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ABSTRACT: Here, we report the use of chemically cross-
linked and photo-cross-linked hydrogels to engineer human
umbilical vein endothelial cell (HUVEC) aggregate-induced
microvascular networks to increase blood perfusion in vivo.
First, we studied the effect of chemically cross-linked and
photo-cross-linked chitosan−lactide hydrogels on stiffness,
degradation rates, and HUVEC behaviors. The photo-cross-
linked hydrogel was relatively stiff (E = ∼15 kPa) and
possessed more compact networks, denser surface texture, and
lower enzymatic degradation rates than the relatively soft,
chemically cross-linked hydrogel (E = ∼2 kPa). While both
hydrogels exhibited nontoxicity, the soft chemically cross-linked hydrogels expedited the formation of cell aggregates compared
to the photo-cross-linked hydrogels. Cells on the less stiff, chemically cross-linked hydrogels expressed more matrix
metalloproteinase (MMP) activity than the stiffer, photo-cross-linked hydrogel. This difference in MMP activity resulted in a
more dramatic decrease in mechanical stiffness after 3 days of incubation for the chemically cross-linked hydrogel, as compared to
the photo-cross-linked one. After determining the physical and biological properties of each hydrogel, we accordingly engineered
a dual-layer hydrogel construct consisting of the relatively soft, chemically cross-linked hydrogel layer for HUVEC encapsulation,
and the relatively stiff, acellular, photo-cross-linked hydrogel for retention of cell-laden microvasculature above. This dual-layer
hydrogel construct enabled a lasting HUVEC aggregate-induced microvascular network due to the combination of stable
substrate, enriched cell adhesion molecules, and extracellular matrix proteins. We tested the dual-layer hydrogel construct in a
mouse model of hind-limb ischemia, where the HUVEC aggregate-induced microvascular networks significantly enhanced blood
perfusion rate to ischemic legs and decreased tissue necrosis compared with both no treatment and nonaggregated HUVEC-
loaded hydrogels within 2 weeks. This study suggests an effective means for regulating hydrogel properties to facilitate a stable,
HUVEC aggregate-induced microvascular network for a variety of vascularized tissue applications.
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1. INTRODUCTION

Cell-based angiogenic therapeutics, including cell-laden hydro-
gel delivery, hold great promise for the treatment of vascular
diseases or damaged vascularized tissues.1−6 However, these
approaches are limited by poor engraftment of cells due to the
lack of functional vasculature. This is because the complex
formation and regression of endothelial vascular networks are
highly dependent on appropriate spatiotemporal microenvir-
onmental cues in vitro and in vivo.3,6−8 Mimicking the
microenvironments in the engineered tissues still remains a
significant technological challenge.9

It is well-known that extracellular matrix (ECM) can
dynamically control cell survival, proliferation, migration, and
differentiation,10−14 and ECM itself is further remodeled by cell
activities.14−17 ECM mainly consists of laminins, collagen IV
(Col IV), fibronectin, perlecan, nidogens, and collagen
XVIII.15−17 Among ECM proteins, Col IV provides the major

structural support and is frequently colocalized with fibronec-
tin,17 while fibronectin has high binding affinity to angiogenic
factors, such as vascular endothelial growth factor, thereby
enhancing endothelial cells (EC) growth, migration, and
tubulogenesis.16 During vascular remodeling, the matrix
metalloproteinases (MMPs)-mediated degradation of the
ECM is essential for vessel formation and regression.14,18,19

Increased MMP activity of ECs is responsible for excessive
degradation and local accumulation of the decomposed ECM
components.18,19 ECM also provides mechanical strain for
traction and orientation for angiogenic microvessels.11−14

Previous studies have highlighted the importance of the
stiffness and degradation effect of ECM on morphogenesis
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and tubulogenesis of ECs.3,10,11 For example, ECs have a
tendency either not to form or to very slowly form tubular
networks on relatively stiff and nondegradable matrixes because
cell−ECM interactions are stronger than cell−cell contact.11−13
On the other hand, a relatively soft, fast degradable matrix
readily facilitates tube formation due to enhanced cell−cell
contact, but the initially formed tubular structures easily regress
during proteolytic degradation of the ECM.7−13,20−23 There-
fore, controlling interactions between cells and ECM is
important to promote angiogenic sprouting, capillary for-
mation, and vascular stability.14,17−19,24 These processes can be
well-orchestrated by regulating composition, physicochemical
properties, and degradation of ECM.11−13,20−23

Recent studies have demonstrated that three-dimensional
(3D) self-assembled cell aggregates can improve angiogenic
activity by synthesizing and organizing ECM molecules. They
can balance cell−cell and cell−ECM interactions and facilitate
transmission of physiological information,6,25−27 precondition
themselves to ischemic environments during in vitro preculture
periods, and secrete antiapoptotic factors.6,25 Thus, the cells in
the aggregates become more resistant to hypoxia and
circumvent the occurrence of anoikis.6,26

