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Abstract
Stable and extensive blood vessel networks are required for cell function and survival in engineered tissues. A
number of different strategies are currently being investigated to enhance biomaterial vascularization with
screening primarily through extensive in vitro and in vivo experiments. In this article, we describe an agent-
based model (ABM) developed to evaluate various strategies in silico, including design of optimal biomaterial
structure, delivery of angiogenic factors, and application of prevascularized biomaterials. The model predictions
are evaluated using experimental data. The ABM developed provides insight into different strategies currently
applied for scaffold vascularization and will enable researchers to rapidly screen new hypotheses and explore
alternative strategies for enhancing vascularization.
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Introduction
Cell-based approaches in tissue engineering require
rapid and stable vascularization of biomaterials to re-
generate tissues with high oxygen demand. However,
clinical applications of cell-based approaches have
been primarily limited to relatively avascular cartilage1

or thin skin.2 Well-developed vasculature is essential
for almost all engineered tissues and is particularly
challenging in thick tissues.3

Researchers have investigated a number of different
strategies to establish vascular networks within bioma-
terials. These include: (i) optimizing design of physical
and chemical scaffold architecture to enable or even en-
hance vessel growth, (ii) delivery of angiogenic factors
to stimulate vessel growth from host tissue, and (iii)
building vascular networks within the scaffold before
implantation (in vitro prevascularization).4,5 For the
first strategy, a broad range of physical properties of
the scaffold can result in biomaterials that are more
permissive for directed and rapid vessel invasion.6–10

Not only does pore size and porosity influence angio-

genesis but also interconnectivity of the porous struc-
ture influences the rate of angiogenesis.11

Delivery of angiogenic factors to target microenviron-
ments in scaffolds to stimulate cell migration and prolif-
eration can enhance vascularization.12–15 A variety of
angiogenic factors such as vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF),
and/or platelet-derived growth factor (PDGF) have
been delivered from scaffolds, aiming to enhance the
vascularization process.16–19

However, the typical approach to deliver growth fac-
tors (GFs) from scaffolds does not allow precise control
over spatiotemporal release and often results in inade-
quate vascularization. Spatial and temporal gradients of
GF affect the direction, structure, rate of cell invasion,
and vascularization.20,21

While promising results are being obtained using these
approaches, the depth of vascularization may not be suf-
ficient to reach the cells located in deeper parts of larger
scaffolds. In addition, the newly formed capillaries in-
duced by external GFs may be unstable and regress
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after the GF withdrawal.22 Prevascularization is another
approach that interests tissue engineers to promote
rapid vascularization.23 In this approach, a partial capil-
lary network is established within an implantable scaf-
fold before implantation,24 so that new blood vessels
that grow from host vessels can make connections
with these preexisting capillaries and establish blood
flow more rapidly to deeper regions of the biomaterial.
Studies have shown that preformed microvascular net-
works were successfully perfused after implantation
and gave rise to functioning networks.25,26

Systematic evaluation of these approaches strictly
through in vivo or in vitro experimentation is costly
and a single experiment can take several months depend-
ing on the application. Moreover, understanding interac-
tions of different components, explaining the causes for
possible outcomes, and predicting future events may
not be possible with experimentation alone. The need
for computational modeling in tissue engineering field
is therefore well recognized.27 Angiogenesis in tissue-
engineered constructs has been simulated using various
computational approaches to investigate the effects of
mechanical stresses, exogenous delivery of an angiogenic
GF,28 seeding the scaffold with vascular cells,29 and ma-
nipulating pore structure.30,31

Agent-based models (ABMs) have been used suc-
cessfully in recent years for modeling biological sys-
tems.32–34 Unlike traditional modeling approaches,
ABMs simulate the changes in the behavior of individ-
ual agents instead of, or in combination with, system
level variables. Agents behave based on simple rules
that originate from knowledge of the system under
study. An ABM was developed in our group previously
to simulate the effects of biomaterial pore structure on
angiogenesis, focusing on the endothelial cell (EC) (the
cells lining the walls of the blood vessels) behavior.30,31

This model has been modified and extended to study
the effects of strategies, including GF release and pre-
vascularization of biomaterials on angiogenesis. The
results will focus on the investigation of the impact
of: (i) scaffold architectural design, (ii) gradient and
GF release, and (iii) prevascularization on scaffold vas-
cularization and comparison of simulation results with
relevant experimental studies.

