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Abstract

Critical limb ischemia impairs circulation to the extremities, causing pain, disrupted wound
healing, and potential tissue necrosis. Therapeutic angiogenesis seeks to repair the damaged
microvasculature directly to restore blood flow. In this study, we developed modular, micro-scale
constructs designed to possess robust handling qualities, allow /7 vitro pre-culture, and promote
microvasculature formation. The microbead matrix consisted of an agarose (AG) base to prevent
aggregation, combined with cell-adhesive components of fibrinogen (FGN) and/or hydroxyapatite
(HA). Microbeads encapsulating a co-culture of human umbilical vein endothelial cells (HUVEC)
and fibroblasts were prepared and characterized. Microbeads were generally 80-100 microns in
diameter, and the size increased with the addition of FGN and HA. Addition of HA increased the
yield of microbeads, as well as the homogeneity of distribution of FGN within the matrix. Cell
viability was high in all microbead types. When cell-seeded microbeads were embedded in fibrin
hydrogels, HUVEC sprouting and inosculation between neighboring microbeads were observed
over seven days. Pre-culture of microbeads for an additional seven days prior to embedding in
fibrin resulted in significantly greater HUVEC network length in AG+HA+FGN microbeads, as
compared to AG, AG+HA or AG+FGN microbeads. Importantly, composite microbeads resulted
in more even and widespread endothelial network formation, relative to control microbeads
consisting of pure fibrin. These results demonstrate that AG+HA+FGN microbeads support
HUVEC sprouting both within and between adjacent microbeads, and can promote distributed
vascularization of an external matrix. Such modular microtissues may have utility in treating
ischemic tissue by rapidly re-establishing a microvascular network.
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1. Introduction

Peripheral arterial disease (PAD) is caused by the obstruction/reduction of blood flow in the
arteries due to atherosclerotic plaque formation. As PAD progresses, patients begin to
experience pain in the limbs even at rest. This chronic and final stage of PAD, critical limb
ischemia (CL1), can result in the loss of the affected limb due to ulceration or gangrene [1,
2]. Though CLI patients represent only 1% of all PAD sufferers, this condition is associated
with significant rates of mortality (nearly 50% after 5 years) as well as a substantial
economic burden [2].

CLI treatment involves restoration of blood flow to the extremities to prevent tissue
necropathy and eventual amputation. While pharmaceutical options such as statin therapy
are available to treat CLI [3], surgical interventions are sometimes employed if the patient is
healthy enough for surgery. However, patients with medical co-morbidities may be poor
candidates for highly invasive surgical procedures [2]. For these patients, it is advantageous
to treat the ischemic tissue directly by repairing the microvasculature in a minimally invasive
manner. Treating CLI in a more localized fashion may reduce ulceration and improve
outcomes in diabetic patients.

Currently there is no specific treatment for the repair of damaged microvasculature that
causes ulceration in CLI. However, by combining cells, growth factors and biomaterial
scaffolds, a tissue engineering strategy offers a compelling and potentially minimally
invasive means of promoting the repair of microvasculature in ischemic tissues. A variety of
materials, cells, and growth factors have been employed to treat ulcers [4-6]. Modular tissue
engineering offers a refinement of the tissue engineering strategy in which small scaffold
“building blocks” can be generated and assembled into larger engineered constructs [7]. The
use of engineered microtissues has been shown to reduce the oxygen and nutrient diffusion
limitations that hamper larger constructs [8—13]. Moreover, microtissues can be designed to
be delivered in a minimally invasive manner or assembled into macrostructures.

A key consideration when developing engineered vascular microtissues is enabling the
establishment of vascularization in vitro prior to implantation. After implantation in an
ischemic site, pre-vascularized microtissues could accelerate the restoration of the
microvasculature by jump-starting anastomosis with blood vessels in the surrounding
healthy tissue. In addition, pre-vascularization may also improve the survival of the cells
within the construct. A variety of materials and cell populations can be employed to
engineer microtissues, depending on the application [14-21]. For revascularization
strategies, pure fibrin and composites made from fibrin, agarose, collagen, and gelatin have
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been used to develop engineered tissues capable of supporting endothelial vessel formation
[22-25].

