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Abstract

Controlled delivery of multiple growth factors (GFs) holds great potential for the clinical
treatment of ischemic diseases and might be more therapeutically effective to reestablish
vasculature than the provision of a single GF. Vascular endothelial growth factor (VEGF) and
hepatocyte growth factor (HGF) are two potent angiogenic factors. However, due to rapid
degradation and dilution in the body, their clinical potential will rely on an effective mode of
delivery. A coacervate, composed of heparin and a biodegradable polycation, which protects GFs
from proteolysis and potentiates their bioactivities, is developed. Here, the coacervate incorporates
VEGF and HGF and sustains their release for at least three weeks. Their strong angiogenic effects
on endothelial cell proliferation and tube formation in vitro are confirmed. Furthermore, it is
demonstrated that coacervate-based delivery of these factors has stronger effects than free
application of both factors and to coacervate delivery of each GF separately.
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1. Introduction

Harnessing the body’s ability to regenerate damaged tissues and enhance functional
recovery presents an exciting and challenging opportunity for growth factor (GF) therapy.
The regenerative microenvironment is influenced by the interactions between cells, the
extra-cellular matrix, and signaling molecules. GFs, chemokines, and cytokines can trigger
endogenous repair mechanisms by providing the appropriate signals for cells to proliferate,
migrate, differentiate, or apoptose.[1~3] Although the delivery of a single GF has shown
promising results for some diseases or conditions, others will require a more complex
approach.[43] Co-delivery of multiple GFs may be paramount to successful therapeutic
angiogenesis for ischemic tissues such as in myocardial infarction and chronic wounds.
According to the Angiogenesis Foundation, at least 314 million patients in Western nations
could benefit from some form of pro-angiogenic therapy.[®! Vascular endothelial growth
factor (VEGF) and hepatocyte growth factor (HGF) are potent stimulators of angiogenesis
and play important roles in promoting endothelial cell (EC) growth, proliferation, migration,
differentiation, and survival.[’-12] Several studies have demonstrated that the combination of
VEGF and HGF in free-form produces a robust pro-angiogenic response, stronger than
either GF alone.[13-18] This underscores the complexity of the neovascularization process
and the need to develop therapies which adequately address this complexity.

The efficacy of GF therapy hinges on a delivery system that can appropriately maintain their
bioactivity and bioavailability.[1-3] Efficient delivery vehicles may achieve this by protecting
the GFs from proteolytic degradation and controlling their spatiotemporal release, while also
avoiding side effects from high GF concentrations systemically or at unwanted distal
locations.[34:17] Concentrating efforts on delivery systems with the capability of delivering
GFs in a time-dependent and dosage-dependent fashion might be the key to obtaining
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sufficient tissue development.l4l We have previously described a new class of controlled
release vehicles: an injectable polyvalent coacervate formed by a polycation, poly(ethylene
arginyl aspartate diglyceride) (PEAD), and heparin that can control the release of heparin-
binding GFs.[18] More than 400 human proteins bind heparin, many of which are important
for healthy vasculature and tissue regeneration.[9 The coacervate is biodegradable, has
excellent biocompatibility, and enhances the bioactivity of the GFs.[18:20-27] The objective
of this study is to examine the effect of controlled co-release of VEGF and HGF from the
PEAD:heparin coacervate on human EC proliferation and tube formation. We hypothesized
that co-delivery of VEGF and HGF would yield stronger and more robust angiogenic effects
than those of the individual GF coacervates and the co-administration of free GFs.

