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A critical property of biomaterials for use in regenerative medicine applications is the ability to promote an-
giogenesis, the formation of new vascular networks, to support regenerating tissues. Recent studies have
demonstrated that a complex interplay exists between biomechanical and biochemical regulators of endothelial
cell sprouting, an early step in angiogenesis. Here, we use a microfluidic platform to study the pathfinding
behaviors induced by various stable vascular endothelial growth factor (VEGF) gradients during sprouting
morphogenesis within biomaterials. Quantitative, time-lapse analysis of endothelial sprouting demonstrated
that the ability of VEGF to regulate sprout orientation during several stages of sprouting morphogenesis (ini-
tiation, elongation, and turning navigation) was biomaterial dependent. Identical VEGF gradients induced
different types of coordinated cell movements depending on the density of the surrounding collagen/fibronectin
matrix. In denser matrices, sprouts were more likely to have an initial orientation aligned parallel to the VEGF
gradient. In contrast, in less dense matrices, sprouts were more likely to initially misalign with the VEGF
gradient; however, these sprouts underwent significant turning and navigation to eventually reorient to be
parallel to the VEGF gradient. These less dense matrices required shallower VEGF gradients and demonstrated
lower activating VEGF thresholds to induce proper sprout alignment and pathfinding. These results encourage
the future use of microfluidic platforms to probe fundamental aspects of matrix effects on angiogenesis, to screen
biomaterials for angiogenic potential, and to design ex vivo tissues with aligned vascular networks.

Introduction

Angiogenesis, the sprouting of new blood vessels from
existing conduits, is a key requirement for the successful

integration of implanted cells and biomaterials with host
tissue.1 As scientists continue to develop new functional
biomaterials with tunable biomechanical and biochemical
properties for a myriad of applications,2–6 the effects of these
materials on new blood vessel formation should also be
considered.7–13 Both biomechanical and biochemical prop-
erties have been demonstrated to impact the ability of bio-
materials to support blood vessel sprout formation and
stabilization.14–18

We have previously reported development of a micro-
fluidic platform that produces stable soluble growth factor
gradients for studies of endothelial cell (EC) sprouting within
three-dimensional (3D) biomaterial matrices (Fig. 1A).19 In
this previous work, we demonstrated that matrix density
modifies sprout morphology (i.e., sprout width and lumen
formation) within a single vascular endothelial growth factor
(VEGF) concentration profile.19 Here, we couple our micro-
fluidic platform with multi-day, time-lapse microscopy to
study multiple VEGF concentration profiles for their ability

to induce the dynamic pathfinding of EC sprouts within 3D
biomaterials. We demonstrate that stable VEGF gradients
can induce significant sprout turning behavior in elongating
EC sprouts, which is highly reminiscent of the navigation
strategy employed by neuronal growth cones in gradients of
neurotrophic factors.20,21 Further, our results demonstrate
that as the matrix density of a collagen/fibronectin bioma-
terial is increased, the minimum threshold of VEGF required
to direct sprout orientation and navigation also increases.

During angiogenesis, ECs migrate away from existing
blood vessels, organize into multi-cellular, capillary-like
structures called sprouts, and are stabilized by additional cell
types to form new blood vessels.22 In vivo, ECs lining the
inside of conduit vessels experience the two-dimensional
(2D) environment of the luminal surface; however, when
they migrate into the surrounding tissue during angiogene-
sis, they experience the 3D environment of the surrounding
extracellular matrix (ECM), which may include an implanted
biomaterial. The degradation of the local ECM by proteases
is the first step during this process.23–25 Outgrowth of en-
dothelial tip cells into the matrix is mediated by 3D cell–
matrix interactions and is followed by the proliferation of
endothelial stalk cells.26,27 This coordinated migration and
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proliferation of tip and stalk cells, respectively, forms hollow
multi-cellular structures in the form of conduits with open
lumens.22,26 The nascent sprouts further mature and are
stabilized by the formation of tight adhesion junctions be-
tween the ECs as well as the recruitment of pericytes on the
newly formed conduits.22,28

Multiple biochemical and biomechanical factors have been
reported as directing this process. The spatiotemporal con-
centration distribution of soluble biochemical factors has
been widely implicated as a key requirement in inducing
angiogenesis.29 VEGF is a critical angiogenic regulator that
can induce the formation and directional sprouting of ECs
in vitro and in vivo.30 Recent studies have also shown that
local distributions of soluble VEGF receptor-1 (VEGFR1) can
control the directionality of EC sprouts, possibly due to its
effect on local VEGF distribution around ECs.31 Besides
soluble growth factors, the ECM also plays a critical role in
organizing ECs during capillary morphogenesis.28 The ECM
provides structural support and adhesion sites for ECs that
are required for cell survival, proliferation, and migration.28

