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Abstract: Directing angiogenic differentiation of mesenchymal stem cells (MSCs) still remains
challenging for successful tissue engineering. Without blood vessel formation, stem cell-based
approaches are unable to fully regenerate damaged tissues due to limited support for cell viability and
desired tissue/organ functionality. Herein, we report in situ cross-linkable gelatin—hydroxyphenyl
propionic acid (GH) hydrogels that can induce pro-angiogenic profiles of MSCs via purely
material-driven effects. This hydrogel directed endothelial differentiation of mouse and human
patient-derived MSCs through integrin-mediated interactions at the cell-material interface, thereby
promoting perfusable blood vessel formation in vitro and in vivo. The causative roles of specific
integrin types (o; and oy (33) in directing endothelial differentiation were verified by blocking the
integrin functions with chemical inhibitors. In addition, to verify the material-driven effect is not
species-specific, we confirmed in vitro endothelial differentiation and in vivo blood vessel formation
of patient-derived human MSCs by this hydrogel. These findings provide new insight into how
purely material-driven effects can direct endothelial differentiation of MSCs, thereby promoting
vascularization of scaffolds towards tissue engineering and regenerative medicine applications
in humans.

Keywords: injectable gelatin hydrogels; patient-derived mesenchymal stem cells; integrin-mediated
interactions; material-driven endothelial differentiation; angiogenesis

1. Introduction

Over the past few decades, stem cell therapies have demonstrated a certain degree of clinical
success for thin tissues such as skin and cartilage [1-3]. These favorable outcomes have generated
additional enthusiasm that these therapies could be translated to regenerate metabolically active
tissues and organs with support from biomaterials. These therapeutic targets, however, require a
high degree of vascularization to support influx and outflux of nutrients, oxygen, and waste products
because if there are no blood vessels within any 200 um (maximum) area, cells and tissue undergo
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necrosis [4]. Without blood vessel formation, stem cell-based approaches will not be fully successful in
regenerating damaged tissues, particularly thick tissues, due to limited support for cell viability and
desired tissue/organ functionality.

Continuous progress has been made to promote vascularization of scaffolds by incorporating or
conjugating vascular growth/signaling factors (e.g., vascular endothelial growth factor; VEGF) [4-7].
While these approaches are effective in vitro, their in vivo effects are still questionable due to a short
half-life (<30 min) of biological molecules under physiological conditions, and side effects associated
with hypotension and edema [8-10]. Therefore, several methods have been considered in order to
increase growth factor bioactivity over extended periods of time such as (i) incorporating components
of the normal extracellular matrix (ECM) (e.g., heparin and fibronectin) that stabilize these factors
and/or promote their activity; (ii) encapsulating growth factors in protease-resistant reservoirs that
serve as a physical barrier against protease attack; and (iii) engineering proteolytic cleavage sites
within growth factor proteins to inhibit their degradation [11,12]. However, there are still concerns
about the expensive supply of growth factors and paracrine side effects associated with uncontrolled
release into systemic circulation.

To address this unmet need, purely scaffold material-driven effects have been explored [13-16].
Controlling material properties at the cell-material interface (e.g., matrix stiffness and integrin—matrix
interactions) can direct stem cell differentiation, which includes endothelial differentiation of
mesenchymal stem cells (MSCs) [1,17]. For example, hydrogels have many advantages to mimic
tissue properties due to tunable properties, including hydration and stiffness [18,19]. Moreover, their
injectable format can provide a 3D microenvironment when cells are encapsulated and delivered to
a target site. We previously developed an in situ forming gelatin—hydroxyphenyl propionic acid
(GH) hydrogel. This hydrogel type was used as an injectable/sprayable platform upon a horseradish
peroxidase (HRP)-mediated cross-linking reaction to deliver therapeutic cells and drugs [20-22]. In
particular, this gelatin hydrogel, within a specific range of mechanical stiffness (0.5—3 kPa), was found
to direct robust differentiation of mouse bone marrow-derived MSCs (mMSCs) into endothelial cells,
and induce extensive vasculogenesis without any biological supplementation in vitro and in vivo [23].

In the present follow-up study, we accomplished the following three objectives. First, we identified
a mechanism at the cell-matrix interface that is responsible for directed differentiation of mMSCs into
endothelial cells. The causative roles of specific integrin types (x; and &y [33) in directing endothelial
differentiation were verified by blocking the integrin functions with chemical inhibitors. Second, to
verify the material-driven effect is not species-specific, we confirmed in vitro endothelial differentiation
of patient-derived human MSCs (hMSCs) by this hydrogel. Third, we confirmed consequent, improved
blood vessel formation of these patient hMSCs when delivered through the gelatin hydrogel system in
a subcutaneous implantation model of immune compromised mice.

While only about ~300 genes out of approximately 20,000 are unique to either humans or mice as
revealed from whole genome sequencing, interspecies differences have been rather difficult to predict
and understand at times, as evidenced by countless clinical trials that have ultimately failed after
successful pre-clinical studies in mice [24]. Therefore, robust validation in human patient-derived
MSCs is required for successful translation. To this end, we have isolated bone marrow-derived MSCs
from three patients, particularly from old patients (>65 years old) as they stand to benefit the most from
regenerative medicine approaches. This approach is necessary to provide new insight into how purely
material-driven effects can direct endothelial differentiation of MSCs, thereby promoting vascularization
of scaffolds towards tissue engineering and regenerative medicine applications in humans.

