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Abstract

Mesenchymal stem cells (MSC) hold promise in promoting vascular regeneration of ischemic 

tissue in conditions like critical limb ischemia of the leg. However, this approach has been limited 

in part by poor cell retention and survival after delivery. New biomaterials offer an opportunity to 

localize cells to the desired tissue after delivery, but also to improve cell survival after delivery. 

Here we characterize the mechanical and microstructural properties of a novel hydrogel composed 

of pooled human platelet lysate (PL) and test its ability to promote MSC angiogenic activity using 

clinically relevant in vitro and in vivo models. This PL hydrogel had comparable storage and loss 

modulus and behaved as a viscoelastic solid similar to fibrin hydrogels despite having 1/4-1/10th 

the fibrin content of standard fibrin gels. Additionally, PL hydrogels enabled sustained release of 

endogenous PDGF-BB for up to 20 days and were resistant to protease degradation. PL hydrogel 

stimulated pro-angiogenic activity by promoting human MSC growth and invasion in a 3D 

environment, and enhancing endothelial cell sprouting alone and in co-culture with MSCs. When 

delivered in vivo, the combination of PL and human MSCs improved local tissue perfusion after 8 

days compared to controls when assessed with laser Doppler perfusion imaging in a murine model 

of hind limb ischemia. These results support the use of a PL hydrogel as a scaffold for MSC 

delivery to promote vascular regeneration.
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1.0 Introduction

Regenerative therapies hold great promise for improving the treatment of patients with 

disabling chronic diseases from tissue ischemia, such as critical limb ischemia (CLI). CLI is 

the most severe form of peripheral arterial disease (PAD), whereby the tissues of the leg do 

not have sufficient perfusion to meet resting tissue demands. This causes rest pain, tissue 

loss, or gangrene. These patients require timely revascularization in order to limit their risk 

of major amputation [1–4]. However, approximately half of CLI patients do not have 

traditional revascularization options [5]. Thus novel approaches to promote vascular 

regeneration, such as cellular therapy, are critically needed [6]. Mesenchymal stem cells 

(MSCs) are a particularly attractive cell to stimulate vascular regeneration as they promote 

neovascularization [7,8] and have robust paracrine activity on surrounding cells, including 

endothelial cells (EC) [9].

Despite generally optimistic summaries of cellular and regenerative therapy trials in PAD 

[10,11], the effectiveness of cellular therapies in preventing amputations remains to be 

proven [11]. This is likely due in part to poor cellular retention after intravascular delivery 

(~1% 2 hours after arterial injection) [12] or direct injection into the muscular tissue (11% 1 

hour after injection into pig hearts) [13]. Limited retention of cells after delivery provides 

opportunities for the use of biomaterials to help localize these cells and retain them in the 

desired tissue. Advancing technologies enable biomaterials that may be designed to promote 

cell survival and engraftment into these tissues for sustained function.

In order to meet the clinical needs of cellular therapy with biomaterial solutions, we have 

developed a novel hydrogel from human platelet lysate (PL). PL is a promising non-

xenogenic serum supplement designed for the expansion of human MSCs that replaces fetal 

bovine serum [14]. We have shown that PL significantly increases human MSC expansion 

capacity compared to fetal bovine serum and can re-stimulate senescing MSCs [15]. In 

addition to PL’s nutritive effect on MSCs, PL is rich in a variety of endogenous growth 

factors [16], including platelet derived growth factor-BB (PDGF-BB) [17]. PDGF-BB has 

recently been shown to improve MSC engraftment into tissues [18], therefore PL is a nearly 
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ideal supplement that when incorporated into a gel could encourage MSC retention, 

viability, and sustained neovascular activity.

The objective of this study was to develop and characterize the mechanical properties of a 

PL scaffold and assess the biologic effect of PL gel on MSCs and ECs in vitro and in vivo. 
Here we test the hypotheses that PL gel has desirable mechanical properties for cell delivery 

and supports MSC ingrowth. Additionally we examine the ability of PL to enhance the pro-

angiogenic activity of MSCs on ECs in 3D culture. Finally, we test whether MSCs in PL gel 

will promote neovascularization in vivo in an immunocompromised murine model of hind 

limb ischemia (HLI).

2.0 Materials and Methods

2.1 Production of Fibrinogen-rich Platelet Lysate Hydrogels

Two units of expired human platelets were obtained from the Emory University blood bank 

through an IRB approved research protocol. The platelets were pooled and exposed to two 

sequential freeze/thaw cycles [freezing at −80 ° C for 48 hours, rapidly thawing at 37 ° C for 

8 hours] followed by centrifugation at 1500xg for 10 minutes. The supernatant was collected 

and stored at −20 ° C. Prior to use, the platelet lysate was thawed at 37 ° C, centrifuged at 

10,000g for 10 minutes in 1.5 mL microcentrifuge tubes, and sequentially filtered through 

0.45 and 0.2-micron syringe tip filters. Fibrinogen content was determined using an ELISA 

kit for human fibrinogen (Molecular Innovations) [17].

