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Abstract: Tissue-engineered vascular grafts are widely tested as a promising substitute for both arterial
bypass and replacement surgery. We previously demonstrated that incorporation of VEGF into elec-
trospun tubular scaffolds from poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/poly(ε-caprolactone)
enhances formation of an endothelial cell monolayer. However, an overdose of VEGF can induce
tumor-like vasculature; thereby, other bioactive factors are needed to support VEGF-driven endothe-
lialization and successful recruitment of smooth muscle cells. Utilizing emulsion electrospinning, we
fabricated one-layer vascular grafts with either VEGF, bFGF, or SDF-1α, and two-layer vascular grafts
with VEGF incorporated into the inner layer and bFGF and SDF-1α incorporated into the outer layer
with the following structural evaluation, tensile testing, and in vivo testing using a rat abdominal
aorta replacement model. The latter graft prototype showed higher primary patency rate. We found
that the two-layer structure improved surface topography and mechanical properties of the grafts.
Further, the combination of bFGF, SDF-1α, and VEGF improved endothelialization compared with
VEGF alone, while bFGF induced a rapid formation of a smooth muscle cell layer. Taken together,
these findings show that the two-layer structure and incorporation of bFGF and SDF-1α into the
vascular grafts in combination with VEGF provide a higher primary patency and therefore improved
in vivo performance.

Keywords: tissue engineering; regenerative medicine; tubular scaffolds; vascular grafts; two-layer
structure; vascular endothelial growth factor; basic fibroblast growth factor; stromal cell-derived
factor 1α; endothelial cells; smooth muscle cells

1. Introduction

Vascular tissue engineering has emerged as one of the most promising approaches
for producing mechanically competent and biocompatible small-diameter vascular substi-
tutes [1]. These constructs are fabricated of natural or synthetic biodegradable polymers to
provide a scaffold for cell attachment, migration, and proliferation followed by de novo
formation of the vascular tissue [2]. Ready-to-use, bioabsorbable, small-diameter vascular
graft is still an unmet clinical need for both arterial bypass and arterial replacement [1].

We previously reported a spontaneous endothelialization of small-diameter electrospun
vascular grafts blended of a natural crystalline aliphatic polyester poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) and a synthetic semi-crystalline aliphatic polyester poly(ε-
caprolactone) (PCL) [3–5]. Either conjugation with arginine-glycine-aspartic acid (RGD)
peptides or incorporation of vascular endothelial growth factor (VEGF) significantly and
equally increased a primary patency rate of these grafts [5]. VEGF is frequently used to
induce graft endothelialization since it promotes migration, proliferation, survival, and
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differentiation of endothelial cells (ECs), enhances nitric oxide production, and improves
vascular permeability [6–8]. Although VEGF is considered as a potent growth factor to
promote angiogenesis, its overdose, however, may lead to the development of immature,
fenestrated capillaries similar to those in cancerous tissue [9].

Here we propose the incorporation of basic fibroblast growth factor (bFGF/FGF-2) and
stromal cell-derived factor-1α (SDF-1α/CXCL12) to complement, support, and stabilize the
effects of VEGF in vascular grafts. bFGF promotes migration, proliferation, and survival
of ECs and smooth muscle cells (SMCs) [10]. Compared with VEGF, bFGF is a lesser pro-
angiogenic factor, yet it promotes vessel maturation [11]. SDF-1α is another chemoattractant
for ECs, stimulating formation of long and branched capillary networks [12]. Furthermore,
SDF-1α enhances migration of bone-marrow-derived mesenchymal stromal cells which are
able to differentiate into SMCs within the graft wall [13].

With the aim to test the effects of bFGF and SDF-1α in comparison with and in addition
to VEGF, we implanted the grafts with incorporated VEGF, bFGF, SDF-1α, or all three
factors into rat abdominal aortas for 3, 6, or 12 months with the following histological and
immunohistochemical examination.

