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Abstract

Adult and congenital cardiovascular diseases are significant health problems that are often 

managed using surgery. Bypass grafting is a principal therapy, but grafts fail at high rates due to 

hyperplasia, fibrosis, and atherosclerosis. Biocompatible, cellularized materials that attenuate 

these complications and encourage healthy microvascularization could reduce graft failure, but an 

improved understanding of biomaterial effects on human stem cells is needed to reach clinical 

utility. Our group investigates stem-cell-loaded biomaterials for placement along the adventitia of 

at-risk vessels and grafts. Here, the effects of substrate modulus on human CD34+ stem cells from 

umbilical cord blood were evaluated. Cells were isolated by immunomagnetic separation and 

encapsulated in 3, 4, and 6 weight% PEG hydrogels containing 0.032% gelatin and 0.0044% 

fibronectin. Gels reached moduli of 0.34, 4.5, and 9.1 kPa. Cell viability approached 100%. Cell 

morphologies appeared similar across gels, but proliferation was significantly lower in 6 wt% gels. 

Expression profiling using stem cell signaling arrays indicated enhanced self-renewal and 

differentiation into vascular endothelium among cells in the lower weight percent gels. Thus, 

modulus was associated with cell proliferation and function. Gels with moduli in the low 

kilopascal range may be useful in stimulating cell engraftment and microvascularization of graft 

adventitia.

© 2015 Published by Elsevier Ltd.
*For correspondence: Robert E. Akins, PhD, Director, Center for Pediatric Clinical Research and Development, Nemours – Alfred I. 
duPont Hospital for Children, 1600 Rockland road, Wilmington, DE 19803, Robert.Akins@nemours.org, Phone: (302) 651 – 6811, 
FAX: (302) 651 – 6897. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Biomaterials. Author manuscript; available in PMC 2016 September 01.

Published in final edited form as:
Biomaterials. 2015 September ; 62: 24–34. doi:10.1016/j.biomaterials.2015.05.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Cardiovascular diseases are substantial health problems across all age groups accounting for 

~17% of health care expenditures [1]. Congenital heart defects are the most common, most 

costly, and most deadly type of birth defect in children, and coronary and peripheral artery 

diseases are leading causes of morbidity, mortality, and health-related expenses in adults. 

Vascular reconstructive surgery is a main treatment for these diseases, and a variety of grafts 

including autologous tissue, preserved allografts, synthetic conduits, and tissue engineered 

grafts are being used in attempts to optimize surgical results. Unfortunately, 20 to 50% of 

vascular grafts fail [2, 3] due to intimal hyperplasia, fibrosis, thrombosis, and 

atherosclerosis. There is a need for methods to increase the survival of vascular grafts, and 

regenerative strategies, including advanced biomaterials and tissue engineered vessels, are in 

development [4, 5]. An easy to use, biocompatible, cellularized biomaterial that could be 

placed along the abluminal surface of grafted vessels to redirect maladaptive responses, re-

establish healthy microvasculature, and increase graft healing and survival would have 

significant appeal. Our group is working to develop stem cell-loaded PEG hydrogels for this 

purpose.

Stem cells can play major roles in biomaterials-based regenerative therapies. They can be 

readily prepared from host tissues, have significant self-renewal potential, and differentiate 

into specific cell lineages depending on their microenvironment. They can provide a cell 

source to support functional regeneration, serve as cytokine factories, and recent data 

indicate they may even function as immune sentinels [6]. Stem cells are being used to 

generate and replace a variety of tissue types. For example, embryonic stem cells have been 

transplanted into rats with spinal cord injury for remyelination and restoration of locomotion 

[7]. Mesenchymal stem cells have been used to create a tissue engineered human trachea 

that has functioned for the last 5 years [8] and have shown promise for the treatment of 

myocardial infarction [9]. Recently, tissue resident stem cells from human retinal pigment 

epithelium were grown on a polyester matrix and transplanted into rats with age-related 

macular degeneration with success [10]. Of particular relevance, CD34+ stem cells have 

been associated with enhanced healing, secretion of anti-inflammatory molecules, and 

revascularization of injured tissue [11–14]. These attributes recommend CD34+ cells as 

strong candidates for cellularized biomaterials for placement along vascular grafts, and 

CD34+ cells are assessed in the present work.

Since matrix and substrate conditions can strongly impact cell phenotype [15, 16], there is a 

need to develop materials that can mimic matrices and provide predictable control over stem 

cell fate while allowing facile delivery of the cells to appropriate sites. In particular, studies 

have shown that matrix stiffness affects cell adhesion, migration, proliferation, and 

differentiation [17–19]. PEG-based hydrogels are excellent candidates that provide tunable 

mechanical and chemical properties and allow three-dimensional cell culture mimicking in-

vivo cellular environments [20]. PEG gels are relatively inert to cell adhesion but can be 

combined with cell adhesion proteins like fibronectin, collagen, laminin, or adhesion 

oligopeptides [21]. Hydrogels are already being used as implantable devices for drug 

delivery, tissue engineering, and cell based drug production [22–25].
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Our previous work with heparin-containing PEG hydrogels of various moduli and human 

vascular endothelial, smooth muscle, and aortic adventitial fibroblastic cells showed 

differential adhesion, proliferation, and gene expression was associated with the modulus of 

the hydrogel in a cell type-dependent manner [26, 27]. Thus, the choice of material and its 

stiffness to be used for biomedical applications are critical design characteristics for 

controlling the fate of cells. Although blood vessels have elastic moduli in the range of 100s 

of kPa to MPas [28–30], the outer adventitial layer contributes little to this stiffness and is 

characterized by relatively loose structure [29, 31]. The outer adventitia has a suspected 

modulus similar to stroma or soft tissue in the <10kPa range. Accordingly, in the current 

study, the effect of PEG hydrogels in this (<10kPa) modulus range on encapsulated CD34+ 

stem cells’ morphology, proliferation, and gene expression in three dimensional cell culture 

was investigated to help guide the development of therapies to improve the survival of 

vascular grafts.