2. Results and Discussion

2.1. Characterization of In Situ Forming Gelatin—Hydroxyphenyl Propionic Acid (GH) Hydrogels

To prepare in situ cross-linkable gelatin hydrogels, we first synthesized HRP-reactive
phenol-conjugated gelatin polymer (GH conjugate, phenolic content = 143 pmol/g of polymer).
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This GH polymer solution (7 wt %) dissolved in PBS (pH 7.4) was subjected to HRP/H,O;-tiggered
oxidative cross-linking (Figure 1A) [21]. Based upon our previous findings that GH hydrogels with
<3 kPa mechanical stiffness led to robust vasculogenic induction of mMSCs in vitro and in vivo,
we prepared two different GH hydrogels with distinct degrees of mechanical strength (GH-7-L; 1.4 kPa
and GH-7-H; 3.0 kPa) for the present study [23]. The softer hydrogels (<1.0 kPa) were excluded because
of fast degradation within a few days in in vitro cell experiments [23].

To characterize the mechanical stiffness of GH hydrogels formed with HRP (2.5 ng/mL) and H,O,
(0.005 wt % for GH-7-L and 0.006 wt % for GH-7-H), we investigated H,O, concentration-dependent
viscoelastic modulus (G” and G”) as a function of time (Figure 1B,C). The time point at which G” and
G” intersect each other (G’ > G”) is defined as a hydrogel formation [25]. The HRP/H,O, interactions
catalyzed in situ cross-linking among phenolic groups of GH conjugates, and thus resulted in a rapid
gelation where an intersected point of G'/G” was observed within 15 s. In addition, higher HyO,
concentration led to a greater G’ of hydrogels due to the increased cross-linking density where it was
confirmed that G” of GH-7-L and GH-7-H were 1.4 and 3.0 kPa, respectively. We also characterized
proteolytic degradation rates of GH-7-L and GH-7-H gels incubated in the media with or without
collagenase solution (0.4 pg/mL) as a function of time. As shown in Figure 1D, GH-7-L and GH-7-H
hydrogels completely degraded within 24 and 53 h, respectively, whereas the GH-7-L gels incubated
in the media without collagenase were stable for 53 h. This result indicates that GH hydrogels can be
degraded through the decomposition of gelatin backbone by matrix metalloproteases present in the
body, and their degradation rate is dependent on the cross-linking density.
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Figure 1. In situ forming gelatin—hydroxyphenyl propionic acid (GH) hydrogels as a translatable
platform for mesenchymal stem cell (MSC) delivery. Schematic illustration of GH hydrogels that
direct endothelial differentiation of MSCs and induce robust vascularization via integrin-mediated
interactions. MSCs are collected from three patients’ bone marrow (>65 years old) and loaded in GH
hydrogel matrices during HRP/H;, O, cross-linking reaction (A); Time-sweep elastic modulus (G’) and
viscous modulus (G”) of GH hydrogels with different concentration of HyO, (0.005 wt % for GH-7-L
and 0.006 wt % for GH-7-H) and HRP (2.5 ug/mL) measured by rheometer (B,C); In vitro degradation
profiles of GH-7-L and GH-7-H hydrogels in the presence or absence of collagenase (0.4 pg/mL)
treatment (1 = 3) (D).
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2.2. Gelatin Hydrogel Material-Driven Differentiation of MSCs (Mesenchymal Stem Cells) into
Endothelial Cells

We next investigated the interfacial mechanism behind purely gelatin material-driven
differentiation of MSCs into an endothelial lineage. While a number of previous studies have
shown purely material-driven differentiation of MSCs into osteocytes, neural cells, and chondrocytes,
endothelial differentiation most commonly required an extensive use of biochemical agents such
as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) [26-28]. In our
previous study, we also observed an increased expression of VEGF receptor 2 in mMSCs cultured in
GH hydrogels without any addition of growth factors [23]. Therefore, we hypothesized that integrins
at the cell-matrix interface might play a key role in inducing the endothelial differentiation of MSCs.
Integrins are extracellular matrix receptors expressed on the cell membrane, and they serve as a
physical anchoring point for adherent cells. Seminal studies have shown that many integrins are
responsible for mediating cell-matrix interaction [29,30]. For example, integrins ;.3 and «g with their
downstream signaling are crucial in driving MSC differentiation to an endothelial lineage by binding
to a mixed laminin I and collagen IV substrate. Therefore, inquiring if integrin binding to the GH
hydrogel caused endothelial differentiation of mMSCs, as seen in our previous work, would suggest
that translation to hMSCs is possible as they express the same integrins.

In order to identify the types of integrin involved in the material-driven effect on mMSCs,
we profiled expression of various integrins through qRT-PCR (Figure 2A). Of 26 integrins known to
date, we focused on specific integrins that bind to collagen and other ECM components involved in
angiogenesis. Integrin o (collagen receptor) expression of mMSCs in GH-7-L and GH-7-H gels were
significantly upregulated (3.8—4.9 times) compared to the TCPS condition. Additionally, integrin
and f33, together forming a heterodimer that plays a significant role in angiogenesis, were shown to
be upregulated. Lastly, ERK1, a key downstream signaling molecule in endothelial differentiation,
was significantly upregulated as well.
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Figure 2. Integrin-mediated mechanisms at the cell-material interface. mRNA expression levels
of mMSCs cultured for 15 days either on tissue culture polystyrene (TCPS) (control) or embedded
in GH-7-L and GH-7-H hydrogels, * p < 0.05 vs. TCPS (n = 3) (A); Integrin inhibition effects on
connectivity of blood vessels formed when mMSCs were cultured in GH-7-L and GH-7-H hydrogels.
The experiment groups include mMSCs cultured on TCPS, GH-7-L, and GH-7-H gels for 15 days with
no treatment, soluble vascular endothelial growth factor (VEGF), P11 (integrin «y 33 inhibitor), and
obtustatin (integrin «; inhibitor). Scale bars indicate 200 um (B).