For hydrogel production, an activating solution was prepared containing αMEM (Corning), 

bovine thrombin (Sigma), and CaCl2 (Sigma). Cells were suspended in αMEM at pre-

specified concentrations and added to the activating solution. Hydrogels were polymerized 

by adding PL to the activating solution in a 1:1 ratio with a final concentration of CaCl2 and 

thrombin at 5 mM and 2 U/mL in a 50% PL gel, respectively. For the control fibrin 

hydrogel, fibrinogen from human plasma (Sigma) was dissolved in αMEM then mixed with 

activating solution [final fibrinogen concentration was 2.5 mg/mL and 1.0 mg/mL for high 

and low concentration fibrin gels, respectively]. The 2.5 mg/mL fibrin-only hydrogel was 

chosen as a control because it represents a physiologically relevant concentration of 

fibrinogen that is equivalent to that found in human plasma. Additionally, the use of 2.5 

mg/ml fibrin gels has been used extensively in the hydrogel invasion assay described below 

[19]. The 1.0 mg/mL fibrin gels were selected as an additional control to more closely 

represent the concentration of fibrinogen found in PL solution. The 1.0 mg/ml fibrin 

hydrogels were mechanically equivalent to the 50% PL hydrogels, and hydrogels containing 

less than 1.0 mg/mL fibrinogen either would not form hydrogels or formed hydrogels that 

lacked the durability to be utilized in our assays. The addition of CaCl2 to fibrin-only 

hydrogels caused precipitation of calcium phosphate, so for generation of fibrin-only 

hydrogels an activating solution was prepared containing only thrombin in αMEM (which 

contains of CaCl2 at a concentration of 1.80 mM).
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2.2 Rheology

A Physica MCR 501 cone and plate rheometer (Anton-Paar, Graz, Austria) was used (2.014° 

cone angle and 24.960 mm tool diameter) to measure the viscoelastic properties of fibrin and 

PL gels. Gels were formulated as described above. Strain sweeps from 0.1–100% strain at 

1Hz were performed to establish the linear regime. Frequency sweeps from 0.01–1Hz in the 

linear regime at 0.5% strain were then performed to obtain the frequency-dependence of the 

storage modulus (G’) and loss modulus (G”). Average storage moduli were calculated from 

the average value over the frequency range for three different gel constructs.

2.3 Confocal Imaging

PL and fibrin hydrogels were formed as described above at a volume of 0.5 mL and 

polymerized in 24-well 1.5 glass bottom tissue culture plates[20,21]. Laser scanning 

confocal microscopy (LSM 700, Carl Zeiss, Inc.) with a 63X oil immersion objective was 

performed for visualization of the fibrin network using 5% FITC-labeled fibrinogen 

(Sigma). At least 3 gels per group were imaged at a distance at least 25 μm above the glass 

interface to avoid heterogeneities in the network near contact with the glass surface.

2.4 Scanning Electron Microscopy

40 μL hydrogels were formed as described above and allowed to polymerize at 37 ° C for 1 

hour, then fixed overnight in 2% glutaraldehyde. After fixation, samples were dehydrated 

with an ethanol gradient, critically point dried, and sputter coated with gold-palladium. SEM 

images were acquired at 20,000X magnification using a Topcon DS-130F Field Emission 

Scanning Electron Microscope.

2.5 FITC-Dextran Diffusion

Solute diffusion through PL and fibrin hydrogels was assessed as previously described [22]. 

Briefly, 0.5 mg/mL 70 kDa FITC-dextran (Sigma) was added to 0.5 mL hydrogels in 

microcentrifuge tubes prior to polymerization. The hydrogels were then allowed to 

polymerize and covered with 0.5 mL of phosphate buffered saline (PBS, pH 7.4) with or 

without 10 μg/mL of aprotinin. The PBS was collected off of each hydrogel and replaced 

with fresh PBS at predetermined time points for up to 20 days. Each time point was 

performed in triplicate. The concentration of FITC-dextran released into the supernatant was 

determined by comparing sample fluorescence to a standard curve using a Synergy-HT 

microplate leader with 485/20 Ex, 528/20 Em filter set.

2.6 Protein Release

0.5 mL PL hydrogels were prepared in 2.0 mL microcentrifuge tubes and covered with 0.5 

mL of PBS (pH 7.4) with or without 10 μg/mL of aprotinin and stored at 37 ° C. At 

predetermined time points for up to 20 days the PBS was collected off of each hydrogel and 

replaced with fresh PBS. Total protein concentration from collected samples was determined 

using protein assay reagent dye (Biorad). Absorbance at 490 nm was measured in collected 

samples using a Synergy-HT microplate reader (Biorad). To quantify PDGF-BB release 

from PL hydrogels, total PDGF-BB in the collected samples was quantified using a 
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colorimetric ELISA (Ray Biotech). Three independent replicates were performed for all 

conditions.

2.7 Hydrogel Degradation

0.5 mL 50% PL or fibrin hydrogels were prepared with the addition of 100 μg Alexa Fluor 

488 conjugated fibrinogen. Cell free hydrogels were cast in 24-well tissue culture plates and 

covered with PBS (with or without 10 μg/mL of aprotinin) At predetermined time points for 

up to 7 days the supernatant was collected off of each hydrogel and replaced with PBS. At 

completion of the time course the scaffold was digested with Dispase solution (Stem Cell 

Technologies). The concentration of Alexa fluor 488 conjugated fibrin released in each 

sample was determined by comparing sample fluorescence to a standard curve using a 

Synergy-HT microplate leader with 485/20 Ex, 528/20 Em filter set. Three independent 

replicates were performed for all conditions.

2.8 Cell Culture

Human MSCs obtained through an IRB approved protocol. Human MSCs were subcultured 

under standard conditions with αMEM (Corning) containing 1%L-glutamine (Gibco), 1% 

pen/strep (Gibco), and standard serum supplementation with 10% fetal bovine serum (FBS; 

Atlanta Biological Inc). MSCs were used at passage 5–8 for all experiments. Pooled Human 

Umbilical Vein Endothelial Cells (HUVECs) were obtained from Genlantis and subcultured 

with full endothelial cell media per the distributors recommendations. HUVECs were used 

at passage 3–5 for all experiments.