2. Materials and Methods

2.1 Stem cell isolation from cord blood

Deidentified samples of cord blood were obtained from Community Blood Services 

(Allendale, NJ). Cells were isolated using reagents and protocols from Miltenyi Biotec 

(Bergisch Gladbach, Germany) unless otherwise noted. Anticoagulated cord blood samples 

were diluted 1:4 with cold autoMACS Rinsing Solution and mononuclear cells were isolated 

using Ficoll-Paque Premium (GE Healthcare, Pittsburgh, PA) at a specific gravity of 1.078 

g/cc. Density centrifugation was performed at 400 x g for 35 minutes. The mononuclear cell 

layer was collected and transferred to a separate tube. Cells were washed three times with 

autoMACS Rinsing Solution. The final cell pellet was resuspended in 500μl of MACS BSA 

buffer and passed through a 30μm nylon mesh pre-separation filter. Magnetic beads coated 

with a monoclonal antibody specific for human CD34 were used to separate CD34+ cells. 

First, 100μl of FcR blocking reagent and 100μl of CD34 microbeads were added to every 

300μl cells and incubated for 30 minutes at 4°C. Cells were washed once by centrifugation 

and resuspended in 500μl MACS BSA buffer. CD34+ cells were then isolated using 

magnetic cell separation. Cells were applied to an LS column containing ferromagnetic 

spheres in the presence of a strong magnetic field and rinsed with 3ml MACS BSA buffer 

three times; the magnetic beads and bound cells were retained in the column. The column 

was removed from the magnetic field, and the labeled cells were collected by flushing the 

column. Target cells were further purified over a second column following the same 

procedure. Cells were centrifuged at 300 x g for 10 minutes and the cell pellet was 

resuspended in StemSpan H3000 medium with CC100 cytokine cocktail (STEMCELL 

Technologies, Vancouver, British Columbia), 100 U/mL penicillin, and 100 μg/mL 

streptomycin (Mediatech, Herndon, VA) and cultured at 37°C.

2.2 Flow Cytometry

Cells were enumerated using a hemocytometer and resuspended in 1x MACS BSA solution 

to a final concentration of 107 cells/ml. 100μl of this cell suspension (106cells) was 

transferred to each of four sterile Eppendorf tubes. 10μl of phycoerythrin-conjugated CD34 

antibody (CD34-PE; Miltenyi Biotec) was added to two tubes and incubated for 10 minutes 
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at 4°C. Cells were washed with 1ml D-PBS, centrifuged at 300 x g for 10 minutes, and the 

supernatant was aspirated. Cells were then fixed with 500μl of 2% PFA (Electron 

Microscopy Sciences, Hatfield, PA) for 30 minutes. Cells were permeablized by adding 5μl 

of 0.1% Triton-X 100 (Sigma) to all tubes for 15 minutes. Cells were washed and 

resuspended in 1ml Dulbecco’s PBS (D-PBS), pH 7.4. To label nuclei, 3μl of DRAQ5 

(Thermo Fisher Scientific, Rockford, IL) was added to two tubes to yield a final 

concentration of 15 μM After 40 minutes of incubation, the four vials of cells (unstained, 

CD34-PE stained, DRAQ5 stained, and double stained) were characterized by flow 

cytometry using an Accuri C6 Flow Cytometer (BD Biosciences).

2.3 Stem cell encapsulation in PEG hydrogel

Four- arm maleimide-functionalized poly(ethylene glycol) (PEG, f = 4, Mn 10,000 g/mol, 

JenKem Technology USA, Chicago, IL) and four-arm thiol-funtionalized PEG (f = 4, Mn 

10,000 g/mol, JenKem Technology USA) were used to form gel networks to encapsulate 

human CD34+ stem cells. Fibronectin and gelatin were incorporated into the hydrogels via 

reaction with the maleimide-functionalized PEG to provide cell-adhesive materials. First, 

human fibronectin (FN; BD Biosciences) and type A porcine gelatin (Fisher Scientific; 275 

Bloom) were mixed with PEG-(maleimide)4 in 10 mM citrate buffer, pH 4.5, to achieve 

final concentrations of 0.044 mg/ml FN and 0.32 mg/ml gelatin. These concentrations were 

determined empirically using the FN and gelatin components were mixed with the PEG-

maleimide to allow their attachment to the PEG prior to hydrogel formation. PEG-(SH)4 was 

dissolved in StemSpan H300 medium and both PEG solutions were separately sterilized by 

passing the solutions through 0.2 μm polyethersulfone (PES) filters (EMD Millipore, 

Billerica, MA). CD34+ stem cells suspended in StemSpan H3000 medium were first 

suspended in the PEG-(SH)4 solution then mixed with the PEG-(maleimide)4 solution to 

form 100μl gels in 35 mm glass bottom culture dishes (MatTek Corp, Ashland, MA). Three 

different moduli of hydrogels (comprising 3, 4 and 6 wt% PEG) were prepared by altering 

the concentration of PEG. Hydrogels of a concentration of 3wt% comprised 2mM PEG-

(maleimide)4 and 1mM PEG-(SH)4; 4wt% hydrogels comprised 2mM PEG-(maleimide)4 

and 2mM PEG-(SH)4; and 6wt% hydrogels comprised 3mM PEG-(maleimide)4 and 3mM 

PEG-(SH)4. After gelation, medium was flooded over each gel to a volume of 3 mL. The 

hydrogel cultures were placed in 37°C incubators in HEPA-filtered air supplemented with 

5% CO2.