We then observed sprouting morphology of mMSCs cultured in GH hydrogels when integrin
functions were selectively blocked with chemical inhibitors in order to verify their causative roles
for directing endothelial differentiation (i.e., integrin o, 33 inhibitor; P11 and integrin «; inhibitor;
obtustatin). We also included a positive control where soluble VEGF was added in media. As shown
in Figure 2B, addition of VEGF improved the degree and connectivity of vasculogenesis in GH
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hydrogel matrix. However, inhibitor treatment (P11 or obtustatin) attenuated the material-driven
effect. P11-treated cells stayed rounded for 15 days, while obtustatin-treated cells tended to aggregate
into large clumps with limited vessel sprouting. These results suggest that both integrins o and « 33
are crucial in driving endothelial differentiation of mMSCs in gelatin hydrogels.

2.3. In Vitro Endothelial Differentiation of Patient-Derived MSCs in GH Hydrogels

Because we confirmed that material-mediated engagement of integrins triggered mMSC
differentiation into endothelial cells, we set out to demonstrate translation to hMSCs from
representative human donors. Patient-derived hMSCs (donor 1—-3; >65 years old-patients), were
harvested from bone marrow biopsies, and characterized for purity of isolation. For in vitro
experiments, hMSCs were encapsulated in GH gel matrix, and their viability, spreading, and
endothelial differentiation of hMSCs were investigated. As seen in Figure 3A,B, live/dead staining
images demonstrated excellent survival (>80%) of hMSCs in both GH-7-L and GH-7-H gels throughout
the culture period. hMSCs appeared rounded at day 1, but began spreading through the GH matrix over
14 days. Although there was a certain degree of donor-to-donor variation, GH-7-L with lower stiffness
revealed better well-elongated and interconnected cell morphology than GH-7-H. The reason why
hMSCs cultured in GH-7-L gels spread more is likely due to a faster degradation rate of cross-linked
gelatin matrix, which leaves more room for cell spreading and nutrient/oxygen transport. In addition,
other previous studies also demonstrated that lower cross-linking density resulted in an increase
in mesh size, swelling degree, and degradation rate, thus enhanced cellular activities such as cell
migration and growth in 3D cell culture system [31,32].
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Figure 3. Invitro endothelial differentiation of patient-derived MSCs cultured in GH hydrogels.
Live/dead staining images of hMSCs in GH-7-L and GH-7-H gels on days 1 and 14 post culture. Scale
bars = 100 um (A); Quantification of viable cells (%) at day 1 and 14 (B); mRNA expression levels of
endothelial cell markers (FLK1 and CD31) in hMSCs determined by qRT-PCR after 21 days of culture
in GH gels. As a control, the same number of cells was seed on TCPS. * p < 0.05 vs. TCPS (n = 3) (C).
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To verify endothelial differentiation of hMSCs in GH hydrogels, we analyzed gene expression
of vascular-endothelial lineage markers (i.e., FLK1 and CD31). For comparison, the same density
of cells was also cultured on TCPS as a control. Overall, the expression of endothelial markers in
hMSCs cultured in GH gel was significantly upregulated (2.4-6.3-fold for FLK1 and 1.1-3.2-fold
CD31, donor 1-3) as compared to TCPS control (Figure 3C). However, no significant difference
between GH-7-L and GH-7-H was observed. Taken together, our results demonstrate that the GH
hydrogels can promote endothelial differentiation of patient-derived hMSCs in vitro without addition
of pro-angiogenic supplements, which is comparable to what was shown with mMSCs [23].

2.4. In Vivo Vascularization of hMSCs Delivered with GH Hydrogel

Finally, to examine if hMSCs (donor 1-3) in GH hydrogels induced angiogenesis in vivo,
we subcutaneously delivered cells in GH gel loaded on PVA scaffolds in immunodeficient mice [23].
The use of immunodeficient mice was necessary in order to avoid severe immune response and
eventual rejection of hMSCs derived from unmatched donor to recipient species. Two weeks
post-implantation, mice were perfused with a heparinized fluorescent microbead solution for imaging
and quantification of perfusable vascular formation. Figure 4A shows fluorescence images of surface
and cross-section of scaffolds by fluorescent angiography, and Figure 4B shows the quantification
results on relative ratio of blood vessel area % to control. While the non-crosslinked control showed
limited vascularization both on the surface and cross-section of the implants, hMSCs in cross-linked
GH-7 gels substantially increased vessel formation. In particular, GH-7-H hydrogels most induced
blood vessel formation (2.3-fold for surface and 1.9-fold for cross-section, * p < 0.05) compared to
the control. When GH hydrogels were incubated in vitro with the collagenase as one of the matrix
metalloproteinase (MMP) existing in the body, it was found that GH-7-H hydrogels was relatively stable
than GH-7-L hydrogel. Accordingly, we speculate that the GH-7-H hydrogel provided more effective
biomechanical structure than the non-crosslinked control and GH-7-L gel for cell survival/retention,
and consequently supported functional vascularization of hMSCs.
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Figure 4. In vivo vascularization of hMSCs with GH hydrogels subcuntaneously delivered into nude
mice. Representative images (surface and cross-section) of perfusable vasculature from delivered
hMSCs in the GH gel loaded on polyvinyl alcohol (PVA) implants at two weeks post implantation.
Yellow lines mark the surface boundaries of implants, and scale bars indicate 200 pm (A); Relative ratio
of functional blood vessels by crosslinked GH-7-L and GH-7-H gels compared to non-crosslinked GH
control (ratio = 1). * p < 0.05 vs. Control (n = 3, from mixed donor cell groups) (B).
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3. Materials and Methods