2. Results
2.1. Two-Layer Structure Allows the Separation of the Molecules with a Distinct Bioactivity

For the fabrication of the grafts, we used emulsion electrospinning, a well-established
technique to provide a controllable and sustainable release and a synergistic delivery
of bioactive agents [14,15]. This method allows chemical separation via the creation of
an emulsion from: (1) an immiscible aqueous phase containing the dissolved bioactive
compounds; (2) polymer solution dissolved in an organic phase, with the subsequent
organization of the emulsified droplets into two distinct phases as the solvent evaporates
from the electrospun fibers [16].

Grafts with incorporated VEGF, bFGF, or SDF-1α had a standard one-layer structure.
To properly evaluate the possible synergistic action of these bioactive factors, we developed
a graft containing VEGF incorporated into the inner layer and bFGF incorporated along
with SDF-1α into the outer layer. Therefore, VEGF was reliably separated from bFGF and
SDF-1α with respect to their different chemoattractant activity. This design conceived that
VEGF might recruit progenitor and mature ECs to the luminal surface while bFGF and
SDF-1α are capable of attracting cells, in particular SMCs, to produce extracellular matrix
within the graft wall.

2.2. Two-Layer Structure Improves Structural and Tensile Properties of the Grafts

We first asked whether one-layer and two-layer grafts have similar structure and
mechanical properties. Using scanning electron microscopy, we detected that all the grafts
consisted of randomly distributed fibers and interconnected pores (Figure 1a). Notably, the
two-layer grafts with all three bioactive factors had smaller fibers and pores compared to
the one-layer grafts with either of the factors; however, the porosity did not change in both
types of the grafts (Figure 1a,b). It has been reported that nanoscale fibers correlate with
improved cell adhesion and proliferation compared to the fibers of larger diameter [17–19],
possibly since micro- to nanoscale topography of electrospun fibers and pores better
resemble the natural extracellular matrix [20–22]. None of the grafts had any visible defects.
In addition, we did not detect any clear boundary between the layers in the two-layer
grafts that is crucial for the prevention of spontaneous delamination upon the implantation
into the vasculature.
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Figure 1. Two-layer structure of the grafts scales down the topography of the fibers and pores. (a) 
Pre-implantation representative scanning electron microscopy images of the grafts modified 
exclusively with either VEGF, bFGF or SDF-1α (merged in GF group due to being one-layer), or 
with all three factors having a two-layer structure; (b) Quantitative image analysis (six images per 
group containing in total > 100 fibers and pores), data are represented as the median with 
interquartile range, Kruskal–Wallis test with the further Dunn’s multiple comparisons test, p values 
adjusted for multiple comparisons are reported in a numerical manner, n.s. is for not significant. 

Figure 1. Two-layer structure of the grafts scales down the topography of the fibers and pores. (a) Pre-implantation
representative scanning electron microscopy images of the grafts modified exclusively with either VEGF, bFGF or SDF-1α
(merged in GF group due to being one-layer), or with all three factors having a two-layer structure; (b) Quantitative
image analysis (six images per group containing in total > 100 fibers and pores), data are represented as the median with
interquartile range, Kruskal–Wallis test with the further Dunn’s multiple comparisons test, p values adjusted for multiple
comparisons are reported in a numerical manner, n.s. is for not significant.
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To withstand and properly adapt to the blood pressure upon implantation into the
arterial vasculature, the grafts should have high tensile strength and elasticity as similar to
the native arteries as possible [23]. For the comparison with our polymer grafts, we selected
internal mammary artery since it is widely applied as an autologous graft for bypass
surgery [24]. A mechanical testing showed certain differences between the grafts, with the
higher tensile strength and elastic properties in two-layer grafts with all three bioactive
factors incorporated (Figure 2). Two-layer grafts were closer to internal mammary artery in
terms of tensile elasticity and tensile elongation than one-layer scaffolds (Figure 2).
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To ensure the constant and high rate of vascular regeneration, bioactive factors 
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sustainable and controllable manner, although an initial burst is unavoidable regardless 
of an electrospinning technique [6,14–16,20,21]. Yet, emulsion electrospinning permits 

Figure 2. Two-layer structure endows the grafts with improved mechanical properties. Mechanical testing of the grafts
modified exclusively with either VEGF, bFGF or SDF-1α (merged in GF group due to being one-layer), or with all three
factors having a two-layer structure. Data are represented as a univariate scatterplot with the median, each dot represents a
measurement from one graft, Kruskal–Wallis test with the further Dunn’s multiple comparisons test, p values adjusted
for multiple comparisons are reported in a numerical manner, n.s. is for not significant. For a stress-strain curve, each dot
represents the median of respective measurements for all six graft samples from the testing.

