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Abstract

Mesenchymal stem cell (MSC)-based therapy for promoting vascular regeneration is a promising 

strategy for treating ischemic diseases. However, low engraftment and retention rate of MSCs at 

the target site highlights the importance of paracrine signaling of MSCs in the reparative process. 

Thus, harnessing MSC-secretome is essential for rational design of MSC-based therapies. The role 

of microenvironment in regulating the paracrine signaling of MSCs is not well known. In this 

study, human bone marrow-derived MSCs were seeded on matrices with varying stiffness or cell 

adhesive sites, and conditioned media was collected. The concentrations of angiogenic molecules 

in the media was measured via ELISA. In addition, the bioactivity of the released molecules was 

investigated via assessing the proliferation and capillary morphogenesis of human umbilical vein 

endothelial cells (HUVECs) incubated with conditioned media. Our study revealed that secretion 

of vascular endothelial growth factor (VEGF) is dependent on substrate stiffness. Maximal 

secretion was observed when MSCs were seeded on hydrogel matrices of 5.0 kPa stiffness. 

Proliferation and tubulogenesis of HUVECs supported ELISA data. On the other hand, variation 

of cell adhesive sites while maintaining a uniform optimal stiffness, did not influence the pro-

angiogenic activity of MSCs.
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Introduction

Angiogenesis, i.e. the growth of new blood vessels from a pre-existing vessel, is necessary 

for physiological conditions including embryonic development, wound healing, and 

reproduction [1]. The complex multi-step process of angiogenesis is regulated by a precise 

balance of stimulatory (e.g. vascular endothelial growth factor (VEGF), fibroblast growth 

factor (FGF), platelet derived growth factor (PDGF), angiopoentin-1, and matrix 

metalloproteinases (MMPs)) and inhibitory (e.g. angiostatin, thrombospondin, tissue 

inhibitor of metallopeptidase (TIMP)) factors [1]. Dysregulation of this balance is a 

hallmark in many diseases including cancer, psoriasis, arthritis, osteoporosis, age-related 

blindness, diabetic ulcers, and cardiovascular diseases [2, 3]. Taking into account that the 

“common denominator” in many of these deadly and debilitating conditions is insufficient 

vessel maintenance or growth, therapeutic angiogenesis aiming to revascularize ischemic 

tissues has drawn worldwide attention. Strategies to enhance vascular remodeling include 

delivery of potent angiogenic factors, promotion of angiogenic genes expression, and 

delivery of stem or progenitor cells [4]. While administration of proangiogenic factors to 

induce blood vessel formation is considered safe with the added advantage of “offthe-shelf” 

availability, uncontrolled and abnormal vasculature [4] limits its application. Gene delivery 

via viral vectors upregulates the expression of angiogenic genes resulting in enhanced 

production of angiogenic molecules. However, viral vectors can potentially trigger immune 

responses [4, 5]. On the other hand, nonviral vectors are less efficient [6, 7].

Alternatively, designing cell-based therapies for promoting vascular regeneration have 

attracted widespread efforts to treat ischemic diseases [8]. Compared to the other therapies, 

cell-based therapy is considered to be more comprehensive due to the possibility of 

delivering multiple proangiogenic factors. Improved understanding of stem cell biology has 

resulted in extensive investigation of the therapeutic potential of mesenchymal stem cells 

(MSCs) for developing cell-based therapies [9, 10]. MSCs are multipotent adult stem cells 
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originating from various tissues including bone marrow, adipose tissue, umbilical cord tissue 

(Wharton’s jelly), and amniotic fluid and capable of differentiating to multiple cell types 

[11]. Transdifferentiation of MSCs to endothelial cells [12, 13] has been attributed to the 

efficacy of MSC-based therapy in stimulating vascularization [14] and consequently, 

accelerating wound healing, protecting cardiomyocytes, decreasing infarct size, and 

improving cardiac function as well as fracture healing [15–20]. However, the low 

engraftment and retention rate of MSCs at the target site due to a harsh microenvironment 

with death promoting stimuli e.g., hypoxia, reactive oxygen species, cytotoxic cytokines, 

and absence of extracellular matrix (ECM) for MSC attachment [21] refutes the hypothesis 

that the donor cells can functionally integrate with the damaged/ischemic tissue.

