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Multilayered Blood Capillary Analogs in Biodegradable
Hydrogels for In Vitro Drug Permeability Assays

Hiroaki Yoshida, Michiya Matsusaki, and Mitsuru Akashi*

Blood capillaries are crucial for the biological evaluation of drug diffusion to
target tissues, and the penetration of cancer cells or viruses. Since most capil-
laries have a bilayered structure consisting of a monolayer of endothelial cells
(ECs) and surrounding smooth muscle cells (SMCs), the in vitro reconstruc-
tion of this bilayered structure is a key challenge for pharmaceutical and
biomedical applications. Here, a unique technology to construct size, length,
orientation, and layer-number controllable blood capillary networks in biode-
gradable hydrogels is reported. Uniaxial microchannels are prepared inside
biodegradable hydrogels by the simple extraction of silica capillary tubes.

The channel size, length, and distance of the uniaxial channels are easily
controlled by altering these parameters of the silica tubes. The inner surfaces
of the channels are successfully covered by bilayered structures consisting of
ECs and SMCs by a hierarchical cell manipulation technique. Notably, serum
albumin, which has an approximately 8 nm size, cannot penetrate this capil-
lary wall during several hours of incubation due to the high blood vessel wall
barrier property. This suggests a successful reconstruction of multilayered
blood capillary networks possessing similar barrier function as native blood
capillaries. Moreover, these capillary networks can be completely collected by
the selective degradation of the surrounding hydrogels. This technique will be
an innovative and versatile approach for in vitro permeability assays of drugs,

Blood capillaries are present in almost
all tissues and organs, and play a pivotal
role in circulating nutrients, oxygen, and
blood cells, as well as in drug penetra-
tion, the metastasis of cancer cells, and
in vivo imaging.>! In general, the func-
tions of blood capillaries are evaluated
from in vivo animal experiments, but
their detailed biological and biochemical
functions in response to chemical and
physical stimuli cannot be understood
well due to both the analytical difficulty
in experimental data and the differences
between human and animal.l®”] Thus, the
in vitro reconstruction of a blood capil-
lary with a controlled morphology, layer
number, and permeability is a challenge
in the biomaterial field in order to develop
a novel assay system for the in vitro evalu-
ation of vascular properties. For example,
the enhanced permeability and retention
(EPR) effect of tumor blood capillaries
is well known for the tumor targeting of
drug delivery systems (DDS) using a nano-
carrier of less than 100 nm in diameter.’l
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drug delivery carriers, and cancer cells.

1. Introduction

A blood vessel is generally composed of three distinct layers: a
single layer of endothelial cells (ECs) as the inner surface (the
intima), smooth muscle cell (SMC) layers (the media), and a
fibroblast cell outer-layer (the adventitia).l'?l The layer number
of SMCs varies depending on the size of the vessel and its
anatomical location. For example, a blood capillary is com-
posed of a bilayered structure of ECs and SMCs (or pericytes).
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However, Kano et al. recently reported

that the blood capillaries in a solid tumor

show an insufficient EPR effect, probably
due to the supporting properties of the surrounding SMCs or
pericytes on EC barrier function.’] Thus, the layer number
and components of a blood capillary are crucial for drug per-
meability in pharmaceutical and biomedical applications.
Accordingly, if an in vitro drug permeability assay system can
be developed using blood capillary models possessing a con-
trolled layer structure, then it will be a powerful tool for DDS
and pharmaceutical applications. Moreover, drug penetration,
the metastasis of cancer cells, and pathogen invasion assay sys-
tems based on these reconstructed blood capillaries will repre-
sent innovative technologies.

EC monolayers cultured on a porous membrane (transwell)
have been studied as an in vitro vascular model for the inves-
tigation of EC barrier functions by using the diffusion of fluo-
rescent dyes, and by evaluating the transendothelial electrical
resistance (TER)."1% However, due to the lack of layered struc-
tures, the properties of a naked blood capillary could not be
simulated. Furthermore, the nonspecific adsorption of dye
molecules onto the transwell affects the evaluation of EC barrier
functions, and thus this transwell system cannot be used for
flow-cultures to approximate blood flow conditions. Therefore,
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Figure 1. Schematic illustration of the in vitro reconstruction of multilayered blood capillary
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structures on varied surfaces, even through
the inner wall of tubular channels, because
the driving force is the adsorption of the cells
and nanofilm components. In this study, we
applied this method to the inner channels
of »PGA-SS gels to construct multilayered
blood capillary structures using human
umbilical vein endothelial cells (HUVECs)
and human umbilical artery smooth muscle
cells (UASMCs). To elucidate the blood bar-
rier effect of these constructed capillaries, the
time-dependent permeation of bovine serum
albumin (BSA) of ca. 8 nm size was analyzed
in detail. This simple and versatile approach
would be useful for the in vitro assay of drug
permeability through multilayered blood cap-
illaries in the pharmaceutical and biomedical
fields.