Taken together, these results indicate that the two-layer structure confers enhanced
structural and tensile properties in comparison with the one-layer structure.

2.3. Incorporated Bioactive Factors Undergo Controlled Release and Retain Their
Functional Activity

To ensure the constant and high rate of vascular regeneration, bioactive factors in-
corporated into the polymer fibers should be released into the microenvironment in a
sustainable and controllable manner, although an initial burst is unavoidable regardless of
an electrospinning technique [6,14–16,20,21]. Yet, emulsion electrospinning permits allevia-
tion of this burst, retaining higher amounts of the bioactive factors within the fibers for the
subsequent prolonged release and thereby better protecting them from the degradation [20].
Another critical prerequisite for the regulated release is a low and stable biodegradation
rate of the electrospun fibers under physiological conditions [6,14–16,20,21]. We therefore
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incubated the cross-sectioned polymer scaffolds in vitro at 37 ◦C, 95% air: 5% CO2 and
humidified environment and measured the kinetics of VEGF release over time. Upon the
initial burst (≈1700 pg released during the first 2 days), we documented a steady increment
of VEGF in the milieu indicative of its gradual release (Figure 3a). Over 80 days, cumulative
amount of VEGF released into the milieu was ≈5000 pg (out of 50,000 pg incorporated into
the scaffold), suggesting a slow degradation of the PHBV/PCL scaffold at physiological
conditions (Figure 3a).
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Figure 3. PHBV/PCL vascular grafts ensure sustained and controlled release of bioactive factors. (a) 
Evaluation of in vitro kinetics of VEGF release by incubation of the scaffolds in phosphate-buffered 
saline and subsequent enzyme-linked immunosorbent assay of the sequentially collected milieu; 
Quantitative analysis of temporal changes in VEGF (b), bFGF (c), and SDF-1α (d) in the serum of 
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Figure 3. PHBV/PCL vascular grafts ensure sustained and controlled release of bioactive factors. (a) Evaluation of
in vitro kinetics of VEGF release by incubation of the scaffolds in phosphate-buffered saline and subsequent enzyme-linked
immunosorbent assay of the sequentially collected milieu; Quantitative analysis of temporal changes in VEGF (b), bFGF
(c), and SDF-1α (d) in the serum of Wistar rats which underwent the implantation of the grafts into the abdominal aorta
for the indicated time points. Note an increase in VEGF upon 3 months of the implantation and superior kinetics profile
of two-layer grafts with all three bioactive factors incorporated. Blue dots and lines indicate the values from the animals
with the grafts containing VEGF, bFGF, or SDF-1α alone. Red dots and lines indicate the values from the animals which
underwent implantation of the grafts with all three bioactive factors combined (COMBO).

Next, we investigated the temporal changes in quantities of circulating bioactive fac-
tors upon the implantation of vascular grafts containing VEGF, bFGF, SDF-1α, or all factors
combined, into the abdominal aortas of Wistar rats. Serum VEGF, but not bFGF or SDF-1α,
showed a notable increase 3 months postimplantation in both respective groups (VEGF-
and VEGF/bFGF/SDF-1α-incorporating grafts, Figure 3b–d). Yet, two-layer grafts with
combined growth factors exhibited a superior profile of their release, as VEGF was also
elevated in the serum of these animals 12 months postimplantation and bFGF was also aug-
mented over the study period, yet gradually decreasing to the 12th month (Figure 3b–d).

