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Scaffold-guided vascular tissue engineering has been investigated as a means to generate functional and
transplantable vascular tissue grafts that increase the efficacy of cell-based therapeutic strategies in regenerative
medicine. In this study, we employed confocal microscopy and three-dimensional reconstruction to assess the
engraftment and growth potential of vascular cells within an alginate scaffold with aligned pores. We fabricated
honeycomb alginate scaffolds with aligned pores, whose surface was immobilized with fibronectin and subse-
quently coated with matrigel. Endothelial cells were seeded into aligned pore scaffolds in the presence and absence
of human smooth muscle cells. We showed that endothelial cells seeded into alginate scaffolds attach on the
surface of aligned pores in vitro, giving rise to stable co-cultures of vascular cells. Moreover, the three-dimensional
alginate depots containing the cells were exposed to laminar flow in order to recapitulate physiological shear stress
found in the vasculature in vivo. After the flow exposure, the scaffold remained intact and some cells remained
adherent to the scaffold and aligned in the flow direction. These studies demonstrate that alginate scaffolds
provide a suitable matrix for establishing durable angiogenic modules that may ultimately enhance organ re-

vascularization.

Introduction

PLURIPOTENT STEM CELLS offer considerable clinical poten-
tial for the regenerative therapy of injured and diseased
tissues. However, cellular regeneration using derivatives of
pluripotent stem cells has been confronted with major hur-
dles. Specifically, early attempts to deliver cellular grafts
fabricated from bone marrow-derived stem cells for repair of
myocardial infarction have met with little success. It is likely
that long-term, functional engraftment of the in vitro gener-
ated vascular cells within injured or diseased tissues has failed
because of apoptotic cell death and/or inability of the graft to
connect with the existing circulatory system. Thus, a syn-
thetic, microfabricated matrix with tubular channels that al-
low colonization with vascular cells could provide an ideal
substrate upon which biologically compatible, vascularized
tissue grafts can be built.

Scaffold-guided tissue engineering has emerged as a
promising therapeutic strategy to develop functional and
transplantable vascular tissue constructs. Scaffolds serve as
three-dimensional (3D) templates for cell attachment and sub-
sequent tissue formation,’™ and unlike conventional cell
cultures which involve growing cells in a nonphysiological 2D

environment, positioning of the vascular cells within 3D
scaffolds may provide cytoskeletal or extrinsic cues involving
enhanced interaction with extracellular matrix components
essential for formation of tissue grafts that are functional
following transplantation.

Several vascular prostheses made from a wide variety of
synthetic materials, including nylon, Teflon, Dacron, poly-
urethane, expanded poly(tetrafluoroethylene), have been
previously reported.'® However, as the desirable function of a
scaffold is to serve as a temporal substrate for the attachment
and proliferation of cells, the design of biodegradable 3D
materials with porous structures has been extensively inves-
tigated. The biodegradable 3D materials investigated include
glycolide-lactide copolymer nonwoven fabrics, collagen
sponges, hyaluronic acid sponges, and alginate sponges.'''2

In this study, we fabricated an alginate scaffold with hon-
eycomb aligned pores, which could be suitable for vascular
tissue engineering because the dynamic physiological envi-
ronment of the microvasculature can be simulated. We visu-
alized the attachment of fluorescently labeled live cells within
scaffolds and examined the behavior and morphology of
vascular cells under both static and dynamic culture condi-
tions. Finally, we showed that alginate scaffolds could serve
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as a template for intimate co-cultures of vascular endothelial
and smooth muscle cells in vitro. This study suggests that a
honeycomb alginate scaffold with aligned pores can provide a
substrate suitable for establishing durable vascular modules
that may ultimately enhance organ revascularization.

Materials and Methods

Fabrication of honeycomb alginate
scaffolds with aligned pores

Sodium alginate with a molecular weight of 64,000, 95,000,
and 110,000 was purchased from Wako Pure Chemical In-
dustry (Osaka, Japan). Other chemicals were obtained from
Nacalai Tesque (Kyoto, Japan), Calbiochem (La Jolla, CA),
BD Biosciences (Franklin Lakes, NJ), and Sigma Chemical
(St. Louis, MO) and used without further purification.