Past work by our group has shown that cell-encapsulating fibrin and collagen-fibrin
microtissues can foster endothelial sprout formation and inosculation in a three-dimensional
(3D) in vitro model [25, 26]. In particular, we have used co-cultures of endothelial cells and
stromal cells to promote vessel formation in engineered tissues. Paracrine signals provided
by fibroblasts or other stromal cells are important in the formation and stabilization of
endothelial cell networks [23, 27-33]. In vitro studies have shown that endothelial sprout
length is dependent on a variety of conditions, including extracellular matrix properties and
stromal cell type [23, 25, 34].

In the present study, we build upon our previous work by developing microtissues designed
to promote widespread vascular network formation, using a defined combination of
naturally-derived, biomimetic biomaterials. Agarose is a relatively inert polysaccharide used
in a variety of tissue engineering applications for structural support [21, 35]. It does not
permit cell attachment, and therefore is often used in combination with other materials that
facilitate cell adhesion and proliferation [36—38]. Hydroxyapatite (HA) is a main component
of mineralized biological tissues that has been shown to adsorb and retain proteins [39-41],
and may also promote vasculogenesis [42—-44]. Fibrinogen (FGN) is a circulating precursor
of the blood clotting protein fibrin, which is known to bind growth factors and proteins
through its heparin-binding domain [45]. Incorporation of HA and FGN into agarose
microtissues therefore provides a mechanically robust environment with the ability to
sequester proteins and provide sites for cell attachment. Our goal was to combine these
materials to create novel “microbeads” that exhibit: 1) higher production yield through a
reduction in adhesion and aggregation, 2) improved injectability through reduced size and
increased sphericity, and 3) more widespread vascular network formation via inosculation
between sprouts from neighboring microbeads.

2. Materials and Methods

2.1 Cell culture

Human umbilical vein endothelial cells (HUVEC) from two different sources were used in
these studies. For microbead characterization experiments, HUVEC were isolated from
umbilical cords obtained via an IRB-exempt process from the University of Michigan Mott
Children’s Hospital using previously described methodology [34]. Umbilical cords were
rinsed with phosphate buffer saline (PBS) prior to digestion. Collagenase type | solution
(195 U/mL, Worthington Biochemical, Lakewood, NJ) was utilized to digest cords for 20
minutes at 37 °C. Digested tissues were rinsed with PBS and centrifuged at 200 g for 5
minutes. HUVEC were plated in T25 flasks with endothelial growth media (EGM-2, Lonza).
Flasks were rinsed with PBS three times, the next day, prior to media change. Additional
media changes were done every 2 days. HUVEC from a commercial source (Lonza Inc,
Walkersville, MD), were utilized for network length studies. We employed two different
HUVEC sources to ensure the robustness of the observed phenomena independent of
endothelial cell source. All experiments employed HUVEC from passages 4-7.
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Normal human lung fibroblasts (NHLF, Lonza Inc., Walkersville, MD) from passages 9-14
were cultured in Media 199 (M199, Life Technologies, Grand Island, NY) with 10% fetal
bovine serum (FBS). Culture media of HUVEC and NHLF were replaced every other day
prior to experimental processing. EGM-2 is composed of 500 mL of endothelial basal
medium, 10 mL of FBS (2% concentration), 0.5 mL of vascular endothelial growth factor
(VEGF), 0.5 mL of gentamicin, amphotericin-B (GA-1000), 0.2 mL of human fibroblastic
growth factor (WFGF-B), 0.5 mL of R3-IGF-1, 0.5 mL of ascorbic acid, 0.5 mL
hydrocortisone, 0.5 mL of human epidermal growth factor (hEGF), and 2.0 mL of heparin.
Component’ concentrations are not provided by Lonza, Inc.

2.2 Production of agarose-based microbeads

Cell-encapsulating, agarose-based microbeads were produced using a water-in-oil
emulsification process (Fig 1) [46]. Emulsification was carried out in autoclaved 100 cSt
polydimethylsiloxane (PDMS) oil (Clearco Products Co. Inc. Bensalem, PA).

In preparation for microbead production, HUVEC and NHLF were detached using 0.05%
Trypsin-EDTA (Gibco), re-suspended in endothelial growth media (EGM-2), and counted
using an automated cell counter (Multisizer 3, Beckman Coulter, Brea, CA). Fibrinogen
(Sigma Aldrich, St. Louis MO) was dissolved in serum-free endothelial growth media
(SFEGM-2) at 37 °C (4.0 mg/mL active clottable protein concentration), sterile filtered and
kept on ice until ready for use. Agarose was warmed to 65 °C.