2.4 Rheological characterization of hydrogels

The mechanical properties of the hydrogels were studied using bulk oscillatory rheology 

(ARG-2, TA instruments, New Castle, DE, USA). Briefly, hydrogel precursor solutions with 

a 2:1 maleimide:thiol stoichiometric ratio for 3% hydrogels and a 1:1 ratio for 4% and 6% 

hydrogels along with fibronectin and type A gelatin were added to a cylindrical mold 

(diameter = 4.6 mm, thickness = 1.8 mm) and allowed to gel for two hours at 37°C. 

Subsequently, the hydrogels were incubated with StemSpan H3000 medium for 24 hours at 

4°C, and the hydrogels were carefully loaded onto the geometry of an oscillatory rheometer 

to measure their elastic storage moduli The equilibrium swollen moduli of hydrogels were 

determined using a 20 mm stainless steel parallelplate geometry under the linear viscoelastic 

regime (2% strain and 2 rad/s frequency)..
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2.5 Microscopy, viability assay

CD34+ cells were encapsulated in 100μL of hydrogel at a density of 2×104 cells/gel. 

Photomicrography was carried out using a Leica Fluovert inverted microscope with 

Hoffman modulation contrast at 10x magnification. Cells were imaged using a Hamamatsu 

ORCA camera (Hamamatsu Photonics, Japan) and Image-Pro Plus software (version 6.3; 

Media Cybernetics, Rockville, MD). Viability of the encapsulated stem cells was assessed 

using SYTO13, which is a membrane-permeant, nuclear stain, and propidium iodide (PI), 

which labels nuclei of necrotic cells. The gels were washed once with D-PBS, and PI (500 

ng/ml; Miltenyi) and SYTO13 (50 μM; Life Technologies) in D-PBS were added and 

incubated for 15 minutes at room temperature. The samples were then rinsed, fixed for 1 

hour with 2% paraformaldehyde, rinsed again, mounted with a cover slip, and viewed using 

an Olympus BX-60 fluorescence microscope with an Evolution QEi,12-bit digital camera 

(Media Cybernetics) with Image-Pro Plus software (version 6.3; Media Cybernetics).

2.6 RNA preparation

Triplicate hydrogels of each weight percent were seeded with 1×106 cells per 100 μL 

volume, and cultured. At culture termination, gels were transferred to 1.5ml RNase-free 

tubes and immediately frozen in dry ice/methanol. The hydrogels were pulverized using a 

motorized Teflon pestle, and 700μl of TRI Reagent (Molecular Research Center) was added 

to dissolve the samples, denature proteins, and stabilize RNA. Samples were incubated for 5 

minutes at room temperature to permit the complete dissociation of nucleoprotein complexes 

followed by 10 minutes at 60°C. Subsequently, 140μl of chloroform was thoroughly mixed 

into each sample at room temperature for 15 minutes before centrifuging at 4°C for 15 

minutes at 12,000 x g. The upper phase, which contained the RNA, was collected and 350μl 

of isopropanol was added. Samples were held at room temperature for 10 minutes then 

centrifuged at 12,000 x g for 8 minutes at 4°C. The RNA pellets were washed once with 

75% ethanol, and samples from the same modulus gel were pooled (n=3) in 87.5μl of 

DEPC- treated water (Fisher). DNase treatment and RNA clean-up were performed using an 

RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. The 

RNA concentration was measured immediately using an ND-1000 NanoDrop 

spectrophotometer (NanoDrop Technologies, Wilmington, DE) and stored at −80°C.

2.7 qPCR assay

Gene expression was analyzed using RT2 Profiler PCR arrays (Qiagen). cDNA synthesis 

and Real Time PCR were performed according to protocols from the manufacturer. Briefly, 

100ng of RNA was reverse transcribed using an RT2 First Strand Kit, and the resulting 

cDNA was mixed with RT2 SYBR Green/ROX qPCR Master Mix and loaded into a Stem 

Cell Signaling 384-well PCR Array containing optimized primers; 84 test genes plus 5 

housekeeper genes and controls were analyzed per sample. Real-time PCR detection was 

performed on an ABI7900HT with a thermal cycling profile of 1 cycle at 95°C for 10 min, 

followed by 40 cycles of 95°C for 15s and 60°C for 1 min. Results were analyzed using 

Qiagen’s PCR Array Data Analysis Web Portal. Cells grown without hydrogel (i.e. over 

tissue culture polystyrene) for seven days were used as controls (n=5 TCPS samples with 

one sample chosen as the calibrator), and ACTB, B2M, GAPDH, HPRT1, and RPLP0 were 
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considered housekeeping genes. Genes for which no Ct values were less than 30 were 

excluded. Any hydrogel sample with an expression change greater than 2-fold from the 

TCPS calibrator or more than 1.96 standard deviations from the TCPS mean were 

considered significant. Heat maps were created using The Institute for Genome Research 

(TIGR) MultiExperiment Viewer (TMeV).