Alginate gels were prepared according to the ionotropic
gelation method described previously.13 Briefly, sodium al-
ginate was dissolved at different concentrations in distilled
water as summarized in Table 1. The inner wall of the glass
beakers was coated with a thin layer of sodium alginate and
dried at 110°C for 0.5h. An aqueous solution of sodium al-
ginate (20mL) was poured into the alginate-coated beaker
and calcium chloride solution was sprayed until a thin algi-
nate gel layer was formed on top of the sodium alginate so-
lution. Then, 10 mL of calcium chloride solution was added on
the thin gel layer, followed by overnight incubation at room
temperature to complete gelation. This ionotropic gelation
generated parallel channel-like pores in alginate gels. The gels
were subsequently washed with deionized water to remove
free calcium ions. The resulting gels were frozen at —80°C and
lyophilized under vacuum at room temperature for 2 days.
The lyophilized alginate gels were cut into disc-shaped units
of 5mm in diameter and 2 mm in thickness and then subjected
to further chemical modifications. This lyophilization process
allows the gels to form a honeycomb structure.

Alginate gel discs were covalently crosslinked with
ethylenediamine (ED) by activating carboxyl group with
N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC). The alginate discs were
immersed in 2-(N-morpholino)ethanesulfonic acid buffer
(0.2M, pH 6.0) containing ethylenediamine (5.17 mM), NHS
(114mM), and EDC (305 mM) and centrifuged at 1500 rpm
for 5min to eliminate air bubbles from channels in the algi-
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nate discs. After 24 h of crosslinking, the resulting discs were
washed three times with phosphate-buffered saline (PBS).

Characterization of honeycomb alginate
scaffolds with aligned pores

Honeycomb alginate scaffolds with aligned pores were pre-
pared at different fabrication conditions as shown in Table 1.
After sputter coating with gold/palladium, the samples were
viewed on a scanning electron microscope (SEM; S2380N;
Hitachi, Tokyo, Japan). The average pore diameter and pore
density of the scaffolds were measured by image analysis of
the SEM pictures with Image] software (version 1.38; Na-
tional Institutes of Health, Bethesda, MD).

Surface modification of pores with fibronectin
and matrigel for cell culture

To facilitate cell attachment onto the channel wall of hon-
eycomb alginate scaffolds with aligned pores, fibronectin was
covalently immobilized through NHS and EDC chemistry.
Briefly, crosslinked scaffolds were immersed in a 0.1 mg/mL
fibronectin/PBS solution containing NHS (114 mM) and EDC
(305mM), followed by overnight incubation at room tem-
perature. Unbound fibronectin was washed out with PBS.
The resulting scaffolds were sterilized with 70% ethanol and
washed with sterile PBS and serum-free RPMI 1640 medium,
respectively. Then the matrigel was coated onto the channel
walls by immersing fibronectin-immobilized scaffolds into
10-fold diluted matrigel solution (BD Biosciences) at 4°C.

Cell culture

Primary ECs were maintained in vitro in medium sup-
plemented with serum and proangiogenic factors. Such me-
dia may provide confounding variables when ECs are
co-cultured with other cells. As a result, E4ORF1-transduced
ECs were produced by transducing adenoviral E4AORF1 gene
into primary human ECs, to generate a long-lasting angio-
genic state. We have recently reported that this approach
supports long-term survival of the endothelial cells (ECs) in
serum/cytokine-free conditions without inducing transfor-
mation.'*!® A lentivirus carrying the pgk-green fluorescent
protein (GFP) gene and the pgk-mCherry gene was infected
into E4ORF1-transduced human umbilical vein ECs (HU-
VECs) or wild-type HUVECs and human smooth muscle
cells (HuSMCs), respectively. GFP-labeled HUVECs and

