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Abstract

Synthetic small diameter vascular grafts have a high failure rate, and endothelialization is critical 

for preventing thrombosis and graft occlusion. A promising approach is in situ tissue engineering, 

whereby an acellular scaffold is implanted and provides stimulatory cues to guide the in situ 
remodeling into a functional blood vessel. An ideal scaffold should have sufficient binding sites 

for biomolecule immobilization and a mechanical property similar to native tissue. Here we 

developed a novel method to blend low molecular weight (LMW) elastic polymer during 

electrospinning process to increase conjugation sites and to improve the mechanical property of 

vascular grafts. LMW polymer significantly increased the amount of heparin conjugated to the 

micro/nanofibrous scaffolds, which in turn increased the loading capacity of vascular endothelial 

growth factor (VEGF) and prolonged the release of VEGF. Vascular grafts were implanted into the 

carotid artery of rats to evaluate the in vivo performance. VEGF treatment significantly enhanced 

endothelium formation and the overall patency of vascular grafts. Heparin coating also increased 

cell infiltration into the electrospun grafts, thus increasing the production of collagen and elastin 

within the graft wall. This work demonstrates that LMW elastic polymer blending is an approach 

to engineer the mechanical and biological property of micro/nanofibrous vascular grafts for in-situ 

vascular tissue engineering.
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1. Introduction

Cardiovascular disease remains the leading cause of mortality in many countries. The 

replacement of diseased blood vessels is a common treatment with more than 500,000 

vascular graft surgeries performed in the U.S. each year. Still, more than 30% of patients 

needing arterial replacement lack a suitable autologous vein graft for surgery [1]. Synthetic 

grafts are available but are prone to clogging by thrombosis and cannot be used for the 

replacement of small diameter vessels (<6 mm inner diameter) [2, 3]. Thus, there has been a 

large need to develop small-diameter tissue engineered vascular grafts for arterial 

replacement. Several cellular approaches utilizing in vitro tissue engineering have been 

explored for the development of arterial replacements [4–7]. In vitro cellular approaches 

hold much promise; however, their extensive cultivation periods and current necessity for 

autologous cell sources could be prohibitive toward widespread implementation. In situ 
tissue engineering represents an alternative and promising approach, whereby a temporary 

scaffold without cells is implanted and provides stimulatory cues to guide the remodeling of 

a functional vascular graft within the host [8–10]. To be successful, the development of 

biomaterials that mimic natural features of the extracellular matrix (ECM) and provide 

appropriate biochemical cues for vascular tissue formation is necessary.

Since endothelial cells (ECs) are potent inhibitors of thrombosis, it is widely accepted that 

an ideal tissue engineered artery requires a functional and confluent endothelium to prevent 

failure. Therefore, stimulatory cues to guide endothelium formation are critical for in situ 

vascular tissue engineering. Additionally, scaffolds for in-situ vascular tissue engineering 

should support cellularization and natural matrix deposition. Cellularization and matrix 

deposition within electrospun materials has often been limited due to the relatively small 

pore sizes between fibers. Heparin coating has been shown to enhance the cellular 

infiltration within electrospun materials during dermal wound healing [11]. Additionally, 

vascular endothelial growth factor (VEGF), which has heparin binding ability, is a potent 

mitogen for ECs. Together, heparin and VEGF could act to simultaneously suppress 

thrombosis and stimulate endothelialization, vascular cellularization and matrix synthesis.

Electrospun fibrous scaffolds are a promising platform for in situ vascular tissue engineering 

due to their structure similarity to native ECM and potential to guide cellular processes [10, 

12, 13]. Aliphatic polyesters like poly(lactide) (PLA), poly(glycolic acid) (PGA) and 

poly(caprolactone) (PCL) are bioresorbable and can be electrospun into fibrous materials 

that serve as temporary matrices for in situ tissue morphogenesis. Recent studies have shown 

that grafts composed of the polymer PCL may hold several advantages over other traditional 

vascular graft materials such as expanded polytetrafluoroethylene (ePTFE) [14]. Cell-free 

grafts composed of PGS and PCL have also been shown to accelerate tissue morphogenesis 

and neoartery formation [9]. However, PLA, PGA, PCL and the copolymers thereof, all lack 

modifiable functional groups along their backbone and thus, have limited capacity for 

biomolecule coupling. Functionality can be substantially increased through 

copolymerization with other monomers that contain modifiable groups (e.g. poly(lysine)) 

[15]. However, copolymerization methods can often be expensive and labor intensive. Here, 

we present a simple and effective method to increase the density of chemically modifiable 

end groups within a bioresorbable fibrous scaffold by blending low molecular weight 
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polymers prior to electrospinning. The blending method is simple yet versatile and can be 

used in numerous applications where a higher capacity for stable biomolecule attachment is 

needed. In addition, blending may also affect the structure and mechanical property of the 

electrospun scaffolds. In this study, we investigated the mechanical and chemical properties 

of blend electrospun scaffolds using high molecular weight poly(L-Lactide) (high-MW 

PLLA) with low-MW PLLA or PCL. Ultimately, a blend scaffold with desired mechanical 

and biological property was selected for subsequent heparin and VEGF conjugation, and the 

effects of blending method on binding capacity and stability were evaluated. Using this 

platform, we also investigated the efficacy of combined heparin and VEGF graft treatment 

with a focus on in vivo endothelialization, cellularization and matrix deposition.