2. Experimental Section

2.1. Materials and Instruments

Clinical-grade heparin USP from porcine intestine was kindly provided as a gift from
Scientific Protein Labs (Waunakee, WI). Recombinant human VEGFg5 and HGF and the
VEGF enzyme-linked immunosorbent assay (ELISA) kit were purchased from Peprotech
(Oak Park, CA). The HGF ELISA kit was purchased from R&D Systems (Minneapolis,
MN). Human umbilical vein endothelial cells (HUVEC) were purchased from ATCC
(Manassas, VA). EGM-2 media was purchased from Lonza (Walkersville, MD). Calcein
AM was purchased from Molecular Probes (Eugene, OR). NHS-Rhodamine was purchased
from Thermo Scientific (Rockford, IL). Fibrinogen and thrombin were purchased from
Sigma (St. Louis, MO). The BrdU cell proliferation assay was purchased from Millipore
(Billerica, MA). The fluorescence microscope was an Eclipse Ti and used NIS-Elements AR
imaging software, both from Nikon (Tokyo, Japan). The SynergyMX plate reader was from
Biotek (Winooski, VT). The scanning electron miscroscope was a JSM-6335F field
emission scanning electron microscopy (SEM) from JEOL (Peabody, MA). The Zetasizer
Nano ZS90 was from Malvern (Worcestershire, UK).

2.2. VEGF and HGF Coacervate Characterization

2.2.1. Zeta Potential and Dynamic Light Scattering (DLS) Measurements—
PEAD was synthesized as previously described.[1822] Heparin and PEAD were each
dissolved at 10 mg mL~1 in deionized (DI) water and filter-sterilized at 0.22 pm. Heparin
was initially combined with either VEGF or HGF or both at 100:1 mass ratio of heparin:GF
to ensure that the solution was saturated with heparin to bind all the available GFs. Solutions
were then titrated with PEAD to obtain different PEAD:heparin:GF mass ratios. The
solution was diluted with DI water to a total of 750 pL before zeta potential was measured
with a Zetasizer Nano Z. Results were reported as a mean with standard deviation for 25
measurements. The same instrument was used to determine the hydrodynamic diameters of
PEAD:heparin (5:1), heparin:VEGF (100:1), PEAD:heparin:VEGF (500:100:1),
heparin:HGF (100:1), and PEAD:heparin:HGF (500:100:1) by DLS. Results were reported
as a mean with polydispersity index (PDI) for 25 measurements. PDI in the area of light
scattering is used to describe the width of the particle size distribution.
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2.2.2. Fluorescent Imaging of the Coacervate—PEAD solution was mixed with
rhodamine-labeled heparin at the optimized 5:1 PEAD:heparin mass ratio. The coacervate
was centrifuged at 12 100 g for 10 min to form a pellet. The supernatant was aspirated to
remove unbound heparin and the pellet was resuspended in DI water and added to a 96-well
plate for fluorescent imaging.

2.2.3. Scanning Electron Microscopy (SEM)—SEM samples were prepared with
PEAD:heparin mass ratio 5:1 for blank coacervate and PEAD:heparin:GF mass ratio
500:100:1 for VEGF or HGF coacervates. The complex was dropped on an aluminum stub,
lyophilized, gold sputter-coated, and examined by SEM.

2.3. Growth Factor Loading Efficiency and Release Assay

The loading efficiencies of VEGF and HGF were determined by sandwich ELISA. VEGF +
HGF coacervates (n = 3) were formed using 200 ng of each GF combined together then
mixed with heparin followed lastly by PEAD at the optimized 500:100:1 mass ratio of
PEAD:heparin:GF. Solution was then centrifuged at 12 100 g for 10 min to pellet the
coacervate. The supernatant was aspirated and stored, and pellet was resuspended in DI
water. The first collection (Day 0) was used to determine the loading efficiency. The same
centrifugation and supernatant collection procedure was repeated on days 1,3,7,14, and 21.
ELISA was performed to detect the amount of released GF in the supernatants according to
the ELISA kit manufacturer’s instructions. After the addition of the stop solution, the
absorbance at 450/540 nm was recorded by a SynergyMX plate reader and compared to
standards (n =3) that contained 200 ng free-form GF each to determine percent release.