Microbeads components included HUVEC and NHLF (1x108 of cell type per mL of
aqueous components), agarose (8.0 mg/mL final concentration), fetal bovine serum (FBS),
hydroxyapatite (HA), and fibrinogen (FGN). The components were loaded into a 10 mL
syringe and injected into the PDMS through a 25-gauge needle. A two-paddle impeller
stirred the mixture at 700 rpm for 6 min at 37 °C and then for 30 min on ice to gel the
resulting microbeads. Previous work has shown that use of FBS acts as a surfactant that
facilitates the separation of the beads from the oil phase during production, and also aids in
maintaining high cell viability [17, 21].

After mixing, the microbeads were separated from the PDMS using three centrifugation and
PBS wash steps. The microbeads were then re-suspended in EGM-2 and cultured in 15 mL
vented conical tubes (CELLTREAT Scientific Products, Shirley, MA). Media of constructs
was changed the day after preparation and every other day after.

2.3 Embedding of microbeads in fibrin (FIB) hydrogels

Microbeads were embedded in fibrin hydrogels similarly to what was previously done [25].
The 15 mL vented conical tubes containing the media-microbead solution were centrifuged
prior to the separation of the supernatant from the microbeads. All tubes were aliquoted the
same way to keep comparison between batches consistent. 255 pL of microbeads were
transferred from the culture tubes and placed into new tubes. 100 uL of FBS (10% final), 20
pL of 50 U/mL thrombin (1 U/mL final), and 625 pL of fibrinogen stock (2.5 mg/mL final
clottable protein concentration) were added atop of the microbeads and mixed thoroughly to
make 2 fibrin hydrogels with microbeads. 500 uL of the total solution was added to each
well of a 24-well plate and left in the incubator for approximately 30 minutes to allow
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complete gelation of the fibrin hydrogels. 1 mL of media was added to each hydrogel after
the gelation process. Media was replaced the next day and every other day until the
experimental end points.

2.4 Microbead characterization

Prior to microbead size quantification, images of microbeads were taken using Nikon DS-
Ri2 camera. The rectangular selection tool in ImageJ (National Institutes of Health,
Bethesda, MD) was utilized to measure microbead size. The average horizontal and vertical
diameter of the first 25 microbeads per image (100 microbeads total) were quantified to
determine the average microbead diameter of each batch.

To calculate microbead yield, microbeads were counted using a hemocytometer in the same
manner cell counting is done. Ten independent counts were done per microbead batch. A
single-blind study was used for both microbead size and yield quantification.

2.5 Viability of encapsulated cells

Cell viability was quantified using a fluorescent live/dead assay (Thermo Fisher) as per the
manufacturer’s protocols. Images were captured using a fluorescent source 465-495/515-555
nm excitation/emission (calcein-AM, live cells) and 540/605 nm (ethidium bromide, dead
cells) filter sets (Nikon Instruments Inc., Melville, NJ). Cells were counted using ImageJ
analysis software and a custom macro (US National Institutes of Health, Bethesda, MD).
Cells staining positive for calcein-AM and negative for ethidium bromide were considered
live at the beginning of the assay.

2.6 Staining and visualization of microbead protein content

A non-specific protein-binding dye (EZBlue, Sigma-Aldrich) was used to visualize protein
content. Microbeads were washed in PBS, and fixed overnight in buffered zinc formalin (Z-
Fix, Anatech Ltd, Battle Creek, MI). Microbeads were then stained for 10 min at room
temperature.

2.7 HUVEC sprout staining and quantification

Z-fix was employed to fix constructs 7 days after microbeads were embedded in fibrin
hydrogels. Samples were rinsed two times before and after fixation. Ulex Europaeus
Agglutinin | (UEA-I, Vector Laboratories, Burlingame, CA), an endothelial cell-specific
marker, was utilized to stain the endothelial cells. Samples were stained with a 1% BSA
buffer in PBS containing 10 nM DAPI and 20 pg/mL rhodamine-labeled UEA-I. After the
45 min room temperature incubation, samples were washed 2—4 times with PBS.