3.1. Materials

Gelatin (from porcine skin, Type A, >300 bloom), 3-(4-hydroxyphenyl) propionic acid (HPA),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), hydrogen
peroxide (H,0O,), and horseradish peroxidase (HRP, type VI, 250-330 units/mg solid) were purchased
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from Sigma-Aldrich (St. Louis, MO, USA). Dimethylformamide (DMF) was obtained from Junsei
(Junsei, Tokyo, Japan).

HRP-reactive GH polymer was synthesized by conjugating HPA to the gelatin backbone as
previously described [23]. In brief, HPA (20 mmol) was activated with EDC (20 mmol) and NHS
(27.8 mmol) in 15 mL of co-solvent (volume ratio of deionized water and DMF = 3:2). After HPA
activation for 1 h, the mixture was added to the pre-heated gelatin solution (5 g in 150 mL of deionized
water). The reaction was carried out at 40 °C for 24 h. The resulting solution was purified using
a dialysis membrane (MWCO = 3.5 kDa) against deionized water for 3 days, and lyophilized to
obtain the GH polymer. The conjugated HPA amount of GH polymer was measured by UV-VIS
spectrophotometer (V-750, Jasco, Japan) at 275 nm, and determined to be 143 pmol/g of polymer for
this study.

3.2. Preparation and Characterization of GH Hydrogels with Different Mechanical Stiffness

GH hydrogels were prepared by simply mixing aqueous GH polymer solution in presence of
HRP and HO,. The pre-heated GH solution (7 wt %) at 40 °C was divided into two aliquots: (1) HRP
(2.5 pg/mL) was added to one aliquot, and (2) H,O, (0.005 wt % for GH-7-L and 0.006 wt % for
GH-7-H) was added to another aliquot (volume ratio of GH:HRP and GH:H,O, = 9:1, respectively).
Lastly, two aliquots were mixed to generate in situ cross-linked GH hydrogels.

For characterization of gelation kinetics and mechanical stiffness of GH hydrogels formed with
different HyO, concentrations, the time-sweep elastic (G’) and viscous (G”) modulus of hydrogels
(300 pL) were measured at 37 °C for 5 min using an Advanced Rheometer GEM-150-050 (Bohlin
Instruments, East Brunswick, NJ, USA) in oscillation mode (strain = 0.01% and frequency = 0.1 Hz,
gap = 0.5 mm).

For in vitro proteolytic degradation testing, GH-7-L and GH-7-H gels were formed in a microtube,
and incubated in 1 mL PBS (pH 7.4) with or without 0.4 ug/mL of collagenase (type II, Sigma-Aldrich).
At a predetermined time point, the weight of each hydrogel was recorded after removing media,
and fresh media was then added for the next time point. The degradation degree of hydrogels was
determined by measuring the weight change of initially formed gels with respect to the degraded gels
at each time point [20].

3.3. In Vitro 3D Culture of hMSC in GH Hydrogels

hMSCs were isolated from the bone marrow of male patients (>65 in age) free from any
blood disorders and cancer (hMSC harvest approved by Vanderbilt University Medical Center
IRB#150133 February, 2015). FACS was used to isolate hMSCs that are CD14-/CD20-/CD34-/CD73+/
CD90+/CD105+. Cells (donor 1—3) were suspended in GH + HRP solution at the concentration
of 2 x 10° cells/mL, and this suspension was then mixed with GH + H,O, solution to make GH
hydrogels incorporating cells. As a control, the same number of cells was also seeded on tissue
culture plate (TCPS) without GH hydrogel. After GH hydrogels were formed on the well plate, DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin was added, and media was changed every
1-2 days. For the inhibition study, murine MSCs (mMSCs, GIBCO) were used with same conditions
and procedures as described above. P11 (EMD Millipore, Billerica, MA, USA) was used at 10 uM,
obtustatin (Tocris Biosciences, Bristol, UK) at 10 nM, and mVEGEF (Sino Biological Inc., North Wales,
PA, USA) at 50 ng/mL as supplements [33,34]. The cellular morphological changes ofcells cultured in
GH hydrogels for 15 days were observed by a Nikon Eclipse Ti microscope.

For live/dead staining assay, hMSCs (donor 1-3) cultured in GH-7-L and GH-7-H hydrogels for 1
and 14 days were stained with media containing 1 ug/mL propidium iodide (Sigma-Aldrich, St. Louis,
MO, USA) and 1 uM calcein AM (Invitrogen, Carlsbad, CA, USA) for 15 min, and then the live/dead
cells were identified using a Zeiss 710 confocal laser microscope.