In keeping with in vitro kinetics of VEGF release and quantitative measurements of
the incorporated growth factors in the rat serum, implanted grafts consistently demon-
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strated a low biodegradation rate at each time point, remaining intact upon the excision
(Figure 4a,b).
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Figure 4. Gross examination of the vascular grafts. (a) Electrospun scaffold before the implantation, at the implantation
into the rat abdominal aorta and its cross-section after the explantation. Red circle demarcates intramural vasa vasorum;
(b) One-layer grafts containing exclusively VEGF or SDF-1α or two-layer grafts with all three bioactive factors (VEGF, bFGF,
and SDF-1α) implanted into the rat abdominal aorta. Note the integrity of the polymer scaffold and notable vasa vasorum
network in VEGF/bFGF/SDF-1α-containing grafts at all the time points.

Besides the defined release of incorporated molecules, they must retain their functional
activity to guide the repopulation of the graft wall with the host cells, which both enhance
enzymatic degradation of the polymer fibers and synthesize the extracellular matrix to
reproduce the native blood vessel [23]. As VEGF is a major pro-angiogenic factor leading to
the evident neovascularization upon its administration, we performed a gross examination
of the explanted grafts 3, 6, and 12 months postimplantation utilizing the freshly implanted
scaffolds as a negative control. Strikingly, a vasa vasorum meshwork was notable as early
as 3 months postimplantation in VEGF- and VEGF/bFGF/SDF-1α-incorporating grafts,
while grafts without VEGF were devoid of major neovessels (Figure 4b). Taken together,
these observations suggested a retained functional activity of polymer-incorporated VEGF
(and similar small molecules such as bFGF and SDF-1α) in vivo.

2.4. Grafts with Incorporated VEGF, bFGF, and SDF-1α Have an Increased Primary Patency Rate

We then evaluated the biological effects of bFGF and SDF-1α to examine their possible
synergistic action with VEGF. Rat aorta replacement model is considered of particular utility
for vascular tissue engineering since it permits high-powered and cost-effective experimen-
tation and provides abundant tissue to examine specific molecular markers [25,26]. Hence,
we implanted the grafts modified with either VEGF, bFGF, SDF-1α, or all three factors
into abdominal aortas of Wistar rats. Animals were sacrificed 3, 6, or 12 months postim-
plantation, with the subsequent collection of the grafts for the analysis. As an excessive
transanastomosal ingrowth of cells is a characteristic of rat but not human vasculature [27],
we assessed only midgraft area but not anastomoses.

As a favorable outcome of implantation, we selected primary patency, a desirable
endpoint in both experimental and clinical vascular surgery. To assess the primary patency
rate, we performed hematoxylin and eosin (H&E) staining. Intriguingly, 3 months postim-
plantation all the graft types demonstrated an equal primary patency rate of 75% (3 out of
4 implanted grafts), whereas 6 and 12 months postimplantation it decreased to 50% (2 out
of 4) for bFGF- and SDF-1α-modified grafts but reached 100% (4 out of 4) for the grafts
with all three factors incorporated (Figure 5a,b).
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the H&E-stained grafts modified with either VEGF, bFGF, SDF-1α, or all three factors at 3, 6 and
12 months postimplantation, ×50 magnification; (b) Quantitative image analysis, each dot represents
a primary patency rate with respect to the experimental group and time point.

2.5. bFGF and SDF-1α Do Not Affect the Number of Collagen-Producing Cells within the Grafts

To explain an increased primary patency, we suggested three potential physiological
mechanisms contributing to arterial homeostasis: (1) an enhanced migration and/or higher
viability of the collagen-producing cells within the grafts since collagen content is a crucial
factor providing arterial integrity [28,29]; (2) an improved endothelialization of the luminal
surface, which has been previously recognized as a key factor for preventing thrombosis
and therefore successful long-term rat abdominal aorta replacement [5]; (3) an accelerated
formation of a SMC layer responsible for the proper contractility of a vascular wall [30–33].
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We first investigated whether either bFGF or SDF-1α affect the number of collagen-
producing cells within the grafts compared to VEGF. To evaluate this, we performed a
double immunostaining for collagens I and IV, which are major collagen types in the arterial
wall [28,29]. Expectedly, we identified abundant collagen fibers across all the grafts but
did not find any differences in the number of collagen-producing cells between almost all
types of the grafts at all the time points (Figure 6a,b).
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Figure 6. Either bFGF or SDF-1α do not change the number of collagen-producing cells within
the grafts. (a) Representative images of collagen I- (red), collagen IV- (green), and DAPI- (blue)
stained grafts modified with either VEGF, bFGF, SDF-1α, or all three factors at 3, 6, and 12 months
postimplantation; (b) Quantitative image analysis, data are represented as a univariate scatterplot
with the median, each dot represents a count from one image, Kruskal–Wallis test with the further
Dunn’s multiple comparisons test, p values adjusted for multiple comparisons are reported in a
numerical manner, n.s. is for not significant.
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2.6. bFGF and SDF-1α Support VEGF-Induced Endothelialization of the Luminal Surface