Mounting evidence corroborates that the paracrine mechanisms mediated by factors released 

by the MSCs play a critical role in the reparative process [15, 22–25]. This diverse array of 

biomolecules, including cytokines, chemokines, angiogenic factors, growth factors, 

extracellular matrix proteases, and hormones, known as “secretome,” is believed to be 

potentially involved in MSC-mediated tissue vascularization [15, 22–25]. This underscores 

the importance of harnessing MSC secretome to improve MSC-based therapies. Current 

methods for modulation of MSC secretome include physiological (hypoxic or anoxic), 

pharmacological, or growth factor/cytokine pre-conditioning and/or genetic manipulations 

prior to transplantation [26–30]. While these strategies have shown promise in inducing 

expression/secretion of pertinent factors, they are limited by transient impact post-

transplantation (physiological or pharmacological preconditioning) and by challenges 

associated with clinical translation due to viral modification of the target gene (genetic 

manipulation). In addition, none of these pre-conditioning methods can improve the limited 

engraftment and viability of MSCs in situ. While the role of cellular microenvironment in 

regulating the commitment decisions of stem cells has been extensively explored [31], 

strategy involving modulation of the microenvironment to harness MSC secretome has been 

largely overlooked. Recent studies have reported enhanced expression of interleukin-8 (IL-8) 

as well as VEGF with increase in matrix stiffness [32]. In our earlier studies, we have 

observed that matrix stiffening enhanced pro-angiogenic signaling of breast cancer cells as 

reflected from increased VEGF secretion [33]. On the other hand, human dermal fibroblasts 

preferred compliant matrices for optimal angiogenic activity [34]. Based on these 

observations we hypothesized that secretion of pro-angiogenic factors by MSCs can be 

modulated by manipulating the microenvironmental cues (via matrix stiffness and cell 

adhesive sites).

In this study, mechanically tunable gelatin methacrylate (GelMA)-poly (ethylene glycol) 

diacrylate (PEGDA) hybrid matrices were developed to leverage the biocompatibility of 

gelatin with the stability and reproducibility of PEG. GelMA, obtained via conjugation of 

methacrylate groups to gelatin (denatured collagen), provides the cell-adhesive as well as 

MMP sensitive sites [35]. Human bone marrow-derived MSCs (well characterized in terms 

of their paracrine signaling [15, 19, 20]) were seeded on the matrices with varying stiffness 

yet uniform cell adhesive sites. Enhanced angiogenic activity was observed when MSCs 

were seeded on matrices of optimal rigidity. Compliant or stiffer matrices resulted in 

reduced pro-angiogenic signaling as manifested from lower VEGF secretion and 

consequently reduced sprouting in Matrigel culture of human umbilical vein endothelial 
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cells (HUVECs). HUVECs were selected because of their well-known sprouting activity 

[36]. In addition, the density of cell adhesive sites was altered by varying GelMA 

concentration while maintaining constant matrix stiffness. No significant effect of cell-

binding sites on pro-angiogenic signaling was observed. Our study suggests that matrix 

stiffness but not the available cell-adhesive sites plays a critical role in pro-angiogenic 

signaling of MSCs.

Materials and Methods

2.1 Materials

Poly (ethylene) glycol diacrylate 10,000 kDa (PEGDA) was procured from Laysan Bio Inc. 

(Alabama). Gelatin from porcine skin, photo-initiator (2-Hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone), methacrylic anhydride, ethylene glycol, and bovine serum albumin 

(BSA) were obtained from Sigma-Aldrich (St. Louis, MO). Geltrex™ LDEV-free reduced 

growth factor basement membrane, Dulbecco’s Phosphate Buffer Saline (DPBS), 

Dulbecco’s Modified Eagle Medium (DMEM), Penicillin-Streptomycin (Pen Strep), 0.25% 

Trypsin-EDTA, Fetal Bovine Serum (FBS), and collagenase Type I were acquired from 

Gibco by Life Technologies (Grand Island, NY). Hoechst 33342, Alexa Fluor™ 488 

phalloidin, methanol, acetone, and Slide-A-Lyzer Dialysis Cassette G2 (10k MWCO) were 

obtained from Thermofisher Scientific (Waltham, MA). XTT Proliferation Assay kit was 

purchased from ATCC (Manassas, VA). Endothelial cell basal medium-2 (EBM-2) and 

EGM-2 SingleQuots growth factors were obtained from Lonza (Walkersville, MD).

2.2 Synthesis of Gelatin Methacrylate (GelMA)

Gelatin Methacrylate (GelMA) was synthesized as described previously [34]. Gelatin type A 

(from porcine skin) was added to Dulbecco’s Phosphate Buffer Saline (DPBS) and stirred 

continuously at 50 °C until fully dissolved to prepare a 10% (w/v) solution. To achieve 

methacrylation of gelatin, methacrylic anhydride was added at a rate of 0.5mL/min to get a 

10% (v/v) solution and allowed to react for 3 h at 60 °C. To remove salts and unreacted acid, 

the reaction mixture was then diluted 5X with warm DPBS at 50 °C and dialyzed against 

deionized distilled H2O (dH2O) at 50 °C for 10 days using Slide-A-Lyzer (10K MWCO) 

Dialysis Cassettes G2. After 10 days, the GelMA solution was frozen at −80 °C, lyophilized, 

and collected as a porous foam until further use [34].

