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Vascularization of three-dimensional large synthetic grafts for tissue regeneration remains a significant
challenge. Here we demonstrate an electrochemical approach, named the cell electrochemical detach-
ment (CED) technique, to form an integral endothelium and use it to prevascularize a collagen-p-trical-
cium phosphate (B-TCP) graft. The CED technique electrochemically detached an integral endothelium
from a gold-coated glass rod to a collagen-infiltrated, channeled, macroporous B-TCP scaffold, forming
an endothelium-lined microchannel containing graft upon removal of the rod. The in vitro results from
static and perfusion culture showed that the endothelium robustly emanated microvascular sprouting

Eeivrfgg;émical and prevascularized the entire collagen/B-TCP integrated graft. The in vivo subcutaneous implantation
Microchannel studies showed that the prevascularized collagen/B-TCP grafts established blood flow originating from
Vascularization the endothelium-lined microchannel within a week, and the blood flow covered more areas in the graft
Collagen over time. In addition, many blood vessels invaded the prevascularized collagen/B-TCP graft and the

B-Tricalcium phosphate in vitro preformed microvascular networks anastomosed with the host vasculature, while collagen alone
without the support of rigid ceramic scaffold showed less blood vessel invasion and anastomosis. These
results suggest a promising strategy for effectively vascularizing large tissue-engineered grafts by inte-
grating multiple hydrogel-based CED-engineered endothelium-lined microchannels into a rigid chan-
neled macroporous scaffold.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Synthetic calcium phosphate (CaP) bioceramics have been
extensively used in bone repair as alternatives to autografts and
allografts due to their excellent biocompatibility and osteoconduc-
tivity [1-3]. However, using CaP scaffolds to repair large bone
defects caused by traumas, tumors or fractures remains a challenge
mainly due to insufficient vascularization. Therefore, it is crucial to
improve the vascularization of large bone grafts for tissue survival
and engraftment [4-6]. Current strategies of prevascularizing CaP
scaffolds mainly include applying angiogenic growth factors [7-
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10], monoculturing endothelial cells or co-culturing endothelial
and bone progenitor cells [11,12] on the scaffolds or inserting a
vascular bundle in the scaffolds [13,14]. However, these strategies
demonstrate limited abilities in prevascularizing grafts or need
extra surgical procedures to assemble the bundle [8,10,15,16].
Instead of these methods, creating vessel-like microchannels in
a hydrogel-based matrix has been proposed to promote prevascu-
larization, under the assumption that vessel-like microchannels
can improve the nutrition and oxygen supply to the large graft
and facilitate vascularization [17-19]. Currently, many approaches
such as layer-by-layer assembly [20-23], three-dimensional (3-D)
sacrificial molding [24-26], bioprinting [27] and photolithography
[28,29] have been developed to fabricate microchannels. These
approaches are generally based on a hydrogel matrix and typically
create a hollow channel in the hydrogel first, followed by perfusing
an endothelial cell suspension into the channel. Endothelial cells
then attach to the inner surface of the channel and reorganize
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themselves to form an endothelium [20,22,30,31]. One challenge of
these strategies is to effectively integrate such hydrogel-based
microchannels into a rigid porous scaffold [23,25,26].

Recently, a cell electrochemical detachment (CED) technique
has been developed to engineer an intact endothelium in collagen
hydrogel [32,33]. This process involves culturing human umbilical
vein endothelial cells (HUVECs) onto an oligopeptide-coated glass
rod to confluence, casting a collagen hydrogel around the glass
rod in a customized chamber and subsequently detaching the cells
to the casted collagen gel through the electrochemical detachment
technique, thus resulting in an integral endothelium-lined micro-
channel upon removal of the rod [32,31,33]. The principle behind
this CED technique is that the cell-adhesive RGD-containing oligo-
peptide is sensitive to electric potentials [31,33,34]. When an elec-
trical potential is applied, the chemical bond between the
oligopeptide and the gold-coated glass surface is cleaved, and an
intact endothelium layer is detached and adhered onto the sur-
rounding hydrogel (Fig. 1a and Fig. S.1).