Prior to imaging, samples were taken out from the 24-well tissue culture plates and placed
on slides. Coverslips were added on top prior to imaging. An optical microscope (Olympus
1X81, Olympus, Center Valley, PA) and the scan slide tool in the Metamorph software were
employed to take fluorescent images of endothelial networks formed in HUVEC-NHLF
microbeads that had been embedded in FIB hydrogels. The angiogenesis analyzer tool [47]
and the ImageJ software were employed to measure total network length in each fibrin
hydrogel. The background, brightness, contrast, and threshold of each hydrogel scan was
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adjusted preceding analysis. The correct scale and possible outlier parameters were also
defined before running the angiogenesis analyzer. The aforementioned processing settings
were kept constant for each hydrogel scan.

2.8 Statistical Analysis

Statistical analyses were performed running a one-way ANOVA with Dunnett’s T3 post hoc
test using SPSS software (IBM, Armonk, NY). Experiments were repeated at least twice and
each contain at least three replicates for each group. Data are reported as mean + standard
deviation. Values of p < 0.05 were considered statistically significant.

3. Results and Discussion

3.1 Microbead formulation and production

The goal of this study was to develop modular tissue engineering constructs that could be
easily handled and promote vascular network formation over a broad area. Our strategy
centered on agarose (AG)-based microbeads encapsulating a co-culture of endothelial cells
and fibroblasts, because these cell types have been shown to form robust vascular networks
in other applications. Agarose was chosen to form the bulk of the microbead volume because
of its ability to produce stable, spherical microbeads while limiting the adherence of the
microbeads to each other and to the surface of the cultureware used in processing and
handling. Hydroxyapatite (HA) and fibrinogen (FGN) were added to the microbead
formulations at defined levels to encourage cell adherence and spreading, and to promote
cell-specific functions that can enhance vasculogenesis.

Water-in-oil emulsification and an alternating heating/cooling cycle consistently resulted in
spherical AG-based microbeads with mean diameters ranging from 80 to 110 um, as shown
in Figure 2. Pure 8.0 mg/mL AG microbeads (Fig. 2A) were clear, colorless, and highly
spherical. Addition of HA and FGN to these AG-based microbeads resulted in incorporation
of the active matrix components to differing degrees. HA alone dispersed evenly throughout
the microbead (Fig. 2B), whereas FGN alone was not well incorporated (Fig. 2C) and
remained in the supernatant when microbeads were collected. However, addition of both HA
and FGN resulted in the formation of dense and homogenously distributed HA/FGN
complexes (Fig. 2D-E). These data suggest that HA serves to bind and incorporate FGN into
the microbeads. The HA surface lattice contains Ca* and PO3~ ions that promote the
adsorption of a wide range of proteins with positively or negatively charged moieties [48]. In
the context of vasculogenic microbeads, the use of HA was intended to improve the
incorporation of FGN into the microbeads during production and to provide a substrate for
serum proteins that could further enhance cell attachment and sprout formation. Fabrication
of microbeads using only 4.0 mg/mL agarose resulted in fragile microbeads and poor
encapsulation of HA and FGN (Fig. 2F).

Addition of HA and FGN resulted in significantly larger microbeads compared to pure AG
or AG+HA microbeads (Fig. 2G). However, there was no significant difference in diameters
between microbeads containing AG+HA+0.25 mg/mL FGN and those containing AG+HA
+1.25FGN. While average microbead diameters depended on the proportion of constituent
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materials, the resulting microbeads were consistent with a relatively narrow size distribution,
as indicated by the error bars in Fig. 2G. In all cases, the microbeads were <120 um in
diameter, such that any encapsulated cell would be less than 60 yum from the perimeter. This
small diffusion distance is an advantage of the microbead format because it ensures
availability of nutrients and oxygen to embedded cells.

3.2 Microbead characterization

Protein staining was used to visualize the distribution of the active matrix components and
cells encapsulated within AG-based microbeads, as shown in Figure 3. Pure AG microbeads
(Fig. 3A) entrapped cells efficiently, but there was no evidence of cell spreading by Day 1 in
HUVEC-NHLF co-culture. Microbeads made with added FGN alone showed little
incorporation of protein or cell spreading, though in the higher concentration some protein
strands were evident (Fig. 3B, C). Addition of HA alone (Fig. 3D) to the microbeads
indicated some entrapment of protein, presumably from the surrounding culture medium.
However, addition of HA+FGN (Fig. 3E, F) resulted in very clear and widespread
incorporation of protein into the microbeads, with concomitant evidence of cell adhesion
and spreading. FGN is a soluble plasma protein that contains RGD domains that permit
direct binding of cells [49], and its relatively high solubility enables its incorporation in the
microbead fabrication process. Our results further support the idea that the incorporation of
HA serves to sequester FGN, which in turn promotes cell attachment and function.