2. Materials and Methods

2.1 Fabrication of Electrospun Scaffolds

Electrospun scaffolds were fabricated from the biodegradable polymers poly(L-Lactide) 

(PLLA), and poly(caprolactone) (PCL). To increase the number of end groups available for 

biomolecule attachment, low MW PCL (LMW-PCL; MW = 2,000 Da) (Polysciences, 

Warrington, PA) or low MW PLLA (LMW-PLLA; MW = 2,000 Da) (Polysciences, 

Warrington, PA) was blended with a high MW PLLA (HMW-PLLA; MW = 100,000 Da) 

(Lactel Absorbable Polymers, Pelham, AL). Four polymer solutions were prepared with 

final concentrations of 19%(w/v) HMWPLLA (PLLA), 19%(w/v) HMW-PLLA/5% (w/v) 

LMW-PLLA (PLLA/5%PLLA), 19% (w/v) HMWPLLA/ 5%(w/v) LMW-PCL (PLLA/

5%PCL), and 19%(w/v) HMW-PLLA/10% LMW-PCL (PLLA/10%PCL). All polymers 

were dissolved in 1,1,1,3,3-hexafluoro-2-propanol (HFIP) via sonication for 45 minutes or 

until fully dissolved. Electrospinning was performed to make membrane scaffolds for the in 

vitro testing as previously described [12]. Polymer solutions were delivered at a flow rate of 

1ml/hr using a programmable syringe pump (Cole-Parmer, Vernon Hills, IL). A positive 

voltage of 12.5 kV was applied to a spinneret using a high voltage generator (Gamma High 

Voltage, Ormond Beach, FL). Fibers were collected on a rotating (speed = 200 rpm) 

stainless steel drum (diameter = 10 cm). Electrospinning continued until the scaffold 

thickness reached 150 µm. Scaffolds were then removed from the drum and placed into a 

vacuum desiccator for 24 hours to remove any residual HFIP. Scaffolds were cut into 

rectangular sections and fiber quality and dimensions were inspected using a Hitachi 

TM-1000 scanning electron microscope.

2.2 Fabrication of Tubular Scaffolds for Vascular Grafts Implantation

Tubular grafts were fabricated by using electrospinning similarly as described above with 

minor modifications [16]. Fibers were collected onto a rotating stainless steel mandrel 

(speed = 20 rpm, diameter = 1 mm, same linear speed as 10-cm drum). Electrospinning was 

performed until the graft wall thickness reached 150 µm.

2.3 Mechanical Characterization of Electrospun Scaffolds

Fibrous scaffolds were cut into 1 cm × 4 cm rectangular segments and subjected to uniaxial 

tensile testing by using an Instron machine (Model 5544, Instron, Norwood, MA). All 

Scaffolds (n = 6 for all groups) were stretched by using a strain rate of 0.1 mm/s until 
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fracture or a strain of 75 percent (whichever was first). Force/displacement data was 

recorded using a sampling rate of 1 Hz. Elastic Modulus, ultimate tensile strength (UTS) and 

strain at failure were computed for each of the scaffold groups. Results from mechanical 

characterization were compared to previously reported values of ePTFE and native arteries. 

Ultimately, this comparison was used to identify an appropriate electrospun scaffold for 

vascular graft implantation during animal studies.

2.4 Heparin Modification of Electrospun Scaffolds

Covalent attachment of heparin was performed as described previously [16] by using 1-

ethyl-3-(3 dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide (sulfo-NHS) (Pierce Biotechnology, Rockford, IL) as crosslinkers 

and di-amino-poly(ethylene glycol) (di-NH2-PEG) (Sigma Aldrich, St Louis, MO) as a 

spacer. The density of surface carboxyl groups was increased by briefly hydrolyzing the 

material in sodium hydroxide (NaOH, 0.01N) for 10 minutes. Scaffolds were rinsed 

thoroughly in phosphate buffered saline (PBS), followed by rinsing using deionized water. 