2. Results and Discussion

analogs in biodegradable hydrogels by the hierarchical cell manipulation technique.

a novel technology to fabricate an in vitro blood capillary assay
system to simulate native layered structures, a tubular mor-
phology, and flow culture conditions is desirable.

Here, we propose for the first time a simple and versatile
method to construct multilayered blood capillaries inside bio-
degradable hydrogels (Figure 1). Hydrogels are attractive soft
materials used for biomedical applications due to their water-
swelling structure and material properties similar to living tis-
sues.l'112l Moreover, hydrogels are a good candidate to control
the permeability of proteins or polymers by altering the cross-
linking mesh size, and to prevent nonspecific adsorption due
to their hydrophilic properties. Recently, microfluidic channels
covered with ECs inside poly(dimethylsiloxane) (PDMS) gels
were reported as a model for blood capillaries.'>"1] However,
the drug permeability from the EC surfaces cannot be analyzed
by PDMS systems, because PDMS does not have good sub-
stance permeability, although it have high oxygen permeability.
In this study, poly(yglutamic acid) (»PGA) was employed to
fabricate disulfide-crosslinked hydrogels because of the ease
in controlling the crosslinking networks, high-water content,
biodegradability, and biocompatibility.'®!”] Uniaxial micro-
channels inside the -PGA gels were prepared by using silica
capillary tubes. The disulfide-linkage (-S-S-) is rapidly cleaved
to thiol groups (-SH HS-) using biocompatible reductants such
as cysteine or glutathione (hydrogel template method),!8-20
and thus blood capillary networks can be safely and easily col-
lected by the decomposition of the disulfide-crosslinked »PGA
(¥PGA-SS) gels with reductants. These obtained blood capil-
lary networks could be useful as implantable artificial blood
capillaries.

Recently, we developed a simple and unique technology, the
hierarchical cell manipulation method, to fabricate multilayered
cellular constructs by preparing nanometer-sized extracellular
matrix (ECM) films on the surface of each cell layer.?'??l This
technique can allow the preparation of the desired multilayered
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2.1. Preparation of Uniaxial Tubular
Microchannels in Hydrogels

Uniaxial tubular porous structures in the »PGA-SS gels were
prepared by the hybrid gel formation of -PGA and silica capil-
lary tubes of 620 um diameter, and the subsequent extraction
of these silica tubes (Figure 2a). A »-PGA polymer solution was
mixed with the disulfide crosslinker cystamine, the GRGDS
peptide, and water soluble carbodiimide (Scheme S1,
Supporting Information). The chemical structures of the
obtained y-PGA-SS gels were characterized by UV-vis spec-
troscopy using Ellman's method and by Fourier transform
infrared spectroscopy (FTIR) analyses, as was done in our
previous papers (data not shown).'1°] The RGD peptide was
employed to improve the cell adhesive properties of the »PGA
gels.?3l The resultant solution was poured between 2 glass
plates with a 2-mm silicon spacer and aligned silica tubes, and
then incubated for 3 h at room temperature. After gelation,
the silica tubes were gently extracted, and the obtained gels
were washed with ultrapure water for 2 days. The diameter
of the obtained microchannels was approximately 720 um,
which was slightly larger than the silica tube diameter due to
swelling of the hydrogels (Figure 2b). The channel size was
easily controllable depending on the diameter of the silica
tubes inserted (Figure 2c and Figure S1). Furthermore, inter-
connected orthogonal-tubular channels were also success-
fully fabricated in the hydrogels by an orthogonal alignment
of the silica capillaries (Figure S2, Supporting Information).
Figure 2d shows time-lapse images of the rapid penetration
of a methylene blue solution into the tubular channels with
720 um size within 10 s, suggesting complete interconnectivity
and usability as a flow culture devise (Video S1, Supporting
Information). Since flow speed in channel Q (m?/s) depends
on the cross sectional area S (m?), larger channel size should
show higher penetration speed. Accordingly, we can control
penetration rate depending on the pore diameter.