2.9 Proliferation Assay

100 μL hydrogels containing 2x103 cells were cast in flat-bottom tissue culture treated 96-

well microplates. Hydrogels were prepared containing 50% PL, 1.0 or 2.5 mg/mL fibrinogen 

and either MSCs or HUVECs. Hydrogels were covered with 150 μL of serum free αMEM. 

Control wells were prepared by plating 2x103 cells per well in a monolayer in serum free 

media, media with 5% PL or EC media. All media conditions were supplemented with 10 

μg/mL of aprotinin, which is required for our fibrin gels. Samples were incubated at 37 ° C 

for 3, 5, and 7 days. At each time point, 50 μL of Celltiter 96 Aqueous reagent (Promega) 

was added to each well and allowed to incubate for 4 hours. A Synergy-HT microplate 

reader was used to measure absorbance at 490 nm to quantify metabolic activity. Each 

treatment group was normalized to MSCs or HUVECs grown in a monolayer under serum 

free conditions on the day the assay was performed, i.e. day 3 MSCs were normalized to 

MSCs grown in quiescent media for 3 days. For each group, 8 independent replicates were 

performed twice.

2.10 3-D Angiogenesis Assay

A previously described EC sprouting assay [19] was used to assess outgrowth of cell pellets 

into hydrogels. Briefly, cell pellets were created with a 1:1 ratio (total 2x105 cells) of MSCs 

and HUVECs in wells of a 96-well suspension culture microplate pre-blocked with a 

solution of 2% HSA. Pellets were allowed to form overnight, and then embedded in 400 μL 

fibrin or PL hydrogels using a nylon ring support. To allow for positioning of the cell pellet 
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within the fibrin hydrogel a final thrombin concentration of 0.5 U/mL was used to slow 

polymerization times. Hydrogels were covered with 1.0 mL of serum free αMEM. In order 

to delineate EC invasion in co-culture, HUVECs were labeled with PKH26 (Sigma) and 

imaged under fluorescent microscopy. Bright field and fluorescent images were taken at 24 

hour intervals for 3 days using an Olympus inverted fluorescent microscope. Total cell 

invasion, which is predominantly MSC invasion in this assay, was quantified under bright 

field microscopy. EC sprouting was quantified under fluorescent imaging. To quantify sprout 

length, a 12-segment radial grid overlay was generated for each image, and the distance 

from pellet center to furthest sprout border was quantified in each segment then averaged for 

the image. All image analyses were performed using a custom Matlab program. In order to 

test the effect of PL gel on either MSCs or ECs, single cell pellets (2x105 MSCs or 2x105 

HUVECs) were formed and tested in the same manner. At least 4 replicates were tested per 

condition, and each experiment was performed twice.

2.11 Transwell Migration Assay

PL or fibrin hydrogels (600 μL) were cast in the bottom of 24-well cell culture plates either 

without or embedded with 20,000 human MSCs/mL . Pre-hydrated transwell inserts 

(Corning) with a 6.5 μm thickness and 8.0 μm pore size were then placed onto the top of the 

gels, and 100 μL of serum free media containing 50,000 HUVECs was placed on top of the 

insert. After 24 hours, the inserts were removed and stained with crystal violet Images were 

obtained of the bottom of the inserts at 10x magnification and the number of stained cells 

was counted. Each group was performed in quadruplicate and repeated twice. Values were 

reported as number of cells migrated per high power field.

2.12 Hind Limb Ischemia Model

Murine work was done under an IACUC approved protocol in an AALAAC accredited 

institution. Briefly, 12 week old male NOD-SCID mice underwent right sided hind limb 

ischemia via ligation and removal of their femoral artery as described prior [23] . Prior to 

surgery all fur was removed on bilateral hind limbs with depilatory cream. Mice were 

segregated into groups of PL + MSCs; Pl alone; saline + MSCs, and saline alone; N=4 in all 

groups. The saline vector was chosen because this is used in clinical trialing of 

intramuscular injections for peripheral arterial disease (PAD). Treatment volumes were 200 

μL for all groups. There were 1,000,000 human MSCs delivered with a 23 gauge needle into 

each limb treated with PL + MSCs, Saline +MSCs, PL alone, or saline alone. Animals then 

underwent laser Doppler perfusion imaging (LDPI) on postoperative days 1 and 8. An LDPI 

with an 810 nm LASER (MooreLDI, Moore Instruments) was used to assess perfusion in the 

ischemic and nonischemic legs following arterial ligation. Scanning distance was 21 cm with 

a scan speed of 4 ms/pixel and a resolution of 256x256 pixels was used. Mean perfusion was 

quantified on each limb by setting an area of interest over the entire leg and foot, and then a 

separate are of interest over the gastrocnemius muscle (the ischemic portion of the leg). The 

results were reported as mean perfusion ration of the ischemic limb (IL) to the nonischemic 

limb (NIL).
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2.12 Statistical Analysis

A one and two-way Analysis of variance (ANOVA) with Tukey’s test was used for multiple 

comparisons. A P value less than 0.05 was considered statistically significant. All statistical 

analyses were performed using Graphpad Prism statistical software package.

3.0 Results

3.1 PL rapidly self assembles into 3D hydrogels with a dense fibrin network

PL was generated by exposing human platelets to sequential freeze-thaw cycles with a rapid 

warming phase, which prevents the formation of cryoprecipitate (Figure 1A). The fibrinogen 

concentration in the resultant PL solution determined with ELISA was 454 (+/− 75) μg/mL. 

We chose a solution of 50% PL for generation of our scaffold, so fibrin content in the gels 

was ~225 μg/mL. The gel was polymerized by the addition of thrombin and calcium 

chloride to a 50% PL solution at 37 C°.