Scaffolds were then allowed to react for 3 hours in 2-(n-morpholino)ethanesulfonic acid 

(MES) buffer (pH 5.5) containing 20 mg/ml EDC, 10mg/ml sulfo-NHS and 20 mg/ml di-

NH2-PEG at room temperature. Scaffolds were rinsed in PBS and then allowed to react for 3 

hours in MES buffer (pH 5.5) containing 20 mg/ml EDC, 10 mg/ml sulfo-NHS and 20 

mg/ml unfractionated heparin sodium salt (Sigma Aldrich, St. Louis, MO). Following 

heparin modification, scaffolds were thoroughly washed in PBS and remaining reactive sites 

were quenched using 10 mg/ml glycine in PBS for 30 minutes.

The presence of heparin on fibrous scaffolds was verified and measured by using toluidine 

blue (Sigma Aldrich, St. Louis, MO) as described previously [17]. Briefly, untreated, 

PEGylated, and heparin-modified electrospun scaffolds were placed in 0.0005% w/v 

Toluidine Blue solution and vortexed for 10 minutes. Standard heparin solutions ranging 

from 0 µg/ml to 250 µg/ml were also prepared in 0.0005% (w/v) toluidine blue solution and 

vortexed for 10 minutes. After vortexing, 3 ml of n-hexane was added to all samples and 

standard heparin solutions to extract the remaining unbound toluidine blue. To determine the 

concentration of remaining toluidine blue, the absorbance was measured at 631 nm by using 

a spectrophotometer (BioRad, Model 550). The concentration of immobilized heparin on 

each piece of scaffold was thus determined by comparing their absorbance values of 

unbound toluidine blue to those obtained from the standard heparin solutions.

2.5 Antithrombogenic Activity of Heparin-Modified Scaffolds

The antithrombogenic activity of heparin-modified grafts was determined by measuring the 

level of thrombin inhibition in the presence of antithrombin-III. As described previously 

[18], the chromogenic substrate for thrombin, S-2238 (Diapharma, West Chester, OH), was 

used to detect thrombin activity. Briefly, untreated, PEGylated and heparin-modified grafts 

were placed in a 50 mM Tris buffer containing 0.08 NIH units of human antithrombin-III 

(Sigma Aldrich, St. Louis, MO), and shaken for 5 minutes at 37°C. Standard solutions 

containing 0 to 400 units of heparin were similarly prepared in Tris buffer and 0.08 NIH 

units of human antithrombin-III. Afterwards, 0.08 NIH units of human thrombin (Sigma 

Aldrich, St. Louis, MO) were added to each sample and standard solution, and shaken for 30 
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seconds at 37°C. Subsequently, 5 mM S-2238 was added, and samples were incubated with 

shaking for 10 minutes at 37° C. All reactions were stopped by the addition of 40% acetic 

acid. Remaining thrombin activity was quantified by measuring the absorbance of the 

sample supernatants and standard solutions at 405nm (BioRad, Model 550). The heparin 

activity for all samples was determined by comparing to those obtained for the standard 

heparin solutions.

2.6 VEGF Immobilization

Many isoforms of VEGF have high affinity with heparin molecules naturally found in the 

ECM. For this reason, heparin was used as an adaptor molecule to immobilize VEGF to 

PLLA and PLLA/5%PCL scaffolds. Following heparin modification, scaffolds were 

incubated in PBS solutions containing 0, 1, 2 and 4 µg/ml human recombinant VEGF-165 

(Peprotech Inc., Rocky Hill, NJ) on a shaker for 16 hours at 4°C. PLLA scaffolds without 

heparin modification were subjected to the similar VEGF treatment and used for comparison 

purposes during characterization of VEGF immobilization and release. After VEGF 

attachment, scaffolds were rinsed repeatedly in PBS for 30 minutes.

2.7 Characterization of VEGF Immobilization and Release

Immunofluorescent staining was performed to confirm VEGF attachment and visualize its 

distribution. In brief, the scaffolds with and without VEGF were incubated in 10% goat 

serum (Sigma Aldrich, St. Louis, MO) for 1 hour, with the rabbit antibody against VEGF for 

2 hours and with Alexa Fluor 488 conjugated goat anti-rabbit IgG (Invitrogen) for 30 

minutes. The density of immobilized VEGF was also quantified directly using an enzyme-

linked immunosobent assay (ELISA) (Peprotech Inc., Rocky Hill, NJ). Prior to ELISA 

analysis, rectangular scaffold segments (1 cm × 0.5 cm each) were completely digested by 

using sodium hydroxide (0.1 N, 24h), followed by immediate pH neutralization using 

hydrochloric acid (0.1 N). The amount of immobilized VEGF was quantified by ELISA in 

comparison to the ELISA measurements of standard VEGF solutions containing 0–1 ng/ml 

VEGF in PBS. An additional set of VEGF standards containing non-treated graft segments 

was prepared in sodium hydroxide (0.1 N, 24h) and neutralized with hydrochloric acid (0.1 

N). Base/acid treatment and the presence of digested graft material did not affect the 

accuracy of VEGF measurement by ELISA (data not shown).