The ECM also serves as an anchor point for multiple tethered
biochemical factors that can initiate intracellular signaling
cascades.32 Additionally, the mechanical properties of the
ECM can control the tension forces exerted across the cell
body.33,34 Recent studies have demonstrated that matrix
mechanical stiffness can mediate sprout formation18,35 and
morphology,19,34 with more elongated sprouts observed
within compliant matrices.18,19,34 Although much is still un-
known about how these mechanical forces are translated into
biochemical signals, recent studies have demonstrated that
ECs modify their transcription factor regulation in response
to ECM mechanics, thus resulting in altered levels of
VEGFR2 in vitro and in vivo.14 These results suggest there is a
complex interplay between the biomechanical and bio-
chemical extracellular signals that regulate angiogenesis, and
both sets of factors should be simultaneously considered
when developing implantable biomaterials for regenerative
medicine therapies and when developing in vitro models of
angiogenesis.

Although many in vitro EC-biomaterial studies are per-
formed in 2D to mimic the endothelial lining of the blood
vessel lumen,36–38 angiogenic sprouting occurs within a 3D
microenvironment. Cell morphology and function as well as
signal transduction and gene expression are known to be
quite different in 2D versus 3D environments.39 Many of the
previous platforms used for 3D studies of angiogenesis have
implemented fibrin gel as the surrounding matrix.12,16,40–42

Applying optimized VEGF gradients within alginate bio-
material scaffolds was shown to enhance the treatment of
ischemic tissues by directing EC sprout formation.16 Re-
cently, there have been studies of angiogenesis within mi-
crofluidic devices using collagen matrix as a 3D biomaterial
to probe the role of interstitial fluid flow and supporting cell
types in regulating angiogenesis.43–45 In all these previous 2D
and 3D studies, evidence of EC sprout turning was not re-
ported, and sprout navigation within stable growth factor
gradients was not quantitatively investigated. Here, we uti-
lize collagen matrices of varying density (all supplemented
with equal amounts of fibronectin) to investigate the inter-
play between matrix density and VEGF concentration profile
in regulating the alignment and pathfinding of EC sprouts.
In-depth understanding of the mechanisms used by EC

sprouts to undergo sprout navigation may be useful in future
applications of in vitro gradients to design prevascularized
biomaterials to promote EC sprout alignment and anasto-
mosis.46

Materials and Methods

Microfluidic device fabrication

Soft lithography techniques were used to fabricate the
devices as previously described.19,38 Briefly, two layers of
fluidic channels were designed by AutoCad software and
patterned on transparency masks. The Stanford Micro-
fluidics Foundry fabricated a silicon wafer master mold by
using negative photoresist (SU-8). Polydimethylsiloxane
(PDMS; Sylgard 184) was used to fabricate the devices by
using the silicon mold treated with chlorotrimethylsilane
(Sigma). Inlets and outlets were punched by using sharpened
needles (20 gauge). To adhere the device to glass, both sur-
faces were exposed to oxygen plasma for 2–3 min and irre-
versibly bound together.

Human dermal microvascular EC culture

Adult human dermal microvascular endothelial cells
(HDMVEC; Lonza) were grown in endothelial growth me-
dium-2 MV (EGM-2 MV, 5% serum; Lonza). Media was
changed every 2 days, and cells were kept in a humidified,
5% CO2 environment at 37�C. HDMVEC were non-
enzymatically passaged by using EDTA solution (Gibco).
Passages 3–8 were used. Microcarrier dextran beads
(d*170 mm, Cytodex-3; GE Healthcare) were hydrated in
phosphate-buffered saline (PBS) and autoclaved. The steril-
ized solution was allowed to separate in a well plate, and the
supernatant was decanted. Beads were rinsed twice in EGM-
2 MV and gradually added to a 10-cm, nontissue culture
plate to homogeneously cover the plate surface. HDMVEC
(7 · 106 cells/10-cm plate) were incubated with the beads on
a platform shaker inside the incubator for 3–4 h. After cell
adhesion to the beads, they were transferred to a fresh six-
well plate and allowed to settle before the supernatant was
replaced with 2 mL of fresh serum-free medium. To estimate
the bead concentration, a specified volume of medium was
placed on a slide, and beads were counted by using phase
contrast microscopy.