TABLE 1. EFFECT OF ALGINATE CONCENTRATION, ALGINATE MOLECULAR WEIGHT,
AND CAaLciuM CONCENTRATION ON CHANNEL FORMATION

Alginate concentration Alginate molecular

Calcium concentration

Channel diameter Channel density

(wt /vol %) weight (M) (um) (%)
0.5 110,000 1.0 218 +37 79.1
1.0 110,000 1.0 239443 93.3
2.0 110,000 1.0 352+71 93.7
4.0 110,000 1.0 None porous —

2.0 64,000 1.0 270 £ 45 93.8
2.0 95,000 1.0 286 55 914
2.0 110,000 1.0 352+71 93.7
2.0 110,000 0.5 4614110 92.9
2.0 110,000 1.0 352+71 93.7
2.0 110,000 15 312+£32 94.7
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FIG. 1. A representative image of alginate scaffolds and GFP-labeled E4ORF1+ HUVECs in the scaffolds obtained by
scanning electron microscope and confocal microscope. (A-C) Alginate scaffolds with aligned-pore structure. Average pore
diameter is 352 um and porosity is 93.7%. (D-F) Control alginate scaffolds with random-pore structure. (A, D) Horizontal
images and (B, E) vertical images of scaffolds. Magnification of each image is 100x. In addition, Z-stack images were taken
after 1 day of cell seeding at a magnification of 10x and reconstructed through a projection mode using LSM510 software.
GFP, pgk-green fluorescent protein; HUVECs, human umbilical vein endothelial cells.

FIG. 2. Longitudinal confocal images
of GFP-labeled E4ORF1 + HUVECs

in alginate scaffolds in the absence

of matrigel (A) 1, (B) 3, (C) 5, and (D)
7 days after cell seeding.
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mCherry-labeled HuSMCs were maintained in medium 199
containing endothelial mitogen, heparin, antibiotics, and 20%
fetal bovine serum. To seed these cells into a matrigel-coated
scaffold, the scaffold was aseptically placed in an insulin
syringe, followed by loading the cell suspension containing
GFP-labeled HUVECs and mCherry-labeled HuSMCs at
different mixing ratios (total 0.5x10° cells/25 L) into the
scaffold-placed syringe. The cell-loaded scaffold in the in-
sulin syringe was put into a Petri dish and shaken at 37°C
and 300rpm for 2h to achieve a homogeneous cell distri-
bution throughout the scaffolds.

Evaluation of cell number and survival
in honeycomb alginate scaffolds with aligned pores

The number of E4ORF1-transduced HUVECs (E4ORF1 +
HUVECs) attached to alginate scaffolds was determined by
fluorometric quantification of cellular DNA according to
the method reported previously.'® Briefly, the cell-seeded
scaffolds were washed with PBS and stored at —80°C until
assayed. After thawing, the samples were lysed in 30 mM
saline-sodium citrate buffer (SSC) (pH 7.4) containing
0.2mg/mL sodium dodecylsulfate at 37°C for 12h. The cell
lysate (100 pL) was mixed with SSC (400 pL) in a glass tube.
After mixing with a dye solution (500uL; 30mM SSC,
1mg/mL Hoechst 33258 dye), the fluorescent intensity of
mixed solution was measured in a fluorescence spectrometer
(Spectramax M5; Molecular Devices, Sunnyvale, CA) at the
excitation and emission wavelengths of 355 and 460 nm, re-
spectively. The calibration curve between the DNA and cell
number was prepared using cells of known numbers. The
DNA assay was performed three times independently for
every experimental sample unless otherwise noted.

E4ORF1 + HUVEC-seeded scaffolds were soaked in trypsin
(0.25%)—disodium ethylenediamine tetraacetic acid (53 mM)
at 37°C for 5min to collect the cells from within. The col-
lected cells were washed with fresh media and PBS and then
subjected to an apoptosis assay using the Annexin V-FITC
apoptosis detection kit (BD Biosciences) according to the man-
ufacturer’s instructions. The cells treated with the kit were
analyzed by flow cytometry (Cytomics FC-500; Beckman
Coulter, Fullerton, CA).