Here, we report EC aggregate-induced microvascular net-
works to increase blood perfusion rate in a mouse model of
hind-limb ischemia. In previous studies, we developed a
chitosan−lactide hydrogel system that can be chemically
cross-linked or photo-cross-linked with tunable elastic modulus
and proteolytic degradation rate, and these hydrogels have been
used to deliver growth factors to promote tissue regeneration in
vivo.28−30 In the present study, we engineered a dual-layer
chitosan−lactide hydrogel consisting of a human umbilical vein
endothelial cell (HUVEC)-laden, relatively soft, chemically
cross-linked top layer and an acellular, relatively stiff, photo-
cross-linked bottom layer. We hypothesize that the chemically
cross-linked hydrogel will promote self-assembly of HUVEC
aggregates, while the photo-cross-linked hydrogel will maintain
structural integrity of the cell aggregate-induced microvascular
networks. We further hypothesize that our innovative design

will allow the HUVEC aggregate-induced microvascular
networks to enhance blood perfusion rate in vivo.

2. MATERIALS AND METHODS
2.1. Materials. Chitosan, dimethyl sulfoxide, tin(II) 2-ethyl-

hexanoate, triethylamine, methacrylic anhydride, and sodium metabi-
sulfite were obtained from Sigma-Aldrich (St. Louis). D,L-Lactide was
purchased from Ortec (Piedmont, SC). Human fibrinogen plasmi-
nogen depleted was used from Enzyme Research Laboratories (South
Bend, IN). All other chemicals were used as received.

2.2. Fabrication of Chitosan−Lactide Hydrogels. The
chitosan−lactide prepolymer solution was prepared as described in
our previous studies.28,29 To produce cross-linked hydrogel networks,
sodium metabi-sulfite was mixed with the prepolymer solution to form
a chemically cross-linked hydrogel (relatively soft), while a filtered
photoinitiator solution (Irgacure 2959) was mixed to the prepolymer
solution that was then exposed to 6.9 mW/cm2 UV light to form a
photo-cross-linked hydrogel (relatively stiff).

2.3. Characterization of Chitosan−Lactide Hydrogels. As
described in previous studies,28,29 we characterized the properties of
the hydrogels in terms of mechanical stiffness, microstructure, and
degradation. Compressive modulus of the hydrogels was measured to
determine the stiffness of hydrogels (chemically cross-linked or photo-
cross-linked). The microstructures and degradation profiles of the
hydrogels were investigated to understand physicochemical properties
of the hydrogels.

2.4. Cell Culture. Green fluorescent protein (GFP) expressing
HUVECs were received from the laboratory of the late Dr. J. Folkman
(Children’s Hospital, Boston). They were cultured in EBM-2 (Lonza,
Walkersville, MD) containing supplements from EGM-2 kit, 10% fetal
bovine serum, and 1% penicillin streptomycin glutamine.

2.4.1. Metabolic Activity of HUVECs in the Chitosan−Lactide
Hydrogels. An MTS assay was performed to test the cytotoxicity of
the hydrogels and cell morphological changes in response to the
hydrogels were also monitored using a Zeiss Axiovert 200 (Carl Zeiss
Microimaging, Thornwood, NY) as described in previous methods.29

Both the chemically cross-linked and photo-cross-linked hydrogels
were evaluated with both indirect and direct contact cultures. First,
indirect contact culture was performed to investigate the effect of the
hydrogels on cellular metabolic activity through cell culture media.
Initially, 50 000 cells were seeded and cultured for 3 days. The same
number of cells was also directly cultured into a chemically cross-
linked hydrogel or a photo-cross-linked hydrogel for 3 days. The

Figure 1. Design and schematic drawing of the hydrogel based-HUVEC aggregates. (a) Construction of a dual-layer hydrogel consisting of a cell-
laden soft top layer and an acellular stiffer bottom layer. Biodegradable chitosan−lactide hydrogel was manipulated according to its elastic modulus
and proteolytic degradation via chemically cross-linked or photo-cross-linking methods. (b) In vivo evaluation of the HUVEC aggregate-induced
microvascular networks in a hind-limb ischemic model. Laser Doppler blood perfusion (LDBP) was performed between 0 and 14 days postsurgery
to investigate whether the HUVEC aggregate-induced microvascular networks improves reperfusion rates in an ischemic hind limb.
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number of viable cells was determined using an MTS assay.
Photomicrographs of cells were also obtained.
2.4.2. Morphogenesis of HUVECs in the Chitosan−Lactide

Hydrogels. We also monitored angiogenic characteristics of HUVECs
in the chitosan−lactide hydrogels and compared them against
HUVECs grown on tissue culture plastics. To evaluate the effect of
3D hydrogels on microvascular network formation, 5000 GFP-
expressing HUVECs were cultured in tissue culture plastics or
encapsulated into the chemically cross-linked hydrogels. GFP images
of endothelial network formation were taken at day 1 and day 3. Five
images of each sample were randomly taken with 10× objectives with
Zeiss Axiovision software and quantified with NIH ImageJ software
according to the following tube formation parameters: (1) total
number of branches/mm2 and (2) total length of branches in μm/
mm2. Angiogenic events of the HUVECs were also observed and
imaged during 3 days of incubation.
2.4.3. MMP Activities of HUVECs Associated with Stiffness and