For VEGF release studies, VEGF was immobilized to scaffolds by using 1.0 µg/ml VEGF in 

PBS. The incubation media for each scaffold was 2 ml of PBS, which was removed and 

replenished every 24 hours. Scaffolds were shaken moderately and kept at 37°C during the 

study. At various intervals, scaffolds were digested and the amount of immobilized VEGF 

remaining was measured by using ELISA.

2.8 Animal Studies

All procedures were approved by the Institutional Review Board Service and Institutional 

Animal Care and Use Committee at the University of California, Berkeley and the 

University of California, San Francisco. Male athymic rats (6–8 weeks old, 200–240 grams) 

were purchased from the National Cancer Institute Animal Facility. Rats were anesthetized 

with 2% isoflurane and placed in the supine position. Using aseptic techniques, a midline 
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ventral incision was made exposing the right common carotid artery (CCA). The right CCA 

was then clamped, ligated, and a 6-mm long PLLA/5%PCL vascular graft (either untreated, 

heparin-modified or VEGF-modified) was sutured end-to-end by using interrupted 10-0 

sutures. For 2-week studies, 6 animals were used in each experimental group. For 1-month 

studies, 11 animals were used in each experimental group. No additional heparin or other 

anti-coagulant was used at any time during these animal studies. At 2 weeks or 1 month 

following implantation, rats were euthanized and vascular grafts were explanted and washed 

with saline to remove remaining blood. Prior to euthanization and explantation at 1 month, 

graft patency was examined by using necropsy.

2.9 Histological Analysis

Explanted grafts were either cut longitudinally for luminal en face staining, or cryopreserved 

at −20°C in optimal cutting temperature (OCT) compound (Sigma Aldrich) and 

cryosectioned into 10-µm thick sections for cross-sectional staining. Immunohistochemical 

staining for CD31 (BD Biosciences, San Jose, CA) and smooth muscle-myosin heavy chain 

(SM-MHC) (Santa Cruz Biotechnology) was performed to visualize the presence of ECs and 

smooth muscle cells (SMCs) respectively. Verhoeff’s stain was used to visualize collagen 

and elastin content within the graft. Nuclei were stained with DAPI to visualize the 

distribution of cells within the graft wall and surrounding tissue. The density of cells within 

the graft wall after 1-month was quantified from DAPI-stained sections by using image 

analysis software (NIH Image J).

2.10 En Face Immunofluorescence Staining for ECs

Endothelial coverage was assessed at 2 weeks post-implantation. Freshly explanted grafts 

were transected longitudinally and fixed with 4% paraformaldehyde for 20 minutes. Samples 

were washed with PBS, blocked with 5% goat serum and incubated with the mouse anti-rat 

CD31 primary antibody and Alexa-Fluor 488 secondary antibody. The samples were washed 

and mounted on slides with the inner luminal surface of the graft in-contact with the 

coverslip. Immunofluorescent Images of CD31+ cells were captured along the entire length 

of both the inner luminal surface and outer surface of the grafts by using a Zeiss confocal 

microscope. Images were stitched together using Adobe Photoshop to visualize the entire 

inner and outer surface of the graft. Computed histomorphometry was performed using 

Image J software. Endothelial coverage of the lumen was quantified by measuring the length 

of endothelial cell layer on the lumen surface, and is expressed as the percentage of total 

graft length.

2.11 Statistical Analysis

The data was presented as mean ± standard deviation. All data were analyzed by one-way 

ANOVA tests. Holm’s t test was performed to evaluate significant differences between pairs. 

A p-value of less than 0.05 was considered statistically significant.
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3. Results

3.1 Fabrication of Blended Electrospun Scaffolds

Electrospun scaffolds were fabricated by using PLLA as the structural polymer. To increase 

the number of end groups available for biomolecule attachment, low MW PCL or low MW 

PLLA was blended with a high MW PLLA. Four kinds of electrospun fibrous scaffolds were 

successfully fabricated by using the chosen polymer compositions: PLLA, PLLA/5%PLLA, 

PLLA/5%PCL, and PLLA/10%PCL (Fig. 1A–D). For all polymer groups, uniform fiber 

formation without beading was achieved using identical electrospinning parameters (i.e. 

voltage, flow rate and needle-to-collector distance). Fiber diameters were 866 ± 150 nm, 961 

± 265 nm, 926 ± 215 nm, and 982 ± 175 nm for PLLA, PLLA/5%PLLA, PLLA/5%PCL and 

PLLA/10%PCL scaffolds respectively. The pure PLLA samples had the pore sizes of sub-

micrometers to several micrometers (Fig. 1A–B). PCL blending resulted in loose 

interconnected and hierarchically structured pores with sizes ranging from several 

micrometers to few hundreds of micrometers as shown in Fig. 1B–D. The higher viscosity of 

PLLA/PCL electrospinning solution and immiscible phase separation between PLA and 

PCL might lead to larger fiber diameter and loose fiber stacking, which could enhance cell 

infiltration and scaffold remodeling. A vascular graft made from PLLA/5%PCL is 

exemplified in Fig. 1E.