In this study we propose to use this electrochemical approach,
CED, to engineer an endothelium and use it to prevascularize a col-
lagen-B-tricalcium phosphate (B-TCP) graft. More specifically, we
utilized this CED technique to fabricate an endothelium-lined
microchannel in a collagen infiltrated, channeled, macroporous
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B-TCP scaffold to facilitate prevascularization. Our hypothesis is that
the CED-engineered endothelium-lined microchannel can promote
rapid prevascularization of the entire graft in vitro and establish
blood flow in vivo. To test the hypothesis we fabricated an endothel-
ialized microchannel in a collagen hydrogel (Collagen/HUVEC) and
in a collagen infiltrated, channeled, macroporous B-TCP scaffold
(Collagen/HUVEC/B-TCP). As controls, we used the same plain glass
rods without HUVECs to make a microchannel in a collagen hydrogel
(Collagen/Channel) and in a collagen infiltrated, channeled, macro-
porous B-TCP scaffold (Collagen/Channel/pB-TCP). We studied
in vitro cell migration and microvascular network formation in the
graft under static culture and perfusion conditions. Furthermore,
we subcutaneously implanted the in vitro prevascularized grafts
into nude mice to investigate their angiogenic and anastomotic
ability in vivo.

2. Materials and methods

2.1. Materials and reagents

Collagen type I (Cell matrix Type I-A; 3 mg ml~! in Dulbecco’s
phosphate-buffered saline (DPBS); pH=7.4, Nitta Gelatin) was

Networks

Collagen/HUVEC

Collagen/HUVEC/B-TCP

Fig. 1. Fabrication of a microchannel in hydrogel-based or hydrogel-ceramic-based constructs. (a) A schematic shows the mechanism of the cell electrochemical detachment
(CED) technique. (b, c) Schematic diagrams show the assembly procedures of a microchannel in a type I collagen hydrogel and in a collagen-pB-TCP graft using the CED
technique. (d) (i) a fluorescent image of HUVECs on an oligopeptide-coated rod, (ii) a bright-field image of a microchannel in collagen (top view), (iii) a fluorescent image of a
microchannel in collagen (top view) and (iv) a fluorescent image of networks sprouting from the microchannel into the surrounding area of the graft (top view) (scale

bar=100 pum).
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purchased from Wako Chemicals USA, Inc. (Richmond, VA). B-TCP
powder with a specific surface area of 17 m?g~! was obtained
from Nanocerox, Inc. (Ann Arbor, Michigan). Paraffin granules were
purchased from Fisher Scientific (Pittsburgh, USA). EBM™ (endo-
thelial basal medium) and EGM™ (endothelial growth media)
Single Quots™ Kits were purchased from Lonza, Inc. Anti-human
CD31 (PECAM-1) primary antibody was obtained from Cell Signal-
ing (89C2, Billerica, MA), and the secondary antibody Alexa Fluor®
594 (goat anti-mouse, 2 mg ml~') was purchased from Invitrogen
(Carlsbad, CA).

2.2. Preparation of porous -TCP scaffolds

Porous B-TCP scaffolds with a central channel were prepared by
a template-casting method described in previous studies [35,36].
Briefly, B-TCP powder with 60 mesh purchased from Nanocerox
Inc. (Ann Arbor, MI), dispersant (Darvan® C), surfactant (Surfonal®)
and carboxymethyl cellulose powder were mixed in distilled water
to form B-TCP ceramic slurry. The slurry was then cast into a cus-
tomized mold packed with paraffin beads of 710-1000 pm diame-
ter. Following casting, graded dehydration, demolding and
sintering were performed. The prepared scaffolds were ~8 mm in
diameter and 5 mm in height. The central channel in the scaffold
was 3 mm in diameter. The pore size of the B-TCP scaffold is
~350-500 pm [35,37].

2.3. Cell culture

Green fluorescent protein-expressing HUVECs were provided
from the laboratory of the late Dr J. Folkman (Children’s Hospital,
Boston). The HUVECs were cultured in EBM-2, which contains
supplements from the EGM-2 kit, 10% fetal bovine serum (FBS)
and 1x penicillin-streptomycin-glutamine (PSG, Invitrogen). The
cell medium was changed every 3 days. Cells below passage 9 were
used in all the experiments.