Further, we hypothesized that either bFGF or SDF-1α can recruit specific cell popula-
tions or increase their viability instead of raising total number of functional cells. Hence,
we tested the possible beneficial effects of bFGF or SDF-1α on endothelialization of the
luminal surface. We first stained the grafts for von Willebrand factor (vWF), which is an
EC-secreted glycoprotein establishing contacts between collagens, laminins and ECs [34].
Either bFGF or SDF-1α did not significantly induce endothelialization in comparison with
VEGF at all the time points; however, vWF-producing ECs were identified in all the grafts
(Figure 7a,b).
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Figure 7. Either bFGF or SDF-1α do not induce significant endothelialization of the luminal surface
compared with VEGF. (a) Representative images of vWF- (green) and DAPI- (blue) stained grafts
modified with either VEGF, bFGF, SDF-1α, or all three factors at 3, 6, and 12 months postimplantation;
(b) Quantitative image analysis, data are represented as a univariate scatterplot with the median,
each dot represents a count from one image, Kruskal–Wallis test with the further Dunn’s multiple
comparisons test, p values adjusted for multiple comparisons are reported in a numerical manner,
n.s. is for not significant.
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We then suggested that both of these factors can support VEGF-induced endothe-
lialization being unable to induce a significant endothelialization per se. To examine this
hypothesis and to further explore the assumed functional endothelium, we performed a
double immunostaining using specific mature endothelial cell marker CD31 and endothe-
lial progenitor cell marker CD34 [35,36]. Notably, we found that incorporation of bFGF
and SDF-1α in addition to VEGF led to the formation of an EC monolayer at the luminal
surface 6 and 12 months postimplantation but this was not the case for bFGF or SDF-1α
added alone (Figure 8a,b). Expectedly, no specific effects of incorporated bioactive factors
were revealed with respect to CD34-positive cells (Figure 8a,b).
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with either VEGF, bFGF, SDF-1α, or all three factors at 3, 6, and 12 months postimplantation; (b)
Quantitative image analysis, data are represented as a univariate scatterplot with the median, each dot
represents a count from one image, Kruskal–Wallis test with the further Dunn’s multiple comparisons
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2.7. bFGF Facilitates Formation of a Smooth Muscle Cell Layer

Finally, we carried out an α-smooth muscle actin (α-SMA) staining to detect SMCs
within the grafts. Strikingly, we identified an increased number of α-SMA-positive cells
forming the organized tissue layers within the grafts with bFGF and all three bioactive
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factors as early as 3 months postimplantation (Figure 9a,b). Hence, we suggested bFGF as
an enhancer of SMC layer formation. Noteworthy, the dense layers of a smooth muscle
tissue were detected in all the grafts 12 months postimplantation (Figure 9a,b).
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Figure 9. bFGF accelerates formation of a smooth muscle cell layer. (a) Representative images of
α-SMA- (brown) stained grafts modified with either VEGF, bFGF, SDF-1α, or all three factors at
3, 6 and 12 months postimplantation; (b) Quantitative image analysis, data are represented as a
univariate scatterplot with the median, each dot represents a count from one image, Kruskal–Wallis
test with the further Dunn’s multiple comparisons test, p values adjusted for multiple comparisons
are reported in a numerical manner, n.s. is for not significant.
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3. Discussion