Confocal microscopic observation of cells
in honeycomb alginate scaffolds with aligned pores

At different time points, cell attachment was examined by
Z-stack-imaging with a confocal microscope (LSM-510 META;
Carl Zeiss Microlmaging GmbH, Gottingen, Germany).

Testing of scaffold-vascular integrity
in a dynamic shear stress system

A flow chamber with an inner diameter of 3mm was
constructed. Using a biopsy puncher, cell-seeded honeycomb
scaffolds were cut into a disc shape with a diameter of 3mm
and aseptically placed into the flow channel. The scaffolds
were placed in a flow chamber designed to align the pores of
the scaffold along the direction of laminar flow. Then the
chamber was connected to a closed-tube circuit with a res-
ervoir of culture media and a buffer dam to avoid the effect
of pulsation from a peristaltic pump. The shear stress was
changed by flow rate, which was determined experimentally
by the volume of media collected per minute.
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Results

Honeycomb alginate scaffolds can be engineered into
homogenously microfabricated vessel-like structures

Delivery of ECs for vascularization of tissues requires
microfabrication of a homogenously aligned capillary-like
scaffold. After screening a large number of biomaterials, we
have determined that alginate scaffolds can be readily mi-
crofabricated into long, parallel pores mimicking the typical
structure of blood vessel capillaries (Fig. 1).

The alignment of the pores was assessed by SEM. Figure 1
shows a representative SEM image of aligned-pore (Fig. 1A,
B) and random-pore (Fig. 1D, E) alginate scaffolds. As a
control, the random-pore scaffold was prepared by lyophi-
lizing chemically crosslinked alginate gels for 2 days accord-
ing to the method described previously.'” Irrespective of the
scaffold types, highly porous structures were observed, al-
though their pore arrangements were quite different. Indeed,
as described previously,'® the ionotropic gelation generated a
massive gel with parallel channel-like pores (data not shown).
However, the lyophilization of the resulting gels generated
honeycomb-like structure of the aligned-pore alginate scaf-
folds. Every scaffold had an aligned-pore structure except
when prepared from the solution with the highest alginate
concentration. Both the diameter and density of the aligned
pores varied depending on their fabrication conditions (Table
1). In terms of homogeneity of cell seeding into the scaffolds,
cells adhered homogeneously on the walls of aligned-pore
scaffolds (Fig. 1C), whereas pores at the surface of random-
pore scaffolds were occupied with seeded cells (Fig. 1F). Based
on these results, we demonstrate that the structural features of
aligned-pore scaffolds allow living cells to be visualized by
confocal microscopy even at deep portions within the scaffold.
As we used a lens with a short focal depth, there was a limi-
tation of magnification for confocal imaging of thick scaffolds,
and we could not visualize living cells in the scaffold at a high
magnification capable of single-cell imaging. A 3-D rendering
of a Z-stack captured of labeled cells at day 3 of seeding onto
aligned pore scaffold is shown under supplemental movie,
available online at www liebertonline.com/ten.

Seeded ECs establish homogenous monolayers
within the alginate scaffolds

To quantify the efficiency of the seeding method, mouse
hemangioma-derived cells were seeded into the honeycomb
alginate scaffolds with an average aligned pore diameter of
352 pm and a porosity of 93.7% by two different methods:
dropping the cell suspension onto the honeycomb scaffolds
and injecting the cell suspension into the honeycomb scaf-
folds. After 3h of cultivation, mouse hemangioma-derived
cells were trypsinized for detachment from the scaffolds and
were counted with a hemocytometer. Cell-seeding efficiency
was calculated by dividing the total number of cells by the
number of seeded cells. The injection method showed a sev-
enfold higher seeding efficiency (12.4%) than the dropping
method (1.8%). Based on this result, the injection method was
employed for cell seeding in the following studies.