2.3 Fabrication of Hydrogel Scaffolds

Hydrogels were fabricated by adding 50 μL of the pre-polymer solution containing PEGDA, 

GelMA, 1% (w/v) photo initiator, and dH2O to the wells of a 96-well plate and exposing the 

solution to UV (CL-1000 Ultraviolet Crosslinker, 365 nm) for 5 min.

To vary hydrogel stiffness without affecting the cell adhesive sites, the concentration of 

PEGDA in the pre-polymer solution was varied from 2.5% to 10% (w/v) while maintaining 

the concentration of GelMA constant at 5% (w/v).

Nasser et al. Page 4

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To vary concentration of cell adhesive sites, the ratio of PEGDA to GelMA in the pre-

polymer solution was varied to achieve a total polymer concentration of 10% with PEGDA 

and GelMA combined.

2.4 Characterization of Hydrogel Scaffolds

2.4.1 Swelling Ratio—To measure swelling ratio (Qm), the hydrogels were incubated 

for 72 h in DPBS on a rotator shaker at 50 rpm at room temperature. Following incubation, 

the weights of the hydrated samples were measured (Wwet). The hydrogels were then dried 

at 60 °C, and their weights (Wdry) were measured after 24 h. The swelling ratio of the 

hydrogels was then calculated using the following equation:

Qm =
Wwet
Wdry

2.4.2 Compression—To measure the stiffness of the hydrogels, the pre-polymer 

solutions were placed in cylindrical molds measuring 10 mm in diameter and approximately 

3 mm in thickness and UV cured as described earlier. To remove unreacted monomers, the 

scaffolds were then incubated in DPBS for 72 h. The hydrated samples were compressed 

using uniaxial testing machine (TestResources, USA) at a loading rate of 1.2 mm/min and a 

precision load up to 9 N. Maximum strain and stress at the moment of fracture was recorded, 

and the compression modulus was calculated from the initial 10% compression [36].

2.4.3 Degradation—To measure the rate of hydrogel degradation, the samples were 

incubated in 2.5 units/mL collagenase Type I solution on a rotator shaker at room 

temperature. The weights of the hydrogels were recorded each day for 10 consecutive days. 

The degradation ratio was determined by comparing the weights of the samples at each day 

to the weights of the samples on the day of hydrogel fabrication.

2.5 Cell Culture and angiogenic activity

Mesenchymal stem cells (MSCs) derived from bone marrow were purchased from American 

Type Culture Collection (ATCC) and expanded in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-

streptomycin. Human umbilical vein endothelial cells (HUVECs) were procured from 

(ATCC) and expanded in endothelial cell basal medium-2 (EBM-2) supplemented with 1% 

(v/v) penicillin-streptomycin and EGM-2 SingleQuots (containing FBS, hydrocortisone, 

hFGF, VEGF, R3-IGF-1, ascorbic acid, hEGF, GA-1000, and heparin). Cells were cultured 

and incubated until confluence at 37 °C and 5% CO2. In this study, cells up to passage 6 

were used.

2.5.1 Cell Proliferation—Resuspended MSCs, following detachment from the flasks 

using 0.25% Trypsin-EDTA, were seeded on the scaffolds in 96-well plates at a density of 

2.0 ×104 cells/gel and incubated in 200 μL of complete DMEM media at 37 °C and 5% CO2. 

48 h post-seeding, activated XTT reagent was added to the cells along with fresh media and 

incubated at 37 °C and 5% CO2 for 4 h. The absorbance was then measured using BioTek 
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Eon Microplate reader at a wavelength of 450 nm. Cell proliferation was calculated as a 

percentage using the following equation:

Growth Percentage = 100 ×
A450nmsample − A450nmblank
A450nmcontrol − A450nmblank

The cells seeded on tissue culture well plates served as control. The data was collected from 

at least three independent experiments, each of which was carried out in three replicates.

2.5.2 Cell Morphology—MSCs were seeded on scaffolds (fabricated within wells of 48 

well plates) at a density of 2 × 103 cells/gel and incubated at 37 °C and 5% CO2 for 96 h. 