Confocal imaging of PL hydrogels loaded with 5% alexafluor-488 labeled fibrinogen 

revealed an organized fibrin network more dense than the 1.0 mg/mL fibrin comparison gel, 

and similar to that seen in control 2.5 mg/ml fibrin hydrogels (Figure 1B). The labeled 

fibrinogen was incorporated randomly into the polymerizing fibrin fibers along with the 

native fibers. This was confirmed in a separate experiment as labeled fibrinogen alone did 

not form networks at low concentrations (Supplementary figure S1). Microstructural 

analysis with scanning electron microscopy revealed that the morphology of the PL 

consisted of thin, highly interconnected branched networks that were distinct from the fibrin 

hydrogels, which formed more elongated fibrils (Figure 1C).

3.2 PL hydrogel enables sustained release of growth factors

To examine the diffusion of soluble mediators from within the PL hydrogels, we embedded 

scaffolds with 70 kDa FITC-dextran. When incubated in PBS, 50% PL hydrogels had slow 

and sustained release of FITC-dextran over 20 days. Conversely, fibrin hydrogels rapidly 

released FITC-dextran from the scaffolds (Figure 2A). The addition of the protease inhibitor 

aprotinin to PBS improved retention of FITC-dextran in the fibrin hydrogels but had no 

effect on the PL gel (Figure 2B). To characterize the degradation of the PL scaffold, 

alexaflour-488 labeled fibrinogen was incorporated directly into PL and fibrin hydrogels. 

The hydrogels were incubated in PBS and the amount of fluorescent fibrin released into the 

PBS was quantified over 7 days. The fibrin hydrogels rapidly degraded after 48 hours, but 

the PL hydrogels retained over 70% of the labeled fibrin over this time (Figure 2C). The 

addition of aprotinin delayed degradation of the fibrin hydrogels, but the release of 

incorporated fibrin was still lower in the PL group (Figure 2D).

To evaluate the mechanical properties of the PL scaffold, oscillatory rheology was 

performed on 50% PL and control fibrin hydrogels. The PL behaved as a soft viscoelastic 

solid. The storage and loss modulus of the high-fibrin (2.5 mg/mL) scaffold was higher than 

both the PL and low fibrin (1.0 mg/mL) hydrogels (P>0.005). However, there was no 

difference between the 50% PL and the 1.0 mg/ml fibrin scaffolds in either the storage 
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modulus or loss modulus (Figure 2E and F), despite an approximately 4-fold lower fibrin 

content in the PL hydrogel.

To examine the release of endogenous growth factors from within the PL hydrogels, we first 

quantified total protein released into PBS over 20 days using a modified Bradford assay. 

There was no difference in the percentage of total protein released from the gels over the 20 

day time course with the addition of aprotinin to the PBS (Figure 2G and H). To directly 

evaluate the release of pro-angiogenic growth factors from the PL scaffold, we quantified the 

amount of PDGF-BB released into PBS with and without aprotinin from 50% PL scaffolds 

over a 20-day time course using ELISA. The PL scaffold continuously released PDGF-BB 

for 20 days, and retained more than 45% of the of growth factor (Figure 2I and J). The 

addition of exogenous aprotinin to incubation media did not impact the growth factor release 

from the PL hydrogel.

3.3 PL scaffold promotes cell sprouting in an in vitro angiogenesis co-culture assay

An in vitro co-culture assay was used to characterize the PL gel on MSC invasion and EC 

sprouting in a co-culture assay. To mimic an austere environment, we assessed MSC 

invasion and EC sprouting under serum free media conditions. Cell pellets containing a 1:1 

ratio of human MSCs and PKH26 labeled HUVECs were embedded in 50% PL or fibrin 

hydrogels. Unlabeled MSC invasion was quantified under bright field microscopy and 

PKH26 labeled ECs were quantified under fluorescent microscopy. Both invasion (MSC) 

and sprout (EC) lengths were quantified over 3 days. We used both our standard 2.5 mg/mL 

[19] and a “low” concentration (1 mg/mL) fibrin gel as controls. Using bright field 

microscopy, which signified mainly MSC invasion when contrasted with fluorescent 

HUVECs, invasion was increased in the PL hydrogels compared to both the high and low 

concentration fibrin hydrogels over 3 days (Figure 3A and B). Endothelial cell sprouting 

within the co-culture assay was quantified by fluorescent imaging of the gel. At 3 days there 

was increased HUVEC sprouting in the PL hydrogel compared to high concentration fibrin 

hydrogels (Figure 3C and D), but there was no measurable difference in endothelial cell 

sprout length between the PL gel and the low concentration fibrin group at 3 days (p = 0.30).

3.4 PL gel selectively promotes MSC proliferation

To evaluate the effect of the PL scaffold on cellular proliferation, human MSCs and 

HUVECs were cultured separately in PL and fibrin hydrogels under serum free conditions. 