Figure 2 shows the time course of cell attachment in
fibronectin-immobilized honeycomb scaffolds without ma-
trigel coating. We found homogeneous cell attachment on
the surface of pores in scaffolds at day 1 (Fig. 2A), but the cells
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on the pore surface detached after 3 days (Fig. 2B) or longer in
culture. Therefore, we coated fibronectin-immobilized hon-
eycomb scaffolds with matrigel to improve cell attachment for
subsequent studies. After the improvement of cell attachment
to the honeycomb scaffolds by matrigel coating, the cells ad-
hered homogeneously to the walls of honeycomb alginate
scaffolds (Fig. 1C). These observations are consistent with the
quantitative profile of the number of cells in the scaffolds.
Even after the initial cell loss from the scaffolds, the remaining
cells remained stable over time (Fig. 3A). Flow cytometry
analysis for apoptotic and dead cells showed that most of the
attached cells (96.6% of the total collected cells) in the alginate
scaffolds were alive 1 week after seeding (Fig. 3B).

Microfabrication of a stable co-culture of vascular cells
using EAORF1+ HUVECs and smooth muscle

Delivery of vascular cell-seeded alginate scaffolds into
injured tissue requires that the ECs maintain their angiogenic
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FIG. 3. Cell number and survival of E4ORF1 + HUVECsS in
honeycomb alginate scaffolds with aligned-pore structure.
The mean with the standard deviation of the mean was
plotted. (A) Time profile of the number of cells attaching on
aligned pores in honeycomb alginate scaffolds and (B)
fluorescence activated cell sorting analysis for apoptotic and
dead cells in alginate scaffolds 1 week after seeding. The
mean with the standard deviation of the mean was plotted.
Color images available online at www liebertonline.com/ten.

303

repertoire for several hours or days. As naive primary ECs
require chronic stimulation with serum and angiogenic fac-
tors, including fibroblast growth factor-2 (FGF-2) and vascular
endothelial growth factor A (VEGF-A), microfabrication of
alginate scaffolds with such ECs may not be feasible.
Therefore, to circumvent the use of primary ECs and opti-
mize the conditions for delivery of scaffolds, we used novel
primary ECs that could maintain their angiogenic and struc-
tural integrity in the absence of serum or angiogenic factors.
To achieve this goal, we used ECs that were transduced with
the adenoviral E4ORF1 gene, which allows for long-term
survival of the ECs through Akt activation without mitogen-
activated protein (MAP)-kinase activation or oncogenic
transformation.'*

E40RF1 + HUVECs were seeded into the alginate scaffold
under serum-free and cytokine-free conditions. Figure 4
shows a time course of confocal images of cocultured
E4ORF1 +HUVECs (green, GFP) with HuSMC (red,
mCherry) at different mixing ratios and time points. We
could visualize both fluorescent-labeled E4ORF1 + HUVECs
and HuSMCs even one millimeter away from the scaffold
surfaces. Based on confocal imaging, cell populations varied
depending on the initial mixing ratios. Many cells attached to
the alginate scaffolds over time, although some cells, espe-
cially the E4ORF+HUVECs, seemed to detach from the
scaffolds rather than the HuSMC. Moreover, we found
similar seeding efficiency for naive primary HUVECs mixed
with HuSMCs at different mixing ratios (Supplemental Figs.
1 and 2, available online at www liebertonline.com/ten).