2.4. Growth of HUVECs on glass rods

The procedure of seeding HUVECs on oligopeptide coated glass
rods has been described previously [32-34]. First, a glass rod of
600 pm in diameter was sputter-coated with a thin layer of chro-
mium followed by gold. Then, the gold-coated rods were sterilized
with 70% ethanol for three times and 15 min each time. After
extensive washing with phosphate buffered saline (PBS), the rods
were immersed in 1 uM RGD-containing oligopeptide solution
overnight at 4 °C and washed with distilled water. The sequence
of the oligopeptide was CGGGKEKEKEKGRGDSP, consisting of an
RGD domain inside for cell attachment and cysteine residues at
the end for bonding to the gold surface. The electrostatic force
between the neighboring molecules of the alternate K (lysine)
and E (glutamic acid) sequence leads to the formation of a closely
packed self-assembled monolayer. Three oligopeptide-absorbed
gold-coated glass rods were placed into a 35 mm non-adherent
culture dish (Thermo Scientific Nunc Hydrocell). 2 ml HUVEC sus-
pension containing 3 x 10° cells was added into the dish. HUVECs
grew and reached confluence on the rods within 5-7 days.

2.5. Fabrication of a collagen microchannel in the scaffold

Fig. 1 shows a schematic using CED for fabricating a collagen
microchannel and its integration with a channeled ceramic scaf-
fold. To apply the CED technique, a customized chamber was
designed to facilitate cell transfer to the collagen-based or colla-
gen-B-TCP-based scaffolds. All the assembling parts for a chamber
were sterilized in 70% ethanol three times and for 15 min each
time followed by extensive washing in PBS. The sterile collagen

solution was prepared in a biological safety cabinet according to
the manufacturer’s instruction. After confirming that HUVECs were
confluent on rods using fluorescent microscopy, a rod with HUVECs
was gently inserted into the central hole of the chamber (Fig. S.1),
followed by casting the prepared collagen solution into the cham-
ber (Fig. 1b). To make a collagen microchannel in the B-TCP scaf-
fold, the channeled porous B-TCP scaffold, which was sterilized in
an autoclave, was put in the chamber first, followed by inserting
the cell-covered rod and casting the prepared collagen solution
(Fig. 1c). After collagen gelled for 30 min at 37 °C, a potential of
—1.0V for 5 min was applied to the rods with respect to an Ag/AgCl
reference electrode to detach the cells from the rod onto the colla-
gen matrix. The rod was then gently removed and a microchannel
with a diameter of 600 pm was formed. The samples were
removed from the chamber and incubated in static culture for 1,
3 and 7 days. To investigate the effect of perfused medium on
the network formation of endothelial cells in the microchannel,
three samples in the chambers were not removed. The assembled
chambers were directly incubated in static medium overnight to
allow cell attachment and then connected to a syringe pump using
a 10 pl pipette tip which was inserted into the microchannel and
linked to a tube. The culture medium was pumped to go through
the microchannel at a rate of 10 pul min~! for 7 days (see Supple-
mentary materials). Four groups of samples were used in our
experiments: Group 1 was the collagen with a microchannel but
without HUVECs in the inner surface of the microchannel, labeled
as Collagen/Channel; Group 2 was the collagen with an endotheli-
alized microchannel, as Collagen/HUVEC; Group 3 was the collagen
infiltrated, single-channeled macroporous B-TCP scaffold with a
non-endothelialized microchannel, as Collagen/Channel/B-TCP;
and Group 4 was the collagen infiltrated, single-channeled macro-
porous B-TCP scaffold with the endothelialized microchannel, as
Collagen/HUVEC/B-TCP.

2.6. In vitro network formation

To observe the morphology of HUVECs on the microchannel of
Collagen/HUVEC and Collagen/HUVEC/B-TCP, the samples in the
static culture were removed from the chamber and fixed for obser-
vation by a fluorescent microscope. To visualize the formation of
capillary-like networks in Collagen/HUVEC or Collagen/HUVEC/B-
TCP, immunofluorescent staining for human CD31 was performed.
At designated time points, the specimens were fixed in 4% parafor-
maldehyde and then blocked in 5% goat serum blocking buffer for
1 h. Primary antibody mouse anti-human CD31 (89C2, cell signal-
ing technology, dilution 1:3200) in 1% bovine serum albumin
(BSA)-PBS was added to the sample followed by incubation over-
night at 4 °C. Secondary antibody goat-anti-mouse (Alexa Fluor®
594, 2 ug ml~!, Invitrogen) in 1% BSA-PBS was added to the sam-
ples and incubated in the dark for 1 h at room temperature. Finally,
the cell nuclei were counterstained with DAPI (5 ugml™') for
1 min and then extensively washed with PBS. A confocal micro-
scope was used to capture the fluorescent staining images (Zeiss
LSM 510). To observe the formation of branching networks from
the cross-section of the microchannel, a Collagen/HUVEC sample
was embedded in paraffin and sectioned. Immunofluorescent
staining was also performed on the 7 pm paraffin sections.