Mitotic activity was measured using an MTS assay over 7 days. Growth in the PL hydrogel 

led to an increased proliferative response in human MSCs compared to the fibrin control 

hydrogels at 5 days. After 7 days, the metabolic activity of human MSCs grown in PL 

hydrogels under serum free conditions was significantly higher than the fibrin controls. This 

was also seen when MSCs grown in a monolayer were supplemented with soluble PL 

(Figure 4A). There was no detectable increase in metabolic activity in HUVECs grown in 

PL compared to HUVECs grown in fibrin hydrogels or in a monolayer in media supplement 

with soluble PL (Figure 4B). However, proliferation of HUVECs grown in a monolayer with 

full endothelial cell media was significantly higher than all other culture conditions (Figure 

4B), indicating that the mitogenic effect of PL preferentially stimulates MSCs over 

HUVECs.
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3.5 PL scaffold promotes invasion of both MSCs and ECs independently

To assess the effect of the PL scaffold on MSC invasion or HUVEC sprouting in 3D, cell 

pellets containing only MSCs or HUVECs were embedded in PL or fibrin hydrogels, and 

their respective invasion/sprout length was quantified over 3 days. At the 3-day time point 

sprout length from MSC pellets invading the PL hydrogel was increased compared to pellets 

in high concentration fibrin gels with serum free media or media with soluble PL (Figure 5A 

and B). There was no difference in sprout length between the PL and low concentration 

fibrin hydrogels under serum free conditions or when supplemented with soluble PL. There 

was also an increase in sprout length from HUVEC pellets embedded in PL compared to 

both fibrin hydrogels with serum free media at both 2 and 3 days (Figure 5C and D).

For cell therapy applications in a clinical setting, the PL would serve as a scaffold for MSC 

delivery, which would then recruit endogenous host endothelial cells. To assess whether the 

PL scaffold promotes migration of remote HUVECs toward the hydrogel, a transwell 

migration assay was modified so that HUVECs could migrate through a transwell insert 

toward the PL or a control hydrogel. HUVECs preferentially migrated toward the PL gel 

when compared to fibrin only gels (Figure 6A). When MSCs were embedded within the 

hydrogels, the PL gel also led to a significant increase in the number of recruited HUVECs 

when compared to the control fibrin gels containing MSCs.

3.6 MSCs delivered in PL scaffolds lead to rapid neovascularization in vivo

Implantation of MSCs embedded in PL into ischemic limbs in a mouse model of HLI led to 

rapid neovascularization of ischemic tissues by 8 days when assessed with LDPI. Perfusion 

ratios in the gastrocnemius muscle of mice that received PL embedded with MSCs were 

significantly higher than control groups containing PL only, MSCs in saline, or a saline only 

vehicle at 8 days (Figure 7A and B). LDPI of the entire surgical leg revealed complete 

restoration of perfusion after 8 days (signified by a ratio of 1 compared to the contralateral 

limb). This was significant in comparison with the saline control groups. (Figure 7C).

4.0 Discussion

The number of recent clinical trials using MSCs for CLI demonstrate the growing interest in 

the use of MSC therapy for therapeutic neovascularization [24–26], yet there remain barriers 

to clinical success. These barriers include the generation/availability of adequate cell 

numbers for therapy and the retention of these cells in the desired tissues with sufficient 

survivability to complete revascularization or tissue regeneration [27,28]. Here we 

demonstrate promising results of a novel PL hydrogel that has many of the desired 

characteristics needed to promote MSC retention and survival for cellular therapy including 

favorable gel density, sustained gel integrity, and a superior growth factor retention and 

release profile. In vitro, PL gel promotes MSC invasion and stimulation of EC sprouting. 

The proangiogenic effect of a MSC seeded PL scaffold was demonstrated in vivo, where PL 

gel with human MSCs rapidly (8 days) regenerated vascular perfusion in a NOD-SCID HLI 

model. Thus the use of MSCs in PL gel is an exciting and novel MSC delivery strategy for 

targeted vascular regeneration.
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In its soluble form, PL increases the expansion capacity of MSCs [17,29–31]. PL is superior 

to bovine serum for culture of MSCs [15,32] and can be derived from cross matched blood 

products to reduce the risk of immunogenicity in cell therapy. Also, it avoids the use of 

xenogenic cell culture supplements and subsequent xenogenic contamination [14,33]. In its 

hydrogel form, PL can be used as a cell delivery vehicle that also retains the nutritive 

functions of soluble PL, thereby enabling MSC survival and engraftment. This may be 

particularly important to clinical outcomes when using cells from patients with impaired or 

depleted stem cell populations, such as those with coronary artery disease [34], stroke [35], 

diabetes mellitus [36,37], and tobacco smokers [38]. Overcoming impaired stem cell 

function may be particularly true for patients with CLI, as they commonly have several of 

these risk factors. Excitingly, we have recently published the benefit of soluble PL on the 

expansion of MSCs from patients with CLI [32], and most importantly, we and others have 

shown that MSCs from CLI patients cultured in PL-supplemented media retain angiogenic 

activity similar to that of healthy donor MSCs [39,40]. In these patients, the use of soluble 

PL is critical to the successful expansion of MSCs in a clinically useful timeframe. In this 

study, we observed that the biologic effects of PL gel are consistent with that seen with 

soluble PL, allowing for sustained nutritive support after delivery in vivo.

The number of functioning cells in the desired tissue appears to be critical for therapeutic 

impact of cell therapy, therefore it is imperative that cell delivery strategies must overcome 

the poor cell retention and viability that has impaired advancement of cell therapies [41–43]. 

Recently a number of biologic materials have been developed to promote cell retention and 

viability. Examples of these scaffolds include encapsulation with alginate [44,45], 

generation of tissue engineered patches [46,47], cell seeding of fibrin sutures [48], and 

embedding cells within a hydrogel. Following alginate encapsulation, sustained paracrine 

secretion from MSCs is enabled by the capsule’s active role in preventing cellular rejection 

by the immune system. This approach has been shown to improve neovascularization in a 

mouse HLI model when compared to non-encapsulated controls [44,49]. An alternative 

encapsulation strategy has been used to generate preconditioned cellular microniches. 