3.2 Mechanical Properties of Blended Electrospun Scaffolds

Uniaxial tensile testing of electrospun scaffolds was performed to investigate how the 

incorporation of a low MW polymer would affect the bulk mechanical properties such as 

elastic modulus, UTS, and strain at failure (Fig 1F). In general, PLLA is stiffer, and PCL is 

elastic and more flexible, which may help improve the mechanical property of the scaffolds. 

The elastic modulus of the electrospun scaffolds was 170 ± 7.6 MPa, 180 ± 10.1MPa, 68 

± 8.7 MPa, and 33 ± 7.0 MPa for PLLA, PLLA/5%PLLA, PLLA/5%PCL and PLLA/

10%PCL polymer compositions respectively. There was no difference between the modulus 

of PLLA and PLLA/5%PLLA scaffolds, suggesting that the addition of 5% LMW-PLLA 

into the polymer blend had no significant effect on elastic modulus. The addition of LMW-

PCL resulted in a significant decrease in elastic modulus, which was still higher than native 

artery. Reduction in elastic modulus was more evident when the amount of blended LMW-

PCL was increased from 5% (w/v) to 10% (w/v) (p<0.001). From physical examination, 

grafts became more flexible and kink-resistant with the addition of LMW-PCL. The UTS 

was 3.7 ± 0.2 MPa, 3.8 ± 0.3 MPa, 1.8 ± 0.1 MPa, and 1.0 ± 0.1 MPa for PLLA, PLLA/

5%PLLA, PLLA/5%PCL and PLLA/10%PCL polymer compositions respectively. There 

was no difference in UTS between PLLA and PLLA/5%PLLA scaffolds. However, addition 

of 5% (w/v) LMW-PCL reduced UTS by nearly 50% relative to PLLA. When the 

concentration of LMW-PCL was increased to 10% (w/v), UTS decreased by approximately 

75%.

PLLA scaffolds had a strain-at-failure of approximately 40% elongation. Addition of LMW-

PLLA significantly reduced strain-at-failure, and the abrupt fracture of PLLA/5%PLLA 

scaffolds occurred at less than 10% elongation. This was predictable because the molecular 

weight of LMW PLLA (2000 Da) was lower than the critical molecular weight (~16 000 Da) 
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for fiber entanglement [19]. Since abrupt fracture at low levels of strain is highly undesirable 

for a vascular graft design, PLLA/5%PLLA scaffolds were excluded from the remaining 

experiments. The addition of LMW-PCL increased strain-to-failure of PLLA/5%PCL and 

PLLA/10%PCL to more than 75% elongation.

PLLA/5%PCL scaffolds had an elastic modulus similar to ePTFE and a UTS in the range of 

native arteries (Table 1). Thus, PLLA/5%PCL was chosen for the fabrication of tubular 

grafts for vascular implantation (Fig. 1E). It is also worth mentioning, that since PLLA/

10%PCL had a UTS similar to the lower limit of that found in native arteries, as a factor of 

safety, PLLA/5%PCL was used instead.

3.3 Heparin Immobilization

To investigate the effect of low MW polymer addition on biomolecule coupling capacity, we 

measured the density of immobilized heparin in PLLA, PLLA/5%PCL and PLLA/10%PCL 

scaffolds (Fig. 2A). The amount of immobilized heparin in PLLA, PLLA/5%PCL and 

PLLA/10%PCL scaffolds was 8.4, 22.2 and 57.7 µg/cm3 respectively. Thus, a significant 

increase in immobilized heparin density could be achieved when LMW-PCL was blended 

into the polymer solution prior to electrospining. The density of heparin immobilization 

continued to increase as the concentration of LMW-PCL was increased from 5% (w/v) 

(PLLA/5%PCL) to 10% (w/v) (PLLA/10%PCL).

3.4 Antithrombogenic Activity of Immobilized Heparin

The thrombin binding activity of immobilized heparin was assessed for PLLA, PLLA/

5%PCL, and PLLA/10%PCL scaffolds (Fig. 2B). The activity of immobilized heparin on 

PLLA, PLLA/5%PCL and PLLA/10%PCL scaffolds was 27.3, 69.6, and 112.6 NIH 

Units/cm3 respectively. No significant difference in activity was found among any of the 

non-heparin-modified scaffolds (data not shown). This result confirmed that immobilized 

heparin retained anti-thombogenic activity. PLLA/5%PCL and PLLA/10%PCL scaffolds 

exhibited an increase in anti-thrombogenic activity, which was consistent with the increase 

in heparin density in these scaffolds.