2.7. In vivo implantation

Angiogenesis and anastomosis of the engineered collagen/B-TCP
grafts in vivo were evaluated by implanting the grafts into immu-
nodeficient mice. In this study male immunodeficient nude mice
(6 to 7 week olds, 20-25 g body weight, Charles River Laboratories,
Wilmington, MA) were used to implant the grafts. Before the
surgeries, the grafts of four groups, including Collagen/Channel,
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Collagen/HUVEC, Collagen/Channel/B-TCP and Collagen/HUVEC/B-TCP,
were prepared and cultured in static EBM-2 medium for 7 days.
The grafts of the four groups were surgically implanted into subcu-
taneous pockets on the backs of the nude mice. One graft from each
of the four groups was implanted per mouse. Eight mice were used
for each experimental condition. After the surgeries, 25 g cefazo-
lin/g and 0.1 pg buprenorphine/g per g body weight were adminis-
tered, and each mouse was individually housed. After 7 and
14 days, eight mice were sacrificed for histological analysis. All ani-
mal studies were reviewed and approved by the Administrative
Panel on Laboratory Animal Care (APLAC) of Stanford University.

2.8. In vivo imaging of vascular volume and blood flow on live mice

At each time point, four mice received vasculature volume
assessment using a photoacoustic (PA) imaging system (Visual
Sonics Vevo LZAR system). After each mouse was fixed on a preci-
sion xyz-stage, an ultrasound hydrogel was applied to the skin, and
a focused transducer probe with a frequency of 21 MHz frequency
was used to acquire bright-field and photoacoustic images at a
wavelength of 720 nm. Two-dimensional real-time B-mode scan-
ning was first used to visualize the location of the scaffold. Then
B-mode was switched to PA mode. The PA image was overlaid on
the B-mode image to identify the location of new blood vessels
in the samples. To study whether the blood flowed throughout,
an implanted scaffolds, a high-frequency Doppler power system
(Visual Sonics Vevo 2100) was used to detect the signal of blood
flow. The ultrasound transducer with a frequency of 33 MHz was
positioned above the location of the scaffold beneath the skin.
The B-mode was used to visualize the location of samples and then
the power Doppler mode (gain: 35 dB) was activated. To quantify
the vascular volume or blood flow fraction in the scaffold, three
slices of PA or Doppler images per mouse (front, middle and rear
portion of the scaffold) were acquired. Vascular volume or blood
flow signal was evaluated by counting colored pixels in a region
of interest (ROI) on a slice using the magic tool in Photoshop
CS6, and the value was estimated as the ratio of the number of col-
ored pixels to the total number of pixels in the ROI [38].

2.9. Histology and immunohistochemistry assay

At the designated time points, the mice were euthanized and
the four types of implants were removed and immediately fixed
in buffered formalin (10%) for 24 h. After extensive washes, the
specimens of Collagen/Channel/B-TCP and Collagen/HUVEC/B-TCP
were decalcified by 50 mM EDTA for 7 days. Then the decalcified
samples and collagen-based samples were gradually dehydrated
in a series of ethanol solutions, embedded in paraffin, and sec-
tioned into 7 pm thick slices. Hematoxylin and eosin (H&E) stain-
ing was performed on 7 pum thick sections for the observation of
blood vessels containing erythrocytes. To evaluate whether the
capillary-like networks formed in the grafts in vitro developed into
functional perfused blood vessels in vivo, immunohistochemistry
staining was carried out on sections. The paraffin sections were
first de-paraffinized and treated by an antigen retrieval solution
at 95-100 °C for 20 min, then the sections were blocked by 5% goat
blocking serum for 1 h. A monoclonal primary antibody rabbit anti-
human CD31 antibody (Clone EP3095 for human microvessel
detection; 1:500; Millipore) was used. Biotinylated goat anti-rabbit
secondary antibodies (1:500; Vector Laboratories) and DAB sub-
strate (Vector Laboratories) were added, followed by hematoxylin
counterstaining and permanent mounting. To quantify the density
of blood vessels formed in the grafts and the lumens anastomosed
with host vasculature, eight randomly selected stained sections
from the experimental mice were used (under 40x magnification).
The blood vessels were identified as luminal structures containing

red blood cells. The functional perfused blood vessels were identi-
fied as intact human lumens, which contain murine erythrocytes.
To further observe the anastomosis between preformed human
capillary networks with host vascular, double immunofluorescence
staining on paraffin sections was used to observe the expressions
of human CD31 and mouse CD31. Anti-human primary CD31 anti-
body (Clone EP3095 for human microvessel detection; 1:500; Mil-
lipore) and Alexa Fluor® 647 anti-mouse CD31 (1:500, Invitrogen,
USA) were used. The procedure of double staining is the same as
the procedure of immunofluorescent staining.