Endothelial sprout pathfinding studies

Stock collagen (rat tail collagen I; BD Biosciences) was
mixed with fibronectin (final concentration of 5mg/mL, 10%
total volumetric mixture) and microcarrier beads (final con-
centration of *20 beads/device) and transformed into the
gel phase by the addition of sodium hydroxide (0.5 N stock
solution, 5% volumetric mixture with stock collagen). Dif-
ferent densities of collagen matrix were made while keeping
the final fibronectin, microcarrier bead, and media concen-
trations uniform. Immediately after mixing, *20mL of the
solution was injected into the cell culture chamber of the
device; gelation occurred in 5–10 min. Both ends of the cell
culture chamber were pin-plugged, and the device was
covered with media to avoid evaporation. EGM-2 MV sup-
plemented with various concentrations of VEGF (VEGF-A
isoform VEGF(165); R&D Systems) was continuously sup-
plied to the source reagent channel, whereas EGM-2 MV
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with no VEGF was supplied to the sink reagent channel. The
injection flow rate was 40 nL min - 1. The entire system (mi-
crofluidic device, syringe pump, and syringes) was placed in
the incubator during the 4 days of culture. Syringes were
filled with fresh media daily.

Concentration gradient quantification

Tubing (Upchurch Scientific) was inserted into the inlets of
the reagent channels and connected to 100mL syringes (Ha-
milton) mounted on a syringe pump (World Prerecision In-
struments). To measure the reagent concentration distribution
inside the cell culture chamber, two tracers were used: (i)
Dextran/Texas Red (MW = 20 kDa; Sigma) with a similar
molecular weight to the protein VEGF-165 (MW = 20 kDa) and
(ii) VEGF-165 conjugated with FITC (VEGF-165/FITC). VEGF
conjugation was performed with a FITC labeling kit (EMD
Chemicals) following manufacturer’s instructions. Briefly,
VEGF and FITC were mixed at a 1:60 molar ratio, incubated at
room temperature for 2 h in the dark, and dialyzed at 4�C
against PBS for 24 h. Cell culture media were dosed with
VEGF-165/FITC (800 ng/mL) and Dextran/Texas Red (1mM).
A fluorescent inverted microscope (Zeiss) with a CCD camera
was used for imaging. MATLAB software was used to mea-
sure the fluorescence intensity of each image pixel inside the
cell culture chamber and to normalize against the fluorescence
of solutions of known concentrations.

Quantification of sprout pathfinding
and statistical analysis

Individual beads were imaged every 24 h for 4 days by
using phase contrast and fluorescence microscopy. For some
trials, cells were fluorescently labeled with Cell Tracker
CMFDA (2 mg/mL, 20-min incubation; Molecular Probes)
before mixing with microcarrier beads. Micrographs were
analyzed by hand using ImageJ software (NIH freeware) to
measure the number of sprouts per bead, the sprout initia-
tion angle (f, see Fig. 3C), the starting elongation angle (y1,
see Fig. 3C), and the final elongation angle (y2, see Fig. 3C).
The Sprout Turning Index (STI) was defined as: STI = (y1 -
y2)/y1. During time-lapse imaging over multiple days, the
starting elongation angle (y1) did not appreciably change;
therefore, both the starting and final elongation angles could
be measured from a single image at the end of each experi-
ment. For each condition reported, at least n = 3 independent
experiments were performed, and *20 beads per device
were imaged in each experiment. All data are reported as
averages – standard deviations of the independent experi-
ments for each condition. One-tailed, nonpaired, Student’s
t-test was used to determine the statistical significance of
differences between pairs of conditions.

Results

Multi-day, time-lapse imaging of sprout elongation

To study the effects of matrix density on VEGF-induced
endothelial sprout pathfinding, adult HDMVECs were cul-
tured within 3D matrices inside a microfluidic device that
generates concentration gradients of soluble biochemical
factors which remain indefinitely stable (Fig. 1A).19 All ma-
trices included a constant supplement of 5mg/mL fibronectin
and varying collagen densities of 0.7, 1.2, 1.9, and 2.7 mg/mL.

As previously reported, higher density matrices were stiffer
and had higher plateau storage moduli (G’).19 Within the
microfluidic device, all matrix densities resulted in identical
stable, linear VEGF concentration profiles within at least 2 h.19

Importantly, the quantified gradients as observed using FITC-
conjugated VEGF and Texas Red-conjugated dextran were
identical (Fig. 1B, C), thus demonstrating negligible binding
between the soluble VEGF and the fibronectin/collagen bio-
materials.

FIG. 1. Microfluidic gradient generator device. (A) Photo-
graph of device filled with dye for visualization of gradient.
Microcapillaries (not visible in the image) connect the source
and sink channels to the cell culture chamber, enabling for-
mation of a stable gradient across the cell culture chamber.
B-C. Quantification of equilibrium gradients of Dextran/
Texas Red (B) and VEGF-165/Texas Red (C) in the high-
density biomaterial (5mg/mL fibronectin and 2.7 mg/mL
collagen). For each condition, three individual fluorescence
intensity measurements (thin gray lines) and a least-squares
linear regression (thick black lines) are shown. VEGF,
vascular endothelial growth factor. Color images available
online at www.liebertonline.com/tea
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To probe the dynamics of sprout elongation and
pathfinding, we performed time-lapse imaging microscopy
over four days in biomaterials subjected to three different
VEGF concentration profiles (Table 1). In Profile 1, the
maximum VEGF concentration within the matrix was set to
be *150 ng/mL, which is slightly higher than the reported
minimum concentration threshold to induce EC sprout-
ing,16,19 with a gradient steepness of *50 ng/mL/mm. In
addition to the VEGF profile just described (Profile 1), two

profiles were formed with gradients approximately half as
steep. In Profile 2, the maximum concentration was designed
to be similar to Profile 1, whereas in Profile 3, the maximum
concentration was approximately half of that in Profile 1.