Materials and Methods
ABM of angiogenesis and endothelial cell agent
The angiogenesis simulation model is constructed
based on the actions of EC in response to the presence
of soluble factors and the biomaterial microenviron-

ment. EC behavior was abstracted into a rule-base
(Fig. 1) based on knowledge of the real angiogenesis
process observed in experimental studies from our-
selves and others. ECs become activated when the
GF concentration reaches a threshold in the local en-
vironment. The activated ECs (tip cells) migrate up
the GF gradient. While the tip cell is migrating, stalk
cells elongate until they reach a maximum size. Subse-
quent elongation results from the proliferation of new
ECs (stalk cells). GFs are also needed for newly formed
capillary survival since ECs undergo apoptosis in
regions of GF deficiency resulting in capillary regres-
sion.22 A minimum threshold is used in the ABM
to identify the point where capillary regression would
occur. Anastomosis occurs when two elongating EC
agents from different capillaries are within a defined
distance from each other. The two sprouts will connect
to form a stable blood vessel, which is assumed to allow
blood flow; pressure gradient necessary for flow is not
considered. ECs cannot invade nondegraded scaffolds.
When an EC encounters part of a scaffold, it searches
new routes to keep moving through the gradient.
Parameters and detailed rule base governing the EC be-
havior are derived from the literature and have been
reported elsewhere.31

Model scaffolds
Three-dimensional models of scaffolds with spherical
and rectangular pores were generated computationally
to study the effect of biomaterial pore interconnectivity
on vascularization as described previously.11 The inter-
connectivity of the scaffolds is defined as the mean
diameter of the opening between adjacent pores. Nor-
malized pore connectivity (NPC) is calculated for each
scaffold as the ratio of the mean pore interconnectivity
to the mean pore diameter. The scaffolds were initi-
ated by specifying a random pore location. Subse-
quent pore locations were generated by searching all
locations within the scaffold that would satisfy the
condition of the specified interconnectivity. Once
the locations met the criteria, the pores were placed
followed by, again, searching locations from displaced
pores that would satisfy the interconnectivity crite-
rion. These processes were repeated until no locations
within the scaffold were able to satisfy the speci-
fied interconnectivity. For scaffolds with a constant
pore size, porosity is dependent on the pore intercon-
nectivity. Bulk and interface porosity of the lower
(NPC 0.25) and the higher (NPC 0.45) pore throat di-
ameter are reported. Three-dimensional renderings of
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spherical scaffolds with corresponding interface are
shown in Figure 2A, C.

Scaffolds were also modeled with rectangular
pores to approximate salt-leached scaffolds with the
salt crystal size range consistent with experiments,
300–500 lm. Similar to spherical scaffolds, pore lo-
cations were determined randomly within a matrix.
Subsequent pore locations were determined based
on amount of overlap between neighboring pores.
Once all locations within matrix were determined,
rectangular pores were added to the matrix. Each
rectangular pore was randomly rotated, fixed at its
center, for the x, y, and z dimensions between 0�
and 360� in intervals of 10�. These processes were re-
peated until a desired porosity was reached. In these
experiments, we used 64.4%, which is based on ex-
perimental values of salt-leached hydrogels fabri-
cated experimentally. Three-dimensional renderings
of cylindrical scaffolds with corresponding interface
are shown in Figure 2B, D.

Growth factor release profiles
For gradient studies, the models of salt-leached scaf-
folds were used, and a gradient of an angiogenic GF,
platelet derived growth factor-BB (PDGF-BB), was
added to the structure.20 A layer of degradable hydrogel
containing microspheres (distal layer) is placed on
the surface of a porous fibrin/poly (ethylene glycol)
(PEG) composite scaffold. PDGF-BB was encapsulated
into degradable microspheres (poly (lactic-co-glycolic
acid)) (PLGA) and microspheres and placed at the
top of the scaffold within the degradable polymer. Scaf-
folds were kept in cylindrically shaped shells, and host
vasculature was located at the bottom of the scaffold to
approximate one-dimensional diffusion (y-direction).
PDGF-BB gradients through the porous hydrogel sys-
tem due to degradation of microspheres and diffusion
in the hydrogel structure were modeled in MATLAB
based on Fick’s second law. In the model, diffusion is
assumed as the only mechanism of transport. Boun-
dary condition at the distal layer was adapted from

FIG. 1. Abstracted rule-base governing the behavior of each endothelial cell agent.
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the experimental release kinetics data, and the sur-
rounding tissue was modeled as infinite sink PDGF-
BB, which has a low affinity for fibrin within the porous
structure.35,36 Hence, it was assumed that PDGF-BB
did not interact with the scaffold. The effective diffu-
sion coefficient within the scaffold was calculated by fit-
ting the model to experimental results to account for
both steric effects of the scaffold structure and any bind-
ing to fibrin. The experimental release findings and de-
tails of the diffusion model were reported previously20

Six different concentration cases were generated to
run in the ABM to investigate the effects of varying re-
lease rates on angiogenesis. Case A indicates the con-
centration profile studied in the current experimental
system. Cases B, C, D, E, and F indicate 20%, 50%,
200%, 300%, and 500% slower release rate than Case
A (Fig. 3). To generate slower release conditions, diffu-
sion profiles were expanded by increasing time ticks in
the solver. The concentration data were then multiplied

by a correction factor to keep the total PDGF-BB dose
(200 ng) the same for all cases.