2.4. Endothelial Proliferation and Live Cell Count Assays

Similar culture conditions were used for cell proliferation and live cell count assays. Passage
6 HUVEC were labeled with calcein AM for 2 h before seeding 104 cells in 100 uL EGM-2
media per well in a 96-well plate. Six hours after seeding, group-specific media was added
and 8 groups were used with 3 wells per group: basal media, blank coacervate, free HGF,
free VEGF, free VEGF +HGF, HGF coacervate, VEGF coacervate, and VEGF +HGF
coacervate. Each GF was added at a final 30 ng mL™1 concentration. For the BrdU cell
proliferation assay, the plate was incubated at 37 °C for 16 h, then 20 pL of BrdU label was
added to each well and incubated for 4 h. The proliferation assay protocol was then followed
according to the kit’s instruction manual. After the addition of the stop solution, the
absorbance at 450/540 nm was recorded by a SynergyMX plate reader and normalized to the
basal media control. For the live cell count assay, the plate was incubated at 37 °C for 3 d,
then cells were observed using a fluorescence microscope. Cell number was determined by
manually counting the cells in a 0.67 mm? field in the center of the well for 3 wells per
group. Fluorescent images of cells were taken of 4 mm? fields.

2.5. Endothelial Tube Formation Assay

Fibrin gels were prepared for a 3D cell culture environment as previously described.[28]
Briefly, 6 mg mL~1 bovine fibrinogen was dissolved in EGM-2 media, added in 150 uL
volumes to wells of a 24-well plate, activated with 150 pL thrombin solution (0.1 mg mL™1)
in EGM-2, swirled gently to mix and solidified at 37 °C. Passage 5 HUVEC were labeled
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with calcein AM for 2 h, then 1.5 x 10° cells were seeded on top of each gel in 1 mL
EGM-2 media and incubated at 37 °C overnight. A confluent cell monolayer formed next
day; media was removed and 300 pL group-specific fibrin gels were overlaid and solidified
as before, followed by 1 mL EGM-2 media on top. Group-specific additions to top gels
included 8 groups: basal media, blank coacervate, free VEGF, free HGF, free VEGF +HGF,
VEGF coacervate, HGF coacervate, and VEGF +HGF coacervate. In all groups, the dosage
of VEGF or HGF was 250 ng. After 3 d culture, media was removed and cells were imaged
with a fluorescence microscope. An EC tube was defined as a straight cellular extension
joining two cell masses or branch points.[28] Tube number, lengths, and thicknesses were
measured as angiogenic indices.[28-30] Using microscopy software, endothelial tubes were
manually counted and quantified in length and thickness in a 0.67 mm? field in the center of
3 wells per group.

2.6. Statistical Analysis

GraphPad Prism 5.0 statistical software (La Jolla, CA) was used for statistical analysis.
ANOVA followed by the post-hoc Tukey’s comparisontest was used to analyze the data for
bioactivity assays. Data are presented as mean + standard deviations.

3. Results and Discussion

3.1. VEGF and HGF Coacervate Characterization

The zeta potential of the strongly negative solution of heparin:GF (100:1 mass ratio) became
more positive as it was titrated with the polycation PEAD. At 100:100:1 mass ratio of
PEAD:heparin:GF, VEGF coacervate and HGF coacervate had negative zeta potentials of
=52+ 17.7 mV and -42.3 + 4.87 mV, respectively. Zeta potentials approached neutrality at
a mass ratio of approximately 500:100:1 with high turbidity in the solution, regardless of the
GF used (-0.89 + 3.86 mV for VEGF, and -1.84 + 5.22 mV for HGF). As more PEAD was
added, the zeta potential reached a positive plateau of 21.8 £ 5.09 mV for VEGF coacervate
and 17.1 + 4.43 mV for HGF coacervate at 1000:100:1 mass ratio (Figure 1A). In our
previous report, a 5:1 mass ratio of PEAD:heparin produced a neutral coacervate.[18] The
results of the present study indicate that a small amount of GFs does not have a significant
effect on zeta potential. Therefore, for the rest of this study, we used a PEAD:heparin: GF
mass ratio of 500:100:1 to achieve maximal coacervation.