2.8 Antibody staining for von Willebrand Factor and morphology assessment

PEG hydrogels were cryosectioned by the Histochemistry and Tissue Processing Core 

Laboratory of Nemours-A.I. duPont Hospital for Children using a protocol adapted from 

Ruan et al. [32]. Briefly, PEG hydrogels were removed from culture medium and fixed with 

4% paraformaldehyde for 30 minutes, rinsed, and then infiltrated with Tissu-Tek® Optimal 

Cutting Temperature embedding medium (OCT; Sakura-Finetek, Torrance, CA) overnight at 

4°C. Samples were rinsed with fresh OCT and placed in a chilled well of the Precision 

Cryoembedding System (Pathology Innovations, Wyckoff, NJ) within a −21°C cryostat 

(Leica CM 3050S). The well was filled with additional OCT and topped with a cryostat 

chuck. Samples were stored at −80°C and 10 μm cryosections were obtained from the frozen 

blocks using a cryostat (Leica CM 3050S) at −21°C. Section s were permeabilized with 

0.1% Triton X-100 (Sigma) for 15 min, blocked with 3% bovine serum albumin in D-PBS 

(Sigma) for 30 min, and stained with a rabbit antibody against vWF (1:200 in D-PBS to 

yield a final concentration of 40 μg/mL; Abcam, Cambridge, MA) followed by an Alexa 

Fluor-conjugated secondary antibody (Life Technologies) and bisbenzamide (Hoechst 

33258 in D-PBS). Samples were digitally imaged on an Olympus BX-60 fluorescence 

microscope equipped with an Evolution QEi monochrome 12-bit digital camera (Media 

Cybernetics) controlled by Image Pro Plus software (version 6.3; Media Cybernetics). Cell 

morphology was analyzed by staining samples with Alexa Fluor 488-conjugated phalloidin 

and Hoechst 33258, imaging at 40x, and measuring cell area and aspect ratio (n>25 cells for 

each modulus) using Image Pro Plus.

3. Results

3.1 Hydrogel composition and characterization

Among various natural and synthetic polymeric materials available for hydrogel formation, 

PEG-based hydrogels have emerged as promising candidates for various bioengineering 

applications due to excellent biocompatibility, high hydrophilicity, and lack of inherent 

protein binding sites. [33] In the present study, maleimide and thiol end-functionalized PEG 

macromers were used to generate stable crosslinks via a Michael-type addition reaction 

(Figure 1). Michael-type additions are a class of click reactions that are highly efficient and 

occur under mild physiological conditions without any byproduct. [34, 35] Fibronectin and 

gelatin were covalently incorporated within the hydrogel network to provide cell attachment 

sites and were included to allow cells to interact with the hydrogels. Fibronectin and 

collagen are both found in arterial adventitia (see [29] for review) and were used in 

combination to provide a biomimetic environment. The concentrations of these components 

were determined using a cell adhesion and growth assay based on the ability of human 

fibroblast cells (aortic adventitial fibroblasts) to adhere, spread, and proliferate on the 

surface of 6wt% PEG hydrogels (data not shown). Diffusion of the fibronectin and gelatin 
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components was limited by reacting their free cysteine residues with PEG-(maleimide)4. 

Subsequently, PEG-(SH)4 was combined with the PEG-(maleimide)4 solution at room 

temperature to form highly elastic hydrogels. The concentration of PEG polymer was varied 

to permit assessment of the response of encapsulated cells to various material moduli.

Gelation kinetics and final storage moduli were measured using dynamic time sweep assays 

in the linear viscoelastic regime. Representative storage moduli evaluated during hydrogel 

formation are shown in Supplementary Figure 1. A crossover point between the storage and 

loss moduli, which is an estimate of gel point, was not observed due to rapid gelation before 

the first data point was acquired (data not shown), indicating that highly elastic networks 

were formed in < 60 seconds (which was the minimum time required to acquire the first data 

point after mixing the precursor solutions). The nucleophilicity of the thiolate species can be 

reduced by employing acidic buffer conditions, which significantly affects the Michael-type 

addition reaction kinetics. [36–38] Hence, the hydrogels were prepared under slightly acidic 

pH to limit the rate of gelation sufficiently to permit the production of uniform and 

homogeneous hydrogels. The storage moduli of swollen hydrogel discs (diameter = 4.6 mm, 

thickness = 1.8 mm) were also measured via oscillatory rheometry in the linear viscoelastic 

regime after preparing the hydrogels. After their initial gelation, hydrogel discs were 

swollen for 24 hours at 4°C in StemSpan H3000 medium. The equilibrium storage moduli 

for the 3, 4, and 6 weight % hydrogels after this incubation with medium were found to be 

0.34, 4.5, and 9.1 kPa as shown in Figure 2. As per the theory of rubber elasticity, the 

material stiffness is correlated with the network crosslinking density [39] with an increase in 

the concentration of polymer, the crosslinking density increases, leading to an increased 

modulus. Overall, these results indicate that the stable hydrogels containing appropriate 

biochemical cues and having tailorable stiffness can be reliably produced to study cell 

response when cells are encapsulated in the 3-D matrices with tailorable mechanical 

properties.

3.2 Flow cytometric analysis of isolated cells

The preparation of CD34-positive stem cells from human cord blood by immunomagnetic 

separation was validated by flow cytometry. After isolation and culture in StemSpan H300 

medium, the purity of isolated cells was characterized using an Accuri C6 Flow Cytometer. 