Degradation of the Hydrogels. We investigated MMP-mediated
degradation in response to cellular activities on the different hydrogels.
We evaluated the level of MMP activities of HUVECs during cell
culture periods of 3 days. 50 000 cells were seeded on the surface of
chemically cross-linked or photo-cross-linked hydrogels and then
cultured for 3 days. We then selected MMP-2 and MMP-10 as the
index proteins, affecting degradation of ECM proteins during capillary
tube formation and regression, respectively. The levels of MMP-2 and
MMP-10 in the media were measured at day 3 using ELISA
(Calbiochem, NJ) according to manufacturer’s instructions. In
addition, atomic force microscopy (AFM) was used to determine
the local mechanical stiffness of the hydrogels affected by the cellular
activities. The elasticity determination was done with a Park NX-10 in
liquid cell with phosphate buffered saline (PBS). Curve analysis was
conducted with SPIP software from Image Metrology A/S.
2.5. Engineering and Evaluation of a Dual-Layer Hydrogel

Construct. We designed a dual-layer hydrogel construct to facilitate
the formation of lasting EC aggregate-induced microvascular networks.

As shown Figure 1a, the dual-layer hydrogel consists of a HUVEC-
laden, relatively soft, chemically cross-linked top layer and an acellular,
relatively stiff, photo-cross-linked bottom layer. The cell-encapsulated
top layer was designed to promote self-assembly of HUVEC
aggregates, while the bottom layer was designed to retain structural
integrity of cell aggregates and cell-generated ECM.

2.5.1. Immunofluorescence Analysis. To study the ECM
components and cell adhesion molecules in the HUVEC aggregate-
induced microvascular networks, immunofluorescent staining was
performed. In brief, 50 000 cells were suspended in a prepolymer
solution which was then chemically cross-linked on top of the photo-
cross-linked hydrogels, after which EGM-2 was added. The cells in the
hydrogels were cultured in 24-well plates to form HUVEC aggregates
for 7 days. Collagen IV and fibronectin as biomarkers of ECM
components and vascular endothelial (VE) cadherin as a biomarker of
a cell adhesion molecule were immunofluorescent-stained. Rabbit
anticollagen IV, antifibronectin, and anti-VE cadherin were used as
primary antibodies in 0.1% BSA and incubated overnight at 4 °C.
Alexa Fluor 647 was used as secondary antibodies in 0.1% BSA−PBS
and was incubated in the dark at room temperature for 1 h. Finally,
4′,6-diamidino-2-phenylindole (DAPI, 5 mg/mL) or Hoechst 33258
was used for staining the nuclei of the cells. The fluorescent images
were obtained with a Zeiss Axiovert 200 microscope (Carl Zeiss
Microimaging, Thornwood, NY).

2.5.2. Animal Study. The efficacy of the HUVEC aggregate-induced
microvascular networks was evaluated using a hind-limb ischemia
model. The schematic of the in vivo study is shown in Figure 1b. All
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Stanford University. BALB/c null/null male
nude mice at 7−8 weeks of age were purchased from Charles River
Laboratories (Wilmington, MA) and were maintained under standard
conditions and diet. Five animals per group were used in this study.
The ligation of the femoral artery was performed as described in
previous study.31 Briefly, mice were anesthetized with 1.5% isoflurane-
O2, and the hind limbs were depilated. After administration of

Figure 2. Characterization of the chitosan−lactide hydrogels. (a) Compressive modulus of chemically cross-linked or photo-cross-linked hydrogels.
Unconfined compression tests were performed using an Instron 5944 materials testing system fitted with a 10 N load cell. The compressive modulus
was determined for strain ranges of 10−20% from linear curve fits of the stress−strain curve. Representative SEM micrographs on the cross section
of the freeze-dried hydrogel formed by (b) chemical cross-linking; (c) UV cross-linking. In vitro degradation of the hydrogels in (d) PBS (pH 7.4),
(e) PBS (pH 7.4) containing lysozyme (100 μg/mL), and (f) PBS (pH 7.4) containing collagenase A (1 mg/mL) at 37 °C for 7 days. The
degradation profile of the hydrogels was determined by measuring the wet weight remaining ratio of the hydrogels at each time point. Each value
represents the mean ± SD (n = 3). * denotes significant difference between groups (p < 0.05).
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buprenorphine (0.01 mg/kg intramuscular) as a pre-emptive analgesic,
a 1 cm skin incision was made on the left thigh and the left femoral
artery was exposed. After the superficial epigastric artery (SEA) was
identified, the common femoral artery was ligated with two 7-0
ligatures placed proximal to the SEA. The artery was then transected
between the sutures and separated 2−3 mm. The right legs were left
intact to serve as control references. After femoral artery excision
surgery, the mice received either no treatment, HUVECs-loaded
hydrogels (5 × 105 cells per hydrogel), or the HUVEC aggregate-
induced microvascular networks in hydrogels at the site of the femoral
artery region. Initially, 1.5 × 105 cells were cultured for 5 days to form
the HUVEC aggregate-induced microvascular networks. The wound
was irrigated with sterile saline and closed, and cefazolin (50 mg/kg
im) was administered. Under 1.5% isoflurane-O2 anesthesia, non-
invasive perfusion imaging of the hind limb was performed at 1, 3, 7,
10, and 14 days postsurgery. A PeriScan PIM 3 Imager (Perimed AB,
Stockholm, Sweden) was used to evaluate the blood perfusion to the
ischemic hind limb. The perfusion ratio (ischemic/nonischemic) in
the limb of each animal was taken (foot to proximal ligation).
2.6. Statistical Analysis. Significant differences among different