Cell images from each sample were captured using Zeiss Axio Observer A1 microscope 

with integrated CCD camera. A minimum of five images were captured at random per 

scaffold. Area, length, and width of the cells were measured using Axiovision Software 

(Release 4.8.2). Three independent experiments were performed with three replicates per 

experiment.

2.5.3 Immunostaining—MSCs seeded on scaffolds with varying stiffness or cell 

adhesive properties were stained with 1% (v/v) Hoechst 33342 dye for 5 min. Following 

which, the cells were fixed and permeabilized with 1:1 acetone:methanol solution at −20 °C 

for 20 min. The cells were then blocked with 5% (w/v) BSA solution for 1 h, washed three 

times with 1X DPBS, and incubated with 2.5% (v/v) Alexa Fluor 488-phalloidin antibody at 

37 °C for 1 h. After washing the cells three times with 1X DPBS, images were captured 

using Olympus laser scanning confocal microscope (FV1200) to study the effect of hydrogel 

properties on organization of actin stress fibers.

2.5.4 Quantification of MSC secreted growth factors—To assess the release of 

growth factors by MSCs as a function of microenvironment, cells were seeded on matrices 

with varying stiffness or cell adhesive properties at a density of 2 × 104 cells/gels in 48 well 

plates. 48 h post-seeding, the media was collected and centrifuged to remove cellular debris. 

The concentration of the angiogenic factors in the collected media were measured using 

Human Quantikine VEGF, FGF, and PDGF ELISA kit from R&D Systems (Minneapolis, 

MN) as per manufacturer’s instruction. Eon Microplate Reader from BioTek was utilized to 

analyze the samples at 450 nm. Three replicates were performed for each condition. 

Conditioned media was also collected from cells seeded on wells. The final densities of cells 

were also measured, and the data was reported as mean protein released/1000 cells ± S.E.M.

2.5.5 Assessment of bioactivity of released angiogenic molecules—To 

investigate the bioactivity of the angiogenic molecules released by MSCs, HUVECs were 

incubated with conditioned media collected 48 h post-seeding MSCs on gels of varying 

stiffness and cell adhesion sites.

2.5.5.1 Proliferation of HUVECs: HUVECs were seeded in 96 well plate at a density of 

2.0 ×104 cells/well and incubated in 200 μL of conditioned media for 48 h at 37 °C and 5% 
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CO2. Cells incubated in endothelial cell media served as positive control. Cell proliferation 

was measured as described earlier using XTT cell proliferation assay kit.

2.5.5.2 Capillary morphogenesis of HUVECs: 50 μL of Geltrex™ LDEV-free reduced 

growth factor basement membrane was added to 96 well plates and kept at room temperature 

for 30 min to facilitate gel formation. HUVECs were seeded on gels at a density of 5 × 104 

cells/gel and incubated in the presence of conditioned media for 15 h at 37 °C and 5% CO2. 

Cells incubated in endothelial cell media served as the control. After 15 h, images of 

capillary sprouting formation were captured using Zeiss Axio Observer A1 microscope with 

integrated CCD camera. Total mesh area was calculated using Angiogenesis Analyzer in 

Image J (Fig S1), and the mesh area for different samples were normalized with respect to 

the control using the following equation:

Mesh Area Percentage = 100% ×
Mesh Areasample
Mesh Areacontrol

2.6 Statistical Analysis

All experiments were conducted in triplicates and repeated three times at least. The data 

represents the mean ± S.E.M of three independent experiments. Statistical analyses were 

carried out using one-way ANOVA with post-hoc Tukey HSD test. Differences between two 

sets of data were considered significant at p-value < 0.05.

Results

3.1 Mechanically tunable hydrogel fabrication and characterization

The mechanical properties of the hydrogel matrices were altered by varying the 

concentration of PEGDA from 2.5% to 10% (w/v) while the concentration of GelMA was 

held constant at 5%. As demonstrated in Table 1, an increase in PEGDA concentration 

which enhanced the crosslinking groups per volume resulted in matrices with higher 

compression moduli (1.3 ± 0.5 kPa for 2.5% PEGDA to 23 ± 1.0 kPa for 10% PEGDA). The 

impact of increasing the PEGDA concentration and consequently, the compression modulus 

on the swelling ratio of the hydrogels was investigated. As shown in Table 1, the swelling 

ratio (Qm) of the hydrogels decreased as the concentration of PEGDA (and consequently 

stiffness of the gels) increased due to higher crosslinking of PEGDA.