Similar to our previous studies, ECs were first cultured as
2D monolayers on the surfaces of dextran microcarrier beads
(d*170 mm); the cell-coated beads were then encapsulated
within the matrix and injected into the microfluidic device.
On stimulation with a stable soluble gradient of VEGF, the
ECs undergo collective cell migration away from the bead
surfaces and into the biomaterial matrix to induce endothe-
lial sprout formation. This encapsulated bead geometry
mimics the 2D to 3D microenvironment transition experi-
enced by ECs during in vivo angiogenesis and has been
widely utilized as an in vitro model of sprouting morpho-
genesis.29,41,42,47 Within the lowest-density collagen matrix
(0.7 mg/mL, G’ *30 Pa), tracks of multiple cells began to
coordinate their migration to form unstable sprout structures
within 24 h (Fig. 2A). Within biomaterials with intermediate
collagen density (1.2 mg/mL, G’ *80 Pa), ECs formed a few
small clusters after 24 h by migrating on the bead surfaces in

Table 1. Parameters of Equilibrium Vascular

Endothelial Growth Factor Profiles

Profile

[VEGF]min in
culture chamber

(ng/mL)

[VEGF]max in
culture chamber

(ng/mL)

[VEGF]
gradient

(ng/mL/mm)

1 97 143 46
2 123 146 23
3 48 71 23

FIG. 2. Representative time-lapse images
of endothelial sprouting morphogenesis in
matrices with collagen densities of 0.7, 1.2,
1.9, and 2.7 mg/mL (A–D, respectively)
and identical equilibrium VEGF gradients
(Profile 1). Phase contrast micrographs are
shown for the final time points in B–D. All
other images are fluorescent micrographs
of Cell Tracker labeled cells.
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a 2D manner before exploration of the 3D matrix environment.
Several of these clusters were able to form elongated stable
sprouts after one to two more days in culture (Fig. 2B). Within
biomaterials with a higher collagen gel density (1.9 mg/mL, G’
*200 Pa), ECs were observed as undergoing less migration
and clustering on the bead surfaces after 24 h compared with
lower density matrices; however, by 48 h, defined EC clusters
had formed on the bead surfaces. These clusters finally formed
stable, thick sprouts within the matrix after about 72 h (Fig.
2C). The cells within the highest density matrices (2.7 mg/mL,
G’ *700 Pa) also showed a delayed polarization toward the
VEGF gradient on the bead surfaces, and they were generally
unable to elongate into the matrix and instead formed clusters
of cells on the bead surfaces (Fig. 2D). Across multiple inde-
pendent trials and consistent with our previous observations,19

the time required for new sprouts to assemble was found to
increase within biomaterials of increasing density.

Time-lapse imaging and quantification
of sprout pathfinding

Previous studies of 3D sprouting have found that ECs
specialize into highly migratory tip cells at the leading edge
of sprouts and proliferative stalk cells along the sprout
length.26 The tip cell, which may up-regulate VEGFRs on
specialization,48 is hypothesized to be the critical gradient-
sensing element of the sprout and to dictate overall sprout
elongation and pathfinding.26 By following a single sprout
for several days, we observed significant sprout pathfinding
within the VEGF gradient. For example, after 48 h in a
1.2 mg/mL density matrix exposed to VEGF Profile 1, a
previously misaligned sprout performed a tight turn (*90�)
to align parallel to the gradient (Fig. 3A, B).

Three different mechanisms of pathfinding were observed
during sprouting morphogenesis. First, the ECs were observed
as migrating on the surface of the bead and forming a sprout at
a specific initiation point. Pathfinding due to polarization of
sprout initiation was analyzed by measuring the angle between
the VEGF gradient and the sprout initiation point (f, Fig. 3C).
Second, the newly initiated sprouts were observed as leaving
the bead surface and following an initial linear trajectory. To
quantify this navigation, we defined the starting elongation
angle (y1) as the angle between the VEGF gradient and the
sprout longitudinal axis along the first 50mm of the sprout
length (Fig. 3C). Third, sprouts were observed as turning and
changing the direction of their elongation trajectory. This
pathfinding mechanism was quantified by measuring the final

elongation angle (y2), that is, the angle between the VEGF
gradient and the longitudinal axis along the last 50mm of the
sprout length. This quantification was performed for all three
VEGF profiles in the two collagen densities that resulted in the
greatest number of sprouts (1.2 and 1.9 mg/mL).