groups and experimental time points were analyzed by one-way
ANOVA test. All data were considered statistically significant if p <
0.05. All measurements were presented as mean ± standard deviation.

3. RESULTS
3.1. Chemically Cross-Linked Chitosan−Lactide Hy-

drogel Demonstrating Lower Stiffness and Higher
Degradation Rate Compared to the Photo-Cross-Linked
One. Unconfined compression tests revealed the effect of
chemical cross-linking and photo-cross-linking methods on
stiffness of the hydrogels (Figure 2a). The average compressive
modulus for the photo-cross-linked hydrogel that was 15.3 ±
0.9 kPa was significantly greater than the modulus for the
chemically cross-linked hydrogel at 2.2 ± 0.5 kPa (p < 0.05).

Scanning electron microscopy (SEM) images show the cross-
sectional area of freeze-dried hydrogels by chemical cross-
linking or photo-cross-linking, respectively (Figure 2b,c). Both
hydrogels were microporous, but displayed different morphol-
ogy. The softer, chemically cross-linked hydrogel exhibited
relatively thinner and rougher porous structure compared to
the stiffer, photo-cross-linked hydrogel. It indicates greater
cross-linked networks by photo-cross-linking parameters via
UV exposure on the prepolymer solution than chemical cross-
linking.
We examined the wet remaining ratios of the hydrogels to

evaluate the effect of enzymatic activities on the degradation
behavior of hydrogels by incubating them in solutions with pH
7.4 at 37 °C of PBS, 100 μg/mL lysozyme, or 1 mg/mL
collagenase A (Figure 2d−f). In the PBS medium, the wet
weight remaining ratios decreased similarly for the soft,
chemically cross-linked and stiff, photo-cross-linked hydrogels,
dropping to 92% and 93.2% of the original wet weight
remaining ratios, respectively, after 1 week of incubation. In the
100 μg/mL lysozyme, the weight remaining ratios decreased to
26.1% for the soft, chemically cross-linked and 60.4% for the
stiff, photo-cross-linked hydrogel after a week of incubation,
respectively, due to lysozyme-regulated hydrolysis. In the 1 mg/
mL collagenase A, the weight remaining ratios decreased to
70.1% for the soft, chemically cross-linked and 78.5% for the
stiff, photo-cross-linked hydrogel after day 1 and then slowly
decreased over a week of incubation. In both the lysozyme- and
collagenase A-containing solutions, the degradation rate of the
stiff, photo-cross-linked hydrogel was significantly slower than
that of the soft, chemically cross-linked one (p < 0.05). Thus,
we conclude that the soft, chemically cross-linked hydrogels are

Figure 3. Viability of HUVECs in the chitosan−lactide hydrogels. (a) HUVECs were cultured via indirect contact and (b) their photomicrographs
were processed. BD BioCoat control cell culture inserts (24 well, 8 μm pores) were used to evaluate the effect of the hydrogels on cell viability and
proliferation through cell culture media at day 1 and day 3. (c) HUVECs were cultured via direct contact on the hydrogels and (d) GFP images of
the cells were taken at day 1 and day 3. Initially, 50 000 of GFP expressing HUVECs were cultured and the number of viable cells was determined at
day 1 and day 3 quantitatively using a MTS assay according to the manufacturer’s instructions. The light absorbance at 490 nm was recorded using a
micro plate reader (TECAN Infinite F50). * denotes significant difference between time points (p < 0.05). ** denotes significant difference between
groups (p < 0.05).
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more susceptible to enzymatic activities compared to the stiff,
photo-cross-linked hydrogels.
3.2. HUVECs Are Viable in Both the Chemically Cross-