Monolayer of ECs, SMC layer, and abundant organized fibers of collagen, elastin,
and other extracellular matrix proteins in tissue-engineered vascular prostheses resem-
ble the structure of a native artery [28–33]. It is widely accepted that an early-formed
EC monolayer prevents thrombosis while a SMC layer and organized structure of the
extracellular matrix with a sufficient amount of collagen and elastin provide contractility
and compliance close to native arteries [6,30–33,37,38]. Hence, rapid endothelialization,
formation of a SMC layer, and a high number of functional cells producing extracellular
matrix proteins are all considered as the crucial factors providing a high primary patency
rate [6,30–33,37,38]. Incorporation of the growth factors into electrospun polymer scaffolds
is a widely established strategy to promote cell adhesion, increase proliferation, improve
cell viability, and enhance cellular infiltration of the vascular grafts [6,20,39,40]. Among
the variety of available bioactive factors, we selected VEGF, bFGF, and SDF-1α due to their
specific abilities to recruit and sustain ECs and SMCs [6–8,10–13].

Here we demonstrated that both bFGF and SDF-1α were not active recruiters of
collagen-producing cells or major inducers of endothelialization per se compared to VEGF;
instead, they supported VEGF-induced endothelialization of the luminal surface. Fur-
thermore, bFGF promoted formation of a SMC layer. Together with improved structural
and tensile properties, these two effects resulted in a higher primary patency rate of the
two-layer grafts with VEGF, bFGF, and SDF-1α in comparison with the one-layer grafts
with either of these factors.

Importantly, both in vitro and in vivo experiments attested a low biodegradation rate
of the PHBV/PCL vascular grafts, suggesting a sustained and controlled release of the
incorporated bioactive factors. Vasa vasorum network revealed exclusively in the VEGF-
incorporating grafts testified to the functional activity of these factors. Conceivably, the
functional consequences of VEGF, bFGF, and SDF-1α activity are delayed and stretched out
in time due to the low biodegradation rate of the polymer blend and relatively slow vascular
regeneration. Functional activity of VEGF, bFGF, and SDF-1α 3 months postimplantation
could result in respective changes at the following time points, as the graft wall is a multi-
component and dynamic microenvironment having complex spatiotemporal patterns
of evolution.

To the best of our knowledge, bFGF was not tested by an orthotopic in vivo implanta-
tion as an agent enhancing endothelialization and SMC layer formation in tissue-engineered
vascular grafts. Strikingly, it has been shown that SDF-1α immobilized onto heparin con-
jugated to the microfibrous vascular grafts recruited endothelial progenitor cells to the
luminal surface and smooth muscle progenitor cells to the graft wall, with their follow-
ing differentiation into ECs and SMCs, respectively [41]. Moreover, SDF-1α-immobilized
grafts had higher elastic modulus [41]. Taken together, these effects improved long-term
patency [41]. Another study demonstrated a capability of SDF-1α to reduce inflamma-
tory signaling within the bioactivated scaffolds both in vitro and in rat abdominal aorta
replacement model [42]. Our results are consistent with these studies despite the distinct
techniques of SDF-1α application, i.e., incorporation into the graft, immobilization at
its luminal surface [41], and preparation of the synthetic SDF-1α-derived peptides [42].
Furthermore, results from in vitro or non-orthotopic implantation studies also confirmed
an ability of either bFGF or SDF-1α to promote migration of human ECs, mesenchymal
progenitor cells, and myofibroblasts to the various scaffolds [43–45].

To sum up, two-layer grafts fabricated employing emulsion electrospinning with
VEGF incorporated into the inner layer and bFGF along with SDF-1α incorporated into the
outer layer rapidly acquire a monolayer of ECs and a SMC layer providing a high primary
patency rate. Hence, they can be suggested as the promising candidates for a preclinical
testing on a senescent sheep common carotid artery replacement model where the anatomic,
hemodynamic, and coagulation conditions are similar to the human vasculature [26,46,47].
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4. Materials and Methods
4.1. Graft Preparation