wileyonlinelibrary.com
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Figure 2. Preparation of y-PGA-SS hydrogels with uniaxial tubular microchannels. a) The hybrid gel formation of -PGA and silica capillary tubes of
620 um diameter (left) and the subsequent extraction of these silica tubes (right). The obtained gel size was about 4.5 cm x 7 cm. b) Phase contrast
microscopic (Ph) image of the gels. c) Relationship between the diameter of the silica capillaries and the diameter of the obtained channels (n = 3).
d) Time-lapse images of the rapid penetration of methylene blue solution into the orthogonal-tubular channels with 720 um size of the y-PGA-SS
hydrogels constructed by an orthogonal alignment of the silica capillaries. See also Figure S2 and Video S1 in the Supporting Information. The white-
and black-colored scale bars represent T cm and 1 mm, respectively.

2.2. Fabrication of Cellular Multilayers in Tubular Microchannels technique is an appropriate method to prepare nanometer- to

micrometer-sized films on a substrate by alternate immersion
into interactive polymer or protein solutions.?*?’! A HUVEC
suspension was injected into the channels, and incubated by
rotary culture for 48 h at 10 rpm. Figure 3a shows a macro-
scopic image from a confocal fluorescence microscope of the
tubular channels covered with HUVECs fluorescently labeled

The cellular multilayers were fabricated onto the surface of the
inner wall of the tubular channels by the hierarchical cell manip-
ulation technique.l??2 Approximately 6-nm-thick fibronectin-
gelatin (FN-G) layer-by-layer (LbL) films as a cell adhesive base
layer were prepared on the surface of the tubular channels. LbL

Pore
surface

monolayer

Figure 3. Formation of a HUVEC monolayer onto the microchannels of the y-PGA-SS gels. Confocal fluorescent images of a) top and b) cross-sectional
views of HUVECs fluorescently labeled with PKH26. c) Phase contrast images of HUVECs at the Y position in (a). The gel size was 2 cm x 1.5 cm. The
cross-sectional images in (b) were observed at three different positions (X, Y, and Z) in (a). d) Hematoxylin-eosin (HE) stained images of the HUVEC
monolayer at the Y position in (a). The scale bars are 5 mm in (a), 400 um in (b), and 100 um in (c) and (d).

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 17361742
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h) Collected blood capillary
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Figure 4. Fabrication of multilayered blood capillary analogs composed of UASMCs and HUVECs inside 1-PGA-SS gels. The phase contrast (Ph) images
of a) are the UASMC monolayers prepared onto the surface of the inner gel walls and b) are HUVEC layers subsequently prepared on the UASMC layers.
The insets show magnified images. c) An immunofluorescence image of the HUVEC layers on the UASMC monolayers immunostained with an anti-
CD31 antibody. d) Confocal fluorescent microscopic images of the bilayer morphology of the cell tracker green-labeled UASMCs as the first layer and
the PKH26-labeled HUVECs as the second layer. €) A magnified image of (d). f) Fluorescence intensity of the line-scanning along the dashed line in (d).
g) Schematic illustration of a bilayer blood capillary formed in the gel. h) Photograph and i) Ph image of a blood capillary collected after the decom-
position of the hydrogels by 12 h of incubation in culture medium with 10 mM L-cysteine. The scale bars are 600 um in (a), (b), and (i), 150 um in the
insets of (a) and (b), 50 um in (c), 400 um in (d), 100 um in (e), and 1 cm in (h).

with PKH26. The homogeneous adhesion of HUVECs over the
entire surface of the channels was observed at the centimeter
scale, and cross-sectional fluorescence images of the channels
at different positions revealed a monolayered coverage by the
HUVECs (Figure 3b). Furthermore, the phase contrast (Ph)
image in Figure 3c reveals a spindle shape for the adhered
HUVECs, and a histological cross-sectional image stained
with hematoxylin-eosin (HE) also supported the homogeneous
monolayered coverage of HUVECs inside the tubes (Figure 3d).
The detachment of the HUVEC monolayer from the inner wall
of the microchannels was due to technical reasons during the
histological processing. This method is versatile enough to
fabricate various kinds of cellular monolayers, such as human
dermal fibroblast cells (FCs) and UASMCs, on the surface of the
tubular channels (Figure S3 and S4, Supporting Information).
The bilayer structure consisting of HUVECs and UASMCs
similar to a blood capillary in vivo was fabricated in the channels
in the same manner. After preparation of the UASMC mono-
layers (Figure 4a), the FN-G nanofilms were fabricated on the
surface of the UASMC layer to allow adhesion of the HUVECs
as a second layer. The spindle morphology of the HUVECs was
clearly observed after the preparation of the HUVEC second
layer (Figure 4b). An immunofluorescence image of HUVECs
immunostained with an anti-CD31 antibody clearly revealed
junction formation of the HUVECs on the surface of the first
layer of UASMCs (Figure 4c). To evaluate the bilayer struc-
ture of the HUVECs and UASMCs in detail, a fluorescence