Prevascularized scaffolds
Capillary segments are replaced into the porous media
of modeled scaffolds to create in silico a prevascularized
scaffold. EC agents are randomly located as initial source
to start the capillary segments. ECs are continuously
added to the end of capillary chain until the randomly
selected location is not a part of the scaffold. If no
pore location is found after several trials, the algorithm
stops the capillary chain. These random stops cause a
variation in capillary length within the scaffolds.

Experimental Studies
Preparation of gradient scaffolds
Porous gradient scaffolds were formed using either
poly (methyl methacrylate) (PMMA) with a sphere
templating method (for interconnectivity studies) or

FIG. 2. Images of the bulk scaffold structures (A, B) and interfaces (C, D) for spherical (A, C) and rectangular
pores (B, D).
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salt-leaching method for GF release studies. Details of
the methods for scaffold preparation were explained
previously.20 Briefly, PEG (250 mg/mL, Mw *8000)
was dissolved in deionized (DI) water containing
0.5% w/v Irgacure 1173 (Sigma Aldrich, St. Louis,
MO) to prepare hydrogel precursors for both methods.

Thrombin (100 U/mL) (Sigma Aldrich, St. Louis, MO)
was added to precursor for salt-leaching technique.

Templates using PMMA microspheres (106–125 lm
diameter) (Cospheric, Santa Barbara, CA) were created
to make hydrogels with varying NPC. The hydrogel
precursor was poured over PMMA templates and

FIG. 3. Different release speed of GF from distal layer of biomaterial. Concentration profile within (A) current
experimental system (Case A), (B)%20 slower (case B), (C)%50 slower (case C), (D)%200 slower (case D),
(E)%300 slower (case E), (F)%500 slower (case F). GF, growth factor.
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polymerized under UV light (365 nm) for 5 min. The
hydrogels were washed with acetone several times
and incubated in acetone overnight to remove the
PMMA microspheres. The hydrogels were then incu-
bated in DI water for 2 days. The resulting hydrogels
had a NPC of 0.24 and 0.42. For the salt-leached gels,
200 lL of hydrogel precursor was mixed with 400 mg
sieved salt crystals (300–500 diameter) and polymer-
ized under UV light (365 nm) for 5 min to generate
hydrogels. Hydrogels were incubated in DI water over-
night to leach out salt crystals.

To generate GF gradients within the scaffolds, PDGF-
BB loaded PLGA microspheres were placed at the top
of the hydrogels within a degradable hydrogel layer
(poly (ethylene glycol L- lactic acid) (PEG-PLLA)). Dif-
ferent GF concentrations (1, 10, and 100 lg/mL) were
encapsulated into PLGA microspheres and com-
bined with scaffolds. Three hundred microliters of a
fibrinogen solution (40 mg/mL in saline) was added
dropwise into the pores of the hydrogel.37 Then, the
gel was incubated at room temperature for 30 min to
allow interaction of fibrinogen with thrombin to form
the fibrin.

In vivo testing
Animal experiments were performed at Edward Hines,
Jr. VA Hospital with procedures approved by the Insti-
tutional Animal Care and Use Committee. The scaf-
folds were placed in poly(propylene) shells that
allowed orientation of the GF source distal to the sur-

rounding tissue. The opposite end of the scaffold is
open to the tissue below (Fig. 4). Sterile scaffolds with
low (0.24) and high (0.42) interconnectivity, and salt-
leached scaffolds with varying GF concentrations (1,
10, 100 lg/mL) were implanted into rodents using a
subcutaneous implantation model.20 Implants were
harvested at 3 and 6 weeks (n = 5 animals for each
time point). Hematoxylin and Eosin stained sections
were imaged using an Axiovert 200 inverted micro-
scope (5· objective, 1.10 mm/pixel). Tissue invasion
depth was measured as the straight-line distance from
the host tissue to the deepest tissue location where tissue
could be identified within the scaffold.