For quantitative polymerase chain reaction (qQRT-PCR) analysis, cells encapsulated within GH
hydrogels were homogenized with the Trizol reagent (Life Technologies) mixed with chloroform
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(volume ratio of Trizol and chloroform = 1:5), and phase-separated by centrifugation (15 min, 4 °C).
The aqueous phase containing RNA was isolated with RNeasy columns (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions. cDNA was synthesized using a high-capacity cDNA
reverse transcriptase kit (Applied Biosystems, Life Technologies, Foster City, CA, USA), and qRT-PCR
was performed with a SYBR Green master mix (Bio-Rad) with 15-20 ng cDNA and 500 nM each of
forward and reverse primers, using a CFX Real-Time PCR System (Bio-Rad). The qRT-PCR protocol
included: 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 30 s, annealing at 58 °C for
30 s, and extension at 72 °C for 30 s. Expression of each gene of interest was normalized to expression
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a housekeeping gene, generating the AC;
value, and expression of 2~ *4Ct relative to the TCPS control with 1 > 3 biological replicates for each
experiment is reported. Primer sequences are listed in Table 1, and only those that showed single,
specific amplicons were used for qRT-PCR experiments.

Table 1. Primer sequences used for quantitative real-time polymerase chain reaction (GQRT-PCR).

Gene Accession Number Forward Primer (5'-3') Reverse Primer (3/-5) Species
Integrin uq NM_001033228.3 TCAGTGGAGAGCAGATCGGA CCCACAGGGCTCATTCTTGT Mouse
Integrin oy NM_008402.3 GTGCCAGCCCATTGAGTTTG TGGAGCACAGGCCAAGATTT Mouse
Integrin B3 NM_016780.2 GCCTGGTGCTCAGATGAGACT GATCTTCGAATCATCTGGCCG Mouse

ERK1 NM_011952.2 CAACCCAAACAAGCGCATCA AGGAGCAGGACCAGATCCAA  Mouse

GAPDH NM_001289726 TGAAGCAGGCATCTGAGGG CGAAGGTGGAAGAGTGGGAG  Mouse
FLK1 NM_002253.2 GAGGGGAACTGAAGACAGGC  GGCCAAGAGGCTTACCTAGC  Human
CD31 NM_000442.4 CCAAGCCCGAACTGGAATCT CACTGTCCGACTTTGAGGCT Human

GAPDH NM_002046.4 GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA Human

3.4. hMSC Delivery in GH Hydrogels on Polyvinyl Alcohol (PVA) Scaffolds In Vivo

The animal experiment was approved by Vanderbilt Institutional Animal Care and Use Committee
(IACUC) in accordance with the NIH Guide for the Care and Use of Laboratory Animals (IACUC
number: M1600003 approved on 2 June 2015). GH polymer (7 wt %) and H,O, (0.005 and 0.006 wt %)
were dissolved in DMEM media as described above, while a constant HRP concentration (2.5 pg/mL)
was used for all conditions. The procedures for in vivo animal study are comparable to that
previously reported [23]. hMSCs (5 x 10° cells)-containing GH hydrogel solutions in a total volume
of 60 uL were loaded on porous PVA scaffolds (6 mm in diameter, Medtronics, Dublin, Ireland).
As a control, porous PVA scaffolds loaded with non-crosslinked GH solution containing hMSCs were
implanted. The gel-scaffold complexes were then subcutaneously implanted on the ventral side of
immunodeficient NU/J mice (male, five-months-old) for two weeks. A longitudinal incision (15 mm)
was made on the ventral side of mice, and three different gel-scaffold complexes (donor 1—-3) were
inserted into individual subcutaneous pockets. The skin incision was closed with sutures.

At two-weeks post implantation, mice were perfused under heavy, near-lethal level of anesthesia
with 4% isoflurane in 2 L/min oxygen. First, heparin sulfate (0.1 mg/mL) solution dissolved in PBS
was injected into the left ventricle to exsanguinate through the cut inferior vena cava. Mice were then
perfused with PBS containing fluorescent micro-beads (Invitrogen) for micro-angiography. Scaffolds
were subsequently harvested, and analyzed for angiogenesis by micro-angiography using as described
previously [35]. Fluorescence images were obtained using a Zeiss 710 confocal laser microscope. Image]
software (National Institutes of Health; NIH, USA, Version 1.48) was used for all image preparation
and analysis, including z-stacking fluorescence images and quantification.

3.5. Statistical Analysis

All results are expressed as mean =+ standard deviation. Comparisons among samples in in vitro
and in vivo quantitative analysis were performed by a Student’s ¢-test, and p < 0.05 was considered
statically significant.
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4. Conclusions

Based on these results, we suggest in situ cross-linked GH hydrogels as a promising tissue
engineering template to promote scaffold vascularization using hMSCs. Not only was it found that the
material engaged with integrins to trigger endothelial differentiation, these results adds a substantial
value to ongoing research in the field as perfusable vasculature can be generated with hMSCs sourced
from older donors who would more likely take advantage of stem cell therapies. A future study
will be designed to tune the GH hydrogel system to encapsulate more than one type of stem cell or
co-culture MSCs with other somatic cell types for tissue type-specific regeneration with improved
vascularization. As seen in Figure 4A, vascular networks were shown to branch out within the core
of the GH hydrogel, which is a crucial requirement to maintain metabolically active tissues and
organs that could be developed in more advanced co-culture experiments. Therefore, continuing and
gradual improvements to the chemical design of the GH hydrogel system remain a long-term goal.
In conclusion, the findings reported here illustrate an easy-to-use hydrogel system that can serve as a
translatable platform technique for generating stem cell-derived endothelialization for future tissue
engineering therapies.