Denser matrices require steeper VEGF gradients
to polarize sprout initiation

To evaluate the sprout initiation point, the beads were
divided into two hemispheres facing higher (f = 0�–180�) or
lower (f = 180�–360�) VEGF concentrations. By comparing
the number of sprouts initiated on each side of the bead, we
obtained a quantitative measure for the bead polarity. We
previously reported that VEGF Profile 1 was capable of po-
larizing sprout initiation in both 1.2 and 1.9 mg/mL density
matrices.19 Here, we vary the VEGF concentration profile for
comparison with our previous results and to evaluate the ef-
fects of absolute VEGF concentration and VEGF gradient
steepness on sprout polarization. In the lower density matrices
(density = 1.2 mg/mL), the total percentage of beads with
sprouts (the summation of the two columns, Fig. 4A) is sig-
nificantly less in VEGF Profile 3 compared with Profiles 1 and
2, which have higher VEGF maximum concentrations. How-
ever, for all three VEGF profiles, significantly more sprouts
were initiated from the half of the bead subjected to higher
VEGF concentrations ( p < 0.05). These results suggest that in
lower density collagen matrices, gradients of *25 ng/mL/
mm are sufficient to polarize the location of sprout initiation.

Within higher density matrices (density = 1.9 mg/mL), a
reduction in the total number of sprouts was also observed in
Profile 3 compared with Profiles 1 and 2 (Fig. 4B). In addi-
tion, Profile 3 was not effective in polarizing the sprout ini-
tiation point. Increasing the VEGF maximum concentration,
but still keeping the VEGF gradient identical (*25 ng/mL/
mm), increased the total number of sprouts but did not in-
duce a significant polarization of sprout initiation. In con-
trast, increasing the VEGF concentration gradient to 50 ng/
mL/mm induced a significant polarization of sprout initia-
tion ( p < 0.01). These results demonstrate that matrices with
higher densities require steeper VEGF concentration gradi-
ents to induce polarization of the sprout initiation points.

Tip cell navigation during elongation: sprout turning
in VEGF gradients

For sprouts within less dense collagen matrices (densi-
ty = 1.2 mg/mL), moderate orientation of the starting

FIG. 3. Time-lapse imaging
of sprout pathfinding. (A)
Representative phase contrast
image of a misaligned sprout
at 24 h in a matrix with colla-
gen density = 1.2 mg/mL and
VEGF Profile 1. Inset shows
the tip of the sprout at higher
magnification. (B) Fluorescent
micrograph of Cell Tracker
labeled cells. After 48 h, the
sprout in (A) has turned to
align parallel to the VEGF
gradient. (C) Schematic of sprout pathfinding image analysis: initiation (f), starting elongation (y1), and final elongation (y2)
angles relative to the VEGF gradient.
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elongation angle parallel to the VEGF gradient was observed
for all three VEGF concentration profiles (Fig. 5A). In con-
trast, in denser collagen matrices (density = 1.9 mg/mL), the
tendency of the starting sprout to align with the VEGF gra-
dient was significantly dependent on the VEGF profile, with
the steepest VEGF gradient (Profile 1) resulting in substan-
tially more starting alignment (Fig. 5B). These findings
demonstrate that denser collagen matrices can induce sig-
nificant alignment in the early stages of sprout formation,
but only if a sufficiently steep VEGF gradient is present.

Direct comparison of the starting and final elongation
angles (y1 and y2) is indicative of sprout tip navigation and
turning during elongation. In the less dense collagen matri-
ces, the distribution of final elongation angles demonstrates
that the sprouts have undergone significant reorientation to
strongly align with the VEGF gradient (Fig. 5A, C). Although
this pathfinding behavior was observed in all VEGF profiles
tested, the navigational response was most pronounced in
the steepest VEGF concentration gradient, Profile 1. In
marked contrast, in denser matrices, the distribution of final
sprout elongation angles remained relatively unchanged
compared with the starting elongation angle distributions for
all three VEGF profiles (Fig. 5B, D). Therefore, sprouts that
initially misaligned were less likely to reorient within denser
matrices compared with less dense matrices.