Implantation of adipose tissue derived stem cell (ASC) loaded gelatin microgels in the 

ischemic limbs of mice led to improved revascularization that was comparable to mice 

treated with ASCs alone but with 1/10th of the total cell number. Clearly microgel priming 

of ASCs in vitro led to improved angiogenic function and retention when transplanted into 

ischemic tissue beds [50]. While these pre-clinical studies clearly demonstrate the potential 

benefit of scaffold mediated cell delivery, they lack the nutritive benefit to MSCs that is 

intrinsic to PL hydrogels. This feature of the PL gel may be critical not only to the initial 

MSC retention and viability, but also to the survivability of MSCs over time. In support of 

this hypothesis, we tested PL gel’s effect on MSC invasion in an austere serum free 

environment, and MSCs in PL gel had significantly greater invasion than in fibrin gel.

The PL scaffold has unique structural properties that allow it to behave as a viscoelastic 

solid with improved mechanical properties compared to fibrin only hydrogels. The relatively 

soft nature of PL gel likely contributes to the favorable MSC invasion and endothelial 

sprouting paradigms discovered here. These results are consistent with published reports 

indicating that MSC invasion is dependent on matrix stiffness with preferential growth in 

softer substrates [51–53]. Since the site of MSC injection in CLI is known to be stiff and 
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fibrotic, the use of a softer substrate for cell delivery may theoretically improve the function 

of transplanted MSCs in the ischemic limb. MSC growth and proliferation, on the other 

hand, appears independent of matrix stiffness and instead is regulated by the growth factor 

milieu contained within the PL scaffold. In contrast to the effect of PL on MSCs, the PL 

scaffold led to superior invasion of HUVECs compared to both high and low fibrin controls, 

but had no detectable effect on endothelial cell proliferation. These data indicate that PL gel 

contains a targeted growth factor milieu that induces sprouting of ECs with minimal effect 

on mitogenic activity. In contrast, MSCs in PL gel had increased invasion and proliferation. 

The PL gel native form and embedded with MSCs has the ability to recruit remote 

endothelial cells, as demonstrated in the transwell migration assay. These data support the 

proposed clinical treatment strategy, whereby PL gel embedded with MSCs recruits host 

ECs for neovascularization following implantation in ischemic tissues. The coordinated 

neovascular activity of PL gel and MSCs was further supported in vivo, where rapid and 

complete neovascularization occurred in 8 days, which was increased significantly when 

compared to PL gel alone and MSCs alone. This combinatorial benefit enables single cell 

type (MSC) delivery in the PL hydrogel, which greatly simplifies the regulatory barriers to 

clinical translation. We also identified differences between the 1 and 2.5 mg/mL fibrin gels. 

Here the 1 mg/mL gel acted more similar to PL gel in both mechanical and biologic testing. 

Taken together, these data suggest that the mechanical properties of the PL hydrogel (i.e. 

stiffness, porosity) selectively promote MSC invasion, while the growth factor milieu 

contained within the PL promotes MSC over EC proliferation.

Mechanically, the PL scaffold behaved as a viscoelastic solid. An organized network of 

fluorescently labeled fibrin was clearly visible within in the PL scaffold, and the storage and 

loss modulus of PL were comparable to that of the 1 mg/mL fibrin gel, which had four times 

the fibrin content. SEM imaging of the PL hydrogel revealed a microstructure distinct from 

that seen in the fibrin gels, indicating that other structural components are likely involved in 

PL gel formation and its favorable growth factor release kinetics. It is well established that 

composite structures with fibrin and additional components such as collagen can improve 

the mechanical properties of hydrogels without increasing protein content [54,55]. The 

superior performance of PL may be the result of reaction conditions distinct from fibrin-only 

gels during thrombin induced polymerization. Macromolecules within the PL may alter 

fibrin binding sites or serve as molecular crowders [56,57], improving the structural 

properties of the scaffold. The presence of an enriched milieu of proteins within PL, 

including Factor XIII, could also lead to enhanced fibrin crosslinking and strengthening of 

the PL gel. Additionally, extracellular proteins (i.e. fibronectin, collagen), proteoglycans, 

and adhesion proteins such as Von Willebrand Factor within the PL may incorporate into and 

reinforce the fibrin network as well as provide sustained release of PL’s robust growth 

factors and angiogens.

Here we demonstrate that PL gel has sustained release of endogenous PDGF-BB over 20 

days in vitro, and that ~45% of PDGF-BB was still present in the PL gel at that distant time 

point. This excellent retention is far superior to that seen in optimized formulations of fibrin-

only hydrogels in vitro [58,59], whereby there is approximately 6% of growth factor 

retained after 7 days [60]. The desirable sustained release of growth factors from PL 

hydrogels identified here may be due to sequestration by the microstructural networks as 
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well as the result of resistance of PL to autolysis compared to fibrin. Specific angiogens in 

PL include PDGF, VEGF, EGF, and BDNF [17]. These angiogens may contribute to PLs’ 

superior performance augmenting neovessel formation compared to fibrin gel. In addition to 

serving as a proangiogenic growth factor[61], PDGF-BB has recently been established as a 

critical mediator of MSC engraftment into tissue [18]. Thus delivery of MSCs in PL gel may 

improve MSC therapy by both providing a scaffold with nutritive growth factors and 

sustained delivery of these growth factors over time.