Model evaluation
3D virtual scaffold is assumed to be sliced into three
vertical pieces, and the results are averaged over these
pieces and reported. Normalized vessel invasion is de-
fined as the distance between host and the deepest part
of the scaffold that blood vessels reached over total size
of the scaffold in that direction. Normalized anasto-
mosed vessel invasion is defined similarly; however,
only blood vessels that were anastomosed and stable
were taken into account for calculation. Total capillary
length is calculated within the model considering the
length of each EC contribution to the blood vessel net-
work. Comparison with experimental data was per-
formed assuming that tissue invasion is equivalent to
blood vessel invasion in the model since tissue forma-
tion is not explicitly modeled in this study.

FIG. 4. Formation of multilayer scaffold system. (A) Schematic representation of the gradient scaffold. (B)
Gross image of the gradient scaffold. (C) Confocal image of a vertical section of the gradient scaffold indicating
presence of the distal layer containing the PLGA microspheres (blue), underlying porous scaffold structure
(green), and fibrin (red) loaded within the pores. Scale bar is 100 lm (with permission from [20]). PLGA, poly
(lactic-co-glycolic acid).
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Statistical analysis
Statistical analysis was conducted to compare simulation
predictions with experimental results for high intercon-
nectivity and high GF concentration cases. Paired Stu-
dent’s t-test was used for comparison of normalized
invasion depth between different time points in simula-
tion and experiment results, respectively. Unpaired Stu-
dent’s t-test was used for comparison of normalized
invasion depth between simulation results and experi-
mental data at different time points. Statistical data
are expressed as mean – standard deviation. Values of
p < 0.05 were considered statistically significant.

Results
Effect of pore interconnectivity on vascularization
Simulation results of vessel invasion and anastomosis
depth in scaffolds with different interconnectivities in-
dicate that high interconnectivity scaffolds have twice
as much vessel invasion compared to low interconnec-
tivity scaffolds (Fig. 5). Both high and low interconnec-
tivity had increasing vessel invasion up to week 4. Due
to decreasing GF levels after the fourth week, the in-
vaded capillaries began to regress and a significant re-
duction in vessel invasion depth was observed. The
results of anastomosed invasion depth were similar
comparing to that of vessel invasion depth until week
4. However, the anastomosed invasion depth remained
constant after that. This is because anastomosed inva-
sion depth represents the invasion of stable vessels
that are assumed to establish blood flow and not
prone to regression. After blood flow is maintained,

the vessels are treated as independent of GF levels.
No additional sprouting occurred after 4 weeks due
to the low GF concentration. However, capillary regres-
sion did not occur and the anastomosed invasion depth
remained constant. In high interconnectivity scaffolds,
around 50% of the scaffolds were vascularized by stable
vessels by the fourth week, whereas this value is around
30% for lower interconnectivity scaffolds. The results
demonstrated that pore interconnectivity has a signifi-
cant impact on vessel invasion. Higher NPC scaffolds
are more permissive for vessels to invade into deeper
parts, whereas lower NPC scaffolds result in a signifi-
cant spatial hindrance to vessel invasion.

Total blood vessel length observed in both intercon-
nectivities was not significantly different from each
other (Fig. 6). This indicated that approximately the
same number of capillaries formed in both scaffolds,
and the lower interconnectivity scaffolds resulted with
higher blood vessel density closer to interface.

Simulation results for vessel invasion depth were com-
pared to experimental studies (Fig. 7). Simulation results
follow the experimental findings in terms of both absolute
value and trends. There was no significant difference
( p > 0.05) in normalized vessel invasion depth at week 3
between the simulation results (0.8289 – 0.0721) and ex-
perimental data (0.8888 – 0.0719). Same conclusion can
be made for week 6. Capillary regression was observed
for both simulations and experiments from week 3 to 6,
which resulted in significant decrease ( p < 0.001) of nor-
malized vessel invasion depth (0.7274 – 0.0587 for exper-
iments and 0.5689 – 0.0470 for simulations).

FIG. 5. (A) Normalized vessel invasion and (B) normalized anastomosed vessel invasion depth for
biomaterials with low and high interconnectivity.
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FIG. 6. Total blood vessel length for biomaterials with low and high interconnectivity.

