = 3), or along the length (p = 0.279, n = 3). (G-I) In U-
shaped BVMs, there was no statistically significant difference between the cell densities on the inner and outer halves (p = 0.223, n = 3), on the top and bottom halves
(p=0.860, n = 3), or along the length (p = 0.244, n = 3).

https://doi.org/10.1371/journal.pone.0217709.9005

rigid stent (Fig 6A and 6B). After further cultivation, the stented BVM along with the un-
stented control were harvested and assessed via fluorescence microscopy. The un-stented con-
trol U-shaped BVM exhibited an endothelial lining (Fig 6C), while the stented U-shaped BVM
exhibited almost no endothelial lining in the stented region (Fig 6D), suggesting that endothe-
lial denudation occurred. The BVM was cut open to confirm that the stent deployed (Fig 6E),
and it was observed that proper placement and deployment had occurred.

Discussion

In the present study, we designed and constructed new BVM bioreactors with off-the-shelf,
easy-to-use components, eliminating the difficult aspects of previous designs and allowing
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Fig 6. Stent deployment in a severely angulated BVM. U-shaped BVMs were cultivated for 14 days. At the 14-day time point, (A) a control U-shaped BVM was left
un-stented, while (B) a coronary stent was deployed in another U-shaped BVM. The BVMs were further cultivated for three days. Finally, fluorescent BBI images of the
luminal surface of the BVMs were acquired to assess the cellular lining. (C) The control BVM exhibited a cellular lining, while (D) the stented BVM did not exhibit a
cellular lining in the stented region. (E) The stented BVM was cut open and it was observed that proper placement and deployment had occurred.

https://doi.org/10.1371/journal.pone.0217709.g006
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cultivation of BVMs in a range of vessel geometries. A multifunctional system was designed
and fabricated, reducing the overall number of bioreactors. Closing off unused inlets or outlets
with luer caps when inserting various scaffold geometries was easy. Overall, the multifunc-
tional bioreactors streamlined development of complex-shaped BVMs.

We next added scaffolds and cells into the multifunctional bioreactors. We used scaffolds
made of ePTFE. While ePTFE has been shown to exhibit an elastic modulus that is different
than that of native arteries [26], ePTFE has been successfully used as a vessel replacement in
humans for decades, and in particular its re-endothelialization capacity in vivo has been well
characterized [27]. The inner diameter of the main coronary arteries in humans can range
from 1.6 to 4.5 mm [28], so we used ePTFE scaffolds with an inner diameter that falls within
this range, specifically a 4-mm inner diameter. The scaffolds were easily cut to appropriate
lengths and bent into appropriate shapes to model coronary geometries. HUVECs were depos-
ited throughout scaffold lumens, and there were no statistically significant differences between
cell densities in any of the regions that were assessed. Because cells deposited fairly evenly on
L- and U-shaped scaffolds, we hypothesize that cells would also deposit fairly evenly on less
angulated scaffolds, such as S-shaped scaffolds, as well. Overall, initial setup and cell deposition
within BVMs in coronary geometries was successful.

As a proof of concept for device deployment, we utilized an extremely angulated BVM for
coronary stent implantation. The deployment was simple and able to be performed visually in
a biological safety cabinet. Although the cellular response to stents implanted in this model
will need to be further evaluated, and will be addressed in the limitations below, this proof of
concept illustrated that stent deployment is not only possible but quite efficient, and it was
easy to place the device in the new bioreactors and complex-shaped BVM presented in the cur-
rent work.

The multifunctional bioreactor and complex-shaped BVMs in the present study are differ-
ent from previous tools in multiple ways. Previous bioreactors in our laboratory and in other
laboratories have been used to generate tissue-engineered blood vessels for stent testing
[6,7,29], but these previous bioreactors are not capable of housing vessels in the complex
geometries of coronary arteries. To mimic complex-shaped vasculature, others have created
flow chambers for cultivating blood vessel models in complex geometries [30]. However, these
flow chambers generate micro-scale vessels that are too small for receiving coronary stents.
Our multifunctional bioreactor combines advantages of these previous tools. Specifically, our
bioreactor can house vessels in complex geometries with coronary-sized lumens, making our
model capable of receiving a coronary stent.