Acknowledgments: This study was financially supported by the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning
(NRF-2016M3A9E9941743 and NRF-2015R1A2A1A14027221).

Author Contributions: Yunki Lee, Ki Dong Park, and Hak-Joon Sung conceived and designed the study;
Yunki Lee, Daniel A. Balikov, and Sue Hyun Lee performed the in vitro and in vivo experiments; Yunki Lee,
Daniel A. Balikov, Jung Bok Lee, Seung Hwan Lee, and Jong Hun Lee performed the data analysis; Hak-Joon Sung
provided guidance on the whole study. Yunki Lee wrote the paper. All authors read and approved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Han, H;Ning, H,; Liu, S.; Lu, Q.; Fan, Z; Lu, H.; Lu, G.; Kaplan, D.L. Silk Biomaterials with Vascularization
Capacity. Adv. Funct. Mater. 2016, 26, 421-432. [CrossRef] [PubMed]

2. Chuang, C.H,; Lin, R.Z; Tien, HW,; Chu, Y.C,; Li, Y.C.; Melero-Martin, ].M.; Chen, Y.C. Enzymatic regulation
of functional vascular networks using gelatin hydrogels. Acta Biomater. 2015, 19, 85-99. [CrossRef] [PubMed]

3. Levenberg, S.; Rouwkema, J.; Macdonald, M.; Garfein, E.S.; Kohane, D.S.; Darland, D.C.; Marini, R.;
van Blitterswijk, C.A.; Mulligan, R.C.; D’Amore, P.A.; Langer, R. Engineering vascularized skeletal muscle
tissue. Nat. Biotechnol. 2005, 23, 879-884. [CrossRef] [PubMed]

4.  Griffith, L.G.; Naughton, G. Tissue engineering—current challenges and expanding opportunities. Science
2002, 295, 1009-1014. [CrossRef] [PubMed]

5. Lovett, M.; Lee, K.; Edwards, A.; Kaplan, D.L. Vascularization strategies for tissue engineering. Tissue Eng.
Part B 2009, 15, 353-370. [CrossRef] [PubMed]

6. Linh, N.T.; Abueva, C.D.; Lee, B.T. Enzymatic in situ formed hydrogel from gelatin-tyramine and
chitosan-4-hydroxylphenyl acetamide for the co-delivery of human adipose-derived stem cells and
platelet-derived growth factor towards vascularization. Biomed. Mater. 2017, 12, 015026. [CrossRef]
[PubMed]

7.  Eke, G.; Mangir, N.; Hasirci, N.; MacNeil, S.; Hasirci, V. Development of a UV crosslinked biodegradable
hydrogel containing adipose derived stem cells to promote vascularization for skin wounds and tissue
engineering. Biomaterials 2017, 129, 188-198. [CrossRef] [PubMed]

8. Martino, M.M,; Briquez, PS.; Guc, E.; Tortelli, F,; Kilarski, W.W.; Metzger, S.; Rice, ].].; Kuhn, G.A; Muller, R.;
Swartz, M.A.; et al. Growth factors engineered for super-affinity to the extracellular matrix enhance tissue
healing. Science 2014, 343, 885-888. [CrossRef] [PubMed]

9. Li, B,; Ogasawara, A.K.; Yang, R.; Wei, W.; He, G.W.; Zioncheck, T.F,; Bunting, S.; de Vos, A.M,; Jin, H.
KDR (VEGF Receptor 2) Is the Major Mediator for the Hypotensive Effect of VEGF. Hypertension 2002, 39,
1095-1100. [CrossRef] [PubMed]

10. Martin, A.; Komada, M.R.; Sane, D.C. Abnormal angiogenesis in diabetes mellitus. Med. Res. Rev. 2003, 23,
117-145. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/adfm.201504160
http://www.ncbi.nlm.nih.gov/pubmed/27293388
http://dx.doi.org/10.1016/j.actbio.2015.02.024
http://www.ncbi.nlm.nih.gov/pubmed/25749296
http://dx.doi.org/10.1038/nbt1109
http://www.ncbi.nlm.nih.gov/pubmed/15965465
http://dx.doi.org/10.1126/science.1069210
http://www.ncbi.nlm.nih.gov/pubmed/11834815
http://dx.doi.org/10.1089/ten.teb.2009.0085
http://www.ncbi.nlm.nih.gov/pubmed/19496677
http://dx.doi.org/10.1088/1748-605X/aa5b6b
http://www.ncbi.nlm.nih.gov/pubmed/28233762
http://dx.doi.org/10.1016/j.biomaterials.2017.03.021
http://www.ncbi.nlm.nih.gov/pubmed/28343005
http://dx.doi.org/10.1126/science.1247663
http://www.ncbi.nlm.nih.gov/pubmed/24558160
http://dx.doi.org/10.1161/01.HYP.0000018588.56950.7A
http://www.ncbi.nlm.nih.gov/pubmed/12052848
http://dx.doi.org/10.1002/med.10024
http://www.ncbi.nlm.nih.gov/pubmed/12500286

Int. ]. Mol. Sci. 2017, 18, 1705 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Petreaca, M.; Martins-Green, M. The Dynamics of Cell-ECM Interactions, with Implications for Tissue
Engineering. Princ. of Tissue Eng. 2014, 161-187.