Testing of scaffold-vascular integrity
in a dynamic shear stress system

Biomechanical forces, such as shear stress, are known to
induce signaling responses that regulate vascular tone. Static
conditions commonly used to study vascular cells in culture
may not reflect the in-vivo milieu. We have established a
protocol to study the influence of shear stress on the be-
havior of cells seeded onto honeycomb scaffolds. The scaf-
folds were placed in a flow chamber designed to align the
honeycomb scaffold along the direction of the laminar flow.
The aligned-pore design enables us to examine the role of
fluid shear stress to recapitulate the physiological vascula-
ture.'® To investigate the influence of mechanical forces in 3D
environments, the scaffolds were exposed to a shear force of
0 (Fig. 5B, C), 1 (Fig. 5D, E), and 2 dyne/ cm? (Fig. 5F, G). The
longitudinal images of cells after the fluid exposure (Fig. 5E,
G) show that honeycomb scaffolds remain intact and some
cells remain adherent to the honeycomb scaffolds after ex-
posure to shear flow. Despite the limitation of magnification
for confocal imaging of the thick scaffolds, we observed that
some cells were aligned in the direction of flow (Fig. 5E, G).
These confocal images confirm that the cells remain adhered
to the scaffold in this dynamic setup, thus making this
scaffold system a viable model for studying the role of fluid
shear stress on a vascular compartment.

Discussion

We have created a 3D honeycomb framework with
aligned pores to accommodate cell adhesion and subsequent
growth to generate stable co-cultures of vascular cells. This
template is composed of sodium alginate and its pore size
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can be manipulated by changing the fabrication conditions to
create different scaffolds for cell seeding. Moreover, the
special honeycomb structure allows us to shorten the
cell-seeding duration and to establish a homogeneous cell
distribution. Finally, the special structure allows for live
imaging of cell attachment in the scaffolds over long periods
of time. Attempts have been made by other investigators to
develop a technique for noninvasive live imaging of cells in
scaffolds, using different modalities such as confocal mi-
croscopy, magnetic resonance imaging, and X-ray computer
tomography.'*? These noninvasive techniques for live cell
imaging could allow for high-resolution monitoring of the
development and incorporation of tissue-engineered con-
structs. Our approach was to combine the fabrication of the
well-designed aligned pore structure with confocal micros-
copy, not only to mimic a vascular structure and expose the
cultured cells to laminar shear stress, but also to enable
fluorescent-based imaging of attached cells on the inside of
the scaffolds.

To generate the honeycomb aligned-pore structure in al-
ginate scaffolds, we employed ionotropic gelation of sodium
alginate with calcium, a major divalent cation in the body.
When mixed with divalent cations, sodium alginate forms
egg-box structures by ionic crosslinking, resulting in gela-
tion. Upon sol-gel transition, alginate chains are con-
densed and the excess amount of water is separated from
the resulting gel. Thus the shrunken gel is formed, although
the extent of its shrinkage depends on several fabrication
conditions, such as polymer concentration, molecular
weight, calcium concentration, and the composition of B-p-
mannuronate and its C-5 epimer a-L-guluronate residues. As
the reaction vessel is coated with sodium alginate, and an
alginate gel membrane is fabricated on the sodium alginate
solution by spraying calcium chloride solution, one-directional
gelation occurs by the diffusion of calcium ions, followed by
isotropic shrinking and condensation in a planar boundary
at the gelation front in the sodium alginate solution. This
results in the generation of the honeycomb aligned-pore
structure in alginate scaffolds. The increased calcium con-
centration results in an increase in the number of the gelation
centers and an eventual decrease in pore size. Moreover,
sodium alginate with a higher molecular weight and a higher
polymer concentration exhibits stronger shrinkage and con-
densation, resulting in the generation of a gel with larger
pore size. However, only massive gels are formed from the
sodium alginate solution with an excessive polymer con-
centration.

Moreover, alginate is biocompatible and chemically sus-
ceptible and has been clinically approved as a wound cover.”'
However, as alginate is hydrophilic, which shortens cell-
seeding duration, surface modification of the scaffolds is re-
quired. Some cell adhesion molecules, such as arginine-
glycine-aspartic acid-serine (RGDS) peptide, fibronectin, and
laminin, have been utilized for coating and immobilization on
cell substrates and scaffolds. Among the cell adhesion mole-
cules listed, fibronectin was employed to be immobilized on
the surface of honeycomb aligned-pore alginate scaffolds.
Using radioiodinated fibronectin, we quantified the amount
of fibronectin immobilized onto alginate scaffolds. Briefly, we
used the fibronectin solution containing trace amount of
radioiodinated fibronectin for the immobilization reaction
and calculated the amount of immobilized fibronectin based