FIG. 7. Comparison of simulation predictions with experimental results for high interconnectivity scaffolds.
**p < 0.05.
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Gradient growth factor delivery
The ABM model was also used to investigate the effects
of different total dose (2, 20, and 200 ng) of GF on vas-
cularization within porous scaffolds. These total doses
of GF correspond to 1, 10, and 100 lg/mL loading con-
centrations in experimental conditions, respectively.
Scaffolds are assumed to have a distal layer that is com-
posed of GF encapsulated microspheres within a de-
gradable layer. The dynamic concentration gradient
was generated based on known GF release kinetics
from the degrading microspheres followed by diffusion
through the porous polymer scaffolds. Simulations
were performed within scaffolds (loaded with 1, 10,
and 100 lg/mL of GF) for 6 weeks. Dimensions of
the scaffolds used in this study were 4 mm height and
10 mm diameter, consistent with a typical experiment.
Scaffold has a heterogeneous pore shape. The pore size
of the scaffold varied between 300 and500 microns, and
the porosity was 0.64 – 0.64si.20 The interconnectivity
was not controlled within the scaffold.

Figure 8 illustrates the effects of GF concentration on
vessel invasion within the scaffold. The highest concentra-
tion (100 lg/mL) resulted in the deepest vessel invasion
for all time points. Capillary regression was observed
after the fourth week with 100 lg/mL case, whereas re-
gression started immediately after the first week in the
10 and 1 lg/mL cases. No significant changes in vascular-
ization behavior were observed after the first week in
lower concentration gradients.

Different GF concentrations affected total blood ves-
sel length as well (Fig. 9). The highest total blood vessel
length was observed in the highest GF concentration.
The slight reduction in capillary length began after

the fourth week with the 100 lg/mL case, whereas it
happened immediately after the first week with lower
GF concentrations.

The model results were compared with experimental
results using PEG/fibrin composite hydrogels with in-
creasing concentrations (0, 1, 10, and 100 lg/mL) of
PDGF-BB. The comparison of simulation and experi-
mental results for vessel invasion at the highest GF con-
centration (100 lg/mL) is presented in Figure 10.
Simulation results showed good agreement with exper-
imental studies and both suggest that GF gradients
rapidly accelerated vascularization into the porous
scaffolds. There was significant difference ( p < 0.001)
in normalized vessel invasion depth in week 3 between
the simulation results (0.7202 – 0.1342) and experi-
mental data (0.4502 – 0.0337). Capillary regression
was observed for both simulations and experiments
from week 3 to 6, which resulted in significant de-
crease ( p < 0.001) of normalized vessel invasion depth
(0.3788 – 0.0200 for experiments and 0.4736 – 0.1147
for simulations).

Even with the highest concentration case (100 lg/
mL), blood vessel regression is observed due to GF re-
duction at later time points. Previous studies reported
that the minimum GF concentration required for cell ac-
tivation is in the order of 1 ng/mL.36 Since this threshold
value was implemented into ABM, blood vessel regres-
sion period was successfully predicted within scaffolds,
which mimic the current experimental system. Further-
more, we have investigated varying release rates within
the system to eliminate/decrease vessel regression. The
diffusion model was modified to generate concentration
profiles with altered release kinetics compared to the

FIG. 8. Normalized vessel and anastomosed vessel invasion depth with varying GF concentrations.
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currently investigated experimental scaffold. Simulation
results of vessel invasion and anastomosis depth for
computationally generated slower growth release cases
(B, C, D, E, F), but at the same total dose (100 lg/mL),
are illustrated. (Fig. 11).

For the control case, vessel invasion depth reached
its highest value at around the fourth week and then
started to regress. For the 20% (Case B) and 50%
(Case C), slower release rate did not significantly affect
the regression point. However, 200% slower release

FIG. 10. Comparison of simulation predictions with experimental results for 100 lg/mL GF loaded scaffolds.
**p < 0.05.

FIG. 9. Simulated total blood vessel length with varying total dose of GF concentrations.
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resulted in regression occurring after 5 weeks. The re-
gression time was postponed if we decreased GF release
rate, and there is no vessel regression in 300% slower
(Case E) and 500% slower (Case F) even after sixth
week. The initial vessel invasion depth in the slower GF
release cases is slightly smaller compared to the control
case due to the decreased burst release in the early time
points. However, blood vessel regression was limited in
these cases due to the sustained release of GF, which even-
tually resulted in a larger invasion depth. The results
showed that capillary growth and regression varied sig-
nificantly with the different release rate of GF and that
sustained release promotes scaffold vascularization.

Prevascularized scaffolds
Prevascularized scaffolds can be formed in vitro from
seeded ECs before in vivo implantation.38 In this article,
we have simulated angiogenesis after the implantation of
prevascularized scaffolds. Three configurations of pre-
vascularized biomaterials were generated (Fig. 12).
In the first case, the entire scaffold medium was filled
with capillary segments. In the second and third cases,
either the bottom or top half part of scaffolds in y-
dimension was prevascularized, respectively. Vascula-
rization was investigated in all structures, and results
were compared with a control case where there were
no preformed capillaries (Fig. 13). Simulation runs

FIG. 11. Normalized vessel (A) and anastomosed (B) invasion depth for delayed release conditions.