Linked and Photo-Cross-Linked Chitosan−Lactide Hy-
drogels. The cytotoxicity of the hydrogels was evaluated by
quantifying cell metabolic activity via an MTS assay before the
construction of a dual-layer hydrogel. Figure 3a showed no
significant difference in metabolic activity of HUVECs between
groups via indirect cell culture, but there were significantly
increased metabolic activities for both groups during 3 days of
in vitro culture (p < 0.05). This result indicated that the cells
were able to grow and proliferate regardless of the cross-linking
methods (Figure 3b). Direct contact culture between groups
for 3 days of incubation further supported biocompatibility of
the stiff, photo-cross-linked hydrogels (p < 0.05). Metabolic
activity of HUVECs on the stiff, slowly degradable, photo-cross-
linked hydrogels significantly increased during day 3 of
incubation compared with day 1 (Figure 3c, p < 0.05).
However, cell metabolic activity in the soft, quickly degradable,
chemically cross-linked hydrogels did not show significant
increase between day 1 and day 3 incubations. As shown in
Figure 3d, the morphology of cells and microvessels in direct

cell culture on the two hydrogel groups correlated with the
cellular metabolic activities in Figure 3c, with cells preferring to
aggregate on the soft matrix and spread on the stiff one.

3.3. Morphogenesis of HUVECs in the Chitosan−
Lactide Hydrogels. Figure 4a shows microscopic observation
of HUVECs cultured in the tissue culture plastics and
encapsulated into the soft chitosan−lactide hydrogel. On tissue
culture plastic, which is substantially stiffer and nondegradable
compared to the hydrogels, HUVECs proliferated to become
confluent without network formation by day 1 of incubation.
Upon encapsulation of cells into the hydrogels, HUVECs
showed distinct morphological changes including cell elonga-
tion, branching, and network formation at day 1 of incubation
(Figure 4a). The total number and total length of branching
networks in the hydrogels significantly decreased at day 3
compared with day 1 (Figure 4b,c, p < 0.05), as cells
aggregated. GFP images show that HUVECs cultured in the
hydrogels exhibited endothelial sprouting and branching
(Figure 4d), including outgrowth of endothelial tip cells
(Figure 4e), and growing stalk cells (Figure 4f). The tip cells
were located at the forefront of vessel branches and had
numerous filopodia responding to angiogenic stimuli, while the

Figure 4. Morphogenesis and tubulogenesis of HUVECs in the chitosan−lactide hydrogels. (a) The effect of 3D hydrogels on microvascular
network formation was monitored by culturing 5000 cells on tissue culture plastics or encapsulating them into the soft and fast degradable chitosan−
lactide hydrogels. In addition, GFP images of endothelial network formation in the hydrogels were taken at day 1and day 3. Five images of each
sample were randomly taken with 10× objectives using a software (Zeiss, AxioVision) and quantified with NIH ImageJ software according to the
following tube formation parameters: (b) total tube number (total number of tubes/mm2) and (c) total tube length (total length of tubes in μm/
mm2). GFP images of HUVECs cultured in the hydrogels showed (d) ECs sprouting (bar = 200 μm), (e) outgrowth of an endothelial tip cell
(arrows indicate filopodia, bar = 50 μm), (f) stalk cell proliferation (arrow indicates growing stalk cells, bar = 50 μm), and (g) lumen formation
(arrow indicates coalescence of intracellular vacuoles, bar = 100 μm). * denotes significant difference between groups (p < 0.05).
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stalk cells that followed the leading tip cell proliferated and
elongated. Figure 4g indicates the lumen formation by
coalescence of intracellular vacuoles, which further intercon-
nected with neighboring vacuoles. However, these angiogenic
events were not lasting due to proteloytic degradation of the
chitosan−lactide hydrogels.
3.4. Increased MMP-2 Activities of HUVECs Are

Associated with Increased Vessel Formation and
Degradation of the Hydrogel Substrate. We further
investigated MMP activities of HUVECs in response to the
properties of the hydrogels and evaluated the changes in
stiffness of the hydrogels accordingly. The amount of MMP-2
was significantly higher on the soft, chemically cross-linked
hydrogels than on the stiffer, photo-cross-linked hydrogels at
day 3 (p < 0.05), while those of MMP-10 were relatively very
low and similar between hydrogels at day 3 (Figure 5a). Given
that high MMP-2 levels of HUVECs support vessel formation,
the MMP activities closely align with our observation that the
soft, chemically cross-linked hydrogel promoted network
formation more strongly than the stiff, photo-cross-linked one.
This study also demonstrates that increased MMP-2 activity

can influence local degradation of the hydrogel substrate.
Figure 5b shows the changes in mechanical stiffness of the
hydrogels affected by the cellular activities using AFM. Initial
average Young’s modulus was 3.8 ± 0.3 and 14.2 ± 0.8 kPa for
chemically cross-linked and photo-cross-linked hydrogels,
respectively. During 3 days of in vitro HUVECs culture,
Young’s modulus significantly decreased to 1.7 ± 3.1 and 11.9
± 0.3 kPa, respectively (p < 0.05). While Young’s modulus of
both hydrogels significantly decreased at day 3 compared with
day 0 (p < 0.05), the Young’s modulus of the soft, chemically
cross-linked samples decreased approximately 55% compared
to 16% for the photo-cross-linked samples (p < 0.05). The
decreases in Young’s modulus of both hydrogels are most likely
associated with the expression of MMPs that causes
degradation of hydrogels.
3.5. Engineering a Dual-Layer Hydrogel Construct for