The stability of the hydrogels was assessed by measuring the rate of degradation of the 

matrices. Degradation ratio (weight of hydrogels at different time points normalized with 

respect to the weight following fabrication) of the hydrogels remained constant for 6 days 

(Fig 1). After 6 days of incubation in collagenase solution, the weights of the hydrogels 

composed of 2.5% PEGDA decreased indicating the breakdown of polymeric network. 

However, all matrices retained their physical integrity during the period of the experiments. 

Taken together, the studies confirm the fabrication of hydrogel matrices with mechanical 

properties mimicking that of physiologically relevant tissues [36, 37]. Maintenance of 

uniform presentation of cell adhesive sites (constant GelMA concentration at 5% (w/v)) 
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ascertained that the observed changes in the functions of MSCs can be correlated to the 

compliances of hydrogels only.

3.2 Effect of hydrogel rigidity on MSC-material interactions

To assess the impact of hydrogel compliances on cell-material interactions, human bone-

marrow derived MSCs were seeded on the top of hydrogels with different rigidities. XTT 

assay was used to measure the proliferation of MSCs after 48 h. As demonstrated in Figure 

2A, the proliferation of MSCs increased with increase in matrix stiffness. These 

observations suggest that while MSCs can proliferate irrespective of matrix compliances, 

stiffer gels stimulate their growth (p-value < 0.05 compared to 1.3 kPa gels). However, no 

significant difference in proliferation of MSCs was observed when the stiffness of the gels 

was varied from 5 kPa to 23 kPa. To elucidate the effect of matrix mechanics on the 

morphology of MSCs, cells were sparsely plated on the top of the gels. It was observed that 

rigid matrices promoted elongated morphology of MSCs as manifested from significant 

attenuation in aspect ratio (cell width/length) of the cells seeded on stiffer gels (0.3 ± 0.04 

for 1.3 kPa gels vs. 0.2 ± 0.004 for 23 kPa gels) (p-value < 0.05) (Fig 2B). Quantitative 

analysis also revealed that cell area increased significantly from 822 ± 53 μm2 when seeded 

on matrices of 1.3 kPa to 1985 ± 415 μm2 for matrices of 23 kPa (p-value < 0.05) (Fig 2C). 

Increase in cell-projected area and adaptation of elongated morphology are consistent with 

literature that has correlated increased cellular spreading with enhanced stiffness of matrices 

[38]. Furthermore, to explore the effect of matrix stiffness with cytoskeletal reorganization, 

formation of actin stress fibers was evaluated. Confocal images of MSCs seeded on top of 

the gels showed that cells seeded on compliant gels were devoid of stress fibers; instead, the 

actin fibers had a cortical arrangement (Fig 2D). When the rigidity of the gels was enhanced, 

MSCs responded to the altered microenvironment via formation of actin stress fibers (Fig 

2D).

3.3 Effect of matrix mechanics on the angiogenic activity of MSCs

To investigate how matrix compliances influence the pro-angiogenic signaling of MSCs, 

cells were seeded on gels of varying stiffness. 48 h post-seeding, conditioned media was 

collected. The concentration of angiogenic growth factors including VEGF, bFGF, and 

PDGF in the collected media was measured via ELISA. To account for the variable growth 

rate of cells on different hydrogels, the final density of cells was assessed, and the data was 

represented as amount of growth factors released per 1000 cells (pg/1000 cells). As observed 

in Fig 3A, increase in substrate rigidity enhanced the secretion of VEGF by MSCs. 

However, maximal release of VEGF was observed when MSCs were seeded on gels with 

stiffness of 5 kPa. On the other hand, substrate compliances did not alter the secretion profile 

of FGF and PDGF (Fig 3B). These observations suggest the need for optimal level of matrix 

compliances for enhanced expression/secretion of VEGF by MSCs.

To investigate the bioactivity of the released VEGF, conditioned media was collected 48 h 

post-seeding of MSCs on gels of varying stiffness. HUVECs were seeded at a density of 2.0 

×104 cells/well in 96-well plates, cultured in the presence of conditioned media, and 

proliferation was measured. HUVECs growth media acted as the positive control. As 

demonstrated in Fig 3C, maximal proliferation of HUVECs was observed when incubated in 
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presence of conditioned media collected from MSCs seeded on 5 kPa gels. This observation 

corroborates the ELISA data. Further, in presence of conditioned media from 5 kPa gels the 

growth of HUVECs were observed to be around 70% of that observed in presence of 

HUVECs growth media (supplemented with cocktail of growth factors). Effect of matrix-

mediated pro-angiogenic activity of MSCs were further confirmed via capillary 

morphogenesis of HUVECs. Towards this, HUVECs were seeded on growth factor reduced 

ECM (rECM) gels in the presence of conditioned media, and formation of capillary sprouts 

was measured. HUVECs in the presence of fresh endothelial cell medium acted as positive 

control. Typical images of rECM gel assay captured 15 h post-seeding are illustrated in Fig 

3D. To quantify capillary morphogenesis of endothelial cells, the area covered by sprouts in 

the presence of conditioned media was measured as a percentage of mesh area of cells 

incubated in normal endothelial cells media. Figure 3E shows a subtle but not significant 

increase in percentage mesh area when HUVECs were incubated in conditioned media 

collected from MSCs seeded on matrices with a stiffness of 5 kPa.