There are limitations to the present study. One limitation is the time points that were used
for BVM cultivation and stent implantation. In Figs 4 and 5, BVMs were cultivated for only 1
day, and in Fig 6, a stent was implanted for only 3 days. In our previous studies on straight
BVMs, vessels were cultivated for 7-14 days followed by an additional 7-14 days of stent
implantation [6,7]. These longer time points may allow for more obvious changes in tissue
growth to appear, making re-endothelialization assessments easier. For the present study, cell
deposition at early time points was the focus. Additionally, in the present study only one cell
type was used—HUVECs. Since endothelial cells form only monolayers [31], a thick vascular
tissue capable of withstanding stent deployment and capable of regenerating after stent deploy-
ment may not be able to form using only HUVECs. One potential solution involves first add-
ing smooth muscle cells to the complex-shaped scaffolds followed by endothelial cells, since
smooth muscle cells have been shown to improve endothelial cell attachment to synthetic
grafts [8,19,32-34]. Another potential solution involves adding circulating endothelial progen-
itor cells to the bioreactor system since they have been shown to accelerate re-endothelializa-
tion [35-37] or adding vascular-resident endothelial progenitor cells since current findings
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Needle
Crossbar

Fig 7. Bioreactor prototypes for bifurcated BVMs. (A-B) Bifurcated scaffolds were created by suturing together two straight scaffolds using 6.0 silk suture. (C-D) The
bifurcated scaffold was secured into a T-shape in the multifunctional bioreactor. As with the angulated BVMs, luer caps were used to close unused inlets and outlets in
the multifunctional bioreactor. (E-F) A separate bioreactor was constructed to house Y-shaped BVMs. Custom Y-shaped bioreactor construction was simple and
straightforward using the methods presented in this paper. To create a Y-shaped scaffold, the T-shaped scaffold was simply bent into a Y-shape.

https://doi.org/10.1371/journal.pone.0217709.9007

support their involvement in tissue regeneration processes [38]. Another limitation in the
present study is that the cellular linings were not 100% confluent, due to the early time points
selected, and most endothelial cells were denuded from the vessel during stent deployment,
which could prevent the re-endothelialization process. These limitations could be addressed
with the previously mentioned potential solutions—longer cultivation periods and different
cell types, both of which may help form a thicker, confluent cellular lining. Another limitation
in the present study is that the shear stresses were less than the 15+ dyn/cm” shear stresses
observed in native arteries [24,39]. However, our previous BVMs in straight geometries were
cultivated using similar conditions, and the straight BVMs exhibited thick, confluent cellular
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linings [6,7]. This suggests that sub-physiologic shear stresses are adequate for in vitro models
assessing re-endothelialization. Additional work would need to be performed to thoroughly
address these limitations. While the complex-shaped BVMs in the present study were not used
to comprehensively evaluate stent re-endothelialization, the goal of establishing methods for
bioreactor construction, cell seeding of complex-shaped scaffolds, and proof-of-concept stent
deployment in a complex-shaped BVM was achieved.

The present study could lead to a range of future studies. Immediate next steps could
include longer time points or more in-depth evaluation of device implantation, as discussed
above. Additionally, other geometries could be explored. For example, we have initiated devel-
opment of BVMs in bifurcated geometries to model native coronary arteries with bifurcations
(Fig 7). These geometries, as well as other more tortuous paths, could be developed and char-
acterized. Also, flow characteristics in the various complex-shaped BVM geometries could be
characterized [24]. Finally, other types of devices could be tested in the complex-shaped
BVMs, including drug-eluting stents, balloons, and intravascular imaging modalities.

In summary, multifunctional bioreactors were designed and constructed for housing Blood
Vessel Mimics in complex geometries, scaffolds and cells were added into the bioreactors to
generate BVMs in complex geometries, and a coronary stent was deployed in an extremely
angulated BVM as a proof of concept. While the complex-shaped BVMs presented here were
not used to fully assess re-endothelialization, the outcomes from this work provide a founda-
tion for future work that will focus on further developing and utilizing complex-shaped BVMs
as in vitro models for early-stage preclinical use.