HUVEC Aggregate-Induced Microvascular Networks.
3.5.1. Immunofluorescence Analysis. As shown in Figure 6a,
we designed a dual-layer hydrogel construct to promote the
formation of a lasting HUVEC aggregate-induced microvascular
network by combining a cell-laden soft, chemically cross-linked

hydrogel top layer with an acellular, photo-cross-linked stiffer
bottom layer. By day 3 of cell culture, proteolytic degradation
of the soft, chemically cross-linked hydrogel induced the rapid
formation of HUVEC aggregates, while the stiffer bottom layer
provided a stable substrate and retained structural integrity of
HUVEC aggregates. Over time, individual HUVEC aggregates
extended endothelial sprouts and grew toward neighboring
aggregates to establish complex anastomosing microvascular-
ized networks. After day 7 of cell culture, we investigated the
presence of ECM components and cell adhesion molecules
with immunofluorescent staining. As shown in Figure 6b−d,
the enriched vascular endothelial (VE) cadherin, fibronectin,
and collagen type IV accumulated and coexisted within the
HUVEC aggregate-induced microvascular networks.

3.5.2. Animal Studies. The effectiveness of the HUVEC
aggregate-induced microvascular networks on blood flow
restoration was tested in male nude mice (BALB/c null/null)
that were subjected to femoral artery ligation. We compared the
improvement in reperfusion rates of the HUVEC aggregate-
induced microvascular networks against no treatment and
HUVEC-loaded hydrogels. At 0, 1, 3, 7, 10, and 14 days
postsurgery, we quantitatively evaluated blood perfusion to the
hind limb using the laser Doppler perfusion imaging (LDPI)
system. As shown in Figure 7, the mice receiving the HUVEC
aggregate-induced microvascular networks showed a significant
increase in perfusion ratio (ischemic/control hind limb)
compared with the no treatment group and the HUVECs-
loaded hydrogels (p < 0.05), and the levels of necrosis were
reduced. However, we did not observe any significant difference
in blood flow rate between the no treatment group and the
HUVECs-loaded hydrogels. All three groups revealed some
degree of toe necrosis. However, the HUVEC aggregate-
induced microvascular network group did not require toe
amputation, while 60% and 20% of the animals in the no
treatment group and the HUVEC-loaded hydrogel group,
respectively, did (Table 1). This result indicates that the
HUVEC aggregate-induced microvascular networks accelerated
the blood flow rate due to their therapeutic capability to restore
perfusion in vivo.

Figure 5. MMP activity of HUVECs associated with stiffness and degradation of the hydrogels. Initially 50 000 of GFP expressing HUVECs were
cultured on the surface of chemically cross-linked or photo-cross-linked hydrogels for 3 days. (a) Levels of MMP-2 and MMP-10 of HUVECs. The
concentration of the MMPs in the media was measured at day 3 using ELISA kits according to manufacturer’s instructions. (b) Local mechanical
stiffness of the hydrogels affected by the cellular activities using AFM. * denotes significant difference between time points (p < 0.05). ** denotes
significant difference between groups (p < 0.05).
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4. DISCUSSION

Recent studies have shown that prevascularized tissue
constructs can accelerate angiogenic processes, restore vascular
function, and improve engraftment.5,32 Prevascularization
strategies aim to establish functional microvascular networks
in vitro before implantation.5,6,25−27,32 In this study, we have
shown that engineering a dual-layer hydrogel construct can
create HUVEC aggregate-induced microvascular networks in
vitro and promote reperfusion in a mouse model of hind-limb
ischemia in vivo. In our previous studies, we developed a
biocompatible, biodegradable chitosan−lactide hydrogel.28−30

The properties of the chitosan−lactide hydrogels including
mechanical stiffness and degradation were tunable by
controlling different ratios of the copolymer and cross-linking
degree and using different cross-linking methods.28,29 The
fibrinogen molecules have also been introduced into the
copolymer networks to promote cell attachment, enhance
growth factor binding, and increase susceptibility to proteolyt-
ical degradation to regenerate tissue in vivo.29,30,33