Adv. Funct. Mater. 2013, 23, 1736-1742
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cross-sectional image was obtained by confocal microscopy.
Figure 4d,e clearly shows the bilayer morphology of the cell
tracker green-labeled UASMCs as the first layer, and the
PKH26-labeled HUVECs as the second layer. The fluorescence
intensity of the line-scanning in Figure 4d indicated a bilay-
ered distribution of the HUVECs and UASMCs on the channel
wall (Figure 4f). These results suggested that an artificial blood
capillary construct was successfully fabricated in the channel
surfaces of the hydrogels as shown in Figure 4g.

Since -PGA-SS gels are easily decomposed by the addition of
biocompatible reductants such as cysteine, 2% we attempted
to collect the artificial blood capillaries from the hydrogels.
Figure 4h,i show the collected blood capillaries after the decom-
position of the hydrogels by the addition of cysteine. Notably,
capillaries of over 1 cm in length were easily obtained, and their
diameters and lengths were completely maintained from the
tubular channel structures in the hydrogels. Since we reported
high cell viability in these constructs using our hydrogel tem-
plate method, 32 these collected tubular tissues will be useful
as an implantable artificial blood capillary.

2.3. Barrier Effect of the Blood Capillary Analog

One of the advantages of this method is its applications for
permeability assays (blood barrier assay) due to the sur-
rounding hydrogel networks, which allow the penetration of

wileyonlinelibrary.com
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Figure 5. Barrier effect of the blood capillary analog. Schematic illustration of the BSA perme-
ability of the hydrogels a) without or a) with the bilayers. c,d) Fluorescence intensity change in
relation to the distance from the inner gel walls. The fluorescence intensity of the line-scanning
shown in (a) and (b) was measured every 15 min, and normalized against the fluorescence
intensity at the =100 um position (at around the center of the channels). The intensity was an
average value of over 10 replicates. The relative fluorescence intensity as compared to the initial
intensity (0 min) was plotted in the insets of (c) and (d). e,f) The fluorescence intensity change
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illustrations of the barrier effect assay, and a
fluorescent image of the Rh-BSA in the chan-
nels at the initial stage is shown in Figure S6
(Supporting Information). The time-lapse flu-
orescence intensity of Rh-BSA diffusing from
the channel interface to 300 um inside the
gels was measured over 60 min by line-scan-
ning of the fluorescent images over this time
period. In the case of the naked channels, the
relative fluorescence intensity of the Rh-BSA
increased with increasing incubation time,
even at a 300-um distance from the channel
interface, suggesting that there was no bar-
rier effect against the diffusion of the serum
albumin (Figure 5c). On the other hand, the
bilayer structures did not show any increase
in the fluorescence intensity regardless of the
incubation time, and the relative fluorescence
intensity was decreased with increasing dis-
tance from the channel surface (Figure 5d).
For the quantitative evaluation of BSA diffu-
sion, the diffusion rate constant k at 300 pm
from the channel surface was estimated from
the inset in Figure 5c,d. The diffusion rate
constant of the naked channels was 7.1-fold
higher than that of the bilayer structures, and
these results clearly supported a high barrier
effect of the bilayer structures, much like a
native blood capillary. The nonspecific adsorp-
tion of Rh-BSA onto the outermost HUVEC
surfaces was not observed after washing the
channels.

In this experiment, we stopped the pen-
etration assays of BSA for 1 h. However, if
the experiments were continued for a longer
time, e.g., 1 day, higher penetration though
transcellular pathway should be observed
due to the endocytosis of albumin.?6-28 Actu-
ally, slight penetration (less than 3%) of BSA
was observed during the experiments in

at a distance of 300 um and the diffusion rate constant k.