YAMAMOTO ET AL.

on the radioactivity of a scaffold after the reaction and the
specific radioactivity of radioiodinated fibronectin against the
protein amount. We determined that the density of im-
mobilized fibronectin on the surface of pores in alginate
scaffolds was ~240ng/cm? Pompe et al.** have reported the
effect of immobilization properties of fibronectin on the initial
phase of EC adhesion and documented cell attachment on a
fibronectin-immobilized surface with a surface fibronectin
density of 450 ng/cm?®. As alginate itself is hydrophilic, it is
possible that cells cannot attach firmly on the scaffold pore
surface, even with a surface fibronectin density similar to that
reported by Pompe et al. Unfortunately, we did not investi-
gate the effect of surface density and molecular orientation of
fibronectin on the behavior of HUVECs, but ultimately did
observe the detachment of HUVECs from scaffolds. This al-
lowed us to conclude that matrigel coating for fibronectin-
immobilized scaffolds could improve cell adhesion, resulting
in stable culture or co-culture of HUVECs and HuSMCs in the
matrigel-coated scaffolds (Figs. 1 and 4). Taken together, this
proves the efficacy of utilizing matrigel-coated fibronectin-
immobilized scaffolds in this study.

Various strategies have been utilized to optimize cell
seeding and distribution within a scaffold: the pouring of
cell suspensions onto scaffolds, > the injection of cell sus-
pensions with a syringe,?® and the seeding of cell suspensions
into scaffolds in spinner flasks*° and in a perfusion culture
system.?*?! Kim et al.** have reported that the number of cells
attached to a scaffold was enhanced with an agitation cell-
seeding method, wherein the scaffold is agitated in the cell
suspension. Given the strong structural feature of our honey-
comb alginate scaffold, we used direct suction of the cell sus-
pension into the scaffolds, followed by agitating cell-loaded
scaffolds to allow cells to be well distributed throughout the
scaffolds. On the contrary, because of the limited pore surface
area available for seeded cells to attach and because we see-
ded cells in excess of the number needed for efficient cell
seeding into honeycomb, we observed some cell aggregates at
day 1 (data not shown). The aggregated cells could be washed
out by sequential medium change over time. Another possible
explanation is that the cells potentially stopped proliferation
as a result of contact inhibition, because HUVECs grow as a
monolayer culture. The confluent cell density for HUVECs in
a 2D model was ~2x10* cells / cm?, and a similar cell density,
3x10*cell/cm?, was observed for the 3D culture in alginate
scaffolds. These results suggest that HUVECs could be con-
fluent in alginate scaffolds. In addition, if we consider the
possibility of a phenotype alteration by activating HUVECs in
3D milieu, resulting in increasing cell number at conflu-
ence, an EC density closer to that of native vessels could be
demonstrated. This represents a value of ~1x10° cells/cm®—
three to four times higher than that of the 2D scaffold cul-
tures.>® Therefore, the number of cells in culture was constant
after 1 week of culture. In addition, as shown in Figures 3 and
4, HUVECs are viable and adherent to the surface of pores in
scaffolds after 1 week in culture. Although we did not pro-
duce additional data that directly could support the viability
and growth of the cells seeded onto the scaffold after 2 weeks
in culture, taken together, it is conceivable that the viability
and the number of HUVECs might remain constant. Further,
the structural feature of honeycomb alginate scaffolds most
likely enables cells to survive in the scaffolds because of the
enhanced media supply from outside of the scaffold.