In this study, we modulated stiffness and enzymatic
degradation of the chitosan−lactide hydrogels by using
different cross-linking methods. Accordingly, we prepared the
photo-cross-linked hydrogel that was relatively stiff (E = ∼15
kPa) and slowly degradable, and the chemically cross-linked
hydrogel that was relatively soft (E = ∼2 kPa) and quickly
degradable. MTS assay via the indirect and direct contact
cultures suggested that both hydrogels were nontoxic. The
indirect contact culture showed that the cells could grow and
proliferate regardless of the cross-linking methods. Via direct
contact culture, however, we observed a significant difference in
metabolic activity of HUVECs between groups. There was no
increase in metabolic activity of HUVECs in the soft hydrogel
at day 3 compared with that at day 1 because its fast
degradation induced cell detachment and loss unlike that in the
stiff hydrogel. Instead, as shown in Figure 3d, the soft hydrogels
promoted cell−cell interactions and self-assembly of the cells
into capillary-like structures within day 1 of incubation. It is
likely that the cells experienced less resistance from the softer
hydrogel and readily self-assembled themselves into the
branching structures. At day 3, the cells formed larger
aggregates in accordance with degradation of the hydrogel. In
contrast, the stiff hydrogels enhanced cell−substrate inter-
actions and cell spreading, and delayed the formation of
capillary-like structures until the hydrogels became less stiff via
degradation.21,22 At day 3, loop structures gradually appeared.
The differences in cell morphology and vascular development
reflect the fact that the cells appear to be highly migratory when
in contact with a stiffer matrix. However, when the matrix
becomes less stiff due to cell-mediated degradation over time,
the cell−matrix interactions become weaker, causing cells to
accumulate and form aggregates, branching, and loop
structures.
Consistent with previous studies,19,24,34 HUVECs expressed

different amounts of MMP-2 and MMP-10 in response to
different degrees of stiffness of the hydrogels. These MMPs are
important factors for the degradation of various types of ECM
proteins during capillary tube formation and regression,
respectively.19,24,34−36 In this study, the amounts of MMP-2
were significantly higher on the relatively soft hydrogels than on
the stiffer hydrogels. These cellular activities, in turn,
significantly decreased the local mechanical stiffness of the
hydrogels due to degradation of hydrogels. Our findings

Figure 6. Immunofluorescence analysis of ECM components and cell
adhesion molecules in the HUVEC aggregate-induced microvascular
networks. (a) The HUVEC aggregates were constructed by combining
a cell-laden soft top layer with an acellular stiffer bottom layer and
cultured for 7 days in vitro. After about 3 days of cell culture, HUVEC
aggregates were formed via proteolytic degradation of the soft
hydrogel, while the stiffer bottom layer supported structural integrity
and retained angiogenic properties of HUVECs. After 7 days of cell
culture, the presence of (b) VE-cadherin (VE-Cad), (c) fibronectin
(FN), and (d) collagen type IV (Col IV) was evaluated by using
immunofluorescent staining methods. Cell nuclei were counterstained
with DAPI. (Bar = 100 μm).
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suggest increased expression of MMPs is very closely related to
degradation of the hydrogel barriers, further affecting cell
behaviors such as cell attachment, migration, and invasion.37−39

Thus, controlling microenvironments with different degrees of
stiffness and degradation of the matrix seems to be one of the
key factors to regulate functions of EC.
Our findings on the correlation among EC morphogenesis,

hydrogel stiffness, and degradation inspired us to design a dual-
layer hydrogel construct for the fast formation of the lasting
HUVEC aggregate-induced microvascular networks (Figure 8).
The fast formation of HUVEC aggregates was induced by
MMP-mediated degradation of the soft top layer. The lasting

nature was enabled by the stiff, slowly degradable hydrogel,
which reduced proteolysis, and provided a stable template for
the retention of VE cadherin, and accumulation of fibronectin
and Col IV as well as the structural integrity. In addition,
previous studies have demonstrated that the MMPs secreted by
the cells actively participate in synthesis of the ECM
components during ECM remodeling.24,34,35,40 The ECM
assembly is affected by properties of biomaterials because
cells rearrange the ECM proteins at the material inter-
face.17,40−43 In particular, the deposition of fibronectin on the
surface of the materials affects vascular development and
stability.35,41,42 As such, our dual-layer hydrogel approach
successfully created a favorable microenvironment for neo-
vascularization.
Lastly, we evaluated the effectiveness of the HUVEC

aggregate-induced microvascular networks on blood flow rates
in a mouse model of hind-limb ischemia. Blood perfusion to the
hind limb was found to be the greatest in mice that received the
HUVEC aggregate-induced microvascular networks. The
HUVEC aggregate group also reduced limb necrosis and
amputation. These results suggest that the increased perfusion
rate is ascribed to the fast restoration of blood flow because the

Figure 7. Hind-limb perfusion in nude mice with ligated femoral artery. (a) Representative LDPI images of ischemic hind limbs as a function of time
postsurgery, corresponding to treatment conditions: no treatment, HUVECs-loaded hydrogel, and HUVEC aggregate-induced microvascular
networks. (b) Quantification of perfusion ratio (ischemic/normal leg) at days 0, 1, 3, 7, 10, and 14 postsurgery (n = 5). (c) Gross photographs of toe
necrosis at day 7 responding to the conditions: (i) no treatment; (ii) HUVECs-loaded hydrogel; (iii) HUVEC aggregate-induced microvascular
networks. * denotes significant difference between groups (p < 0.05).

