
Mature vessel networks in engineered tissue promote
graft–host anastomosis and prevent graft thrombosis
Shahar Ben-Shaula,b, Shira Landaua, Uri Merdlera, and Shulamit Levenberga,1

aDepartment of Biomedical Engineering, Technion-Israel Institute of Technology, 32000 Haifa, Israel; and bThe Interdepartmental Program for
Biotechnology, Technion-Israel Institute of Technology, 32000 Haifa, Israel

Edited by Robert Langer, Massachusetts Institute of Technology, Cambridge, MA, and approved January 3, 2019 (received for review August 23, 2018)

Graft vascularization remains one of the most critical challenges
facing tissue-engineering experts in their attempt to create thick
transplantable tissues and organs. In vitro prevascularization of
engineered tissues has been suggested to promote rapid anasto-
mosis between the graft and host vasculatures; however, throm-
botic events have been reported upon graft implantation. Here, we
aimed to determine whether in vitro vessel maturation in trans-
plantable grafts can accelerate vascular integration and graft
perfusion and prevent thrombotic events in the grafts. To this
end, endothelial cells and fibroblasts were cocultured on 3D
scaffolds for 1, 7, or 14 d to form vasculature with different
maturation degrees. Monitoring graft–host interactions postimplan-
tation demonstrated that the 14-d in vitro-cultured grafts, bearing
more mature and complex vessel networks as indicated by elon-
gated and branched vessel structures, had increased graft–host ves-
sel anastomosis; host vessel penetration into the graft increased
approximately eightfold, and graft perfusion increased sixfold.
The presence of developed vessel networks prevented clot accumu-
lation in the grafts. Conversely, short-term cultured constructs dem-
onstrated poor vascularization and increased thrombus formation.
Elevated expression levels of coagulation factors, von Willebrand
factor (vWF), and tissue factor (TF), were demonstrated in constructs
bearing less mature vasculature. To conclude, these findings dem-
onstrate the importance of establishing mature and complex vessel
networks in engineered tissues before implantation to promote
anastomosis with the host and accelerate graft perfusion.
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Transplantation of engineered tissue is followed by a narrow
time window in which the host vasculature must supply the

tissue with blood to avoid ischemia, injury, and necrosis (1–3).
Promotion of host vessel invasion into engineered implants has
been achieved by delivery of proangiogenic factors (4), careful graft
design, and application of various matrix materials or geometries
(5–7). In addition, cell combinations (8, 9), such as endothelial cells
and mural cells, which together self-assemble into vessel-like
structures in the engineered tissues, encourage graft–host vessel
anastomosis and graft perfusion (10, 11). While some studies
suggest that the presence of endothelial cells in the implanted
engineered tissue, regardless of their organization, is sufficient to
ensure graft integration and survival (1, 12), others have shown that
their assembly into vessel-like structures in the engineered tissue
may enhance graft performance postimplantation (6, 8, 10, 13–15).
However, it has been shown that engineered vessels may induce
thrombosis upon transplantation, leading to reduced graft perfu-
sion and risk of failure (16–19).
Prevascularization of engineered tissues has been induced by

prolonged cultivation periods (20), application of mechanical
stimuli (14, 21), or culture of endothelial cells (ECs) with various
growth factors (22). However, the impact of maturation degree of
the engineered vessel network on graft–host vessel anastomosis
and graft perfusion upon implantation remains unknown. Vessel
maturation is one of the final steps in vasculature development
and remodeling and is mediated by adherens junctions and
vessel basement membrane rearrangements, as well as the close

association between mural cells and the vessel network (23).
Abnormal mural cell morphology, lower mural cell counts, and
loose attachment of mural cells to vessels result in unstable im-
mature vasculature (24, 25). We hypothesized that the implan-
tation of an engineered construct bearing mature vasculature will
improve graft integration.
This study aimed to assess the impact of different degrees of

vessel maturation in engineered tissue constructs on graft vas-
cularization and perfusion and on the incidence of blood clot
formation upon transplantation.