2.10. Statistical analysis

The values reported for the density of whole blood vessels and
anastomosed functional blood vessels are the mean values + the
standard deviation. Significant difference was statistically analyzed
by two-way analysis of variance (ANOVA) and considered if the P
value was less than 0.05.

3. Results
3.1. Network formation

An endothelium-lined microchannel in the collagen-based or
collagen-B-TCP-based synthetic graft was produced by the CED
technique (Fig. 1b and c and Fig. S.1). Before assembly, HUVECs
were first cultured on an oligopeptide-coated rod and allowed to
reach confluence and to form a dense, uniform cell monolayer
(Fig. 1d(i)). During assembly, the endothelial layer was electro-
chemically detached from the rod onto the surrounding collagen,
and an intact endothelium-lined microchannel was created in the
collagen (Fig. 1d(ii and iii)). The HUVECs subsequently migrated
into the surrounding collagen of the graft from the microchannel
(Fig. 1d(iv)). These results indicate that a CED-engineered endothe-
lium in the collagen or channeled macroporous B-TCP scaffold was
a network-sprouting source for further vascularization of the
entire graft.

To further study the formation of microvascular networks in the
collagen-based grafts, we performed immunofluorescent staining
of the platelet endothelial cell adhesion molecule (PECAM-1 or
CD31). The fluorescent images reveal extensive sprouting branches
from the endothelium-lined microchannel and the formation of
networks across the collagen-based grafts (Fig. 2). A 3-D reconsti-
tuted confocal image demonstrates the formation of 3-D capillary-
like networks in the entire area after 7 days’ incubation (Fig. 2a).
Fig. 2b shows a longitudinal view of a sprouting microchannel
under a perfusion condition after 7 days’ incubation. At a higher
magnification (Fig. 2b(i)), we observed that HUVECs formed many
networks from the endothelium-lined microchannel. Furthermore,
the immunofluorescent staining of CD31 on paraffin sections
clearly shows a few sprouting branches of HUVECs from an endo-
thelium-lined microchannel into the surrounding collagen
(Fig. 2c).

3.2. Functional blood flow and vascular network formation in vivo

To evaluate whether the prevascularized collagen-based and
collagen-B-TCP-based grafts can promote the functional vasculari-
zation, we implanted four types of grafts into immunodeficient
mice, including Collagen/HUVEC, Collagen/Channel, Collagen/
HUVEC/B-TCP and Collagen/Channel/B-TCP. We used PA imaging
and high-frequency power Doppler ultrasound imaging to observe
the formation of blood vessels and blood flow in the scaffolds. Due
to a lack of ultrasound energy absorption in collagen under the
ultrasound system, the systems cannot detect the two groups of
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Fig. 2. Immunofluorescent images of human CD31 show network formation. (a) A reconstituted 3-D confocal image shows the microcapillary networks extending to
peripheral collagen matrix in a radial way. (b) A longitudinal view of a sprouting microchannel under a perfusion condition after 7 days’ incubation and these networks at a
high magnification (i). (c¢) An immunofluorescent staining of CD31 on a paraffin section shows the capillary sprouting of HUVECs from the microchannel at a cross-section
view, and two sprouting branches at a higher magnification (ii) (red: CD31; blue: nuclei).