To quantify this turning behavior, a new parameter was
defined, the STI. The STI is defined as the ratio of the ob-

served sprout turning angle to the maximum possible sprout
turning angle to fully align with the VEGF gradient: STI =
(y1 - y2)/y1. Therefore, an STI of 0 indicates no turning, and
an STI of 1 indicates a turn that resulted in perfect alignment
with the gradient. For all VEGF profiles tested, sprouts had a
significantly higher turning capacity to reorient with the
VEGF gradient within less dense matrices compared with
denser matrices (Fig. 5E). In steeper VEGF gradients (*50 ng/
mL/mm, Profile 1), the average sprout was able to make a
turn that was *45% of the maximal tuning angle. In con-
trast, in shallower VEGF gradients (*25 ng/mL/mm) re-
gardless of the absolute VEGF concentration (Profiles 2 and
3), the STI was only *25%. Therefore, in less dense matrices,
the steepness of the VEGF gradient appears to be a more
dominant factor in guiding tip cell navigation compared
with the absolute VEGF concentration. Taken together, these
findings demonstrate that two different mechanisms are
employed to align sprouts within 3D biomaterials. In denser
collagen matrices, steep VEGF gradients induce alignment
during the early stages of sprout formation, with little ob-
served deviation from the original direction during contin-
ued sprout elongation. In contrast, in less dense collagen
matrices, steep VEGF gradients induce substantial sprout
turning to reinforce proper navigation and sprout pathfind-
ing. Therefore, identical VEGF gradients can induce various
types of coordinated cell movements that are modulated by
the density of the surrounding biomaterial matrix.

FIG. 4. Polarization of sprout initia-
tion within stable VEGF gradients. (A,
B) Distribution of sprout initiation
points within matrices of collagen den-
sity = 1.2 and 1.9 mg/mL, respectively.
The bead surface is bisected into two
regions: facing toward higher (f= 0–
180�, shaded bars) or lower (f = 180–
360�, white bars) VEGF concentrations;
n ‡ 3 microdevices per condition, each
containing *20 beads, 4 days culture;
*p < 0.05; **p < 0.01.

FIG. 5. Sprout pathfinding
during elongation. Elongation
angles are binned into six an-
gular regions shown with in-
creasing shadow intensity for
lower VEGF concentrations.
(A–D) Distribution of starting
(A, B) and final (C, D) elon-
gation angles in collagen ma-
trices of lower (A, C, 1.2 mg/
mL) and higher (B, D, 1.9 mg/
mL) densities for three VEGF
concentration profiles. Com-
parison of starting and final
elongation angles is indicative
of sprout turning. (E) Sprout
Turning Index within selected
microenvironments. For A–E,
n ‡ 4 microdevices per condi-
tion, each containing *20
beads, 4 days culture;
*p < 0.05.
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EC sprouts in denser matrices have higher VEGF
activation and saturation thresholds

Previous work has demonstrated that above a specific
VEGF concentration, the effects on EC migration and
sprouting become saturating as the majority of receptors
become bound.16 In addition, a minimum VEGF concentra-
tion is required to elicit a cellular response.16,38 To quantify
the potential threshold concentration effects of VEGF gradi-
ents on sprout pathfinding, the cell culture chamber of a
device subjected to Profile 1 was divided into three zones
transversely, with each zone having an identical gradient
steepness of *50 ng/mL/mm. Zone I is furthest from the
VEGF source, Zone II is in the middle, and Zone III is closest
to the VEGF source, corresponding to average concentrations
of 110, 125, and 140 ng/mL, respectively (Fig. 6A). Within
the lower density collagen matrices, the overall number of
sprouts formed in each Zone was statistically identical (Fig.
7A). Similarly, the final sprout elongation angles (y2) were
substantially aligned with the VEGF gradient in all three
Zones (Figs. 6B–D and 7B). These results demonstrate that
110 ng/mL is above the activation threshold for VEGF in the
lower density matrices and may be saturating. In contrast,
within the higher density collagen matrices, the number of
sprouts formed and the sprout orientation were significantly
different across the three Zones (Fig. 6E–G). The incidence of
sprouting was significantly increased at higher VEGF con-
centrations (Fig. 7C). Similar to the frequency data, final
sprout alignment was strongly correlated to the VEGF con-
centration in the higher density matrices (Fig. 7D). Taken
together, these data suggest that EC sprouts have higher
VEGF activation and saturation thresholds in higher density

biomaterial matrices compared with lower density bioma-
terials.

Discussion

In this study, 3D endothelial sprout navigation was ex-
amined by using a microfluidic platform that enabled the
separate and simultaneous tuning of biomaterial parameters
and soluble biochemical stimuli. Increasing the collagen
density within a blended collagen/fibronectin matrix was
observed as resulting in slower sprout initiation, altered
sprout pathfinding behavior, and increased VEGF activation
and saturation thresholds. The perturbation of a single
scaffold variable (collagen density) impacts multiple bioma-
terial properties including diffusivity, matrix mechanics, fi-
bril morphology, and presentation of cell-binding domains
(each of which is briefly discussed next). This tendency to
impact multiple material characteristics when making a
single change in biomaterial formulation is quite common for
both natural and synthetic polymeric biomaterials.4,5 This
highly coupled complexity in material properties under-
scores the need for high-throughput, in vitro screening tools
to help assess the angiogenic potential of various biomaterial
formulations. Further, these results support the notion that
no single VEGF concentration profile is optimal to support
sprouting morphogenesis in all cases, but rather the ideal
VEGF concentration profile will be dependent on the choice
of biomaterial scaffold for each specific application.