macromolecules. To elucidate the network size of the hydrogels,
the penetration of fluorescein isothiocyanate-labeled dextran
(FITC-Dex; M,, = 200 kDa) from the tubular channels into the
gel networks was observed by confocal fluorescence microscopy.
The fluorescent image after 24 h of incubation clearly showed
the penetration of the FITC-Dex into the gel networks (Figure S5,
Supporting Information), suggesting that the gel network size
is at least over 50 nm, because the hydrodynamic diameter of
FITC-Dex has been reported to be 50 nm.I?! Accordingly, major
serum proteins such as albumin (M, = 65-70 kDa) and glob-
ulin (M,, = 100-150 kDa) can be permeated from the tubular
channels into the gel networks. If the bilayer structures of the
HUVECs and UASMCs act as an artificial blood capillary, then
these serum proteins should not penetrate into the gel networks.
We analyzed the barrier effect of the bilayer structures using
rhodamine-labeled bovine serum albumin (Rh-BSA) as com-
pared to naked tubular channels. Figure 5a,b show schematic

wileyonlinelibrary.com
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Figure 5d. Moreover, flow speed should affect

to penetration speed of analyte. Although the
flow speed of the BSA solution was not controlled in this exper-
iment (simple addition), employment of rotary pump will allow
successful reproduction of more similar microenvironment to
a blood capillary. These important optimizations of microenvi-
ronmental condition in the multilayered blood capillary analogs
are now in progress.

3. Conclusions

In this report, we demonstrated for the first time a method to
fabricate blood capillary analogs in biodegradable hydrogels
possessing bilayered structures consisting of endothelial cells
and smooth muscles cells to develop a 3D-bioassay system
for blood capillaries. The multilayered architecture of blood
capillaries was successfully reconstructed by our hierarchical
cell manipulation technique, and tubular channels over 1 cm

Adv. Funct. Mater. 2013, 23, 17361742
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in length were prepared inside biocompatible hydrogels. The
demonstration of the barrier effect of the bilayer structures
using BSA clarified the applicability of this bioassay system
for in vitro blood capillary functions. Penetration experiments
on drugs, drug carriers, and cancer cells using this blood cap-
illary hydrogel system will be a powerful method to provide
important and detailed knowledge which cannot be obtained
by current in vivo bioassays. The transcytosis and endocytosis
of serum albumin or peroxidases?®?”] into blood capillaries and
the in vitro evaluation of the drug or gene deliveries through
caveolae-mediated transcytosis into specific tissues!?®! will be
also possible using this technology, because the capillary spe-
cies, such as an artery or vein, and the thickness of the SMC
layer can be easily controlled. Furthermore, since these artificial
blood capillaries were easily and safely collected from the sur-
rounding >PGA-SS gels by the decomposition of the hydrogels
with cysteine, and the obtained capillary has good blood com-
patibility (Figure S7, Supporting Information), this method-
ology is also useful for the tissue engineering and regenerative
medicine fields.

4. Experimental Section

Preparation of -PGA-SS Hydrogels with Uniaxial Tubular Microchannels:
Poly(y-glutamic acid) (y-PGA; M,, = 320 000; Meiji Seika), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC; Wako), and 2,2’-dithiobi-
sethanamine dihydrochloride (cystamine; Tokyo Chemical Industry) were
used without further purification. Fused silica capillaries of 150, 350, and
660 um outer diameter (GL Science) were pretreated at 600 °C for 3 h in
an electric furnace to remove the polyimide films coated on the surface.
Next, after treating with 1 M sodium hydroxide at room temperature for
1 h, they were extensively washed with ultrapure water, and finally dried
under vacuum. The outer diameters of the obtained capillaries were
120, 320, and 620 um, respectively. Unless otherwise noted, silica
capillaries of 620 um diameter were used in this study. y-PGA (2.0 unit
mmol, 258 mg) was dissolved in 3.6 mL of 0.5 M NaHCO; aq., and EDC
(2.0 mmol, 384 mg) was added into the solution. The reaction solution
was stirred at 4 °C for 15 min, and then cystamine (0.75 mmol, 169 mg)
dissolved in 400 pL of T mM GRGDS (Peptide Institute) /0.5 M NaHCO;
aq. was added under magnetic stirring. The resultant solution was poured
between 2 glass plates with a 2-mm silicon spacer, and silica capillaries
arranged every 4 mm. After 3 h, the silica was gently extracted, and
the obtained y-PGA-SS hydrogels were washed with ultrapure water for
2 days to remove any remaining compounds. Finally, the gels were cut
into arbitrary sizes for use. The swelling ratio of the gels was 20 + 5
(n=10) according to the following equation: swelling ratio = (W,—Wy) /Wy,
where W and Wy indicate the weight of the swollen and dried hydrogels,
respectively. The channel sizes formed in the gels was analyzed from
phase contrast microscopic images (n = 3), and are summarized in
Figure 2c. For the preparation of 1-PGA-SS hydrogels with orthogonal-
tubular channels, a gelling mould shown in Figure S2a (Supporting
Information) was designed. A set of silica capillaries with 8 mm spacing
were orthogonally laminated to form a 4-layered structure. The 3rd and
4th layers were arranged with a 4 mm parallel shift as compared to the
1st and 2nd layers, respectively. This silica set was incorporated into
glass plates with a 5-mm silicon spacer, and the target hydrogels were
prepared in the same manner as described above.