3.5 VEGF Immobilization and Release

VEGF was immobilized to non-heparin-modified PLLA (PLLA), heparin-modified PLLA 

(PLLA-Heparin) and heparin-modified PLLA/5%PCL (PLLA/5%PCL-Heparin) scaffolds. 

Heparin specific immobilization of VEGF to electrospun scaffolds was confirmed by 

immunostaining, as exemplified in Fig. 3A.

We also determined the density of immobilized VEGF in PLLA, PLLA-Heparin and PLLA/

5%PCL-Heparin scaffolds as a function of initial VEGF loading concentration (Fig. 3B). 

The density of immobilized VEGF was significantly greater on PLLA/5%PCL-Heparin 

scaffolds than PLLA-Heparin scaffolds for all loading concentrations of VEGF (p<0.05). 

The amount of immobilized VEGF was significantly greater on both heparin-modified 

scaffolds than on untreated PLLA scaffolds at all loading concentrations. The amount of 

VEGF on untreated PLLA and PLLA/5%PCL scaffolds was similar, thus only untreated 

PLLA is shown.
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Release of VEGF from PLLA, PLLA-Heparin and PLLA/5%PCL-Heparin was measured 

over a time period of 7 days (Fig. 3C). Approximately 83% of the immobilized VEGF was 

lost from untreated PLLA scaffolds after 1 day. Heparin modification of PLLA reduced the 

initial burst release of VEGF to 60% after 1 day. The burst release of VEGF from PLLA/

5%PCL-Heparin scaffolds, which contained approximately 3-times more bound heparin, 

was further reduced to approximately 40% of the initial concentration. After 7 days, all 

VEGF had been released from untreated PLLA scaffolds, while PLLA-Heparin scaffolds 

retained approximately 15% of the initially bound VEGF. Retention of VEGF on PLLA/

5%PCL scaffolds was significantly greater after 7 days, with nearly 50% of the initially 

bound VEGF still remaining. Release of VEGF from untreated PLLA and PLLA/5%PCLL 

was similar at all time points, thus only release information for PLLA is shown.

3.6 In vivo Patency of Bioactive Electrospun Vascular Grafts

Using PLLA/5%PCL, untreated, heparin-modified and VEGF-modified scaffolds were 

fabricated and implanted into rats as vascular grafts to test their performance. VEGF 

significantly increased the patency of vascular grafts after 1-month. After 1-month, 6 of 11 

(55%) untreated grafts, 7 of 11 (64%) heparin-modified grafts, and 10 of 11 (88%) VEGF-

modified grafts were patent.

3.7 Endothelialization, Cellular infiltration and Matrix Remodeling of Vascular Grafts

We postulated that the improved patency of VEGF-modified grafts could be attributed to the 

enhanced endothelialization by VEGF at earlier time points. Therefore, electrospun vascular 

graft explants were stained for the EC surface marker CD31 to assess the degree of 

endothelialization after 2-weeks (Fig. 4A–C). VEGF immobilization significantly increased 

endothelialization on the inner surface. VEGF-modified grafts had 82% EC coverage after 2-

weeks, which was approximately twice as much coverage found on both untreated and 

heparin-modified grafts which had 39% and 40% EC coverage respectively (Fig. 4G). After 

2-weeks, substantial angiogenesis was observed in the outer layer of all grafts (Fig 4D–F), 

with more microvessels around the grafts treated with heparin or heparin/VEGF, but no 

obvious differences were observed for these two treatments. The presence of newly formed 

microvessels suggests that the implanted grafts had been effectively integrated with the host 

tissues.

Close examination of the luminal surface showed that the major difference in 

endothelialization was in the middle segment of the grafts at 2 weeks (Fig. 5). Since ECs 

might migrate into the grafts from the adjacent carotid artery at the two ends, there was no 

significant difference in endothelialization near the proximal and distal ends of the grafts 

(Fig. 5A–C, G–I). In contrast, VEGF-modified grafts enhanced endothelialization in the 

middle segment of the grafts, possibly by increasing EC proliferation and migration. In 

addition to having more luminal coverage at 2-weeks, ECs on VEGF-modified grafts were 

more elongated and had morphology similar to that normally observed in the native 

endothelium (Fig. 5D–F).

The remodeling of the vascular graft wall after 1-month was also analyzed (Fig. 6A–F). 