Table 1. Quantification of Hind-Limb Ischemia Severity at 2
Weeks Postsurgery (n = 5)

samples
no

treatment

HUVECs-
loaded
hydrogel

HUVEC aggregate-induced
microvascular networks

amputation 3/5 (60%) 1/5 (20%) 0/5 (0%)
toe necrosis 2/5 (40%) 4/5 (80%) 2/5 (40%)
normal 0/5 (0%) 0/5 (0%) 3/5 (60%)
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preformed and functionally stable vasculature can induce rapid
anastomosis with host collateral vessels and enhance angio-
genesis compared with the cells individually growing in the
hydrogel in vivo.
In addition, therapeutic angiogenesis can be enhanced by

controlling material components and degradation.44,45 Previous
studies have demonstrated that therapeutic efficacy of
fibrinogen can be improved by combining it with biomaterials
that can maintain biological functionality and structural
support.44,45 In our previous study,29 the photo-cross-linked
chitosan−lactide hydrogel combined with fibrinogen molecules
showed slow degradation and induced bone regeneration with
low risk of inflammation in a rat femoral bone defect model. In
another study, we have also demonstrated that the delivery of
heparin binding-epidermal growth factor like growth factor
(HB-EGF) via the chemically cross-linked chitosan−lactide
hydrogel could accelerate the healing of chronic tympanic
membrane perforations in mouse models.30 It also restored the
normal histological structure and completely degraded without

causing hearing loss. As such, we have shown that the
chitosan−lactide hydrogels are an effective delivery system for
tissue regeneration without inflammation. In the present study,
our findings support the strategy of prevascularized tissue
engineering, which appropriately regulates the functionality and
the in vivo fate of the cells.1−5 The HUVEC aggregates can be
formed via MMP-mediated fast degradation, while accumulated
cell-generated ECM that is continuously remodeled by cells in
vitro remains on the surface of the hydrogels due to slow
degradation of the hydrogels. In this way, we could enhance
therapeutic efficacy without any adverse side effects during the
experimental periods. In future studies, we will further confirm
the direct blood flow after spontaneous anastomosis between
the prevascularized and host vessels using animal models, such
as cranial window and dorsal skinfold chamber models.46,47

5. CONCLUSION

In the present study, we have shown that a dual-layer approach
of chitosan−lactide hydrogels with different degrees of stiffness

Figure 8. In vitro development and angiogenic characteristics of the HUVEC aggregate-induced microvascular networks. HUVEC aggregates were
formed via proteolytic degradation of the soft top layer, while the stiffer bottom layer supported structural integrity and retained angiogenic
properties of HUVECs. Green fluorescent protein (GFP) images of HUVECs showed the major step of angiogenesis in the HUVEC aggregate-
induced microvascular networks, including (a) EC sprouting (bar = 100 μm), (b) tip cell formation (bar = 20 μm), (c) cell adhesion molecules (N-
Cad (red) and VE-Cad (yellow), bar = 50 μm), and (d) branching (bar = 100 μm). Capillary sprouts originating from the HUVEC aggregates grew
toward neighboring aggregates to extend (e) complex anastomosing networks (bar = 100 μm). (f) Enriched, stabilized structural ECM components
(Col IV (red), bar = 50 μm) in the HUVEC aggregates maintained cell viability and enhanced angiogenesis in the HUVEC aggregate disk.
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and degradation rate can be used to construct the HUVEC
aggregate-based microvascular networks, which then accelerate
blood perfusion rate in a mouse model of hind-limb ischemia.
This study has demonstrated that control over cell−cell and
cell−ECM interactions via different properties of biomaterials
can promote EC functionality. In the future, we will further
develop this technology to even more closely mimic micro-
environments for vascular network formation.

■ AUTHOR INFORMATION
Corresponding Author
*Y.Y.: Department of Orthopedic Surgery, Stanford University,
300 Pasteur Drive, Edwards R155, Stanford, CA 94305. Tel.:
650-723-0772. Fax: 650-724-5401. E-mail: ypyang@stanford.
edu.
Author Contributions
S.K. designed and performed experiments, analyzed data, and
wrote the paper; T.K. performed animal surgery and analyzed
data; D.W. performed AFM, analyzed data, and wrote the
paper; Y.Y. provided overall guidance, designed experiments,
and wrote the paper.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Drs. Joseph C. Wu and Nigel Kooreman in
the Department of Medicine (Cardiology) and Department of
Radiology (Molecular Imaging Program) at the Stanford
University School of Medicine for their support with LDBP
imaging. This work was partially funded by grants from DOD
PRORP W81XWH-10-1-0966, Airlift Research Foundation
(W81XWH-10-200-10), Wallace H. Coulter Foundation, NIH
R01AR057837 from NIAMS, and NIH R01DE021468 from
NIDCR.

■ REFERENCES
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