FIG. 4. Time course of confocal images for GFP-labeled E4ORF1 + HUVECsS co-cultured with mCherry-labeled HuSMCs at
different seeding ratios. Z-stack images were taken after (A-F) 3, (G-L) 5, (M-R) 7, and (S-X) 14 days of cell seeding at a
magnification of 10x and reconstructed through a projection mode using LSM510 software. Seeding ratios are (A, G, M, S)
0.50x10° HUVECsS, (B, H, N, T) 0.25x10° HUVECs + 0.25x10° HuSMCs, (C, I, O, U) 0.16x10° HUVECs + 0.34x 10® HuSMCs,
(D, J, P, V) 0.10x10° HUVECs + 0.40x 10° HuSMCs, (E, K, Q, W) 0.05x10° HUVECs + 0.45x10° HuSMCs, and (F, L, R, X)
0.50x10° HuSMCs, respectively. HuSMCs, human smooth muscle cells.
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FIG. 5. Flow shear stimula-
tion for E4ORF1 + HUVECs
attaching on aligned pores of
alginate scaffolds. (A) Sche-
matic diagram of flow shear
stimulation for cells in the
scaffolds. (B) Projected confo-
cal image of GFP-labeled
E40ORF1 + HUVECs in algi-
nate scaffolds 1 day after cell
seeding. (C) Longitudinal
confocal image of GFP-labeled
E40ORF1 + HUVECs in algi-
nate scaffolds 1 day after cell
seeding. (D, F) Projected and
(E, G) longitudinal confocal
images of GFP-labeled
E40ORF1 + HUVECs in algi-
nate scaffolds 1 day after flow
stimulation with a shear
force of (D, E) 1 and (F, G)
2dyne/cm®.
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VASCULAR CELLS IN A HONEYCOMB ALGINATE SCAFFOLD

The objective of this study was to design and fabricate
honeycomb alginate scaffolds with aligned pores to recapit-
ulate the process of neovasculature formation by generating
stable co-cultures of vascular vessels in vitro. The honeycomb
alginate scaffold design allows ECs that are seeded onto the
alginate to sprout into tube-like structures. Moreover, this
design allows live imaging, to observe the distribution of
fluorescently labeled smooth muscle cells and ECs within the
3D microenvironment. Lastly, the aligned pore design enables
us to examine the role of physiologic fluid shear stress to
recapitulate the physiological vasculature.'® Indeed, we ob-
served by confocal imaging the presence of cell loss postex-
posure to shear stress (Fig. 5). However, we also observed that
some cells in the honeycomb scaffolds remained aligned in the
flow direction after exposure to shear flow (Fig. 5E, G), despite
presumptions that exposure to shear stress normally changes
the phenotype of ECs to an activated phenotype in two di-
mensions.>* To this end, the scaffolds were used as a 3D
template to elucidate the mechanisms of vessel assembly and
maturation. Consequently, we devised experiments aimed at
establishing vascular morphogenesis.

The EC-loaded scaffolds allow us to guide tissue engi-
neering as a means to grow vascular networks under physi-
ological flow by imparting shear stress in a 3D biocompatible
and biodegradable niche. This construct also allows con-
trolled release of both chemokines and cytokines to enhance
cell migration and cell proliferation, respectively (unpub-
lished data). Once cells have been successfully seeded, this
tissue-engineered platform may be implanted into a recipient
to treat vascular disorders. The system has shown to lend
itself to co-culture of different cell types (i.e., ECs and smooth
muscle cells) to develop an in-vitro model of arteriogenesis.
We have performed sequential addition of ECs and smooth
muscle cells but observed that the secondary cells adhere
poorly (data not shown). Other investigators have studied
sequential cell seeding by coating some extracellular matrices
on the first cell layer before the second cell seeding.*® This
coating between the two layers functions as an adhesive. We
did not perform such a coating to improve the adhesion of two
layers, or any biological examinations to show the benefit of
co-culture. Although challenges inherent to co-culture system
remain, we nevertheless have proven that the structural fea-
tures of honeycomb scaffolds can simulate the vascular beds
by having the aligned pores act as parallel capillaries in three
dimensions and therefore can serve as a bioreactor to reca-
pitulate the physiological vasculature.

In summary, this approach can be used as a biodegradable
scaffold for cell co-culture, a construct to engineer artificial
tissue, a system for growth factor delivery, and a system to
recapitulate embryonic development.
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