Small-diameter vascular grafts were fabricated using emulsion electrospinning (Nanon-
01A, MECC, Tokyo, Japan) from PHBV (403105, Sigma-Aldrich, Saint Louis, MO, USA):PCL
(440744, Sigma-Aldrich, Saint Louis, MO, USA) (5%:10%)/chloroform (366927, Sigma-
Aldrich, Saint Louis, MO, USA) solution using the following parameters: 23 kV voltage,
0.5 mL/h feed rate, 2 mm rotating drum diameter, 22G needle, and 150 mm tip-to-collector
distance. Either VEGF (SRP4365, Sigma-Aldrich, St. Louis, MO, USA), bFGF (SRP4039,
Sigma-Aldrich, St. Louis, MO, USA), or SDF-1α (SRP3252, Sigma-Aldrich, St. Louis, MO,
USA) were dissolved in phosphate buffered saline (10010023, Thermo Fisher Scientific, Walt-
man, MA, USA) to 10 µg/mL concentration and then added to PHBV/PCL/chloroform
solution (1:20), with the final concentration of 500 ng/mL. Grafts with the combination
of VEGF, bFGF, and SDF-1αwere two-layered, with the inner layer fabricated using 27G
needle and containing VEGF (500 ng/mL) and the outer layer prepared utilizing 22G
needle and containing bFGF and SDF-1α (500 ng/mL each).

4.2. Morphological Assessment

Qualitative and quantitative assessment of the structural properties was performed
using scanning electron microscopy and quantitative image analysis, respectively, as in our
previous study [4].

4.3. Mechanical Testing

Assessment of tensile properties (6 grafts per group) was performed using uniaxial
tension test employing universal testing machine (Zwick/Roell, Ulm, Germany) in a
longitudinal direction with a working segment length of 1 cm, preload of 0.01 N, nominal
force of 50 N, and crosshead speed of 10 mm/min. Sample thickness was measured
utilizing a feeler gauge (Krisbow, Jakarta, Indonesia). We evaluated yield and ultimate
tensile strength, tensile elasticity, and tensile elongation with the following calculation of
the stress–strain curve. Internal mammary artery samples (n = 6) were used as the controls
upon collection from the patients who underwent coronary artery bypass graft surgery.

4.4. In Vitro Kinetics of VEGF Release

To evaluate VEGF release from polymer fibers during their degradation, we incubated
ethanol-treated and thoroughly washed VEGF-containing scaffolds (1 × 2 cm2 segments)
in a phosphate-buffered saline (1.5 mL tubes) at 37 ◦C, 95% air: 5% CO2 atmosphere and
high humidity. The milieu (200 µL) was sequentially collected at 2, 4, 8, 12, 16, 20, 24, 28, 32,
40, 48, 64 and 80th day of incubation with the following cumulative quantification of VEGF
concentration by means of enzyme-linked immunosorbent assay (RRV00; R&D Systems,
Minneapolis, MN, USA). At each time point, withdrawn volume was refilled by the sterile
phosphate-buffered saline.

4.5. In Vivo Implantation

For the animal experiments, we used Wistar rats (male, 6-month-old, 400–450 g body
weight, n = 48). Ethylene oxide-sterilized 10 mm length and 2 mm diameter grafts with
incorporated VEGF, bFGF, SDF-1α, or all three bioactive factors (n = 12 per group) were
implanted into abdominal aorta. Animal handling and surgery were performed as in [4].
One-third (n = 4) of rats in each group was sacrificed 3, 6, or 12 months postimplantation
by an intraperitoneal injection of a sodium pentobarbital (100 mg/kg body weight, P-010,
Sigma-Aldrich, St. Louis, MO, USA). Equal parts of the explanted grafts and adjacent aortic
tissue were either frozen at −140 ◦C or fixed in 10% phosphate buffered formalin (06-001,
BioVitrum, St. Petersburg, Russia) as in [4].
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4.6. In Vivo Kinetics and Functional Analysis of Bioactive Factors

To investigate in vivo kinetics of the bioactive factors incorporated into the grafts,
we collected the serum from the experimental animals (n = 4 per group) at each time
point (baseline, 3, 6, and 12 months) with the subsequent quantification of VEGF (RRV00,
R&D Systems, Minneapolis, MN, USA), bFGF (MFB00, R&D Systems, Minneapolis, MN,
USA), and SDF-1α (SEA122Ra, Cloud-Clone, Houston, TX, USA) using enzyme-linked
immunosorbent assay. Functional activity of the bioactive factors during the implantation
was assessed at gross examination of the excised grafts by the presence of visible neovessels
indicative of a vasa vasorum network.