While not discounting the value of other biomaterials in the advancement of stem cell 

therapies, regulatory hurdles for these technologies can restrict clinical translation for 

combined cellular and biomaterial applications. PL is human-derived and already approved 

in soluble form for the expansion of human MSCs for clinical therapies in our cell therapy 

center [NCT 01659762], and therefore as a hydrogel PL is a fairly straight forward 

biomaterial. In addition, PL may have an advantage over other human platelet products, 

including platelet rich plasma (PRP). PRP has had limitations in clinical effectiveness in 

wound healing [62,63], dental repair [64] and orthopedic tissue engineering [65], which is 

thought to be due in part to the extensive variability in the quality of PRP across donors 

[66,67]. Our strategy of generating platelet lysate through pooled, healthy donors minimizes 

this variability and provides a more consistent and reproducible clinical benefit [17]. 

Furthermore, through standard cross matching of blood products, we can substantially 

reduce the risk of a deleterious immunogenic response to PL while allowing for a more 

reproducible clinical effect. When combined with sufficient cell numbers and the ability for 

repeated delivery due to decreased immunogenic response, we have strong motivation for 

further testing of MSCs from patients with CLI in PL gel to promote prolonged survivability 

in the pro-inflammatory environment of critical limb ischemia.

There are a number of limitations to this work that must be addressed. We utilized two 

techniques in this laboratory project that are a potential source of xenogen contamination 

that would require modification in clinical trialing: polymerization of hydrogels was 

achieved with bovine thrombin, and MSCs were cultured in media supplemented with FBS 

prior to embedding in PL gels. While the bovine thrombin was diluted into a 1:100 V/V ratio 

in the PL gel, it could certainly introduce xenogens into the delivery system. We have 

utilized both human and bovine sources of thrombin in the past and have chosen bovine 

thrombin for preclinical work because of the similar biochemical activity for these assays 

and the cost benefit of bovine thrombin is significant. Also, the healthy MSCs used in this 

study were cultured in standard FBS instead of PL supplementation. We have recently 

demonstrated that PL supplementation outperforms FBS even in healthy MSCs [32]; thus 

future work will utilize PL supplementation for MSC expansion in addition to the PL gel 

delivery system.

We found rapid and complete neovascularization of NOD-SCID mice after HLI with human 

MSCs in PL gel, and significantly improved neovascularization of ischemic tissue compared 

to control groups. This early time point plus the testing in immunocompromised NOD-SCID 

mice limited our ability to test in vivo the biologic role of PL gel alone. Extending the time 

points for the saline and PL gel alone groups may allow us to stratify a benefit of the PL gel 

alone over saline control. In fact, we would expect some benefit from PL gel over saline 
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from our in vitro testing. However the combination of MSCs in PL gel seems to drive the in 
vivo benefit. Finally, the unique mechanical behavior of PL gel required us to test in vitro 
fibrin gels in two different concentrations. The higher concentration represents a 

physiologically relevant fibrinogen level representative of normal human serum that more 

precisely mimicked the micro network of PL gel, while the lower concentration fibrin gels 

mimicked the PL gel’s actual fibrin concentration. Not surprisingly, these two fibrin gels had 

different effects on the MSC and EC behaviors in the gel with PL gel and the 1 mg/mL fibrin 

gel being most similar.

In summary, the use of a PL scaffold for delivery of MSCs in a setting of therapeutic 

angiogenesis offers several advantages over existing cell therapy platforms. First, PL is 

derived entirely from human blood products, and therefore it does not pose a risk for 

xenogenic contamination. PL enables delivery of autologous cells with a scaffold that could 

be cross matched to further reduce the potential immunogenic risk of cell therapy. PL can 

provide both sustained delivery of growth factors and structural support for localized 

delivery of MSCs to desired tissue beds. The combination of these properties may be helpful 

in overcoming current clinical limitations to cell therapy, and PL effectively meets these 

requirements in a single biomaterial. In addition, the robust proliferative response of MSCs 

to the PL hydrogel may also permit in vivo expansion of MSCs, thus enabling the use of a 

lower initial cell dose to achieve a therapeutic benefit. Finally, in vivo testing of MSCs in PL 

gel demonstrated robust and complete neovascularization by day 8 in a NOD-SCID HLI 

model, confirming the translational potential of this technology.

5.0 Conclusions

Innovative strategies are needed for improved delivery and retention of MSCs for cell based 

therapy. Here we detail the generation of a rapidly assembling PL hydrogel with desirable 

structural properties and biological activity on MSC and ECs. PL hydrogel is advantageous 

over existing biomaterials because it augments the pro-angiogenic qualities of MSCs and is 

readily derived from human source materials that have been tested for safe delivery to 

patients. As a result of these unique traits, PL hydrogel is ideally suited to serve as a vector 

for delivery of MSCs to ischemic tissues as was demonstrated in a murine model of HLI.
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Statement of Significance

Innovative strategies for improved retention and viability of mesenchymal stem cells 

(MSCs) are needed for cellular therapies. Human platelet lysate is a potent serum 

supplement that improves the expansion of MSCs. Here we characterize our novel PL 

hydrogel’s desirable structural and biologic properties for human MSCs and endothelial 

cells. PL hydrogel can localize cells for retention in the desired tissue, improves cell 

viability, and augments MSCs’ angiogenic activity. As a result of these unique traits, PL 

hydrogel is ideally suited to serve as a cell delivery vehicle for MSCs injected into 

ischemic tissues to promote vascular regeneration, as demonstrated here in a murine 

model of hindlimb ischemia.
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Figure 1. 
PL hydrogels self-assemble with thrombin activation. A) Fibrinogen rich platelet lysate (PL) 

was generated by exposing human to sequential rounds of freeze thaw cycles with a rapid 

warming phase. Immediately prior to hydrogel formation, frozen PL aliquots were rapidly 

warmed to 37 C°, centrifuged and filtered. The addition of thrombin led to self-assembly of 

3D hydrogels. B) Alexa Fluor 488 conjugated fibrinogen was incorporated into 50% PL and 

fibrin hydrogels (5% labeled fibrinogen by weight) and imaged with confocal microscopy. 