Results
In Vitro Vessel Network Self-Assembly and Maturation. In vitro sponta-
neous vessel assembly of GFP-HUVECs (human umbilical vein
endothelial cells) and human normal dermal fibroblasts (HNDF)
cells embedded in ∼800-μm-thick poly(l-lactic acid)/poly(lactide-
coglycolide) (PLLA/PLGA) scaffolds with pore sizes of 212–
600 μm was monitored from the day after seeding (Fig. 1 A, i) and
every 3–4 d thereafter for 2 wk. One day after seeding, cells were still
solitary; however, by day 4 they were found in clusters throughout
the scaffolds (SI Appendix, Fig. S1). Sprouting was observed 7 d after
seeding and was more extensive on day 10 postseeding; by day 14,
flourishing vessel networks were observed throughout the construct,
with fourfold more junction points compared with day 1 (Fig. 1B).
Significantly longer vessels were observed on day 14 compared with
vessels of coculture on days 1, 4, 7, and 10 (Fig. 1B). To further
assess the degree of maturity of the forming vessel network, scaffolds
were stained for neuron-glial antigen 2 (NG2), alpha smooth muscle
actin (αSMA), and vascular endothelial cadherin (VE-cad) as vas-
culature markers and for collagen type IV, a component of the
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vasculature basement membrane. While NG2-expressing mural cells
can be found at early stages of vessel development and during vas-
culature morphogenesis, αSMA expression is mostly associated with
the microvessel network in later stages of maturity (26). NG2 ex-
pression was observed 1 d after seeding, increased significantly
by day 7, but dropped by day 14 (Fig. 1E). In contrast, the number of

αSMA-positive cells was negligible 1 d after seeding; it significantly
increased by day 7 and rose further by day 14 postseeding (Fig. 1 F,
i). The proximity between αSMA-positive cells and the ECs was
significantly greater on day 14 versus day 1 and day 7, with day 14
scaffolds presenting αSMA-expressing cells wrapped around the
vessel walls (Fig. 1 D and F, i and ii, and SI Appendix, Fig. S2).
Whole-cell protein analysis confirmed that αSMA expression dou-
bled with each week of culture (Fig. 1G). On day 1 of seeding, VE-
cad expression was low and scattered in the solitary ECs. However,
on day 7, when the ECs formed aggregates, VE-cad expression was
serrated and found in ring-shaped structures, and by day 14 of
seeding it was observed along the vessel border (SI Appendix, Fig.
S3). Collagen type IV expression was scattered throughout the
scaffolds on days 1 and 7 after seeding. However, by day 14 the
engineered vessel networks were surrounded by a continuous col-
lagen type IV basement membrane (SI Appendix, Fig. S4).

Engineered-Vessel Network Development upon Implantation. To as-
sess whether in vitro vessel network self-assembly and development
alter in vivo vascular organization in the graft, postimplantation
vessel length and vascular junction formation dynamics were
measured. Scaffolds that were cultured in vitro for 14 d (pre-
vascularized constructs) and 1 d (non-pre-vascularized constructs)
before implantation were monitored via a dorsal window chamber.
Implantation of the non-pre-vascularized constructs was followed
by self-organization of the implanted cells into vessel networks,
which underwent an increase in both average vessel length and
number of network junctions within 7 d of implantation (7.75 and 3
times, respectively). However, a regression in both parameters was
observed on days 10 and 14 postimplantation (3.6 and 2.3 times,
respectively). Prevascularized scaffolds also displayed a regression
in both parameters by day 7 after implantation, but then main-
tained these values throughout the rest of the assessment period
(3.5 and 4.2 times, respectively) (Fig. 2 A and B). On day 14
postimplantation, both the non-pre-vascularized and prevascularized
scaffolds showed mostly similar eccentricity values of the engineered
vessel network, with the exception of the most elongated elements
(bin 95–100), which were twofold more elongated in prevascularized
scaffolds compared with non-pre-vascularized scaffolds (Fig. 2C and
SI Appendix, Fig. S5). Interestingly, comparing 14-d in vitro matura-
tion (prevascularized scaffolds before implantation) to 14-d in vivo
development (non-pre-vascularized constructs after 14 d of implan-
tation) revealed more elongated engineered vessels, emphasizing the
importance of in vitro culture time before implantation (Fig. 2C).