FIG. 12. Normalized anastomosed vessel (A) and vessel invasion depth (B) for prevascularized scaffolds.
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were performed under high GF (100 lg/mL) concen-
tration and scaffolds with higher interconnectivity.

Entirely prevascularized (homogeneous) scaffolds
showed highest and fastest final vessel invasion. Top-
half prevascularized structures showed slightly lower
and initially slower vessel invasion compared to ho-
mogeneous case. Bottom-half prevascularized case
resulted in high initial invasion, but after second
week it was only slightly better than the control case.
Over 50% of the scaffold was vascularized with anasto-
mosed vessels in top and entirely prevascularized cases
within the first 2 weeks, whereas in the control and
lower prevascularized cases, this took 6 weeks. The
connection between the preformed vessels and the
capillaries from the host enabled more blood flow cir-
culation through the vessels, resulting in stable vessels
that resist regression. Regression was reduced signifi-
cantly after fourth week in top and entirely prevascu-
larized scaffolds.

Discussion
The aim of this study was to develop a computational
framework for studying the combined effects of scaf-
fold design, GF release kinetics, and use of preformed

capillaries on biomaterial vascularization. Simulation
results were compared with experimental findings.
Both simulation runs and experimental studies showed
that properly designed scaffolds can lead to well-
vascularized scaffolds. Vascularization is greatly influ-
enced by pore interconnectivity, with smaller openings
between pores hindering blood vessel invasion into the
scaffolds.

Controlled GF release is a common approach to en-
gineer tissues. Many in vivo experiments have shown
that GFs can enhance scaffold vascularization in a va-
riety of ways.39–42 We analyzed both the effect of
magnitude and release kinetics of GFs on scaffold vas-
cularization. The invasion depth was influenced by the
total dose. Higher concentration (100 lg/mL) resulted
in greater vessel invasion compared to lower doses (1
and 10 lg/mL). Even with the highest concentration
case (100 lg/mL), endothelial capillary regression is
observed due to the GF reduction at later time points.
Furthermore, we investigated the role of release rates
within the system on vascularization. Scaffolds were
generated with GFs at the same dose, but slower
release kinetics. The comparison between control
case (matched to experimental conditions) and slower

FIG. 13. Simulation interface for homogeneous (left), top half (middle), and lower half (right) prevascularized
scaffolds.
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release cases demonstrates that sustained slower release
can promote more persistent vessel networks, deeper
vessel invasion, longer total blood vessel length, and
larger anastomosed depth. Although diffusion profiles
were created computationally, these results can guide
experimental studies. GF release can be varied by
modifying degradable layer of the scaffold in future
experiments.

Even though scaffolds with high interconnectivity,
higher GF dose, and sustained GF release showed bet-
ter vascularization results, the rate of vascularization
was still limited relative to engineering large volume
tissues. At the end of 6 weeks, only *50% of the scaf-
fold was vascularized. In these systems, vascularization
depends on mainly GF concentration, physical struc-
ture of the scaffold, and host vasculature. However,
the presence of preformed networks within the scaffold
may enhance vascularization. The prevascularized scaf-
fold strategy was added to the model. The presence of
preformed capillary segments significantly improved
the rate of vascularization. Over 50% of the scaffold
was vascularized within the first 2 weeks, and almost
80% of scaffold was vascularized by the end of the
sixth week. The results were consistent with the finding
from the literature that reported that preformed capil-
laries were connected to the host microvasculature and
established of blood perfusion significantly faster com-
pared with controls.43 ABM is also used to simulate ex-
perimentally not tested cases such as top and bottom
only prevascularized scaffolds and suggested that
when the top half is prevascularized, final vessel inva-
sion can reach to deeper parts in the scaffold.

Conclusion
Success in tissue regeneration is inherently linked with
successful vascularization. The model developed in this
study allows researchers to screen various hypotheses
rapidly and explore alternative strategies to enhance
vascularization. Simulation results were supported
with experimental findings and suggested optimal de-
signs and conditions for vascularization of engineered
biomaterials.

Acknowledgment
This research is supported by National Science Foun-
dation (IIS-1125412).

Author Disclosure Statement
No competing financial interests exist.

References
1. Sharma B, Fermanian S, Gibson M, et al. Human cartilage repair with a

photoreactive adhesive-hydrogel composite. Sci Transl Med.
2013;5:3004838.