Supporting information

S1 File. Supporting information for Fig 5 data.
(XLSX)

Acknowledgments

We acknowledge Impra Bard for donating the ePTFE. We also acknowledge Dr. Lily Laiho for
use of the SEM instrument and Paige Czarnecki for helping process samples for histology.

Author Contributions

Conceptualization: Robert Dalton Chavez, Sara Leifer Walls, Kristen O’Halloran Cardinal.
Data curation: Robert Dalton Chavez, Sara Leifer Walls, Kristen O’Halloran Cardinal.
Formal analysis: Robert Dalton Chavez.

Investigation: Robert Dalton Chavez, Kristen O’'Halloran Cardinal.

Methodology: Robert Dalton Chavez, Sara Leifer Walls, Kristen O’Halloran Cardinal.
Project administration: Kristen O’Halloran Cardinal.

Resources: Kristen O’Halloran Cardinal.

Supervision: Kristen O'Halloran Cardinal.

Visualization: Robert Dalton Chavez.

Writing - original draft: Robert Dalton Chavez.

Writing - review & editing: Robert Dalton Chavez, Kristen O’Halloran Cardinal.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217709  June 26, 2019 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217709.s001
https://doi.org/10.1371/journal.pone.0217709

@ PLOS|ONE

Tissue-engineered blood vessel mimics in complex geometries for intravascular device testing

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, et al. (2009) Heart disease and stroke sta-
tistics—2010 update: a report from the American Heart Association. Circulation 121: e46—-e215. hitps://
doi.org/10.1161/CIRCULATIONAHA.109.192667 PMID: 20019324

Kandzari DE, Tcheng JE, Zidar JP (2002) Coronary artery stents: evaluating new designs for contempo-
rary percutaneous intervention. Catheter Cardiovasc Interv 56: 562—-576. https://doi.org/10.1002/ccd.
10248 PMID: 12124974

Butany J, Carmichael K, Leong SW, Collins MJ (2005) Coronary artery stents: identification and evalua-
tion. J Clin Pathol 58: 795-804. https://doi.org/10.1136/jcp.2004.024174 PMID: 16049279

Grewe PH, Deneke T, Machraoui A, Barmeyer J, Muller KM (2000) Acute and chronic tissue response
to coronary stent implantation: pathologic findings in human specimen. J Am Coll Cardiol 35: 157-163.
PMID: 10636274

Kipshidze N, Dangas G, Tsapenko M, Moses J, Leon MB, et al. (2004) Role of the endothelium in modu-
lating neointimal formation: vasculoprotective approaches to attenuate restenosis after percutaneous
coronary interventions. J Am Coll Cardiol 44: 733-739. https://doi.org/10.1016/j.jacc.2004.04.048
PMID: 15312851

Cardinal KO, Bonnema GT, Hofer H, Barton JK, Williams SK (2006) Tissue-Engineered Vascular Grafts
as In Vitro Blood Vessel Mimics for the Evaluation of Endothelialization of Intravascular Devices. Tissue
Engineering 12: 3431-3438. https://doi.org/10.1089/ten.2006.12.3431 PMID: 17518679

Cardinal KO, Williams SK (2009) Assessment of the intimal response to a protein-modified stent in a tis-
sue-engineered blood vessel mimic. Tissue Eng Part A 15: 3869-3876. https://doi.org/10.1089/ten.
TEA.2009.0193 PMID: 19563259

Herting S, DiBartolomeo A, Pipes T, Kunz S, Temnyk K, et al. (2016) Human Umbilical Versus Coronary
Cell Sources for Tissue-Engineered Blood Vessel Mimics. Applied In Vitro Toxicology 2: 175-182.

Gibbons MC, Foley MA, Cardinal KO (2013) Thinking inside the box: keeping tissue-engineered con-
structs in vitro for use as preclinical models. Tissue Eng Part B Rev 19: 14-30. https://doi.org/10.1089/
ten. TEB.2012.0305 PMID: 22800715

FDA (2010) Guidance for Industry and FDA Staff: Non-Clinical Engineering Tests and Recommended
Labeling for Intravascular Stents and Associated Delivery Systems. 9-10.