Unstained cells were used to establish gating parameters for the cytometer, and DRAQ5, 

which stains cell nuclei, was used to verify cytometer settings. Anti-CD34-PE was used to 

enumerate positive cells (Supplementary Figure 2). Based on single channel analysis, 93.4% 

of cells were positive for CD34. The immunomagnetic separation approach was used to 

prepare cells for subsequent culture experiments. These results validate the purification 

scheme and were consistent with previous studies with isolated stem cells. [40]

3.3 Morphology and viability of encapsulated stem cells

In previous studies, PEG based hydrogels of different moduli were used to culture different 

types of cells (NIH3T3, AoAFs, HUVECs and T/G HA) on gel surfaces. [27] Different cell 

types showed varied attachment, proliferation, and gene expression profiles when cultured 

on the PEG-based hydrogels depending on the hydrogel modulus. As seen in Figure 3A, 

there were no significant differences in area or aspect ratio (p=0.10 and 0.18, respectively, 
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by Kruskal-Wallis Test; see Supplementary Figure 3) of the encapsulated stem cells on day 

7 as indicated using Hoffman modulation contrast microscopy. Cells remained similar and 

generally round in shape in the 3, 4 and 6 wt% hydrogels with aspect ratios ranging from 

1.28 to 1.45. To assess the viability of the encapsulated cells, they were stained with 

propidium iodide and SYTO13. As seen in Figure 3B, there was fluorescence only for 

SYTO13 and none for propidium iodide in the encapsulated stem cells in 3, 4 and 6 wt% 

hydrogels on culture day 7. Similar results were seen immediately after the initiation of 

culture on day one. These observations indicate that cells encapsulated in all three moduli of 

hydrogel were viable on days one and 7 with virtually no dead cells present.

3.4 Cell proliferation

Proliferation of the encapsulated stem cells was assessed by directly counting cells within 5 

randomly selected gel subvolumes in each sample. Subvolumes were defined as the column 

of gel delimited by the field of view of the 10x objective employed. The average cell count 

of stem cells in hydrogels of each modulus was 110.8±7.6, 100.4±5.0 and 71.0±6.8 (n=5 

distinct gel subvolumes for each) for the 3, 4 and 6wt% hydrogels, respectively. As seen in 

Figure 4, the proliferation of encapsulated stem cells was significantly higher in the 3 wt% 

and 4 wt% hydrogels versus the 6 wt% hydrogel (p= 0.005 and p= 0.008 respectively by 

ANOVA with Tukey’s HSD posthoc test). There were no statistically significant differences 

in the proliferation of encapsulated stem cells between 3 and 4 wt% hydrogels.

3.5 Gene expression analysis

RT2 Profiler PCR arrays against genes associated with human stem cell signaling were used 

to assess differences in gene expression. Samples were collected after 7 days from 3, 4, and 

6 wt% hydrogel cultures and comparator cell cultures grown over TCPS. Ct values for 84 

target genes plus 5 housekeeping controls were analyzed using RT2 Profiler PCR Array Data 

Analysis software (version 3.5). Targets with all Ct values greater than 30 were considered 

to be “not present.” Those that exhibited a statistically significant difference in expression 

level relative to at least one other group were included in subsequent analyses; 38 of the 84 

target genes were included.

Gene expression levels in the hydrogel cultures were calibrated against levels in cells grown 

using standard TCPS. Any hydrogel sample with an expression change greater than 2-fold 

from the TCPS calibrator or more than 1.96 standard deviations from the TCPS mean (n=5 

TCPS samples) were considered significant. As shown in Table 1, fold differences ranged 

from ~10-fold increases to ~8-fold decreases. The 38 genes represented all six of the 

pathways interrogated (i.e., pluripotency maintenance, FGF, Hedgehog, Notch, TGF-β, and 

Wnt signaling), but genes in TGF-β pathways were statistically over-represented (p<0.05 by 

Fisher Exact Test) accounting for 23 hits. Among the genes most highly affected by 

hydrogel culture, 10 exhibited differences more than ~5 fold: ACVR2B, FGFR1, LTBP2, 

NOTCH3, and SMAD7 were all significantly increased, especially in the 3 and/or 4 wt% 

gels; ACVRL1, CTNNB1, ENG, SUFU, TGFBRAP1 were all significantly decreased, 

especially in the 6 wt% gels. Interestingly, several of these genes have specific roles in 

endothelial cell biology and blood vessel formation. Among the up-regulated genes, 

ACVR2B and LTBP2 are both involved in canonical TGF-β signaling, FGFR1 is a well-
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established mediator of vascular endothelial cell function and angiogenesis [41], NOTCH3 

has been linked with cell-contact mediated vascular smooth muscle cell differentiation [42], 

and SMAD7 is a critical modulator of TGF-β signaling in endothelial cells [43] and 

associated with adventitial cell function [44]. All five of the genes with significantly reduced 

expression are linked to endothelial cell function and/or angiogenesis. Thus, a principal 

response to hydrogel culture seems to have been alteration in gene expression associated 

with vascularization with the 6 wt% gels generally resulting in inhibition while the lower wt

% gels resulted in activation of critical pathways.

To visualize and categorize expression patterns across hydrogel moduli, the data were 

converted to z-scores relative to the average expression for each gene considered separately. 

Hierarchical clustering analysis carried out using The Institute for Genome Research’s 

Multiple Experiment Viewer (TMeV) software allowed genes with similar expression 

patterns to be clustered together. Six clusters were identified for the 38 target genes as 

indicated in Table 1 and Figure 5. A heat map generated from the z-score values shows the 

relationship among the genes (Figure 5). Heat map colors represent the relative mRNA 

expression above or below the average of the three hydrogel samples with blue indicating 

lower than average expression and red indicating higher. Graphical representations of the z-

score plot for each gene in the clusters are shown in Supplementary Figure 4.