Host Vessel Invasion into Graft. To determine whether prevascula-
rization impacts host vasculature invasion, Alexa-647-anti-CD31
antibodies, which specifically stain the mouse vasculature, were
injected into the mouse tail vein; imaging of grafts via the dorsal
window chamber followed. Interactions between host and graft
vasculature were very minimal during the first week of implanta-
tion. On day 7, host vessels began to penetrate the graft margin and
advance toward the center of the graft (Fig. 3A). To better char-
acterize the progression of host vessel invasion, the graft area was
divided into three regions: R1, R2, and R3. On day 10 post-
implantation, host vessel coverage in the outer ring of the graft
(R1) was significantly higher in scaffolds that had been cultured for
14 d before implantation, with four times more host vessel invasion
than in non-pre-vascularized scaffolds. However, by day 14 post-
implantation, the same degree of host vessel invasion into R1 was
seen in both groups (Fig. 3 C, i). In the middle ring (R2), no host
vessels were observed 10 d after implantation of scaffolds that had
been cultured for 1 d before implantation, while prevascularized
constructs displayed high host vessel presence in this region. By day
14 postimplantation, host vessels were observed in R2 of both
scaffold types but coverage was eightfold higher in the grafts cul-
tured for 14 d compared with the constructs cultured for 1 d before
implantation (Fig. 3 C, ii). In the center of the grafts (R3), no host
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Fig. 1. Dynamics of in vitro vessel-like network formation and maturation.
GFP-ECs (green) and HNDFs were embedded in a PLLA/PLGA scaffold and
cultured for 14 d. Representative confocal images demonstrating cell mor-
phogenesis and vessel-like network self-assembly in the scaffolds on days 1, 4,
7, 10, and 14 postseeding are shown (A, i–v, respectively). (Scale bar: 500 μm.)
Magnification of the area boxed in yellow (Lower). (Scale bar: 100 μm.) Av-
erage vessel length and total number of vessel junctions in the scaffolds at the
different time points were determined with AngioTool (B). Representative
confocal images of whole-mount immunofluorescent scaffolds on days 1, 7,
and 14, showing vessel-like development, observed via NG2 (red), nuclei (blue)
(C), and αSMA (red) (D). (Scale bar: 100 μm.) Average NG2-positive (E) and
αSMA-positive (F, i) cell density on days 1, 7, and 14 of culture, as determined
using Imaris software. The distance of αSMA-positive cells from the closest ECs
was determined using Imaris distance transformation analysis (F, ii). Western
blot analysis demonstrating αSMA expression in the scaffolds at the three
tested time points (G). Data are presented as means ± SEM. n ≥ 3 scaffolds per
experiment. * is relative to day 14 and # is relative to day 1 (*P < 0.05,
**P < 0.01, ***P < 0.001 and #P < 0.05, ##P < 0.01, ###P < 0.001).
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vessels were observed on day 10 postimplantation in the grafts
cultured for 1 d before implantation, while prevascularized grafts
exhibited mild host vessel penetration in this region. By day 14
postimplantation, prevascularized grafts contained fourfold more
mouse vasculature invasion in R3 compared with the non-pre-
vascularized grafts (Fig. 3 C, iii). Multiple anastomosis sites were
observed between the penetrating host vessels and the engineered
vasculature. Higher-magnification images of anastomosis events
between the grafted ECs and the host vasculature, along with ex-
amination of several confocal planes, revealed diverse host-graft
vessel interactions: (i) engraft wrapping: engineered vessel-like
elements wrapped around host vessels in the graft, forming bilay-
ered segments), (ii) mosaic vessels: host vessels bridging at least
two segments of grafted vessel-like elements, forming patched
vessels, and (iii) end-to-end connections: tip cells of both host and
graft vessels merged to create a single vessel (SI Appendix, Fig. S6).
The three types of interaction were found to the same degree in
both scaffold groups.