Representative maximum intensity projections from a 10 μm stack are shown for each 

condition at 63X. Scale bars = 20 μm. C) Scanning electron microscopy performed on 50% 

PL and 1.0 mg/mL and 2.5 mg/ mL fibrin hydrogels. Representative images are shown for 

each condition at 20,000X. Scale bar = 1μm. Despite a fibrin concentration of ~0.250 

mg/mL, PL gel has an intermediary appearance between the 1 and 2.5 mg/mL fibrin gels in 

both confocal and electron microscopy.
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Figure 2. 
Structural properties of PL hydrogels. 70 kDa FITC-dextran was incorporated into 50% PL 

fibrin hydrogels. Percent of FITC-dextran release was quantified over 20 days in the absence 

(A) and presence of (B) aprotinin. Here PL gel had sustained release of dextran over 20 days 

that was superior over the fibrin gels. Aprotinin abrogated this benefit. Alexafluor-488 

conjugated fibrinogen was incorporated in 50% PL and fibrin hydrogels. Scaffold 

degradation was analyzed by quantifying release of labeled fibrinogen over 7 days in the 

absence (C) and presence (D) of aprotinin. Here PL gel had superior integrity over fibrin 

gels that persisted, although to a lesser degree, in the presence of aprotinin. Oscillatory 

rheology was used to assess mechanical properties of the 50% PL and fibrin hydrogels. 

Storage modulus (E) and loss modulus (F) were calculated from an average G’ or G” at 

0.5% strain over a frequency sweep from 0.01–1 Hz. Total protein released from 50% PL 

hydrogels over 20 days was calculated using a modified Bradford assay over time in the 

presence and absence of aprotinin. Protein release is shown both as cumulative protein 

released (G) and the percent of total protein released from the hydrogels (H). PDGF-BB 

released from 50% PL hydrogels over 20 days was measured with ELISA in the presence 

and absence of aprotinin. Total PDGF-BB release is shown both as cumulative protein (I) 

and percent of total protein released from the hydrogels (J). Aprotinin was not necessary to 

improve gel integrity or to sustain the protein release or PDGF-BB release in PL gels. * = 

p<0.005. G’ = Storage modulus. G” = Loss modulus.
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Figure 3. 
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Pro-angiogenic effect of PL on MSCs in an in vitro co-culture assay under serum free 

conditions. Cell pellets containing MSCs and HUVECs labeled with PKH26 were embedded 

in PL and fibrin hydrogels. A) Representative bright field images of cell pellets within 

different scaffolds at 3 days captured combined MSC and EC invasion. B) Average cell 

invasion length was quantified over time in hydrogels cultured under serum free conditions. 

Total cell invasion was significantly improved in the PL gel compared to both fibrin gels. C) 

Endothelial specific sprouting was determined using fluorescent microscopy to capture only 

the PKH26 labeled HUVECs specifically from the co-culture assay. D) Representative 

fluorescent images of HUVEC sprouting from co-culture at 3 days. Average EC sprout 

length was quantified over time (E). Here MSC’s angiogenic and stromal activity on ECs 

was significantly greater in PL gel than in the 2.5 mg/mL fibrin gel. *=p<0.05, **=p<0.005, 

***=p<0.0001. Scale bars = 500 μm.
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Figure 4. 
Effect of PL scaffold on MSC and HUVEC proliferation. A) Proliferation of MSCs in PL 

and fibrin gels determined by MTS assay. All groups were normalized to MSCs grown in a 

monolayer under serum free conditions. B) Proliferation of HUVECs in PL and fibrin gels. 

All groups are normalized to HUVECS grown in a monolayer under serum free conditions. 

*=p<0.05, ***p<0.0001
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Figure 5. 
MSC and EC invasion of PL scaffolds. Cell pellets containing single cell type of either 

MSCs or HUVECs embedded in PL and fibrin hydrogels. A) Representative images of MSC 

sprout formation in PL, low and high concentration fibrin hydrogels at 3 days. B) Average 

invasion length from MSC pellets over 3 days. C) Representative images of HUVEC sprout 

formation in PL, low and high concentration fibrin hydrogels at 3 days. D) Average sprout 

length from HUVEC pellets over 3 days **=p<0.005, ***=p<0.001, ****=p<0.0001. Scale 

bars = 500 μm.
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Figure 6. 
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PL hydrogel recruits remote endothelial cells. Figure 6A) Cell free PL promotes migration 

of HUVECs when compared to fibrin only in a transwell migration assay. Figure 6B) MSCs 

embedded in PL promote migration of HUVECs when compared to MSCs embedded in 

fibrin hydrogels. * = p < 0.05, ** = p < 0.005. HPF = High Powered Field.
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Figure 7. 
MSCs in PL Gel Restore Perfusion Rapidly in NOD-SCID mice treated with MSCs in PL 

gel compared to control groups (saline and PL gel alone, and MSCs in saline). Figure 7A 

Representative laser Doppler images showing limb perfusion in each group at 1 and 8 days. 

Figure 7B Quantification of limb perfusion at 1 and 8 days in the ischemic are of the leg 

pertaining to the calf muscle. Here the ischemic right leg perfusion normalizes (right to left 

ratio of 1) in the PL + MSCs group by day 8 after HLI. Comparison of PL + MSCs to all 

groups was significant. Figure 7C Quantification of limb perfusion of the ischemic leg 

including the foot showed a significant difference between the PL + MSCs and saline only 

group. * = p < 0.05, ** = p < 0.01.
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