Fabrication of Cellular Multilayers in Tubular Channels: -PGA-SS gels
(channel length: 1 cm) were washed with a 7/3 (v/v) ethanol/water
solution, and immersed in phosphate-buffered saline (PBS) overnight.
The gels were taken out from the solution, and the small amount of
PBS remaining in the channels was removed, followed by washing with
50 mM Tris-buffer (pH = 7.4). In the same manner, a 50 mM Tris-HCl
buffer solution (pH 7.4) of FN (0.2 mg/mL; Sigma) and a 50 mM

Adv. Funct. Mater. 2013, 23, 1736-1742
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Tris-HC| buffer solution of G (0.2 mg/mL; Wako) were alternatively
injected in the channels in order to prepare FN-G nanofilms. Each step
took 1 min at room temperature, and the Tris-HC| solution was used
for washing at every step. After 9 steps ((FN/G),FN) of LbL assembly,
the cell suspension was added into the channels and incubated for
48 h at 10 rpm. The cell concentrations were 5 x 10° cells/mL for
the HUVECs (CAMBREX; passages 6 to 8), 4 x 10° cells/mL for the
UASMCs (CAMBREX; passages 7-10), and 5 x 10° cells/mL for the
hFCs (Sanko). The cells were cultured in smooth-muscle basal medium
(SmBM; CAMBREX) containing human epidermal growth factor (hEGF),
human fibroblast factor basic (hFGF-B), GA-1000, FBS and insulin,
in endothelial basal medium-2 (EBM-2; CAMBREX, USA) containing
hFGF-B, vascular endothelial growth factor (VEGF), R3-IGF-1 (IGF-1 =
insulin-like growth factor 1), ascorbic acid, FBS, hEGF, and GA-1000,
or in fibroblast basal medium (FBM; CAMBREX) containing insulin,
hFGF-B, GA-1000, and FBS, respectively. The co-culture of the UASMCs
and HUVECs was performed in a 1/1 (v/v) mixed solution of both media.
For the lamination of the HUVECs onto the UASMCs, FN-G films were
prepared onto the UASMC monolayer in the same manner as previously
described, and the HUVEC suspension was injected and incubated for
48 h at 10 rpm.

Fluorescent Observations: UASMCs and HUVECs were labeled using cell
tracker green (Molecular probe) and PKH26 red fluorescent cell linker kit
(Sigma). For the immunostaining of the HUVECs, the samples were fixed in
10% formalin. After treatment with 1% bovine serum albumin (BSA)-PBS,
the samples were incubated with a monoclonal mouse anti-human CD31
antibody (DakoCytomation) for 60 minutes at room temperature, and an
Alexa Fluor 546-labeled goat anti-mouse 1gG antibody (Molecular probe)
to visualize the immunostaining. Fluorescent microscopy was performed
with the Olympus disk scan system DSU-IX80-SET.

Decomposition of y-PGA-SS Gels to Collect Bilayered Blood Vessel
Tubes: Vascularized hydrogels with bilayered blood vessels composed of
UASMCs and HUVECs were transferred into media containing 10 mM
L-cysteine for 12 h. The obtained engineered tissues were then washed
with PBS and observed by microscopy.

Permeability Experiments of BSA through Blood Capillaries in y-PGA-SS
Gels: A 0.45 mg/mL solution of tetramethylrhodamine-conjugated
BSA (Rh-BSA; Sigma) dissolved in Dulbecco’s modified eagle medium
(DMEM) containing 10% fetal bovine serum (FBS) was injected into
the channels. Confocal fluorescent images were taken every 15 min
up to 60 min (same as Figure S6, Supporting Information), and the
fluorescence intensity of the line-scanning (same as Figures 4f and
Figure S4c, Supporting Information) over 400 um, from positions —100
to 300 um, was obtained and normalized against that at the =100 um
position using MetaMorph software (average of 10 values). The relative
fluorescence intensity as compared to the initial intensity (0 min) was
then calculated. From the temporal changes of the fluorescence intensity
at the 300 um position, the diffusion constant k was estimated.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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