Pure fibrin (FIB) microbeads were also produced and cultured in the same manner as AG-
based microbeads. However, under these conditions FIB microbeads tended to agglomerate
into masses several hundred microns in diameter in culture (Fig. 3G). In contrast, AG-based
microbeads remained as discrete spherical units, and did not change appreciably in size or
shape. Reduced aggregation allows microbeads to be cultured in vitro over time before being
injected as a slurry. Such in vitro culture periods allow the phenotype of the embedded cells
to be more carefully controlled, and therefore may lead to more effective function when
implanted.

Cell viability in all microbead formulations was high (Fig. 4A). Viability of HUVEC and
NHLF was generally >80% in all microbead types, with no statistical differences between
formulations or time in culture over a one week period. These results show that the
encapsulation process itself is not harmful to cells, and that cells can maintain their viability
when being cultured in microbeads. The clear survival of cells over a week in culture
suggests that mass transfer limitations are not a barrier, and it is expected that cells could
therefore also survive for longer periods.

Microbead composition affected the number and volume of microbeads yielded by the
production process (Fig. 4B). The numerical yield of AG-only microbeads was
approximately 4x10%/mL, while the addition of HA alone increased the yield to over
7x10%/mL. It is likely that the relatively high specific gravity of HA (3.08) reduced the
buoyancy of HA-containing microbeads and thereby contributed to improved separation
during centrifugation [50]. Incorporation of FGN alone decreased the microbead yield, while
including HA+FGN caused a recovery in numerical yield, though not to the level of the pure
AG microbeads. To further assess the effects of the active matrix components on microbead
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yield, AG-based microbeads were made with HA and from 0.25 to 1.25 mg/mL FGN (Fig.
4C). Numerical yield dropped significantly when the FGN content was increased from 0.25
to 0.75 mg/mL. However, further increases in FGN concentration did not significantly affect
yield. It should be noted that while large differences were observed in the numerical yields
between microbead formulations, the difference in the volume of microbeads collected was
not as great. This discrepancy is due to the differences in microbead size (Fig. 2G), and
estimation of the microbead volume showed no significant differences between the yields of
AG-only and AG+HA+0.25 mg/mL FGN microbeads (Fig. 4D).

3.3 HUVEC sprouting and network formation

Figure 5 shows images of AG+HA+0.25 mg/mL FGN with encapsulated HUVEC and
NHLF in culture. These experiments were performed to verify whether endothelial cells can
form sprouts within and from these microbeads, as a precursor to examining more global
network formation. When microbeads were embedded in a bulk 3D fibrin hydrogel (Fig.
5A), it was evident that HUVEC could sprout from microbeads into the surrounding matrix
over a week in culture, and nascent vessel networks were observed. Culture of microbeads
within bulk fibrin hydrogels is used to recreate a 3D matrix to mimic the in vivo tissue
environment, and similar systems have been employed to study angiogenesis and
vasculogenesis [39, 52, 54]. When microbeads were cultured as discrete units without being
embedded in a surrounding hydrogel (Fig. 5B), small vessel fragments formed within the
microbeads. When such microbeads were pre-cultured for a week as discrete modules before
being embedded in a surrounding fibrin bulk hydrogel (Fig. 5C), the vessel fragments
formed within the microbeads could sprout into the surrounding matrix. Taken together,
these experiments therefore established that HUVEC can form nascent vessels within AG
+HA+FGN microbeads, and can sprout from the microbeads when embedded in a
surrounding matrix.