Graft Functionality. To examine whether the degree of vessel ma-
turity influenced graft functionality postimplantation, tetrame-
thylrhodamine-isothiocyanate (TRITC)-dextran was injected into
the mouse tail vein at various time points following implantation.
On day 10 postimplantation, host vessels invading the graft area
were functional. Dextran was detected perfusing both the host
blood vasculature (SI Appendix, Fig. S7) and the engineered

vessels (Movie S1). Two weeks after transplantation, ∼30% of the
engineered vessels in the prevascularized grafts were perfused
(Fig. 4 A and B, i) but only 4–5% of the engineered vessels in
grafts cultured for 1 or 7 d before implantation demonstrated
blood flow. The average length of the perfused engineered vessels
on days 10 and 14 postimplantation was ∼7–10 times greater in the
prevascularized grafts (50 and 58 μm, respectively) than in the
non-pre-vascularized grafts (5.7 and 8.2 μm, respectively), sug-
gesting that the vessels were sufficiently stable to extend for longer
distances (Fig. 4 B, ii). In addition, a twofold higher accumulation
of blood clots was observed in the non-pre-vascularized grafts
compared with the prevascularized constructs on days 10 and 14
after implantation (Fig. 5). Protein extracts of scaffolds cultured
for 1, 7, or 14 d demonstrated that vWF expression was relatively
high on day 1 after seeding while reduced levels were measured on
both day 7 and day 14 after seeding (Fig. 6, i and ii). Similarly, TF
expression levels were relatively high on day 1 after seeding and
declined over the ensuing 2 wk of in vitro culturing (Fig. 6, iii).

Discussion
Graft vascularization plays a fundamental role in the success of
tissue and organ transplantations (27, 28); however, the possibility
of predicting engineered tissue implantation outcomes based on
the graft’s vascularization status at implantation has yet to be
assessed. Studies have shown that grafting an engineered tissue
with ECs alone or after in vitro vessel formation promotes both
anastomosis with the host vasculature and graft integration (10,
12, 29, 30).
The formation of in vitro engineered vessels was achieved by

coculturing ECs and supporting cells. Dermal fibroblasts were
chosen as supporting cells for this study not only due to their
proliferative and ECM-secreting abilities but also due to their
therapeutic potential and clinical relevance. Their dermal origin
allows a minimally invasive isolation procedure, which supports
their potential to create autografts and reduces the possibility of
graft rejection upon implantation (31–33).

0

10

20

30

40

50
El

on
ga

te
d 

ve
ss

el
 (c

ou
nt

s)
***

**

1d invitro;2w invivo
14d invitro;2w invivo
14d invitro14 days in vitro1 day in vitro

Av
g.

 V
es

se
l L

en
gt

h 
(m

m
)

**
****

*
*

*

1d 7d 10d 2w1d 7d 10d 2w
0

200

400

600
1.5

2.0

1.0

0.5
0.0

Time in vivoTime in vivo N
O

. o
f J

un
ct

io
ns

 (c
ou

nt
s)

****
**

****
****
****

********

Day 1 Day 7
1 

Da
y

14
 D

ay
s

Ti
m

e 
in

-v
itr

o

Day 10 2 weeks
Time in-vivo 

B(i) (ii)

A

C

Fig. 2. Vessel-like development in vivo. Representative intravital confocal
images of PLLA/PLGA scaffolds seeded with GFP-ECs (GFP) and HNDFs and
cultured for 1 d (Upper) or 14 d (Lower) before implantation in a mouse dorsal
window chamber. Images were captured on days 1, 7, 10, and 14 post-
implantation (A). Average graft vessel length (B, i) and total number of
engineered vessel junctions (B, ii). Eccentricity analysis of vessels in scaffolds
seeded 1 or 14 d before implantation and grafted for 2 wk, or in scaffolds
cultured for 14 d in vitro and imaged 1 d postimplantation (red box in A);
analysis of most elongated vessels (bin 95–100, purple box) in prevascular-
ized and non-pre-vascularized scaffolds 2 wk following implantation versus
in scaffolds cultured for 14 d in vitro and not implanted (C). Data are pre-
sented as means ± SEM. n ≥ 5 (*P < 0.05, **P < 0.01, ***P < 0.001). (Scale
bar: 100 μm.)