3.4 Effect of concentration of cell adhesive sites on pro-angiogenic signaling of MSCs.

To investigate whether the density of cell adhesive sites influences MSC functions, hydrogel 

matrices were fabricated by varying the ratio of PEGDA to GelMA concentration to achieve 

a total polymer concentration of 10% (w/v). Table 2 shows compliances and swelling ratios 

of these gels as a function of PEGDA:GelMA ratio. Hydrogels with PEGDA:GelMA ratio of 

0%:10%, 3%:7%, 7%:3%, and 9%:1% displayed compression moduli comparable to 

matrices with 5% PEGDA and 5% GelMA (Table 2) which elicited optimal angiogenic 

activity of MSCs. However, the swelling ratio (Qm) of 0%:10% gels was significantly 

different. Hence, the hydrogels with composition 3%:7%, 7%:3%, and 9%:1% (hence forth, 

represented as 3:7, 5:5, 7:3, and 9:1, respectively) were selected for further studies. The 

swelling ratio of the selected hydrogels displayed no difference in comparison to the 

hydrogels with 5:5 matrices (Table 2).

The degradation ratio of the hydrogels remained constant over a period of 6 days (Fig 4). 

Beyond 6 days, the 3:7 matrices were susceptible to faster degradation. In summary, 

variation of PEGDA to GelMA ratio permitted decoupling of protein concentration (cell 

adhesive sites) from intertwined matrix properties namely, compliances, swelling ratio, and 

degradation of hydrogel matrices. This underscores that any changes observed in cellular 

behaviors when MSCs were seeded on 3:7, 5:5, 7:3, and 9:1 gels can be correlated to density 

of cell binding motifs.

The impact of variation of cell adhesive sites (GelMA concentration) on MSC proliferation 

was investigated. No significant difference in cell growth was observed when MSCs were 

seeded on 3:7, 5:5, and 7:3 gels (Fig 5A) (p-value > 0.05). However, reduced cell adhesive 

sites in 9:1 gels contributed to attenuation in cell proliferation (p-value < 0.05 compared to 

37 gels). In addition, MSCs displayed an increasing tendency to adopt a rounded 

morphology with decreasing cell adhesive sites as manifested from increased aspect ratio 

and reduced cell area (Fig 5B and C) (p-value < 0.05). This observation suggested that when 

seeded on hydrogels with less cell adhesive sites, MSCs exhibited preference for 

intercellular adhesion. Phalloidin-staining confirmed that rounded morphology and 

Nasser et al. Page 9

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased intercellular adhesion in 7:3 and 9:1 gels are associated with cortical arrangement 

of actin fibers (Fig 5D).

The impact of cell adhesive sites on angiogenic potential of MSCs was explored via 

quantification of proliferation and capillary morphogenesis of HUVECs. As demonstrated in 

Fig 6A, upon incubation of HUVECs with conditioned media, no significant difference in 

cell proliferation was observed as a function of varying adhesive sites (p-value > 0.05). 

Similarly, altering the density of cell binding motifs yielded no significant difference in 

sprouting propensity of HUVECs as manifested from similar mesh area (Fig 6B and C) (p-

value > 0.05).

Discussion

While the precise mechanism that governs MSC-mediated tissue revascularization remains 

controversial, only recently the role of myriad of chemokines, cytokines, and growth factors 

[4, 39] in stimulating angiogenesis has started to be elucidated. Harnessing the 

spatiotemporal secretion of immunomodulatory and trophic factors for stimulating tissue 

vascularization is critical for success of cell-based therapies. Along with biochemical cues, 

matrix elasticity has been shown to modulate lineage specification of stem cells [40]. Even 

though much efforts have been directed in investigating how mechanical signaling from 

local cellular environment regulates cell fate [41], the influence of matrix compliances in 

modulating the angiogenic activity of cells is less understood. Experimental evidence 

established in recent years indicates a significant role of substrate stiffness in guiding the 

paracrine signaling of various cell types [33, 34, 42, 43]. However, differential responses of 

the cells to matrix rigidity highlights the importance of deeper understanding of the impact 

of matrix mechanics on the expression of trophic factors by MSCs, which in turn can 

augment their therapeutic efficacy. The primary focus of this study is testing whether 

variation in substrate compliances would influence the angiogenic activity of MSCs. 