collagen-only grafts (Collagen/Channel and Collagen/HUVEC). For
the ceramic-based groups (Collagen/Channel/B-TCP and Collagen/
HUVEC/B-TCP), PA images in Fig. 3a indicate that blood vessels pre-
sented in the Collagen/HUVEC/B-TCP scaffold between skin and
muscle layer by day 7 (i), and significantly more blood vessels pre-
sented across the entire graft by day 14 (iv). A similar trend, but
with relatively fewer blood vessels, was observed in the Colla-
gen/Channel/B-TCP graft (Fig. 3a(i, iii)). Quantitative results show
that there is a significant difference in vascular volume formed in
the two groups (P < 0.05). The vascular volume in the Collagen/
HUVEC/B-TCP group is significantly higher than that in the Colla-
gen/Channel/B-TCP group (Fig. 3c(ii)). Doppler images in Fig. 3b
show that there was blood flow in the two groups and the area
of blood flow increased with time. At day 7, the blood flow was first
observed in the central microchannel of the graft, and at day 14 the
blood flow spread to the surrounding area of the graft. Doppler vid-
eos (Videos S1 and S2) show the real-time blood flow in the grafts.
Quantitative results show that the signal intensities of the blood
flow in the two groups at the two investigated times are signifi-
cantly different (Fig. 3c(iii)). In the Collagen/HUVEC/B-TCP group,
the density of blood flow at days 7 (Fig. 3b(ii)) and 14
(Fig. 3b(iv)) was higher than those in the Collagen/Channel/B-TCP
group (Fig. 3b(i, iii)). This result indicates that the endothelium-
lined microchannel in the Collagen/HUVEC/B-TCP group promoted
blood flow compared to the Collagen/Channel/B-TCP group.

At the designated implantation time, we harvested the four
types of implanted grafts (Fig. 4a(i)). Macroscopic views show
the gross shapes of the implanted grafts on the subcutaneous tis-
sue after 14 days (Fig. 4a(ii-v)). We see that the collagen-based
grafts were compressed into thin slices (Fig. 4a(ii, v)). They lost
height after implantation, significant deformation occurred and
microchannels were not maintained (Fig. 4a(ii, v)). In the B-TCP-
based grafts, host vasculature invaded into the grafts (Fig. 4a(iii,

iv)). The rigid B-TCP scaffolds maintained the overall shape and size
of the collagen-B-TCP-based grafts and prevented their deforma-
tion from the contraction of skin and muscles.

H&E staining indicates that the blood vessels formed in the
grafts. At day 7, sparse murine cells invaded the edge zones in
the Collagen/Channel samples (Fig. 4b(i)). Compared to the Colla-
gen/Channel samples, the Collagen/HUVEC group had many cells
in the collagen (Fig. 4b(ii)). With increasing time, murine cells
did not significantly increase in the Collagen/Channel group, and
only a few murine cells were still observed in the superficial zone
at day 14 (Fig. 4b(v)). However, more cells grew into the Collagen/
HUVEC group and some vessels were observed in the surface zone
of the gel at day 14 (Fig. 4b(vi)). For the Collagen/Channel/p-TCP
grafts, a few murine cells grew into the pores of the peripheral B-
TCP zone at day 7 (Fig. 4b(iii)) and a few vessels formed in the graft
at day 14 (Fig. 4b(vii)). In contrast, in the Collagen/HUVEC/B-TCP
group, not only did many cells grow into the pores of the B-TCP
zone, but also blood vessels grew in the graft (Fig. 4b(iv, viii)).
These images show that cells and blood vessels more rapidly
invaded into Collagen/HUVEC/B-TCP grafts than the other grafts.
Quantitative results reveal that the density of blood vessels in
the Collagen/HUVEC/B-TCP group is significantly higher than that
in the other groups at day 7 and day 14 (Fig. 4c). It is worth noting
that the microchannel in the collagen-p-TCP-based grafts was infil-
trated with tissue, which made it difficult to observe the boundary
of the microchannel.

3.3. Effective vascular anastomosis in vivo

We further performed immunohistochemical staining on anti-
human CD31 (hCD31) to investigate whether the in vitro pre-
formed HUVEC-derived networks in the grafts can anastomose
with the host vasculature. The anastomosis is defined as intact
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Fig. 3. Evaluations of the vascular volume and the blood flow in scaffolds from PA imaging and high-frequency Doppler ultrasound imaging systems. (a) B-mode and PA mode
indicate the vascular volume in Collagen/Channel/B-TCP (i, iii) and Collagen/HUVEC/B-TCP (ii, iv) grafts at days 7 and 14 (yellow dotted box indicates the location of scaffold).
(b) B-mode and Doppler mode indicate the blood flow density in Collagen/Channel/B-TCP (i, iii) and Collagen/HUVEC/B-TCP(ii, iv) at days 7 and 14 (yellow box indicates the
location of scaffold). (c) Quantification of the vascular volume and blood flow density from PA and power Doppler images on days 7 and 14. (i) Transducer probe was moved
above the sample and three slices per sample were acquired for quantification. Color pixel density was used to express the vascular volume (ii) and perfused vascular density

(blood flow) (iii) in the two groups (*P < 0.05, n =4).