2. MacNeil S. Progress and opportunities for tissue-engineered skin. Nature.
2007;445:874–880.

3. Kaully T, Kaufman-Francis K, Lesman A, et al. Vascularization—the conduit
to viable engineered tissues. Tissue Eng Part B Rev. 2009;15:159–169.

4. Rouwkema J, Rivron NC, van Blitterswijk CA. Vascularization in tissue
engineering. Trends Biotechnol. 2008;26:434–441.

5. Novosel EC, Kleinhans C, Kluger PJ. Vascularization is the key challenge in
tissue engineering. Adv Drug Deliv Rev. 2011;63:300–311.

6. Chiu YC, Cheng MH, Engel H, et al. The role of pore size on vascularization
and tissue remodeling in PEG hydrogels. Biomaterials. 2011;32:6045–
6051.

7. Druecke D, Langer S, Lamme E, et al. Neovascularization of poly(ether
ester) block-copolymer scaffolds in vivo: long-term investigations using
intravital fluorescent microscopy. J Biomed Mater Res A. 2004;68:10–18.

8. Feng B, Jinkang Z, Zhen W, et al. The effect of pore size on tissue ingrowth
and neovascularization in porous bioceramics of controlled architecture
in vivo. Biomed Mater. 2011;6:015007.

9. Walthers CM, Nazemi AK, Patel SL, et al. The effect of scaffold macro-
porosity on angiogenesis and cell survival in tissue-engineered smooth
muscle. Biomaterials. 2014;35:5129–5137.

10. Klenke FM, Liu Y, Yuan H, et al. Impact of pore size on the vascularization
and osseointegration of ceramic bone substitutes in vivo. J Biomed Mater
Res A. 2008;85:777–786.

11. Somo SI, Akar B, Bayrak ES, et al. Pore interconnectivity influences growth
factor-mediated vascularization in sphere-templated hydrogels. Tissue
Eng Part C Methods. 2015;21:773–785.

12. Riley CM, Fuegy PW, Firpo MA, et al. Stimulation of in vivo angiogenesis
using dual growth factor-loaded crosslinked glycosaminoglycan hydro-
gels. Biomaterials. 2006;27:5935–5943.

13. Patel ZS, Young S, Tabata Y, et al. Dual delivery of an angiogenic and an
osteogenic growth factor for bone regeneration in a critical size defect
model. Bone. 2008;43:931–940.

14. Kim JH, Kim TH, Jin GZ, et al. Mineralized poly(lactic acid) scaffolds
loading vascular endothelial growth factor and the in vivo perfor-
mance in rat subcutaneous model. J Biomed Mater Res A.
2013;101:1447–1455.

15. Xie J, Wang H, Wang Y, et al. Induction of angiogenesis by controlled
delivery of vascular endothelial growth factor using nanoparticles. Car-
diovasc Ther. 2013;31:1755–5922.

16. Zisch AH, Lutolf MP, Ehrbar M, et al. Cell-demanded release of VEGF from
synthetic, biointeractive cell ingrowth matrices for vascularized tissue
growth. Faseb J. 2003;17:2260–2226.

17. Bauer SM, Bauer RJ, Liu ZJ, et al. Vascular endothelial growth factor-C
promotes vasculogenesis, angiogenesis, and collagen constriction in
three-dimensional collagen gels. J Vasc Surg. 2005;41:699–707.

18. Marra KG, Defail AJ, Clavijo-Alvarez JA, et al. FGF-2 enhances vasculari-
zation for adipose tissue engineering. Plast Reconstr Surg.
2008;121:1153–1164.

19. Andrae J, Gallini R, Betsholtz C. Role of platelet-derived growth factors
in physiology and medicine. Genes Dev. 2008;22:1276–1312.

20. Akar B, Jiang B, Somo SI, et al. Biomaterials with persistent growth factor
gradients in vivo accelerate vascularized tissue formation. Biomaterials.
2015;72:61–73.

21. Guo X, Elliott CG, Li Z, et al. Creating 3D angiogenic growth factor gra-
dients in fibrous constructs to guide fast angiogenesis. Biomacromole-
cules. 2012;13:3262–3271.

22. Tang K, Breen EC, Gerber HP, et al. Capillary regression in vascular
endothelial growth factor-deficient skeletal muscle. Physiol Genomics.
2004;18:63–69.

23. Laschke MW, Vollmar B, Menger MD. Inosculation: connecting the life-
sustaining pipelines. Tissue Eng Part B Rev. 2009;15:455–465.