Variation of matrix compliances using naturally derived materials such as collagen, fibrin, 

and Matrigel involves alteration in the cell adhesion sites, the protease susceptibility, and 

porous architecture of the matrices [44]. This in turn can influence the angiogenic activity of 

MSCs. To deconstruct the multivariate instructive role of ECM in guiding pro-angiogenic 

signaling of MSCs, a mechanically tunable biomaterial platform was developed for 

exploring the correlation between ECM compliance and angiogenic signaling of MSCs. The 

rigidity of the matrices varying from 1.3 ± 0.5 kPa to 23 ± 1.0 kPa covers a broad range of 

tissues [36, 37, 40], thereby highlighting the physiological relevance of these matrices.

Cells sense the changes in the mechanical resistivity of the matrices and accordingly respond 

by altering the cell-material interactions and cytoskeletal organization. This, in turn, has a 

decisive impact on various cellular functions including cell spreading, proliferation, and 

migration. Our study, consistent with other studies [38, 43], demonstrated that in response to 

different matrix compliances, MSCs adopted different morphologies- from rounded on 

compliant gels to more elongated (or isotropic spreading) morphology with robust 

cytoskeleton on stiffer gels. Investigation of the influence of matrix compliances on 

angiogenic signaling of MSCs revealed stiffness dependent expression of VEGF while no 

effect on FGF and PDGF expression was observed. Further, the study revealed maximal 
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secretion of VEGF when MSCs were seeded on gels of intermittent (5.0 kPa) stiffness. In 

contrast to other studies that reported upregulation of trophic factors in the presence of 

stiffer gels [43, 45], the observation in the current study indicated the requirement of an 

optimal level of ECM compliance for maximal expression of VEGF. This inconsistency in 

the observations can potentially be due to differences in the ranges of matrix compliances 

studied. Seib and coworkers demonstrated that irrespective of length of culture, secretion of 

VEGF is higher on stiffer gels (15–20 kPa) than on compliant matrices (1–2 kPa) [32]. 

Similarly, Abdeen and coworkers reported enhanced expression of trophic factors including 

VEGF on stiffer gels (40 kPa) compared to soft matrices (0.5 kPa) [43]. In addition, unlike 

the earlier studies, we normalized the expression of angiogenic molecules with respect to 

cell numbers to account for the difference in the rate of cell growth on gels of varying 

stiffness. Towards this goal, we measured the amount of growth factors released per 1000 

cells. We observed enhanced concentrations of VEGF secreted by MSCs when seeded on 

gels with higher rigidity compared to 1.3 kPa gels. However, the concentration of VEGF 

released in medium was maximal when cells were seeded on 5.0 kPa gels. To explore 

whether the enhanced MSC secretome would translate to better capillary morphogenesis of 

endothelial cells, the bioactivity of the secreted factors was confirmed via rECM gel-based 

angiogenesis assay. Since all the hydrogel systems utilized in this study incorporated 

identical quantities of gelatin, the differential angiogenic activity observed in this study 

could be primarily attributed to substrate compliances. Investigation on the role of adhesive 

sites in regulating MSC angiogenic activity revealed no significant impact on pro-angiogenic 

signaling of MSCs.

While other factors such as oxygen tension in vivo will influence trophic factor secretion by 

MSCs, we demonstrated in this study that MSC secretome can be harnessed by regulating 

the substrate stiffness. Future work involving temporal profiling of angiogenesis related 

factors (both pro-and anti-angiogenic molecules) will permit elucidating the complex 

interplay between different microenvironmental factors in guiding angiogenesis.

Conclusions

Harnessing MSC secretome can potentially improve the efficacy and clinical translation of 

cell-based therapies. In this study, the influence of matrix stiffness and density of cell 

adhesive sites in guiding the pro-angiogenic activity of MSCs were investigated. Our study 

demonstrated that an appropriate level of matrix compliance is required for maximal 

paracrine activity by MSCs. Variation of cell adhesive sites, however, has limited influence 

in stimulating pro-angiogenic potential of MSCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cell area and stress fiber formation of MSCs increase with increasing matrix 

mechanics

• Appropriate level matrix compliance for maximal paracrine activity of MSCs

• Cell adhesive sites have limited influence on angiogenic signaling of MSCs
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Figure 1. 
Degradation of hydrogel matrices (2.5%, 5%, 7.5%, and 10% (w/v) PEGDA with GelMA 