The composition of the microbeads affected their ability to create distributed (i.e. spanning a
large area) vessel networks, as shown in Figure 6. In these studies, microbeads were
embedded in surrounding fibrin hydrogels one day after microbead production, and were
then cultured for seven days. In microbeads without HA (Fig. 6A—C), sprouting was
minimal and relatively local in the direct vicinity of the microbeads. Microbeads with HA
but no FGN (Fig. 6D) also showed minimal and local sprouting. For microbeads that
contained both HA and FGN (Fig. 6E, F), the extent of sprouting was much greater and
spanned the entire volume of the surrounding fibrin matrix. In contrast, pure FIB microbeads
that were cultured under similar conditions (Fig. 6G), exhibited robust but highly focal
sprouting (Fig. 6G) due to aggregation of the microbeads. The limited aggregation of the
AG-based microbeads led to greater homogeneity in the distribution of endothelial networks
within the surrounding matrix. This effect is a potentially important feature of AG+HA
+FGN microbeads, since upon implantation a more distributed vessel network could
increase the probability and rate of inosculation with the host and subsequent
revascularization of tissue.

The distribution of fibroblasts and endothelial cells in all four microbead conditions was
assess by staining of cells 7 days after being embedded in fibrin hydrogels, as shown in
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Supplementary Figure 1. All four microbead conditions formed endothelial sprouts (as
previously shown); however, there were more fibroblasts and a higher number of microbeads
with endothelial sprouts in the AG+1.25FGN and the AG+7.5HA+1.25FGN conditions.
Fibroblasts migrated from the microbeads into the fibrin hydrogels in all conditions. A more
homogeneous distribution of fibroblasts and endothelial cells was observed in the AG
+7.5HA+1.25FGN condition.

The effect of pre-culture on endothelial network formation was also assessed using selected
microbead formulations, as shown in Figure 7. In these experiments, a lower (7.5 mg/mL)
concentration of HA was used to reduce background fluorescence and allow quantification
of vessel network length. Microbeads that were embedded in 3D fibrin hydrogels one day
after production (Fig. 7A-D) showed again that only local and very modest sprouting occurs
into surrounding matrix, unless both HA and FGN are incorporated. In the latter case,
endothelial sprouting is robust and distributed throughout the matrix. When microbeads
were pre-cultured for seven days prior to being embedded in fibrin (Fig. 7E-H), the degree
of sprouting was decreased in both pure AG and AG+HA samples, but was retained in the
FGN and HA+FGN microbeads. Quantification of total sprout network length (Fig. 8)
confirmed these observations. These data show that addition of HA+FGN caused a marked
increase in total network length, relative to the other formulations. In addition, pre-culture of
the AG+HA+FGN microbeads prior to embedding had a modest positive effect on network
length, compared to AG+HA+FGN microbeads that had not been pre-cultured.

The fate of microbeads and the embedded cells after implantation in vivo will depend on the
matrix formulation. The materials examined in this study assisted with achieving distributed
vascularization, and they can be further optimized to provide desired rates of cell delivery
and concomitant matrix degradation. Agarose is resistant to proteolytic degradation, but can
be broken down hydrolytically over time, and is susceptible to some lysosomal enzymes. It
is therefore likely to be broken down slowly in vivo, and can impart stability to the
microbeads while promoting cell function. Future work will examine the remodeling and
degradation of microbeads after implantation, and will also investigate other materials that
can mimic the distributive effects of agarose while offering more control over degradation
rate. The tailoring of matrix material properties can be used to control the distribution of
vessel networks, and potentially to thereby promote more rapid and efficient inosculation
with host tissue after implantation.

4. Conclusions

AG+HA+FGN microbeads supported endothelial sprouting and promoted homogeneous and
widespread distribution of endothelial network formation via inosculation of endothelial
sprouts between adjacent microbeads when embedded in fibrin hydrogels. The use of AG in
the matrix prevented aggregation and contributed to the formation of spherical microbeads,
which facilitated the culture, collection, and injection of microbead populations. The
incorporation of HA and FGN within the microbeads permitted cell adhesion and spreading
within the otherwise non-adherent AG. By developing these AG+HA+FGN microbeads, we
have increased microbead production yield, improved injectability, and achieved a more
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homogeneous vascular network. In addition, pre-culture of microbeads led to an increase in
endothelial network length, which could be beneficial in ischemic applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Critical limb ischemia (CLI) is a chronic disease that can lead to tissue necrosis,
amputation, and death. Cell-based therapies are being explored to restore blood flow and
prevent the complications of CLI. In this study, we developed small, non-aggregating
agarose-hydroxyapatite-fibrinogen microbeads that contained endothelial cells and
fibroblasts. Microbeads were easy to handle and culture, and endothelial sprouts formed
within and between microbeads. Our data demonstrates that the composition of the
microbead matrix altered the degree of endothelial sprouting, and that the addition of
hydroxyapatite and fibrinogen resulted in more distributed sprouting compared to pure
fibrin microbeads. The microbead format and control of the matrix formulation may
therefore be useful in developing revascularization strategies for the treatment of
ischemic disease.
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Embedding in Fibrin Hydrogel
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Figure 1. Microbead production and culturing
Agarose-based, cell-encapsulating microbeads were produced using a water-in-oil emulsion