Fluorescent imaging of a blank coacervate using rhodamine-labeled heparin revealed
spherical droplets of different sizes (Figure 1B). DLS measurements showed significant
increases in hydrodynamic diameters upon addition of PEAD to heparin:GF complexes. The
blank coacervate had a hydrodynamic diameter of 425.2 nm with 0.01 PDI. VEGF
coacervate and HGF coacervate had diameters of 476.1 nm with 0.33 PDI and 460.6 nm
with 0.33 PDI, respectively, demonstrating a small increase in size due to GF addition
(Figure 1C). SEM images revealed the morphology of VEGF coacervate and HGF
coacervate to be mainly composed of ribbon-like structures with globular beads of various
sizes (Figure 1D). This is consistent with our previous reports, where the coacervate
morphology consisted of fibers, beads, globular structures, and ribbon-like sheets.[18.21.26]
The ribbon-like structures range from nanometers to micrometers scale and are highly
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variable in size, which could explain why they might not appear clearly in some SEM
images. There was no apparent morphological difference between blank coacervates and
GF-loaded coacervates at the chosen mass ratio, consistent with the conclusion that the
ribbon-like and globular bead structures originate from PEAD and heparin, respectively.[18]

3.2. Coacervate Loading and Release of VEGF and HGF

We investigated the GF release kinetics from the coacervate using ELISA to detect the
amount of released VEGF and HGF in the supernatant after pelleting the coacervate. The
loading efficiency of VEGF was approximately 99%. The VEGF release profile showed a
relatively small initial burst of 5.9% on day 1. After 3 d, the release became nearly linear
and resulted in a total release of approximately 35.1% by 21 d (Figure 2). The loading
efficiency of HGF was approximately 98%. The HGF release profile also showed a
relatively small initial burst of 4.8% on day 1. After 3 d, the release became nearly linear
and resulted in a total release of approximately 26.5% by 21 d (Figure 2). Our results
demonstrate the impact of GF-heparin binding affinity on release rate. HGF which has a
strong heparin-binding affinity (K4 = 12 nM) released slower from the coacervate than
VEGF which has a relatively weaker heparin-binding affinity (Kgq = 165 nM).[31] However,
release rate of GF is also influenced by hydrolytic degradation of PEAD, dissociation of the
complex in an ionic environment, and by enzymes such as esterases and heparinases, so the
release is expected to be faster in vivo.

Without efficient delivery systems, GFs tend to diffuse away from the target sites, degrade
quickly, lose their bioactivities, and are potentially harmful when injected at high
concentrations.[3] Current GF delivery systems including hydrogels, polymeric
microspheres, and peptide nano-fibers face a number of challenges.3] For example, PLGA
microsphere formation requires organic solvents which may compromise the bioactivity of
the loaded GF.[32] Hydrogels, on the other hand, make it hard to control the GF release
kinetics and usually result in large initial burst releases.[33] Peptide nanofibers are expensive
to synthesize which may be a roadblock to clinical translation.[34] In addition, all of these
types of delivery vehicles often have relatively low GF loading efficiencies. For example,
the one study that displayed the capability to deliver VEGF and HGF simultaneously and
sequentially, using poly(trimethylene carbonate) based photo-cross-linked elastomers, did
not evaluate any angiogenic effects of the two factors together or compare their bioactivity
results to free GF administration.[3°]

The coacervate delivery system was developed to overcome challenges faced by other
delivery approaches. The coacervate was used in this study to simultaneously deliver VEGF
and HGF. We are currently modifying the coacervate release kinetics to gain improved
capability of simultaneous, sequential, and spatiotemporal delivery of GFs.[26] These
modifications will include adjustment of the molecular weight of PEAD and/or heparin, the
charge density of PEAD, and the [PEAD:heparin] mass ratio. The coacervate preserves the
native properties and function of heparin through the ionic interactions with PEAD without
covalent cross-linking to the delivery matrix. Intact heparin provides a high GF loading
efficiency and preservation of GF bioactivity, and the phase separated coacervate localizes
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the GFs to the target tissues.[18:20-27] Finally, the coacervate is injectable and therefore can
be easily utilized in a clinical setting.