3.6 Antibody staining from encapsulated cells

Since the results of the mRNA analysis indicated an elevation in endothelial cell gene 

expression in the lower modulus gels, we sought to evaluate the endothelial cell content of 

encapsulated cells using immunostaining for von Willebrand Factor (vWF). vWF is a well-

characterized marker of endothelial cells, and as can be seen in Figure 6, vWF-positive cells 

appeared in groups within the PEG hydrogels. There appeared to be more vWF positive in 

larger groupings in the low weight percent gels (3 and 4 wt%) than in the higher weight 

percent gels. These observations are consistent with the molecular data described above and 

support the interpretation that decreased modulus promoted endothelial cell differentiation.

4. Discussion

The results presented here indicate that culture within PEG-based materials with bulk 

moduli in the low to sub kilopascal range can dramatically influence the phenotype of 

clinically-relevant human stem cells. Cells grown within the lower weight percent gels 

exhibited gene expression profiles indicative of an angiogenic/vasculogenic phenotype 

suggesting that relatively soft gels might foster therapeutic angiogenesis if placed along 

grafted blood vessels. Therapeutic angiogenesis is a complex process that requires 

production of specific factors [45] and significant recruitment of cells [31] that may not 

happen routinely in standard vein-to-artery grafts. The development of materials that can 

support the delivery of cells primed to support graft revascularization would provide both of 

these conditions and would represent a significant advance. Our results indicate that PEG-

based hydrogels may be excellent candidates for this purpose. The PEG hydrogels employed 

in this study are easy to prepare, can be tuned by the clinician to desired composition and 

modulus, and can be readily delivered in tight spaces and along complex anatomical 

surfaces.
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Interestingly, any effects of gel modulus would be intimately related to the availability of 

cell binding ligands within the 3D matrix and other gel properties. Polymer weight percent, 

stiffness of the branches, hydrostatic pressure, and substrate fluidity are all determinants of 

ligand availability and cell behavior and all linked to each other. [46–49] It is, therefore, 

difficult to ascribe the results seen in the present work solely to modulus. In particular, the 

availability of the fibronectin and gelatin cell-binding ligands may vary across gels with a 

relative decrease in availability in the 6 wt% gels. It should be noted, however, that in the 

present study, the concentrations of cell binding components were selected based on cell 

binding and spreading assays carried out in 2D culture and, thus, at least partially optimized. 

Also, although the morphometric measures of cell cross-sectional area and aspect ratio in the 

CD34+ cells did not vary significantly across the gels (see Supplementary Figure 3), aspect 

ratios tended to be greater in the higher weight percent gels; whereas, decreasing ligand 

density might be expected to lead to more spherical cells. These observations suggest 

potentially complex interactions among the biophysical characteristics of polymer weight 

percent, stiffness, hydrostatic pressure, and fluidity that, in aggregate, have significant 

effects on human stem cell phenotype.

Our study employed populations of CD34+ cells from de-identified human cord blood. Cord 

blood represents a potentially important source of therapeutic stem cells, but CD34+ cells 

can also be prepared from other tissues, including fat. Importantly, the cells used here were 

prepared using a clinically-accessible immunomagnetic separation strategy (Supplementary 

Figure 1) and, therefore, represent a clinically feasible stem cell population. Many studies 

have shown that stem cell behaviors are affected by their microenvironment, including the 

stiffness of the growth matrix, [18, 19] the growth medium, [31] and the chemokines present 

or the chemistry of the material used. [50, 51] In the present study, these characteristics were 

controlled at the outset of culture, but subsequent changes in cytokine release as cells 

responded to their initial culture environment or in the overall density of cells in the matrix, 

which varied during culture since proliferation rates varied, may have elicited secondary 

effects on the cells. The cascade of potential events that may lead to CD34+ stem cell 

differentiation into vascular tissues combined with the complexity of the interacting 

physicochemical properties of the hydrogel system make it difficult to define specific 

mechanistic pathways; nonetheless, gel weight percent and substrate modulus were directly 

associated with phenotypic differences in the human CD34+ cells used here.

Previous work by our group with human vascular endothelial, aortic smooth muscle, and 

aortic adventitial fibroblastic cells supports the notion that varying hydrogel polymer weight 

percent and modulus within narrow ranges can have a dramatic impact on cell proliferation 

and phenotype in a cell-type dependent manner. [26, 27] Here, we encapsulated human stem 

cells prepared from cord blood to study the effect of culture in PEG hydrogels of different 

weight percent polymer without exogenous growth factors or chemokines. Oscillatory 

rheology showed that the bulk modulus of the gel formulations was reproducibly controlled 

(Figure 2), and encapsulated cells exhibited excellent viability (Figure 3) indicating that the 

gel formulations were highly supportive of human stem cells. Interestingly, we found that 

proliferation was significantly higher in the softer gels and decreased as the modulus was 

increased (Figure 4). These results are consistent with the previously reported effects of 

materials with modulus in the kilopascal range on neural stem cells from rats, which also 
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exhibit decreased proliferation with increasing gel stiffness. [18] Rodent neural stem cells 

have also been shown to switch phenotype in softer versus stiffer gels. [18, 19] Studies 

looking at substrates that were orders of magnitude stiffer than the ones employed here 

indicated that TG2α E14 mouse embryonic stem cell differentiation to mesodermal lineages 

occurred at lower moduli compared to osteogenic differentiation at higher moduli. [52] It 

should be noted, however, that the TCPS control cultures carried out for the present work 

did not involve the attachment of the CD34+ cells to the surface, which is orders of 

magnitude stiffer than the hydrogels. In fact, the control cells were suspended, and the ~108 

Pa modulus of the TCPS was not expected to influence the cells. Thus, our results are 

consistent with previous work but focus on the design of materials to influence the 

phenotype of clinically-relevant human stem cells to a desirable vascular phenotype.