10d 2w 10d 2w
0

1

2

3
*

*

10d 2w
0.00
0.02
0.04
0.06
0.08
0.10

*

* **

*

*

A

B C
R1
R2
R3

(iii) R3

2 weeks
Time in-vivo 

Day 10Day 7

Ti
m

e
in

-v
itr

o
14

 D
ay

s yyyyyyyyyyy

Day 4Day 1

1 
Da

y

(ii)        R2(i)          R1

Ho
st

 v
es

se
l c

ov
er

ag
e 

(m
m

2 )

1 day in-vitro 14 day in-vitro

0.0
0.2
0.4
0.6
0.8
1.0

Fig. 3. Host vasculature invasion into the graft. Representative intravital con-
focal images of host-graft vasculature, as viewed through a dorsal skinfold win-
dow on days 1, 4, 7, 10, and 14 postimplantation. Implanted grafts had been
cultured for 1 d (Upper) or 14 d (Lower) before implantation. Graft perimeter
(6 mm) is marked by a yellow dashed line, GFP-ECs are in green, and host vessels
are in blue (mCD31-AF647was injected i.v. to visualize host vasculature) (A). Three
different regions of the graft: R1 represents the outermost ring in the graft pe-
rimeter (6 mm), R2 represents the middle ring, and R3 is the center of each graft
(B). Host vessel coverage (mm2) analysis in R1, R2, and R3 (C, i–iii, respectively).
Data are presented as means ± SEM. n ≥ 4 (*P < 0.05). (Scale bar: 1,000 μm.)
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This study showed that the presence of mature and developed
vessel networks is essential in promoting host vessel penetration
into the graft, graft–host vessel anastomosis, and graft perfusion
within 10 d of implantation into a dorsal skinfold chamber in nude
mice. It was demonstrated that, upon implantation of non-pre-
vascularized grafts, vessel self-assembly occurred in constructs cul-
tured with isolated ECs and supporting cells and was associated
with minor host vasculature invasion and anastomosis, mostly in the
graft perimeter. In contrast, prevascularized grafts demonstrated
enhanced host vessel invasion and integration (Figs. 2 and 3). Al-
though the more developed engineered vessel networks of pre-
vascularized grafts underwent a certain degree of regression in both
average vessel length and structural complexity upon implantation
(Fig. 2B), rapid and vast host vessel invasion throughout the graft,
with multiple host-graft connections and accompanied by blood
perfusion of the grafted engineered vessel networks, was demon-
strated. Although the average vessel length at 14 d after implanta-
tion was similar in prevascularized and non-pre-vascularized grafts,
a significant increase in elongated vessels was observed in the
constructs containing the developed vessel networks before im-
plantation (Fig. 2C). These features likely promoted graft anasto-
mosis and blood perfusion.
Studies have demonstrated that vessel development can be

assessed by the differentiation state of the mural cells surrounding
the vessel tubes (23, 34). Vessel network stability and lumen for-
mation can also be demonstrated by the expression and patterning of
the endothelial cell-to-cell adherens junctions, marked by VE-
cadherin, which play a key role in vascular integrity maintenance
(35, 36). It was previously shown that, during cell junction formation,
cell-to-cell contacts form serrated rings (i.e., shaped structures),
which were associated with early stages of lumen formation

in zebrafish embryos (37). These rings were observed on day 7 in
our in vitro model. The continuous VE-cad expression along the
vessels, which was observed in the day 14 in vitro constructs (SI
Appendix, Fig. S3), was previously demonstrated in vascular
rearrangement processes and shown to be associated with more
complex and mature vasculature (38, 39). This expression was
also observed on day 14 in our in vitro model (SI Appendix, Fig.
S3). While NG2-expressing mural cells can be found at early
stages of vessel development and during vasculature morpho-
genesis, αSMA expression is mostly associated with the micro-
vessel network in later stages of maturity (28). The cells at this
stage are probably myofibroblasts, although some of them may
continue to differentiate to SMCs.
Given the observed αSMA-positive cells wrapped around the

vessel network on day 14 of culture and the collagen type IV
expression surrounding the engineered vessels (SI Appendix, Fig.
S4), it can be said that the developed engineered vessel networks
formed in vitro were more stable and mature compared with
those in scaffolds precultured for 1 or 7 d only. Our previous
studies showed that vessel networks developing during 14 d of
in vitro culture were not quiescent and still secreted proangio-
genic cytokines, which can attract and promote host vessel
penetration into the prevascularized graft upon implantation (20,
40). Vessel leakiness was observed in the scaffolds, demonstrated
by dextran diffusion from the vessels into the surrounded tissues
over time. However, it was very difficult to evaluate the differ-
ences in vessel leakiness between the implanted constructs.
Compared with Cheng et al., who described the wrapping and