3.3. VEGF +HGF Coacervate Displays Strong Angiogenic Effects

VEGEF is an established promoter of blood vessel formation and remains the main driver of
angiogenesis.[11:36] However, the administration of VEGF alone leads to the formation of
immature, leaky, and unstable neovessels.[!1] The utility of VEGF is also restricted by a
dosage limit, which leads to proinflammatory side effects if surpassed.[37:38] Additional
factors are therefore necessary to drive angiogenesis to completion. HGF is another potent
angiogenic factor that stimulates EC proliferation and migration, and can induce endogenous
expression of VEGF.[7.10.39] |t has been shown that the combination of VEGF and HGF
results in a more robust angiogenic response in vitro and in vivo than either factor
alone.[13-16] However, the clinical potential of these therapies is limited because bolus and
systemic injections of free-form GFs have low efficacy. This prompted us to investigate the
potential benefit of coacervate-based co-delivery of VEGF and HGF on angiogenic
applications.

3.3.1. VEGF +HGF Coacervate Induces Strong EC Proliferation—To investigate
the effects of VEGF and HGF on HUVEC proliferation, we applied each GF separately or
together, and in free-form or delivered by the coacervate. One day after application, both
GFs together in free-form induced significantly greater proliferation compared to each GF
alone, which showed no effect compared to control. Each GF alone delivered by the
coacervate also significantly stimulated proliferation compared to each GF alone in free-
form. Finally, coacervate delivery of both GFs together induced significantly greater
proliferation compared to all other groups (Figure 3A).

To verify that cell proliferation continued beyond 1 d and that the cells were still viable, we
used calcein staining after 3 d culture and counted the number of live HUVECs. The results
were similar to that of the proliferation assay with VEGF and HGF displaying a stronger
angiogenic effect compared to each GF alone, and coacervate delivery inducing significantly
higher cell numbers than respective free-form GF application (Figure 3B,C). These results
show the benefit of co-delivery of VEGF and HGF using the coacervate on EC proliferation,
a key process in angiogenesis.

3.3.2. VEGF +HGF Coacervate Induces Strong EC Tube Formation—To
investigate the angiogenic potential of coacervate co-delivery of HGF and VEGF, we
performed an established HUVEC tube formation assay within fibrin gels.[28:40] This three-
dimensional angiogenesis assay better preserves the vessel architecture and represents a
closer mimicking of in vivo events than two-dimensional models.[4041] After 3 d of culture,
no significant tube formation was observed in the basal media or blank coacervate control
groups. VEGF and HGF did induce tube formation which was improved with coacervate
delivery compared to free-form application, and their coacervate co-delivery induced the
most well-interconnected, thick endothelial tubes (Figure 4A).

Both GFs together in free-form significantly increased EC tube number and thickness
compared to each GF alone. Each GF alone delivered by the coacervate significantly
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increased the EC tube number and thickness compared to each GF alone in free-form. More
importantly, coacervate delivery of both GFs together significantly increased EC tube
number and thickness compared to all other groups (Figure 4B,C). Although combining
VEGF and HGF induced more and thicker tubes in both free-form and using the coacervate,
this combination interestingly did not have a significant effect on tube length compared to
delivery of each GF alone. However, the coacervate groups did induce significantly longer
tubes than their corresponding free-form groups (Figure 4D).

As has been previously reported, our results confirm the stronger angiogenic effects of
VEGF and HGF when applied together to promote angiogenesis.[13-16] Additionally, our
results demonstrate that controlled co-delivery of these factors using a polycation:heparin
coacervate does not impede the cooperation between the two GFs, but rather enhances it
compared to free-form GF application. In the design of the coacervate platform, we were
inspired by the stable ternary complex formed by fibroblast growth factor (FGF), heparin,
and its cell receptor, whereby heparin facilitates their association.[42:43] We mimicked the
heparin-binding domain of fibroblast growth factor receptor (FGFR) which contains many
basic amino acids with the synthetic polycation PEAD. Utilizing heparin in its native
conformation facilitates the GF-receptor interaction and likely results in the improved
angiogenic effects shown by the coacervate-based delivery compared to free-form GFs. A
gene expression profiling study demonstrated that there exists discrete signaling pathways
for VEGF and HGF in vascular ECs.[44] Therefore, this combination of GFs applied in a
sustained release fashion may be highly effective in vivo, but requires further investigation.