MHC+ SMCs were found within the wall of heparin-modified and VEGF-modified grafts 

Henry et al. Page 9

Biofabrication. Author manuscript; available in PMC 2018 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Fig. 6B–C). MHC+ cells were also present within the neotissue that surrounded most but 

not all grafts. Small traces of intimal hyperplasia were observed in a few untreated grafts at 

1-month, as demonstrated by the presence of SMCs in the neointima (Fig. 6A).

The extent of matrix deposition (collagen and elastin) within the graft was assessed 1-month 

after the implantation (Fig. 6D–F). Untreated grafts had minimal matrix deposition within 

the graft. In contrast, extensive matrix deposition was found within both heparin-modified 

and VEGF-modified grafts at 1-month. All grafts, untreated, heparin-modified and VEGF-

modified, were surrounded by an outer layer of neotissue. The thickness of surrounding 

neotissue varied and did not appear to be dependent on the type of graft treatment used in 

this study.

The effect of heparin and VEGF treatment on total cellular infiltration into electrospun grafts 

after implantation was assessed at 1-month (Fig. 7). Cellular infiltration was significantly 

greater for heparin-modified and VEGF-modified grafts, compared to untreated grafts. Some 

of the cells found within the wall of heparin-modified and VEGF-modified grafts are 

positive for MHC, as shown in Fig 6.

4. Discussion

Our objective was to create bioactive vascular grafts using electrosnpun fibers with the 

capability to accelerate endothelializaton and direct vascular cellularization in situ. In this 

study, we developed a method to significantly increase the surface conjugation capacity of 

an electrospun biodegradable polymer, HMW-PLLA, by blending with a low MW polymer 

prior to electrospinning. Covalent attachment of biomolecules to PLLA or PCL is 

accomplished by the conjugation to end groups. The addition of LMW-PCL increases the 

density of available end groups and results in the increased heparin conjugation capacity 

observed in this study. The morphology of electrospun HMW-PLLA fibers was not affected 

by the addition of LMW-PCL or LMW-PLLA, and the addition of either low MW polymer 

(LMW-PCL or LMW-PLLA) did not affect the ability of blended polymers to form fibers 

under identical electrospinning conditions, which makes this technique simple and versatile. 

It is interesting that blending PCL increased the pore size between micro/nanofibers, which 

may facilitate cell information and scaffold remodeling. As an elastic polymer, PCL 

decreased the stiffness of PLLA grafts, and increased the deformability and the strain and 

the failure, which is a significant improvement of mechanical property.

The increase of heparin amount conjugated to the scaffolds indeed increased the loading 

capacity of VEGF in the scaffolds. In addition, heparin modification reduced the initial burst 

release of VEGF from electrospun PLLA scaffolds. PLLA/5%PCL scaffolds, which had 

significantly greater heparin conjugation capacity, further reduced the initial burst of VEGF. 

One explanation is that the increase of heparin on the surface of electrospun fibers provides 

more stable binding sites for VEGF. VEGF modification enhanced endothelialization of 

electrospun vascular grafts at 2-weeks, and also improved graft patency at 1-month. 

Endothelialization may have occurred through a combination of proposed mechanisms 

including trans-anastomotic migration, capillary in growth and adhesion/differentiation/

proliferation of circulating EC progenitors [10, 22]. To distinguish the source of ECs during 
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regeneration, further investigations are needed. Achieving full endothelialization has been an 

extensive pursuit within the field of vascular tissue engineering. Previous studies have shown 

VEGF treated grafts enhance endothelialization but also at the cost of increasing inward 

remodeling from intimal hyperplasia [23,24]. In contrast, the presence of intimial 

hyperplasia was not observed in our study of VEGF treated grafts.

In addition to its an anticoagulation capability, heparin has been shown to inhibit SMC 

migration, neointimal formation and restenosis following vascular injury. Thus, heparin 

immobilization on the surface of synthetic matrices is a common approach to improve 

vascular graft functions [25]. In our study, we found cellular infiltration was significantly 

greater for heparin-modified and VEGF-modified electrospun grafts, compared to untreated 

grafts (Fig. 7). This observation is consistent with our previous findings that heparin 

modification of nanofibers promotes cell infiltration (not SMC-specific) into 3-D scaffolds 

in vivo [11, 26]. This enhanced cell infiltration may be related to the presence of heparin 

throughout the wall of the grafts and the charge/water retaining capability of heparin. The 

infiltrated cells in the vascular grafts may include immune cells, progenitors and fibroblasts 

[27]. Interestingly, in our previous study, we have shown that SMC progenitors, rather than 

mature SMCs, are recruited into the graft and that these progenitors gradually differentiated 

into SMCs [8], which is not in conflict with the inhibitory effect of heparin on SMC 

migration.