process. HUVEC and NHLF were incorporated in a 1:1 ratio at 2x10° total cells per mL of
aqueous microbead components. Microbeads were pre-cultured for Days 1 and/or 7 and then
embedded in fibrin hydrogels. Some images were adapted from Servier Medical Arts clipart

(www.servier.com).
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Figure 2. Microbead formulation characterization
Bright-field images showing incorporation of varying concentrations of FGN and HA into

AG-based microbeads: (A) AG only microbeads and those made from 8 mg/mL AG +
(B)HA, (C)FGN, (D)HA+ FGN, (E) 15 mg/mL HA+1.25 mg/mL FGN and (F) 4 mg/mL AG
+15 mg/mL HA+0.25 mg/mL FGN. (G) Microbead size quantification. Lowercase letters
indicate comparisons for which p<0.05 (one-way ANOVA).
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Figure 3. Greater concentrations of FGN permit the formation of homogenous, non-adherent
HUVEC-NHLF microbeads

(A) AG, (B) AG+0.25FGN, (C) AG+1.25FGN, (D) AG+HA, (E) AG+HA+0.25FGN, (F)
AG+HA+1.25FGN, and (G) fibrin microbeads stained using EZ blue to visualize microbead
protein content after processing. Microbead boundary indicated with blue circle. Scalebar =
100 pm.
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Figure 4. Effects of the different components on microbead yield and HUVEC-NHLF viability
(A) HA or FGN content had no significant effect on the viability of encapsulated cells one

day after microbead production and after pre-culture. (B,C) Microbead yield increase with
the addition of HA and decreased with the addition of FGN, until it reached steady-state at
0.75FGN. (D) Microbead volume based on microbead yield and microbead diameter.
(Lowercase letters indicate comparisons for which p<0.05 (one-way ANOVA).
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200 pm

Figure 5. Proof of concept EC sprouting from Ag+15 mg/mL HA+0.25 mg/mL FGN microbeads
under different culture conditions

(A) After 7 days of embedding in 2.5mg/mL FIB hydrogel (no pre-culturing). (B) After 7
days sedimentation in conical tube (no FIB embedding). Arrowheads indicate sprouts
forming within microbeads. (C) After 5 days in FIB following 8 days pre-culturing in
conical tube. Sprouts originated in the HA-FGN complex (black) located within the
microbead boundaries (not visible). The inset in image A and B show endothelial cells
stained in red. Red = UEA staining, Blue =DAPI. Scale bar = 200 ym.
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Figure 6. The distribution of HUVEC sprouting depends on microbead matrix components
(A) AG+HA, (B) AG+0.25FGN, (C) AG+1.25FGN, (D) FIBRIN, (E) AG+HA+0.25FGN,

(F) AG+HA+1.25FGN microbeads were embedded in 2.5mg/mL FIB hydrogels and
cultured for 7 days.
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Figure 7. Fluorescence imaging reveals that HUVEC sprouting is affected by microbead
composition and pre-culture conditions

Images of endothelial sprouting (red) from AG (A,E), AG+7.5HA (B,F), AG+1.25FGN
(C,G6), and AG+7.5HA+1.25FGN microbeads (D,H) embedded in fibrin hydrogels for 1
week; with (E,F,G,H), and without pre-culturing (A,B,C,D).
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Figure 8. Quantification of total network length confirms that HUVEC sprouting is affected by
microbead composition and pre-culture conditions

Quantification of microbeads, with/without pre-culturing, embedded in fibrin hydrogels for
1 week. Endothelial network length increased significantly when cells were encapsulated
with HA and FGN in AG microbeads. Pre-culturing had a positive effect on total network
length in AG+HA+FGN microbeads only. (Lowercase letters indicate comparisons for
which p<0.05 (one-way ANOVA).
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