Eming, S.A.; Hubbell, J.A. Extracellular matrix in angiogenesis: Dynamic structures with translational
potential. Exp. Dermatol. 2011, 20, 605-613. [CrossRef] [PubMed]

Rico, P; Mnatsakanyan, H.; Dalby, M.].; Salmeron-Sdnchez, M. Material-Driven Fibronectin Assembly
Promotes Maintenance of Mesenchymal Stem Cell Phenotypes. Adv. Funct. Mater. 2016, 26, 6563—-6573.
[CrossRef]

Sun, H.; Zhu, F; Hu, Q.; Krebsbach, P.H. Controlling stem cell-mediated bone regeneration through tailored
mechanical properties of collagen scaffolds. Biomaterials 2014, 35, 1176-1184. [CrossRef] [PubMed]

Park, K.M.; Gerecht, S. Hypoxia-inducible hydrogels. Nat. Commun. 2014, 5, 4075. [CrossRef] [PubMed]
Fu, J.; Wiraja, C,; Muhammad, H.B.; Xu, C.; Wang, D.A. Improvement of endothelial progenitor
outgrowth cell (EPOC)-mediated vascularization in gelatin-based hydrogels through pore size manipulation.
Acta Biomater. 2017, 58, 225-237. [CrossRef] [PubMed]

Dalby, M.J.; Gadegaard, N.; Oreffo, R.O.C. Harnessing nanotopography and integrin-matrix interactions to
influence stem cell fate. Nat. Mater. 2014, 13, 558-569. [CrossRef] [PubMed]

Ko, D.Y.; Shinde, U.P; Yeon, B.; Jeong, B. Recent progress of in situ formed gels for biomedical applications.
Prog. Polym. Sci. 2013, 38, 672-701. [CrossRef]

Sivashanmugam, A.; Arun Kumar, R.; Vishnu Priya, M.; Nair, S.V.,; Jayakumar, R. An overview of injectable
polymeric hydrogels for tissue engineering. Eur. Polym. J. 2015, 72, 543-565. [CrossRef]

Lee, Y.; Bae, ].W,; Lee, JW.; Suh, W.; Park, K.D. Enzyme-catalyzed in situ forming gelatin hydrogels as
bioactive wound dressings: Effects of fibroblast delivery on wound healing efficacy. . Mater. Chem. B 2014, 2,
7712-7718. [CrossRef]

Lee, Y.; Bae, J.W.; Oh, D.H.; Park, KM.; Chun, Y.W.; Sung, H.-].; Park, K.D. In situ forming gelatin-based tissue
adhesives and their phenolic content-driven properties. ]. Mater. Chem. B 2013, 1, 2407-2414. [CrossRef]
Knopf-Marques, H.; Barthes, ].; Wolfova, L.; Vidal, B.; Koenig, G.; Bacharouche, J.; Francius, G.; Sadam, H.;
Liivas, U.; Lavalle, P.; Vrana, N.E. Auxiliary Biomembranes as a Directional Delivery System To Control
Biological Events in Cell-Laden Tissue-Engineering Scaffolds. ACS Omega 2017, 2, 918-929. [CrossRef]

Lee, S.H.; Lee, Y.; Chun, Y.W.; Crowder, S.W.; Young, P.P; Park, K.D.; Sung, H.J. In Situ Crosslinkable Gelatin
Hydrogels for Vasculogenic Induction and Delivery of Mesenchymal Stem Cells. Adv. Funct. Mater. 2014, 24,
6771-6781. [CrossRef] [PubMed]

Waterston, R.H.; Lindblad-Toh, K.; Birney, E.; Rogers, J.; Abril, ].E; Agarwal, P.; Agarwala, R.; Ainscough, R.;
Alexandersson, M.; An, P; et al. Initial sequencing and comparative analysis of the mouse genome. Nature
2002, 420, 520-562. [PubMed]

Choi, B.; Loh, X.J; Tan, A.; Loh, CK.; Ye, E.; Joo, M.K,; Jeong, B. Introduction to In Situ Forming Hydrogels
for Biomedical Applications. In In-Situ Gelling Polymers; Springer: Berlin, Germany, 2015; pp. 5-35.
Trappmann, B.; Gautrot, ].E.; Connelly, ].T; Strange, D.G.; Li, Y.; Oyen, M.L.; Cohen Stuart, M.A.; Boehm, H.;
Li, B.; Vogel, V.; et al. Extracellular-matrix tethering regulates stem-cell fate. Nat. Mater. 2012, 11, 642-649.
[CrossRef] [PubMed]

Engler, A.].; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell
2006, 126, 677-689. [CrossRef] [PubMed]

Oswald, J.; Boxberger, S.; Jergensen, B.; Feldmann, S.; Ehninger, G.; Bornhéduser, M.; Werner, C. Mesenchymal
Stem Cells Can Be Differentiated Into Endothelial Cells In Vitro. Stem Cells 2004, 22, 377-384. [CrossRef]
[PubMed]

Kubota, Y.; Kleinman, H.K.; Martin, G.R.; Lawley, T.J. Role of laminin and basement membrane in the
morphological differentiation of human endothelial cells into capillary-like structures. J. Cell. Biol. 1988, 107,
1589-1598. [CrossRef] [PubMed]