Small animal model with rats was used in this study, due to their low cost and the ease of 

care. Small animals have different circulatory system, vessel size, endothelialization rates 

and thrombogenicity to that of humans [28]. Therefore, it is crucial to investigate the graft 

endothelialization and the safety of surgeries in large animals, such as pigs, sheep and 

nonhuman primates, possessing similarities to human physiology, which should be 

addressed in future studies.

In conclusion, bioactive electrospun grafts have the potential to serve as a platform for in 

situ vascular tissue engineering. The capacity to couple biomolecules to the surface of 

bioresorbable electrospun materials can be significantly increased through blending of low 

MW polymers prior to electrospinning. This simple blending method can be used for other 

applications where a greater density of immobilized biomolecules on electrospun polymers 

is desirable. The low MW polymer blending method developed in this study may have wide 

applications in the fabrication of electrospun polymer scaffolds for tissue regeneration.
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Figure 1. 
Structural and mechanical characterization of micro/nanofibrous scaffolds. (A–D) Scanning 

electron microscopic (SEM) images of the electrospun scaffolds with PLLA (A), PLLA/

5%PLLA (B), PLLA/5%PCL (C), PLLA/10%PCL (D). (E) Representative SEM image of 

an electrospun vascular graft with PLLA/5%PCL. (F) Stress-strain curves of electrospun 

scaffolds. The scale bar indicates 30 µm (A through D), and 300 µm (E).
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Figure 2. 
Characterization of immobilized heparin on materials. (A) Density of immobilized heparin 

in electrospun scaffolds with PLLA, PLLA/5%PCL and PLLA/10%PCL. (B) Anticoagulant 

activity of immobilized heparin in the electrospun scaffolds with PLLA, PLLA/5%PCL and 

PLLA/10%PCL.
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Figure 3. 
VEGF immobilization and release from electrospun scaffolds. (A) Immunostaining of bound 

VEGF on heparin modified electrospun fibers. (B) Density of immobilized VEGF vs input 

VEGF concentration for the electrospun scaffolds with untreated PLLA, heparin-modified 

PLLA and heparin modified PLLA/5%PCL. (C) Release of VEGF over 7 days from the 

electrospun scaffolds with untreated PLLA, heparin-modified PLLA and heparin-modified 

PLLA/5%PCL. Results for untreated PLLA and PLLA/5%PCL were similar, and thus only 

untreated PLLA is shown.
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Figure 4. 
Endothelialization and angiogenesis in vascular grafts at 2 weeks post-implantation. The 

grafts were stained for EC marker CD31. (A–C) EC coverage on the inner surface (lumen) 

of the grafts: (A) untreated, (B) heparin-modified, and (C) VEGF-modified. (D–F) ECs of 

microvessels on the outer surface of the grafts: (D) untreated, (E) heparin-modified, and (F) 

VEGF-modified. (G) Quantification of EC coverage on the whole inner surface of grafts at 2 

weeks post-implantation. Scale Bar = 0.5 mm.
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Figure 5. 
High magnification images of ECs on the inner surface of the vascular grafts at 2 weeks post 

implantation. The inner surfaces of the grafts were stained for EC surface marker CD31. 

Representative images of inner surface were taken from proximal, middle and distal graft 

segments. Scale Bar = 50 µm.
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Figure 6. 
SMCs and collagen/elastin deposition in electrospun vascular grafts at 1 month post-

implantation. (A–C) Cross-sectional staining of SM-MHC for SMCs in the vascular grafts. 

(D–F) Collagen and elastin deposited in the grafts were examined by using Verhoeff’s stain. 

Collagen is shown in pink, Elastin is shown in black. The scale bar indicated are 200 µm (A 

through C), and 75 µm (D through F).
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Figure 7. 
Cell infiltration into electrospun vascular grafts at 1 month post-implantation. Nuclei are 

stained by DAPI. (A) Cell density within the graft was quantified. (B–D) Cross-sections of 

explanted electrospun vascular grafts 1 month post-implantations. The boundary of the graft 

is marked by dashed lines. Scale bar = 150 µm.
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Table 1

Mechanical properties of the electrospun scaffolds.

Polymer Blend Young’s Modulus
(MPa)

Ultimate Tensile
Strength (MPa)

Percent Strain
at Failure

PLLA 170.0 ± 7.6 3.7 ± 0.2 40%

PLLA/5%PLLA 180.0 ± 10.1 3.8 ± 0.2 < 10%

PLLA/5%PCL 67.0 ± 8.7 1.9 ± 0.1 >75%

PLLA/10%PCL 33.0 ± 7.0 1.0 ± 0.1 >75%

*ePTFE 60 6 20–30%

*Carotid Artery 7–11 1–2 60–70%

*
Properties for ePTFE [20] and native carotid artery [21] taken from previous literature.
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