Bjorkerud S, Bondjers G (1973) Arterial repair and atherosclerosis after mechanical injury. 5. Tissue
response after induction of a large superficial transverse injury. Atherosclerosis 18: 235-255. PMID:
4582612

Duraiswamy N, Schoephoerster RT, Moreno MR, Moore JEJ (2007) Stented Artery Flow Patterns and
Their Effects on the Artery Wall. Annual Review of Fluid Mechanics 39: 357-382.

Gyongyosi M, Yang P, Khorsand A, Glogar D (2000) Longitudinal straightening effect of stents is an
additional predictor for major adverse cardiac events. Austrian Wiktor Stent Study Group and European
Paragon Stent Investigators. J Am Coll Cardiol 35: 1580—1589. PMID: 10807464

Perez De Prado A, Perez Martinez C, Cuellas Ramon C, Gonzalo Orden JM, Altonaga JR, et al. (2009)
Endothelialization of nonapposed stent struts located over the origin of a side branch: results with differ-
ent carbofilm-coated stents. J Interv Cardiol 22: 222—227. https://doi.org/10.1111/j.1540-8183.2009.
00458.x PMID: 19490356

Wentzel JJ, Krams R, Schuurbiers JCH, Oomen JA, Kloet J, et al. (2001) Relationship Between Neointi-
mal Thickness and Shear Stress After Wallstent Implantation in Human Coronary Arteries. Circulation
103: 1740-1745. PMID: 11282904

Wentzel JJ, Whelan DM, van der Giessen WJ, van Beusekom HM, Andhyiswara I, et al. (2000) Coro-
nary stent implantation changes 3-D vessel geometry and 3-D shear stress distribution. J Biomech 33:
1287-1295. PMID: 10899339

Lock&Lock (2012) http://www.locknlock.in/product_details.aspx?id=34

Saint-Gobain-Performance-Plastics (2003) Tygon 3350 Sanitary Silicone Tubing. http://www.tygon.
saint-gobain.co.jp/pdf/Tygon3350.pdf

Chavez RD (2012) Development of In Vitro Tissue-Engineered Blood Vessel Mimics in Complex Geom-
etries for Coronary Stent Testing. Digital Commons at Cal Poly.

Leifer SM (2008) Design and Optimization of a Blood Vessel Mimic Bioreactor System for the Evalua-
tion of Intravascular Devices in Simple and Complex Vessel Geometries. Digital Commons at Cal Poly.

Salzmann DL, Kleinert LB, Berman SS, Williams SK (1997) The effects of porosity on endothelialization
of ePTFE implanted in subcutaneous and adipose tissue. J Biomed Mater Res 34: 463—476. PMID:
9054530

PLOS ONE | https://doi.org/10.1371/journal.pone.0217709  June 26, 2019 16/17


https://doi.org/10.1161/CIRCULATIONAHA.109.192667
https://doi.org/10.1161/CIRCULATIONAHA.109.192667
http://www.ncbi.nlm.nih.gov/pubmed/20019324
https://doi.org/10.1002/ccd.10248
https://doi.org/10.1002/ccd.10248
http://www.ncbi.nlm.nih.gov/pubmed/12124974
https://doi.org/10.1136/jcp.2004.024174
http://www.ncbi.nlm.nih.gov/pubmed/16049279
http://www.ncbi.nlm.nih.gov/pubmed/10636274
https://doi.org/10.1016/j.jacc.2004.04.048
http://www.ncbi.nlm.nih.gov/pubmed/15312851
https://doi.org/10.1089/ten.2006.12.3431
http://www.ncbi.nlm.nih.gov/pubmed/17518679
https://doi.org/10.1089/ten.TEA.2009.0193
https://doi.org/10.1089/ten.TEA.2009.0193
http://www.ncbi.nlm.nih.gov/pubmed/19563259
https://doi.org/10.1089/ten.TEB.2012.0305
https://doi.org/10.1089/ten.TEB.2012.0305
http://www.ncbi.nlm.nih.gov/pubmed/22800715
http://www.ncbi.nlm.nih.gov/pubmed/4582612
http://www.ncbi.nlm.nih.gov/pubmed/10807464
https://doi.org/10.1111/j.1540-8183.2009.00458.x
https://doi.org/10.1111/j.1540-8183.2009.00458.x
http://www.ncbi.nlm.nih.gov/pubmed/19490356
http://www.ncbi.nlm.nih.gov/pubmed/11282904
http://www.ncbi.nlm.nih.gov/pubmed/10899339
http://www.locknlock.in/product_details.aspx?id=34
http://www.tygon.saint-gobain.co.jp/pdf/Tygon3350.pdf
http://www.tygon.saint-gobain.co.jp/pdf/Tygon3350.pdf
http://www.ncbi.nlm.nih.gov/pubmed/9054530
https://doi.org/10.1371/journal.pone.0217709