tapping mechanism of host-graft vasculature anastomosis (12), our
findings showed three different graft–host vasculature interac-
tions: (i) engraft wrapping, as described by Cheng et al., (ii) mo-
saic vessels, with host vessels bridging two grafted vessels, and (iii)
end-to-end connections between tip cells of both engineered and
host vasculature. No preferred connection mechanism was found
for either of the tested graft types, and all of the anastomosis
configurations led to vessel perfusion (SI Appendix, Fig. S6).
The poor engineered vessel perfusion observed in grafts cul-

tured for 1 or 7 d before implantation may have been due to the
accumulation of blood clots in the grafts, preventing host vessels
from penetrating and anastomosing with the engineered vascula-
ture. Indeed, 10% more clotted area was observed in the non-pre-
vascularized grafts in comparison with the prevascularized grafts.
Postimplantation graft thrombosis and/or nonfunctional vessels in
the prevascularized grafts were reported mostly regarding vessels
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allowed only 7 or 9 d to form in vitro, as demonstrated in our
model (11, 16, 17, 19). In the present analysis, stable and more
mature vessels were formed on day 14 of culture (Fig. 1); they may
explain why almost no blood clots were detected in the pre-
vascularized constructs but a high density of clots was observed
in non-pre-vascularized constructs on days 10 and 14 post-
implantation. Moreover, clotting was not observed outside the
grafts but was found in the graft–host interface and deeper in the
graft. Observation of the dextran flow in the engineered micro-
vasculature in the constructs (Fig. 4) indicates the patency of the
vasculature. Gebala et al. (41) showed that blood flow is required
for formation and expansion of the vessel lumen and for vascular
remodeling in a zebrafish model. Lenard et al. (42) showed that
initial lumen perfusion in vessel anastomosis is not always stable
and may collapse. This highlights the possibility that the immature
vessel lumens are also unstable and perhaps even close. White
et al. demonstrated that clotting formed in the engineered vessels
due to a drop in shear rates below a critical threshold, which may
result from the inability of the engineered vessels to conduct blood
flow (18). Therefore, we may argue that the immature engineered
vasculature shows decreases in lumen patency, diameter, and vessel
wall stability, demonstrated by the decrease in αSMA positive cells’
wrapping of the engineered vasculature and a low perfusion rate.
Changes in blood flow and shear stress may thus contribute to
endothelial and platelet activation, which may accelerate the ini-
tiation of clotting in grafts bearing immature vasculature.
These findings are supported by those reported by Schultheiss

et al., who showed that reseeding decellularized tissue with endo-
thelial progenitor cells led to repopulation of the tissue’s capillary
and large-vessel networks and prevented immediate thrombus
formation upon implantation. In contrast, acellular tissue was as-
sociated with thrombosis within 30 min of implantation (30). To
further understand the mechanisms inducing thrombosis in grafts
cultured for only 1 d before implantation, we analyzed the in vitro
expression of proteins known to be involved in the clotting cascade;
we detected high levels of both vWF and TF on day 1 after seeding,
which decreased by days 7 and 14 of culture (Fig. 6). We propose
that the morphology of both ECs and supporting cells, together
with the nonmatured vessel structures they form in grafts cultured
for only 1 d before implantation, resemble damaged-vessel condi-
tions. Once vessel damage occurs, the endothelial cell lining of the

innermost layer of the blood vessel becomes activated and begins
to release vWF, which promotes platelet binding and aggregation
to form the platelet hemostatic plug (43, 44). In parallel, activated
ECs and subendothelial cells express TF, a procoagulant that binds
to circulating coagulation factor (f)VII. The complex triggers the
coagulation cascade by activating platelet aggregation and cross-
linked fibrin to form a stable clot, which seals the injury site to
prevent blood loss (44). Therefore, introduction of grafts contain-
ing exposed fibroblasts and ECs not organized as stable and de-
veloped vessels triggers injury site signals in the host, resulting in
coagulation responses. In contrast, grafts with mature vasculature
have low levels of both vWF and TF as well as an intact vessel
endothelium, allowing for direct connections with host vessels and
blood flow with minimal coagulation activity.
Further evidence on the effect of mature engineered vessels was