Wang, C.H.; Wang, T.M.; Young, TH,; Lai, Y.K.; Yen, M.L. The critical role of ECM proteins within the human
MSC niche in endothelial differentiation. Biomaterials 2013, 34, 4223—4234. [CrossRef] [PubMed]

Nichol, JJW.; Koshy, S.T.; Bae, H;, Hwang, CM.; Yamanlar, S.; Khademhosseini, A. Cell-laden
microengineered gelatin methacrylate hydrogels. Biomaterials 2010, 31, 5536-5544. [CrossRef] [PubMed]
Choi, M.-Y,; Kim, J.-T.; Lee, W.-].; Lee, Y.; Park, KM.; Yang, Y.-I.; Park, K.D. Engineered extracellular
microenvironment with a tunable mechanical property for controlling cell behavior and cardiomyogenic fate
of cardiac stem cells. Acta Biomater. 2017, 50, 234-248. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1600-0625.2011.01309.x
http://www.ncbi.nlm.nih.gov/pubmed/21692861
http://dx.doi.org/10.1002/adfm.201602333
http://dx.doi.org/10.1016/j.biomaterials.2013.10.054
http://www.ncbi.nlm.nih.gov/pubmed/24211076
http://dx.doi.org/10.1038/ncomms5075
http://www.ncbi.nlm.nih.gov/pubmed/24909742
http://dx.doi.org/10.1016/j.actbio.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28611001
http://dx.doi.org/10.1038/nmat3980
http://www.ncbi.nlm.nih.gov/pubmed/24845995
http://dx.doi.org/10.1016/j.progpolymsci.2012.08.002
http://dx.doi.org/10.1016/j.eurpolymj.2015.05.014
http://dx.doi.org/10.1039/C4TB01111B
http://dx.doi.org/10.1039/c3tb00578j
http://dx.doi.org/10.1021/acsomega.6b00502
http://dx.doi.org/10.1002/adfm.201401110
http://www.ncbi.nlm.nih.gov/pubmed/26327818
http://www.ncbi.nlm.nih.gov/pubmed/12466850
http://dx.doi.org/10.1038/nmat3339
http://www.ncbi.nlm.nih.gov/pubmed/22635042
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://www.ncbi.nlm.nih.gov/pubmed/16923388
http://dx.doi.org/10.1634/stemcells.22-3-377
http://www.ncbi.nlm.nih.gov/pubmed/15153614
http://dx.doi.org/10.1083/jcb.107.4.1589
http://www.ncbi.nlm.nih.gov/pubmed/3049626
http://dx.doi.org/10.1016/j.biomaterials.2013.02.062
http://www.ncbi.nlm.nih.gov/pubmed/23489927
http://dx.doi.org/10.1016/j.biomaterials.2010.03.064
http://www.ncbi.nlm.nih.gov/pubmed/20417964
http://dx.doi.org/10.1016/j.actbio.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28063988

Int. ]. Mol. Sci. 2017, 18, 1705 11 0f 11

33. Marcinkiewicz, C.; Weinreb, PH.; Calvete, ]J.J.; Kisiel, D.G.; Mousa, S.A.; Tuszynski, G.P.; Lobb, R.R.
Obtustatin: A potent selective inhibitor of alphalbetal integrin in vitro and angiogenesis in vivo. Cancer Res.
2003, 63, 2020-2023. [PubMed]

34. Choi, Y,; Kim, E.; Lee, Y.; Han, M.H.; Kang, I.C. Site-specific inhibition of integrin alpha v beta 3-vitronectin
association by a ser-asp-val sequence through an Arg-Gly-Asp-binding site of the integrin. Proteomics 2010,
10, 72-80. [CrossRef] [PubMed]

35. Zachman, A.L.; Crowder, SSW.; Ortiz, O.; Zienkiewicz, K.J.; Bronikowski, C.M.; Yu, S.S.; Giorgio, T.D.;
Guelcher, S.A.; Kohn, J.; Sung, H.]. Pro-angiogenic and anti-inflammatory regulation by functional peptides
loaded in polymeric implants for soft tissue regeneration. Tissue Eng. Part A 2013, 19, 437-447. [CrossRef]
[PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://www.ncbi.nlm.nih.gov/pubmed/12727812
http://dx.doi.org/10.1002/pmic.200900146
http://www.ncbi.nlm.nih.gov/pubmed/19882657
http://dx.doi.org/10.1089/ten.tea.2012.0158
http://www.ncbi.nlm.nih.gov/pubmed/22953721
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Characterization of In Situ Forming Gelatin-Hydroxyphenyl Propionic Acid (GH) Hydrogels 
	Gelatin Hydrogel Material-Driven Differentiation of MSCs (Mesenchymal Stem Cells) into Endothelial Cells 
	In Vitro Endothelial Differentiation of Patient-Derived MSCs in GH Hydrogels 
	In Vivo Vascularization of hMSCs Delivered with GH Hydrogel 

	Materials and Methods 
	Materials 
	Preparation and Characterization of GH Hydrogels with Different Mechanical Stiffness 
	In Vitro 3D Culture of hMSC in GH Hydrogels 
	hMSC Delivery in GH Hydrogels on Polyvinyl Alcohol (PVA) Scaffolds In Vivo 
	Statistical Analysis 

	Conclusions 