@ PLOS|ONE

Tissue-engineered blood vessel mimics in complex geometries for intravascular device testing

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Boswell CA, Williams SK (1999) Denucleation promotes neovascularization of ePTFE in vivo. J Bioma-
ter Sci Polym Ed 10: 319-329. PMID: 10189100

Smith SC Jr., Dove JT, Jacobs AK, Kennedy JW, Kereiakes D, et al. (2001) ACC/AHA guidelines for
percutaneous coronary intervention (revision of the 1993 PTCA guidelines)-executive summary: a
report of the American College of Cardiology/American Heart Association task force on practice guide-
lines (Committee to revise the 1993 guidelines for percutaneous transluminal coronary angioplasty)
endorsed by the Society for Cardiac Angiography and Interventions. Circulation 103: 3019-3041.
PMID: 11413094

Shah K (2011) Characterization of Bioreactor System for Tissue Engineered Blood Vessels. https:/
digitalcommons.calpoly.edu/cgi/viewcontent.cgi?article=1016&context=bmedsp

Liao R, Green NE, Chen SY, Messenger JC, Hansgen AR, et al. (2004) Three-dimensional analysis of
in vivo coronary stent—coronary artery interactions. Int J Cardiovasc Imaging 20: 305-313. PMID:
15529914

Armentano RL, Santana DB, Cabrera Fischer El, Graf S, Campos HP, et al. (2006) An in vitro study of
cryopreserved and fresh human arteries: a comparison with ePTFE prostheses and human arteries
studied non-invasively in vivo. Cryobiology 52: 17—26. https://doi.org/10.1016/j.cryobiol.2005.09.001
PMID: 16274686

Deutsch M, Meinhart J, Zilla P, Howanietz N, Gorlitzer M, et al. (2009) Long-term experience in autolo-
gous in vitro endothelialization of infrainguinal ePTFE grafts. J Vasc Surg 49: 352—-362; discussion 362.
https://doi.org/10.1016/j.jvs.2008.08.101 PMID: 19110397

Dodge JT Jr., Brown BG, Bolson EL, Dodge HT (1992) Lumen diameter of normal human coronary
arteries. Influence of age, sex, anatomic variation, and left ventricular hypertrophy or dilation. Circulation
86: 232-246. PMID: 1535570

Punchard MA, O’Cearbhaill ED, Mackle JN, McHugh PE, Smith TJ, et al. (2009) Evaluation of human
endothelial cells post stent deployment in a cardiovascular simulator in vitro. Ann Biomed Eng 37:
1322-1330. https://doi.org/10.1007/s10439-009-9701-6 PMID: 19408120

Mannino RG, Myers DR, Ahn B, Wang Y, Margo R, et al. (2015) "Do-it-yourself in vitro vasculature that
recapitulates in vivo geometries for investigating endothelial-blood cell interactions". Sci Rep 5: 12401.
https://doi.org/10.1038/srep12401 PMID: 26202603

Suzuki E, Nagata D, Yoshizumi M, Kakoki M, Goto A, et al. (2000) Reentry into the cell cycle of contact-
inhibited vascular endothelial cells by a phosphatase inhibitor. Possible involvement of extracellular sig-
nal-regulated kinase and phosphatidylinositol 3-kinase. J Biol Chem 275: 3637-3644. https://doi.org/
10.1074/jbc.275.5.3637 PMID: 10652360

Delagrammaticas D (2009) Development of an In Vitro Tissue Engineered Blood Vessel Mimic Using
Human Large Vessel Cell Sources. San Luis Obispo: California Polytechnic State University. 164 p.