demonstrated by a decrease in platelet adhesion and aggregation in
prevascularized grafts compared with grafts cultured for 1 d prior to
implantation (SI Appendix, Fig. S8). This suggests that implantation
of the non-pre-vascularized grafts triggers platelet activation and
leads to initiation of the clotting cascade. Blood clot accumulation
in the graft may lead not only to graft failure but also to secondary
thrombi in distal tissues, which can have life-threatening implica-
tions for the host (41).
The suggested prothrombotic phenotype resulting from platelet

activation (SI Appendix, Fig. S8) due to impaired engineered vascu-
lature is probably a consequence of a complex mechanism. Mediation
and recruitment of immune cells into the graft may increase
the expression of adhesion molecules such as vascular cellular
adhesion molecule 1 (VCAM-1) and intracellular adhesion
molecule 1 (ICAM-1) and accelerate clot formation (45, 46).
The engagement of CD40L, which is expressed mainly by acti-
vated T cells and platelets, with the CD40 receptor increases
platelet-leukocyte-endothelium interactions and promotes en-
dothelium adhesion molecule and chemokine synthesis, thus
inducing inflammation (46–48).
Endothelial nitric oxide synthase (eNOS) is a potent vessel-

remodeling vasodilator (49, 50) with an antithrombotic effect that
promotes platelet adhesion and aggregation inhibition (51). eNOS
expression and release may be altered as a result of changes in
blood flow and shear stress applied on blood vessel walls. Therefore,
insufficient and irregular blood flow in immature engineered vessels
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Fig. 6. Expression analysis of coagulation proteins during engineered vessel development in vitro. Whole-cell protein analysis of scaffolds populated with
HUVEC-GFP and HNDFs and cultured for 1, 7, or 14 d; each lane represents a pool of proteins extracted from three scaffolds subjected to the same treatment.
Immunoblotting was performed with anti-vWF, hCD31, TF, and GAPDH antibodies (i). The expression level of vWF was quantified with respect to the en-
dogenous expression levels of both CD31 and GAPDH (ii). TF expression level analysis was calculated relative to GAPDH expression (iii). Data are presented as
means ± SEM. n ≥ 5 (*P < 0.05, **P < 0.01).
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may promote thrombosis. The involvement of ECs in platelet and
white blood cell (WBC) activation can be further investigated using
the presented vascularized graft model.
Graft cellular density may be considered a contributing factor

in establishing graft perfusion. Chen et al. reported that increased
fibroblast density in endothelial-fibroblast coculture elevated graft
perfusion. Moreover, higher fibroblast density promoted early vessel
maturation before graft implantation (11). Here we showed that
implantation of a denser engineered graft (cultured for 7 d in vitro
and still in the early stages of vessel network formation, as shown
in Fig. 1) has no significant differences in graft perfusion following
14 d of implantation compared with non-pre-vascularized
scaffolds cultured for 1 d in vitro (SI Appendix, Fig. S9). However,
a significantly higher perfusion rate was observed in grafts bearing
mature vessels (14 d in vitro prevascularized constructs). There-
fore, we speculate that the maturity of vessels in engineered tissue
plays a major role in graft perfusion, and that increasing cellular
density may be part of this process.
To conclude, the presented findings reinforce the advantages of

establishing a stable and mature vasculature before implantation.

These include promotion of graft–host vasculature anastomosis, ad-
equate blood perfusion of the graft, and minimal thrombotic events.

Materials and Methods
Detailed materials and methods are provided in the SI Appendix. Briefly, po-
rous scaffolds were fabricated from PLLA/PLGA (50/50%) as previously de-
scribed (17). GFP-expressing HUVEC and HNDF were embedded with fibrin gel
in scaffolds and cultured for 1, 7, or 14 d. Following in vitro culture, the
scaffolds were placed in a dorsal window chamber implanted in athymic nude
mice. Engineered vessel development, graft perfusion, and host-graft vessel
interaction were monitored during 2 wk of implantation using confocal mi-
croscopy. To visualize host vasculature, we systemically injected anti-mouse-
CD31 and assessed vessel functionality by detection of rhodamine-dextran in
the engineered vessels. At the end point, the grafts were retrieved and fixed
for further immunohistological analysis.
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