Although increasing collagen density did result in re-
tarded diffusivity of VEGF, all matrix formulations were
observed as having similar equilibrium VEGF concentration
profiles within 120 min, a time-interval that is negligible

FIG. 6. Dependence of sprout pathfinding on
average VEGF concentration. (A) Top-down
schematic of the microfluidic device; the cell
culture chamber is divided into 3 zones trans-
versely. The VEGF average concentration and
gradient within each zone is shown in the table.
(B–D) Representative phase contrast images of
sprouts initiated at Zones I-III, respectively,
collagen density = 1.2 mg/mL, 4 days culture.
White arrows depict the orientation of the last
50 mm of each sprout. (E–G) Representative
images of sprouts initiated at Zones I-III, re-
spectively, density = 1.9 mg/mL.
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compared with the experiment duration of 4 days.19 Since
fibronectin has been widely reported as enhancing VEGF
activity toward ECs and has the potential to bind VEGF to
the matrix,49,50 fibronectin concentration was kept constant
across all matrix formulations. To assess potential VEGF
binding to the biomaterial, an equilibrium gradient of Texas
Red-conjugated dextran (which is not expected to bind to the
matrix) was compared with the equilibrium gradient of
FITC-conjugated VEGF. The two gradients were identical
(Fig. 1), thus demonstrating that VEGF is not appreciably
substrate bound in this biomaterial formulation. In addition,
since the microfluidic device was constantly perfused with
fresh medium and had a cross-sectional height and width
(240 mm · 1 mm) less than the diffusion limit of tissue-
engineered constructs,51 it is unlikely that any observed
differences in EC sprouting were due to changes in diffu-
sivity. This is an important consideration, as recent experi-
ments have reported that matrix-restricted diffusion can
affect EC sprouting in some systems.17

In addition to diffusivity effects, changes in collagen density
had a profound impact on matrix mechanics. As previously
reported, increasing collagen density resulted in stiffer matri-
ces with increased plateau storage moduli.19 Changes in ma-
trix mechanics have been widely reported as altering cell
spreading,52 migration,53 proliferation,54 gene expression,55

and differentiation.56 Although many of these studies have
been performed on carefully controlled substrates (such as 2D,
amorphous polyacrylamide or PDMS gels) that allow me-
chanics to be altered in a manner which leaves other material
properties relatively unchanged,56 as scientists look to apply
these insights to more physiologically relevant biomaterials,
the ability to tailor single variables will become more complex.
For example, variations in collagen density can also result in
substantial changes in matrix morphology, with increasing
collagen concentration causing greater fiber density and
greater fibril clustering into multi-stranded fibers.57,58 Both
fiber dimensions and alignment have been reported as af-
fecting cell morphology and function.59,60

In addition to effects on matrix mechanics and fiber
morphology, increasing collagen density also results in an

increased concentration of collagen cell-binding ligands and
a possible alteration in the spatial presentation of those li-
gands. ECs reportedly interact with collagen cell-binding li-
gands via a1b1 and a2b1 integrin receptors.61 These
interactions mediate EC sprout formation in collagen matri-
ces by suppressing cyclic AMP and decreasing protein kinase
A activation.61 Further, although the overall fibronectin
concentration was held constant in all matrix formulations,
and, hence, the concentration of fibronectin cell-binding li-
gands was also constant, the distribution and availability of
those ligands may be altered due to the changes in matrix
morphology. Numerous reports have detailed the ability of
ligand concentration and distribution to control several cel-
lular behaviors including cell spreading,62 migration,63 pro-
liferation,64 gene expression,65 and differentiation.66

Given the inherent complexity of cell–biomaterial
interactions in 3D, the development of new experimental
platforms that enable direct, real-time visualization of cell-
material dynamics offers an ability to perform high-
throughput analyses of different biomaterial formulations. In
the studies presented here, the dynamic sprout pathfinding
processes of initiation, early elongation, and navigational
turning were followed over 4 days. Our experiments dem-
onstrated that endothelial sprouts alter their pathfinding
sensitivity to VEGF depending on the matrix density. At
higher matrix densities, EC sprouts were more sensitive to
the local VEGF concentration both during sprout initiation
(Fig. 4) and sprout elongation (Figs. 5–7). In general, steeper
VEGF gradients and higher VEGF concentrations were re-
quired to induce directionality and proper pathfinding in
denser matrices. Steeper VEGF gradients may initiate greater
sub-cellular localization of intracellular cascades that lead to
subsequent asymmetry in cytoskeletal reorganization and
cell polarization.38 Recent studies have also shown that the
level of VEGFR2 transcription can be mediated by matrix
stiffness14; therefore, the number of VEGFRs may be altered
for various collagen densities, hence regulating VEGF sen-
sitivity in a matrix-dependent manner. This hypothesis is
consistent with our observation that the VEGF activation
and saturation thresholds are increased in higher density