Yu H, Dai W, Yang Z, Kirkman P, Weaver FA, et al. (2003) Smooth muscle cells improve endothelial
cell retention on polytetrafluoroethylene grafts in vivo. J Vasc Surg 38: 557-563. PMID: 12947277

YuH, Wang Y, Eton D, Rowe VL, Terramani TT, et al. (2001) Dual cell seeding and the use of zymogen
tissue plasminogen activator to improve cell retention on polytetrafluoroethylene grafts. J Vasc Surg
34: 337-343. https://doi.org/10.1067/mva.2001.114817 PMID: 11496288

Walter DH, Rittig K, Bahimann FH, Kirchmair R, Silver M, et al. (2002) Statin therapy accelerates reen-
dothelialization: a novel effect involving mobilization and incorporation of bone marrow-derived endo-
thelial progenitor cells. Circulation 105: 3017-3024. PMID: 12081997

Werner N, Junk S, Laufs U, Link A, Walenta K, et al. (2003) Intravenous transfusion of endothelial pro-
genitor cells reduces neointima formation after vascular injury. Circ Res 93: e17—24. https://doi.org/10.
1161/01.RES.0000083812.30141.74 PMID: 12829619

Yoshioka T, Takahashi M, Shiba Y, Suzuki C, Morimoto H, et al. (2006) Granulocyte colony-stimulating
factor (G-CSF) accelerates reendothelialization and reduces neointimal formation after vascular injury
in mice. Cardiovasc Res 70: 61-69. https://doi.org/10.1016/j.cardiores.2005.12.013 PMID: 16448633

Patel J, Seppanen EJ, Rodero MP, Wong HY, Donovan P, et al. (2017) Functional Definition of Progeni-
tors Versus Mature Endothelial Cells Reveals Key SoxF-Dependent Differentiation Process. Circulation
135: 786—-805. https://doi.org/10.1161/CIRCULATIONAHA.116.024754 PMID: 27899395

Malek AM, Alper SL, Izumo S (1999) Hemodynamic shear stress and its role in atherosclerosis. JAMA
282: 2035-2042. PMID: 10591386

PLOS ONE | https://doi.org/10.1371/journal.pone.0217709  June 26, 2019 17/17


http://www.ncbi.nlm.nih.gov/pubmed/10189100
http://www.ncbi.nlm.nih.gov/pubmed/11413094
https://digitalcommons.calpoly.edu/cgi/viewcontent.cgi?article=1016&context=bmedsp
https://digitalcommons.calpoly.edu/cgi/viewcontent.cgi?article=1016&context=bmedsp
http://www.ncbi.nlm.nih.gov/pubmed/15529914
https://doi.org/10.1016/j.cryobiol.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16274686
https://doi.org/10.1016/j.jvs.2008.08.101
http://www.ncbi.nlm.nih.gov/pubmed/19110397
http://www.ncbi.nlm.nih.gov/pubmed/1535570
https://doi.org/10.1007/s10439-009-9701-6
http://www.ncbi.nlm.nih.gov/pubmed/19408120
https://doi.org/10.1038/srep12401
http://www.ncbi.nlm.nih.gov/pubmed/26202603
https://doi.org/10.1074/jbc.275.5.3637
https://doi.org/10.1074/jbc.275.5.3637
http://www.ncbi.nlm.nih.gov/pubmed/10652360
http://www.ncbi.nlm.nih.gov/pubmed/12947277
https://doi.org/10.1067/mva.2001.114817
http://www.ncbi.nlm.nih.gov/pubmed/11496288
http://www.ncbi.nlm.nih.gov/pubmed/12081997
https://doi.org/10.1161/01.RES.0000083812.30141.74
https://doi.org/10.1161/01.RES.0000083812.30141.74
http://www.ncbi.nlm.nih.gov/pubmed/12829619
https://doi.org/10.1016/j.cardiores.2005.12.013
http://www.ncbi.nlm.nih.gov/pubmed/16448633
https://doi.org/10.1161/CIRCULATIONAHA.116.024754
http://www.ncbi.nlm.nih.gov/pubmed/27899395
http://www.ncbi.nlm.nih.gov/pubmed/10591386
https://doi.org/10.1371/journal.pone.0217709