We performed stem cell signaling array analysis on the RNA extracted from encapsulated 

CD34+ stem cells to assess 84 genes involved in signal transduction pathways needed for 

stem cell maintenance and differentiation. Out of these 84 genes, 38 genes had statistically 

significant differences in expression relative to cells grown in standard culture. The most 

highly affected genes were FGFR1, LTBP2, and NOTCH3, which were significantly up-

regulated in all hydrogels tested. These genes were all expressed at low levels in the control, 

suspension culture samples in our study. In previous studies using cord-blood derived 

CD34+ cells and with data published in the Gene Expression Omnibus [53], the probesets 

for all three of these genes had signals associated with expression levels close to zero. Thus, 

the relatively large fold increases seen in the expression of these three genes in hydrogels 

may simply result from expression being turned-on by hydrogel culture. In each of these 

three cases, the genes are associated with blood vessel formation: For example, FGFR1 has 

been associated with the balance among modulatory cytokines affecting vascular endothelial 

cell function; [54] LTBP2 has been associated with arterial elasticity; [55] NOTCH3 has 

been associated with blood vessel integrity. [56]

The application of a non-biased hierarchical clustering algorithm revealed 6 different 

patterns of expression in these 38 genes across hydrogel formulations (Figure 5). A 

significant number of genes were down-regulated as the PEG polymer increased to 6wt% 

(Clusters 4 and 5; accounting for 18 of the 38 genes identified). Several genes had complex 

patterns in which expression in the 4wt% gels was significantly higher (Clusters 2 and 3; 

accounting for 13 genes) or lower (Cluster 6; accounting for 4 genes) than the 3 and 6 wt% 

gels. ACVR1 was the only gene identified with a trend of increasing expression in the 3, to 

4, to 6 wt% gels. This ACVR1 result suggests that aspects of TGF-β signaling may be 

elevated by increasing modulus; however, the situation is complex since fully 23 of the 38 

genes flagged in our assays were associated with TGF-β signaling (Table 1) and TGF-β 

super-family pathway members are represented in all 6 clusters.

Members of the TGF-β super-family are involved in the regulation of proliferation, 

differentiation, and survival of many types of cells [57] and play key roles in vasculogenesis 

and angiogenesis. [58] Receptors in this family comprise two types: type I receptors or 

activin-like receptors (e.g., ACVR1) and type II receptors, which are generally referred to by 

their ligand (e.g., BMPR1A). There are more than 33 ligands in the TGF-β pathways, 

including the bone morphogenetic proteins (BMPs), growth and differentiation factors 
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(GDFs), activins, and nodal. [58] Receptor activation by these ligands results in SMAD-

mediated signaling to affect gene expression. In our study, genes representing both types of 

receptors were differentially expressed across gel types as were several related signaling 

intermediates (i.e., SMADs) belonging to TGF-β pathways. These results indicate a 

fundamental alteration in TGF-β-related cell function associated with the weight percent of 

the gels. Interestingly, several Wnt signaling pathway genes were also strikingly affected 

with five Wnt signal mediators altered. Wnt is involved in stem cell pluripotency and self-

renewal, and the data suggest increased Wnt signaling in the low wt% gels.

Of note, most of the genes in clusters 3, 4, and 5, which all exhibit the lowest level of 

expression in the 6 wt% gels, belonged to the TGF-β superfamily, The genes in cluster 5, 

which showed steadily decreasing expression as weight percent increased, are of particular 

interest. ACVRL1, also known as ALK-1, is an endothelial-specific TGF-β type 1 receptor, 

which upon activation induces phosphorylation of SMAD1/5/8; these activated SMADs 

form complexes that translocate into the nucleus to activate or repress angiogenic genes. 

[59] Regulation of vascular formation by ACVRL1 is only partially understood, but it plays 

important roles, and blocking it during postnatal development in mice has been shown to 

cause arteriovenous malformation. [60] ENG (Endoglin, or CD105) is a co-receptor in the 

TGF-β family; it is expressed highly in vascular endothelium and is important for the 

development of the vascular system. It has been shown that expression of ENG in human 

mesenchymal stem cells increases cardiac regenerative potential in mice with myocardial 

infarction [61] and that even though vasculogenesis can occur with ENG-deficient 

embryonic stem cells, ENG is required for the formation of tubular structures from stem cell 

derived endothelial cells. [62] FGFR1, fibroblast growth factor receptor 1, stimulates 

endothelial cells and vascularization in response to activation by several different FGFs. 

Recent studies have shown that FGFR1 signaling also stimulates proliferation of human 

stem cells and may help to maintain their multi-lineage potential. [63] LTBP3 encodes a 

protein that may be involved in the assembly, secretion, and targeting of TGF-β1 to sites 

where it is stored or activated and may also have a structural role in the extracellular matrix. 