24. Tian L, George SC. Biomaterials to prevascularize engineered tissues. J
Cardiovasc Transl Res. 2011;4:685–698.

25. Unger RE, Ghanaati S, Orth C, et al. The rapid anastomosis between
prevascularized networks on silk fibroin scaffolds generated in vitro with
cocultures of human microvascular endothelial and osteoblast cells and
the host vasculature. Biomaterials. 2010;31:6959–6967.

Bayrak, et al.; BioResearch Open Access 2016, 5.1
http://online.liebertpub.com/doi/10.1089/biores.2016.0039

354



26. Wang L, Fan H, Zhang Z-Y, et al. Osteogenesis and angiogenesis of tissue-
engineered bone constructed by prevascularized b-tricalcium phosphate
scaffold and mesenchymal stem cells. Biomaterials. 2010;31:9452–9461.

27. Gerris L. Computational Modeling in Tissue Engineering. Springer Berlin:
Heidelberg, 2013.

28. Peirce SM, Van Gieson EJ, Skalak TC. Multicellular simulation predicts
microvascular patterning and in silico tissue assembly. FASEB J. 2004; doi:
10.1096/fj.03-0933fje.

29. Lemon G, Howard D, Tomlinson MJ, et al. Mathematical modelling of
tissue-engineered angiogenesis. Math Biosci. 2009;221:101–120.

30. Artel A, Mehdizadeh H, Chiu YC, et al. An agent-based model for the in-
vestigation of neovascularization within porous scaffolds. Tissue Eng Part
A. 2011;17:2133–2141.

31. Mehdizadeh H, Sumo S, Bayrak ES, et al. Three-dimensional modeling of
angiogenesis in porous biomaterial scaffolds. Biomaterials. 2013;34:2875–
2887.

32. Bayrak ES, Mehdizadeh H, Akar B, et al. Agent-based modeling of osteo-
genic differentiation of mesenchymal stem cells in porous biomaterials.
Engineering in Medicine and Biology Society (EMBC), 2014 36th Annual
International Conference of the IEEE; 2014.

33. Olsen MM, Siegelmann HT. Multiscale agent-based model of tumor an-
giogenesis. Procedia Comput Sci. 2013;18:1016–1025.

34. Bayrak ES, Wang T, Cinar A, et al. Computational modeling of fed-batch
cell culture bioreactor: hybrid agent-based approach. IFAC-PapersOnLine.
2015;48:1252–1257.

35. Vila OF, Martino MM, Nebuloni L, et al. Bioluminescent and micro-
computed tomography imaging of bone repair induced by fibrin-binding
growth factors. Acta Biomaterialia. 2014;10:4377–4389.

36. Battegay EJ, Rupp J, Iruela-Arispe L, et al. PDGF-BB modulates endothelial
proliferation and angiogenesis in vitro via PDGF beta-receptors. J Cell
Biol. 1994;125:917–928.

37. Jiang B, Akar B, Waller TM, et al. Design of a composite biomaterial system
for tissue engineering applications. Acta Biomater. 2014;10:1177–1186.

38. Laschke MW, Menger MD. Prevascularization in tissue engineering: cur-
rent concepts and future directions. Biotechnol Adv. 2016;34:112–121.

39. Borselli C, Ungaro F, Oliviero O, et al. Bioactivation of collagen matrices
through sustained VEGF release from PLGA microspheres. J Biomed
Mater Res Part A. 2010;92:94–102.

40. Rocha FG, Sundback CA, Krebs NJ, et al. The effect of sustained delivery of
vascular endothelial growth factor on angiogenesis in tissue-engineered
intestine. Biomaterials. 2008;29:2884–2890.

41. Golub JS, Kim Y-T, Duvall CL, et al. Sustained VEGF delivery via PLGA
nanoparticles promotes vascular growth. Am J Physiol Heart Circ Physiol.
2010;298:H1959–H1965.

42. Sacchi V, Mittermayr R, Hartinger J, et al. Long-lasting fibrin matrices
ensure stable and functional angiogenesis by highly tunable, sustained
delivery of recombinant VEGF164. Proc Natl Acad Sci. 2014;111:6952–
6957.
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ABM ¼ agent-based model

bFGF ¼ basic fibroblast growth factor
DI ¼ deionized
EC ¼ endothelial cell
GF ¼ growth factor

NPC ¼ normalized pore connectivity
PDGF ¼ platelet-derived growth factor

PDGF-BB ¼ platelet derived growth factor-BB
PEG ¼ poly (ethylene glycol)

PLGA ¼ poly (lactic-co-glycolic acid)
PMMA ¼ poly (methyl methacrylate)

VEGF ¼ vascular endothelial growth factor
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