maintained at 5% (w/v)) monitored over 10 days. Error bar S.E.M (N=3).
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Figure 2. 
MSCs were seeded on hydrogel matrices of varying stiffness and the impact of matrix 

mechanics on proliferation and morphology was investigated. Increase in matrix rigidity (A) 

enhanced the proliferation, (B) reduced the aspect ratio, and (C) increased the area of the 

cells. Error bar S.E.M (N=3). * p-value< 0.05. (D) The confocal images of the cells 

displaying the arrangement of actin fibers (green). Hoechst 33342 (blue) stained the nuclei 

of the cells. The scale bar corresponds to 50 μm.
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Figure 3. 
Effect of matrix mechanics on pro-angiogenic activity of MSCs. The concentration of (A) 

VEGF and (B) FGF and PDGF released by MSCs seeded on gels of different rigidity 

assayed via ELISA. (C) Effect of released angiogenic factors on proliferation of HUVECs. 

The proliferation of HUVECs in the presence of conditioned media was normalized with 

respect to that in presence of HUVECs media (control). (D) Typical images of sprout 

formation during Matrigel culture of HUVECs in presence of conditioned media as well as 

normal HUVEC growth media. (E) Quantitative analysis of sprouts formed. Mesh area 

formed by HUVECs in presence of conditioned media was normalized with respect to 

control (normal HUVEC growth media). Error bar S.E.M (N=3).
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Figure 4. 
Degradation of hydrogel matrices (3:7, 5:5, 7:3, and 9:1 ratio of PEGDA:GelMA, 

represented as 37, 55, 73, and 91 in the legend) monitored over 10 days. Error bar S.E.M 

(N=3).
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Figure 5. 
Comparison of the effect of variation of cell adhesive sites (3:7, 5:5, 7:3, and 9:1 ratio of 

PEGDA:GelMA, represented as 37, 55, 73, and 91 in the plot) on (A) proliferation, (B) 

aspect ratio, (C) area of MSCs. Error bar S.E.M (N=3). # p-value < 0.05 with respect to 3:7 * 

p-value< 0.05 with respect to 5:5. (D) The confocal images of the cells displaying the 

arrangement of actin fibers (green) and nuclei (blue) of the cells. The scale bar corresponds 

to 50 μm.
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Figure 6. 
Bioactivity of MSC-secreted growth factors. HUVECs were incubated in the presence of 

conditioned media collected from MSCs seeded on gels with varying cell adhesive sites (3:7, 

5:5, 7:3, and 9:1 ratio of PEGDA:GelMA, represented as 37, 55, 73, and 91 in the plot). (A) 

Effect of angiogenic molecules on proliferation of HUVECs in the presence of conditioned 

media from MSCs cultured on gels of varying composition. The proliferation was 

normalized with respect to HUVECs growth media and represented as relative cell growth. 

(B) Typical images of sprout formation during Matrigel culture of HUVECs in presence of 

conditioned media as well as HUVEC growth media (control). (C) Quantitative analysis of 

sprouts formed in the presence of conditioned media from different gels. Mesh area 

observed in presence of conditioned media was normalized with respect to control. Error bar 

S.E.M (N=3).
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Table 1:

Comparison of compression modulus and swelling ratio of hydrogels as a function of composition

PEGDA(%) Compression modulus (kPa) Swelling Ratio (Qm)

2. 5 1.3 ± 0.5 44.0 ± 10.40

5.0 5.0 ± 1.0 29.9 ± 4.30

7.5 13.0 ± 1.2 23.1 ± 0.02

10.0 23.0 ± 1.3 19.7 ± 0.02
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Table 2:

Comparison of compression modulus and swelling ratio of gels as a function of matrix composition

PEGDA (%) GelMA (%) Compression modulus
(kPa)

Swelling Ratio
(Qm)

0 10 4.7 ± 2.3 18.9 ± 1.2

1 9 1.1 ± 0.1 27.1 ± 2.5

2 8 2.2 ± 0.4 23.0 ± 3.1

3 7 3.4 ± 0.2 26.8 ± 3.8

4 6 5.2 ± 0.1 26.4 ± 3.2

5 5 5.0 ± 1.0 32.0 ± 1.9

6 4 7.0 ± 0.5 26.3 ± 0.8

7 3 6.2 ± 0.3 28.8 ± 1.8

8 2 8.3 ± 0.1 32.7 ± 3.3

9 1 7.5 ± 0.1 28.8 ± 1.6
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