NCSTN, a subunit of the gamma-secretase complex, catalyzes the intramembrane cleavage 

of integral membrane proteins such as Notch receptors and amyloid precursor protein and 

acts as regulator of angiogenesis through several mechanisms. [64] The SMAD4 gene 

encodes a protein that acts both as a transcription factor and as a tumor suppressor. SMAD4 

is suspected to support self-renewal and pluripotency maintenance, and a recent study 

showed that it is needed to stabilize the stem cell pluripotent state. [65] When SMAD4 was 

overexpressed in human hematopoietic stem/progenitor cells, it led to impaired 

reconstitution and negatively regulated self-renewal of these cells in vivo. [66] TGFBRAP1 

is a receptor that associates with inactive heteromeric TGF-β and activin receptor complexes 

that may recruit SMAD4 to facilitate its interaction with other SMADs. Overall, the 

expression profiles suggest that the lower wt% gels supported self-renewal and a shift in 

phenotype toward vascular structure formation. Immunofluorescence localization of 

vascular endothelial cells (Figure 6) supports this interpretation as a significantly larger 

number of vWF-positive cells were seen in the softer gels. With specific analysis of the 

genes in cluster 5, it seems clear that the CD34+ stem cells are up-regulating genes 

associated with the formation of vascular endothelium, tubular structures, and extracellular 
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matrix that are all needed for vascular graft healing but also have genes involved in self-

renewal of these stem cells.

5. Conclusions

This study demonstrates that PEG hydrogels with tunable moduli in the kilopascal range are 

biocompatible with human stem cells and capable of significantly altering cell behavior. 

Three dimensional encapsulation of clinically-relevant populations of CD34+ cells 

significantly affected proliferation and differentiation. Cell proliferation increased with 

decreasing modulus, and culture in the lower modulus PEG hydrogels was associated with 

an up-regulation in markers for differentiation to vascular endothelium and associated 

structures and with stem cell self-renewal. Thus, the modulus of hydrogels used to support 

encapsulated stem cells is a critical design characteristic for injectable, cellularized 

biomaterials, and the range of effective gel moduli may be in the kilopascal range with 

relatively small changes in bulk rheologic characteristics resulting in substantial effects. 

PEG gels spiked with matrix proteins and having moduli in the low kilopascal range may 

prove useful in vascular graft repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of hydrogel formation and CD34+ stem cell encapsulation
Synthetic, bioinert PEG hydrogels were prepared by a Michael-type addition reaction 

between thiol- and maleimide-functionalized four-arm-star PEG. Polymer concentration was 

varied (3, 4, and 6 weight %) in order to modulate hydrogel stiffness. Cells were suspended 

in the PEG-thiol solution prior to mixing. Fibronectin (0.0044%) and gelatin (0.032%) were 

covalently incorporated with the PEG-maleimide prior to hydrogel formation using free 

cysteine residues. These molecules provided cell adhesion sites within the final material.
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Figure 2. Hydrogel characterization
Equilibrium storage moduli of swollen hydrogels were characterized using oscillatory bulk 

rheometry. The hydrogels were incubated in StemSpan H3000 medium for 24 hours at 4°C. 

The swollen modulus of the PEG hydrogels increased with increasing polymer 

concentration. Gelatin and fibronectin were incorporated during hydrogel formation for 

introduction of appropriate biochemical cues. The data shown illustrate the mean (n ≥ 4), 

with error bars showing the standard error.
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Figure 3. Viability of hydrogel-encapsulated stem cells
A) Cultures of CD34+ cells imaged using Hoffman modulation contrast microscopy. Cells 

were found singly and in small clusters throughout each gel. B) Encapsulated cells within 3, 

4, and 6 wt% gels that were grown for 7 days and then stained with cell permeant SYTO13 

(green) and cell-impermeant propidium iodide (red) to label live and necrotic cell nuclei, 

respectively. Cell populations were predominantly SYTO13 positive with virtually no 

necrotic cells present indicating a high level of cell viability across all gel types. Bar = 200 

microns.
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Figure 4. Proliferation of hydrogel-encapsulated stem cells
The average count of cells in hydrogels of each modulus was 110.8 ± 7.6, 100.4 ± 5.0 and 

71.0 ± 6.8 (n=5 for each) for 3, 4 and 6 wt% hydrogels, respectively. The proliferation of 

stem cells was significantly higher in the 3 and 4 wt% gels versus the 6 wt% gels (p=0.005 

(*) and p=0.008 (**) respectively by ANOVA with a Tukey’s posthoc test).
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Figure 5. Heat map visualization of gene expression analysis
Heat map generated from the Z-scores (value – mean/S.D.) calculated for RNA microarray 

results with each gene considered separately. Only targets that were identified as being 

significantly altered by hydrogel culture were included in the analysis. Expression patterns 

based on the Z-scores were grouped using a Hierarchical Clustering algorithm (TMEV) and 

mapped based on a red-black-blue spectrum indicating high to low Z-score. The map shows 

the patterns of variation in gene expression of stem cells encapsulated in 3, 4 and 6 wt% 

PEG hydrogels.
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Figure 6. Immunofluorescence detection of endothelial cells in 3D PEG hydrogels
Cells were stained with antibody to von Willebrand Factor to label endothelial cells (pseudo-

colored green) and Hoechst 33258 to label nuclei (pseudo-colored red). A) Representative 

cluster of cells from a 3wt% gel culture. Cells stained strongly for vWF and the amount of 

vWF-positive cytoplasm appeared extensive. Clusters of vWF-positive cells were large, and 

there were few cells that were vWF negative. B) Cells from a 4wt% gel culture. Clusters 

appeared less extensive, and the amount of vWF-positive cytoplasm appeared to be lower 

per cell nucleus. C) Representative cluster from a 6wt% gel culture. Cells stained weakly or 

not at all for vWF. Arrows indicate nuclei that appear to be in vWF-negative cells. Bar = 50 

microns.
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