As we have demonstrated with other heparin-binding GFs, the coacervate serves as an
effective delivery vehicle for VEGF and HGF. The coacervate sustains their release for at
least 3 weeks and localizes and promotes their bioactivities compared to free-form GFs,
therefore lower dosages may be used. This study also validates the use of this delivery
platform for co-delivery of two factors, motivating future investigations of other GF
combinations and simultaneous and sequential delivery of three or more factors. We may
assess other important GFs involved in angiogenesis such as platelet-derived growth factor
(PDGF), FGF (FGF-1 and FGF-2), and angiopoietins in order to further promote the
angiogenic effects. After we evaluate an optimal combination of angiogenic factors
delivered by the coacervate in vitro, our next step would be to evaluate the angiogenic
potential of this combination in an in vivo ischemia model.

4. Conclusion

Many ischemic tissues cannot regenerate their functions and architectures without proper
vascular support. Angiogenesis is a complicated process; thus regulating the local
availability of different GF combinations can provide a powerful tool in controlling tissue
regeneration. The coacervate can serve as an efficient system to deliver GFs either
individually or in combinations. In this study, the coacervate displayed its ability to load
VEGF and HGF with high efficiency and sustain their release for at least 3 weeks with
minimal initial burst. Combining VEGF and HGF yields stronger and more robust
angiogenic effects, shown by EC proliferation and tube formation assays. More importantly,
we demonstrated that coacervate-based delivery of these factors has more profound
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angiogenic effects than free GFs and controlled delivery of each GF separately. This
indicates that the coacervate enhanced the bioactivity of the GFs. The in vitro pro-
angiogenic results of VEGF +HGF coacervate warrant further investigation in vivo to
examine its efficacy for therapeutic angiogenesis.
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Figure 1.

Page 11

A) Zeta potentials of VEGF and HGF coacervates were measured at different mass ratios of
PEAD:heparin:GF by titrating heparin: GF solutions with PEAD. B) Spherical droplets of
Rhodamine-labeled blank coacervates were imaged by fluorescence microscope. C) DLS

measurements show the hydrodynamic diameters of heparin:GF, PEAD:heparin, and

PEAD:heparin:GF particles. D) SEM images at low magnification (500x) show the ribbon-

like structures and globular domains of blank coacervate, VEGF coacervate, and HGF

coacervate.
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Figure2.
Sustained in vitro release of VEGF and HGF from the coacervate for 3 weeks into DI water.

VEGF and HGF were combined, then mixed with heparin followed by PEAD. After
coacervate formed, tubes were centrifuged and supernatant was collected. GF amount was
then quantified by sandwich ELISA at the specific time points. Bars indicate means + SD.
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Figure 3.
Endothelial cell (EC) proliferation and live cell count assays. Treatment groups with 30 ng

mL~1 concentration for each GF were applied to 3 wells per group with seeded HUVEC. A)
One day after incubation, BrdU cell proliferation assay was performed and absorbance was
recorded. Data is presented as a fold-change from the basal media. B) Live cell number was
quantified after 3 days incubation over 0.67 mm? fields in 3 wells per group. C) Microscope
images of calcein-stained HUVEC in 4 mm? fields. Bars indicate means + SD. * p value
<0.05.
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Figure4.
Endothelial tube formation assay using 3D fibrin gels environment. HUVEC were seeded on

bottom gel and specific treatment groups were added to top gel with 3 wells per group and
incubated for 3 days. A) Microscope images of calcein-stained EC tubes formed in different
groups. B) Number of EC tubes, C) tube thickness, and D) tube length were quantified by
microscope imaging analysis software in 0.67 mm? fields. Bars indicate means + SD. * p
value <0.05.
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