hCD31 expressing lumens containing murine erythrocytes. Results
show that few anastomosed blood vessels are seen in the Collagen/
HUVEC grafts at days 7 and 14 (Fig. 5a(ii, vi)), but many anasto-
mosed blood vessels are observed in the Collagen/HUVEC/B-TCP
grafts (Fig. 5a(iv, viii)). Quantitative results show that the density
of the positive stained hCD31vessels in the Collagen/HUVEC/B-
TCP implants (44 + 11 vessels mm™2) is significantly higher than
that in the Collagen/HUVEC implants (23 8 vessels mm2) at
day 14 (Fig. 5b). Furthermore, the densities in the Collagen/HUVEC
and Collagen/HUVEC/B-TCP grafts at day 14 are significantly higher
than those at day 7, respectively.

Double immunofluorescence staining of anti-human CD31 and
anti-mouse CD31 expressions further showed the anastomosed
overlap sites between the preformed HUVEC-derived capillaries
and the host vasculature (Fig. 5¢ and Fig. S.3). At day 14, in the Col-
lagen/Channel and Collagen/Channel/B-TCP grafts without HVUECs,
only anti-mouse CD31 expression was observed (Fig. 5c(i, iii)), but
in the Collagen/HUVEC and Collagen/HUVEC/B-TCP samples,
expression of anti-human CD31 (green) and anti-mouse CD31
(magenta) was strongly observed along with some overlap points
(yellow) (Fig. 5c(ii, iv)). Furthermore, overlapping intact lumens
were also observed in the Collagen/HUVEC/B-TCP samples
(Fig. 5c(iv), white arrow). These results suggest that the in vitro pre-
formed human-derived networks successfully anastomosed with
the host vasculature.

4. Discussion
In this study we implemented a CED technique to produce an

endothelium-lined microchannel and used it to prevascularize a
channeled macroporous ceramic scaffold. Results showed that

the interconnected macropores of the ceramic scaffold facilitated
easy infiltration and homogenous distribution of collagen across
the rigid scaffold. The endothelial cell layer on the rod was rapidly
transferred onto the collagen and formed an endothelium-lined
microchannel after removal of the rod. The presence of the integral
endothelium on the microchannel significantly promoted the net-
work formation in vitro and vascularization of the grafts in vivo.
We found that extensive blood flow and anastomosis were
generated in the Collagen/HUVEC/B-TCP grafts (Figs. 3-5). In con-
trast, in the microchannel-containing collagen-based grafts, few
cells grew into the collagen-based grafts and cells appeared only
in the superficial border regions and few capillary vessels invaded
or formed (Fig. 4b(i, ii, v, vi)). This result was consistent with pre-
vious studies [19,39] in which murine cells mainly infiltrated into
collagen borders though natural collagen hydrogels have been
extensively applied in the biomedical field due to their outstand-
ing biocompatibility [40,41]. This may possibly result from the
following reasons: first, collagen has a relatively low mechanical
strength. Upon implantation, contraction of skin and muscles
may deform the mechanically weak collagen [42]. Second, osmo-
tic pressure after in vivo implantation may extract water from
the collagen, further leading to its contraction, which is likely
to flatten the 3-D porous lattice hydrogel network structure
[43,44]. Third, the relatively rapid degradation of collagen may
cause unstable interface between collagen and surrounding tis-
sue. These factors may cause the collagen to become denser,
which probably inhibited cell invasion and vessel formation.
However, in the collagen-B-TCP-based grafts, the rigid ceramic
structure maintained the 3-D structure and the lattice framework
of the collagen inside the scaffold, which facilitates many cells to
grow into the structurally stable collagen-B-TCP-based grafts and
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Fig. 4. Histological evaluation of angiogenesis of collagen-based and collagen-B-TCP-based grafts in vivo. (a) Macroscopic views of implants in the back of nude mice (i) and
the four types of implants: Collagen/HUVEC (ii), Collagen/HUVEC/B-TCP (iii), Collagen/Channel/B-TCP (iv) and Collagen/Channel (v) on the skin at 14 days after implantation.
White arrows show the collagen gels. (b) Representative images of H&E-stained sections from collagen-based and collagen-B-TCP-based grafts at days 7 and 14 (i-viii). Black
arrowheads reveal the presence of blood vessels containing murine erythrocytes (scale bar = 100 um). (c) Vessel density in the constructs over time. The number of vascular-

like lumens was quantified for microvessel density (*P < 0.05, n = 8).

promote blood vessel development. These results further showed
the importance of the integration of soft hydrogel with mechan-
ically sound porous scaffolds for vascularization and tissue
engraftment.