FIG. 7. Quantification of sprouts in VEGF
Profile 1 and Zones I-III. (A, C) Number of
sprouts formed within each Zone in 1.2 and
1.9 mg/mL collagen matrices, respectively. (B,
D) Final elongation angle (y2) distributions
within each zone in 1.2 and 1.9 mg/mL gels,
respectively. For A–D, n ‡ 4 microdevices per
condition, each containing *20 beads, 4 days
culture; *p < 0.05; **p < 0.01.
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matrices (Figs. 6 and 7), thus suggesting that VEGFR2 may
be up-regulated during sprout pathfinding within stiffer
matrices. Future experiments will quantitatively assess
VEGFR2 presentation on tip and stalk cells in various 3D
microenvironments.

Finally, we observed and quantified VEGF-induced turn-
ing of EC sprouts, a phenomenon that has not been previ-
ously described in 3D in vitro models of angiogenesis to the
best of our knowledge (Fig. 3). In lower density matrices,
sprouts that had originally misaligned were able to turn and
properly reorient parallel to the VEGF gradient; in contrast,
this turning phenomenon was only rarely observed in higher
density matrices (Fig. 5). These results suggest that only a
narrow range of ECM environments may be permissive to
allow significant VEGF-induced sprout turning. In our pre-
vious studies, we observed statistically significant morpho-
logical differences between sprouts formed in 1.2 versus
1.9 mg/mL density matrices.19 Sprouts in lower density
matrices were significantly thinner, contained fewer cells per
cross-sectional area, were less likely to form a hollow lumen,
and displayed faster sprouting speeds.19 This is an indication
of the ability of the matrix to control the rate of new sprout
formation, potentially due to its control over migration speed
of the cells in 3D. It has been previously shown that denser
matrices require greater proteolytic activity to induce matrix
remodeling, which is a prerequisite for 3D cell migration.67,68

This hypothesis is consistent with our observation that cells
on beads embedded in denser matrices (1.9 and 2.7 mg/mL)
are restricted to 2D migration on the bead surfaces for the
first 48 h of culture; whereas cells in less dense matrices (0.7
and 1.2 mg/mL) have already begun 3D migration into the
matrix within 24 h (Fig. 2). If cellular proliferation of stalk
cells is maintained at a relatively constant rate regardless of
matrix density, then slower growing sprouts will result in a
higher number of stalk cells per cross-sectional area. Future
experiments will quantitatively assess the action of various
proteases during sprout pathfinding and the migration and
proliferation rates of tip and stalk cells, respectively.

Once a sprout has formed, the ability to perform a turn in
direction may be related to the sprout morphology. Thicker
sprouts, which are more likely to form in the higher density
matrices,19 require the coordinated motion of a greater num-
ber of cells per cross-sectional area compared with thinner
sprouts. Further, since thicker sprouts are more likely to have
organized to form a stable, hollow lumen,19 it is possible that
the mechanical requirements to induce sprout turning may be
increased in higher density matrices. These hypotheses are
consistent with our observations that sprout turning is more
likely to occur in lower density matrices (Fig. 5).

Conclusion

In summary, we quantitatively compared 3D EC sprout
navigation within various biomaterials subjected to three
equilibrium VEGF concentration gradients by using an
in vitro platform that allows real-time observation of sprout
dynamics. This unique platform enabled visualization of tip
cell filopodia extension and subsequent VEGF-induced
sprout turning. Within matrices of collagen/fibronectin
blends, altering the collagen density was found to result in
altered sprout initiation kinetics and sprout pathfinding be-
havior. In general, denser matrices required steeper VEGF

gradients and higher VEGF concentrations to induce proper
sprout alignment and navigation. These results suggest that
the optimal VEGF concentration to induce angiogenesis-like
network formation in a biomaterial will be greatly dependent
on the choice of scaffold; therefore, no single VEGF concen-
tration profile will support sprouting morphogenesis for all
applications. This microfluidic device will be useful in per-
forming high-throughput screens of multiple biomaterial
formulations for pro- or anti-angiogenic potential. In addi-
tion, since this platform allows separate control of soluble
biochemical gradients and biomaterial properties, it may be
helpful in evaluating EC–matrix interactions in a reductionist
manner. Elucidating the mechanisms involved in EC
sprouting morphogenesis and navigation can potentially
suggest new treatments for supporting or preventing blood
vessel development for tissue regeneration and cancer ther-
apies, respectively.
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