Furthermore, it is worth noting that blood flow first occurred in
the microchannel of the graft regardless of the presence of endo-
thelial cells, while the presence of endothelial cells demonstrated
significantly greater blood flow. This result indicates the critical
roles of endothelial cells and microchannels in the vascularization
of hydrogel-ceramic-based grafts. Many efforts have been imple-
mented to understand how blood vessels are induced to avascular
tissue or grafts [45-47]. Besides endothelial cells and angiogenic
signals, microchannels in a tissue-engineered graft have also
shown angiogenesis promoting effects compared to a graft in
absence of microchannel [48-50]. These results are consistent with
our observation that the CED endothelialized microchannel
enhanced sprouting and anastomosis. Interestingly, our result also
indicated that there was no significant difference in angiogenesis
between endothelium-lined collagen grafts (Collagen/HUVEC)
and non-endothelialized channels containing collagen/B-TCP grafts

(Collagen/Channel/B-TCP). However, it remains unknown in a
comparison of angiogenic effects between the microchannel con-
taining hydrogel/B-TCP grafts in the absence of endothelial cells
and the endothelial cell encapsulated hydrogel/B-TCP grafts in
the absence of microchannels. We also note that this study is lim-
ited by the use of HUVEC as a model system on long-term engraft-
ing applications. HUVECs is a well established model system for
angiogenesis and vascularization [51,52], but long-term cultures
in vitro could also make HUVECs more heterogeneous and have
less tube formation capability with in vivo aging [53,54]. In addi-
tion, the angiogenic potential of HUVECs isolated from mature
macrovasculature has been reported to be weaker than that of
human microvasculature endothelial cells [55].

Encouraged by the present results in this study, in the future
we will be interested in the vascularization effect of the struc-
tural cue such as microchannel containing scaffolds without
endothelial cells or the biological cue such as endothelial cell
encapsulated scaffolds without microchannels. Furthermore, we
will study if and how well the absence or the presence of mesen-
chymal stem cells, pericytes or smooth muscle cells affect the
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Fig. 5. Immunohistochemistry evaluation of angiogenesis and anastomosis in vivo. (a) Representative immunohistochemistry images of human-CD31 (hCD31) from
Collagen/HUVEC and Collagen/HUVEC/B-TCP grafts at days 7 and 14 (i-viii) showed that the hCD31 positive microvessels contain murine erythrocytes (iv, viii) (black
arrowheads) (scale bar = 100 um). (b) The hCD31-positive expressing lumens containing murine erythrocytes were quantified by measuring their density (*P < 0.05, n = 8). (c)
Immunofluorescent staining of human CD31 (green) and mouse CD31 (magenta) shows the anastomosed sites of preformed human capillaries with host vasculature (white
arrows, yellow color). Four groups at day 14 are shown: (i) Collagen/Channel, (ii) Collagen/HUVEC, (iii) Collagen/Channel/B-TCP and (iv) Collagen/HUVEC/B-TCP.

stability of the formed networks, and if and how well a prevascu-
larized network can develop into a mature and stable vasculature
and support other cells loaded in the hydrogel-ceramic-based
grafts.

The current results from this CED system also motivate further
studies about the potential to integrate multiple CED-engineered
endothelia with a multi-channeled scaffold as a platform for engi-
neering large tissues regardless of scaffold size. To fully take
advantages of this unique electrochemical approach, however,
the following limitations should be considered, in particular for
multiple channels. First, the quality of the gold coating on a solid
rod is essential in support of peptide incorporation, homogenous
cell attachment and detachment of intact endothelium. Second,
an automatic assembly system will be needed for precise align-
ment between the multiple endothelium-lined rods and channels
of scaffolds. Thus, through improving these limitations, this strat-
egy could provide a flexible platform to engineer large grafts,
assemble blood vessel arrays and investigate multicellular organi-
zation for broad clinical applications.

5. Conclusion

Here we demonstrated an electrochemical approach to effi-
ciently prevascularize a synthetic collagen-ceramic scaffold. This
approach achieves a one-step integration of an intact endothelium
and a channeled bioceramic scaffold to promote the functional vas-
cularization of the entire graft. This study also demonstrates the
important functional roles of the rigid porous bioceramic scaffold
that supports the structural integrity of hydrogel-based microvas-
culature so it can function in vivo.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1-5 are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2014.
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