4.7. Histological Examination

After being fixed with formalin, the grafts were embedded in paraffin (10342, Histomix
Extra, BioVitrum. St. Petersburg, Russia), further stained with hematoxylin and eosin
(ab245880, Abcam, Cambridge, UK), and finally examined by light microscopy (Axio
Imager A1, Carl Zeiss, Oberkochen, Germany) as in [4].

4.8. Immunofluorescence Examination

Snap-frozen tissue samples were sectioned, treated, and stained as in our previous
studies [4,5]. Native rat aorta and bovine serum albumin (A3059, Sigma-Aldrich, St. Louis,
MO, USA) solution were used as a positive and negative control, respectively. Slides were
examined by confocal laser scanning microscopy using LSM 700 (Carl Zeiss, Oberkochen,
Germany) as in [4,5]. Quantitative image analysis was conducted utilizing ImageJ software
(National Institutes of Health, Bethesda, MD, USA) as in [5], with 6 images evaluated for
each group per each time point. Exceptionally for α-SMA staining, we counted not the
number of positive cells but the percent of positively stained area.

4.9. Immunohistochemistry

The protocol of α-SMA staining was the same as in [4] excepting the use of respective
primary antibody from Spring Bioscience (rabbit anti-α-SMA, M4710, Spring Bioscience,
Pleasanton, CA, USA). Sections were examined by light microscopy (Axio Imager A1, Carl
Zeiss, Oberkochen, Germany).

4.10. Statistical Analysis

Statistical analysis was carried out utilizing GraphPad Prism (GraphPad Software, San
Diego, CA, USA). As there were not enough data for assessing the sample distribution, we
considered all the data as not normally distributed. Descriptive data were represented by
the median solely or the median with interquartile range. Kruskal–Wallis test was applied
to compare the groups, with the further adjustment for multiple comparisons using Dunn’s
multiple comparisons test. Adjusted p-values ≤ 0.05 were defined as significant.

5. Conclusions

Two-layer vascular grafts with VEGF incorporated into the inner layer and bFGF and
SDF-1α incorporated into the outer layer have improved endothelialization and better
in vivo performance as compared to one-layer grafts with either of these bioactive factors.

Author Contributions: Conceptualization, L.A. and L.B.; Data curation, L.A. and A.K.; Formal anal-
ysis, L.A., A.K., V.S., E.V., V.M., E.S. and L.B.; Funding acquisition, L.A., T.G. and L.B.; Investigation,
L.A., V.S., E.V., V.M., T.G., A.M., E.K., A.S. and E.S.; Methodology, L.A., V.S., E.V., T.G., A.M., E.K., A.S.
and E.S.; Project administration, L.A., V.M. and L.B.; Supervision, L.A. and L.B.; Validation, L.A. and
L.B.; Visualization, A.K., E.V. and V.M.; Writing—original draft, L.A. and A.K.; Writing—review &
editing, L.A. and A.K. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Complex Program of Basic Research under the Siberian
Branch of the Russian Academy of Sciences within the Basic Research Topic of Research Institute for
Complex Issues of Cardiovascular Diseases No. 0546-2019-0002 “Pathogenetic basis for the devel-



Pharmaceuticals 2021, 14, 302 15 of 17

opment of cardiovascular implants from biocompatible materials using patient-oriented approach,
mathematical modeling, tissue engineering, and genomic predictors”. The APC was funded by the
Research Institute for Complex Issues of Cardiovascular Diseases.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Local Ethical Committee of Research Institute for
Complex Issues of Cardiovascular Diseases (protocol No. LA-03, date of approval: 19 February 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable request.

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

References
1. Palumbo, V.D.; Bruno, A.; Tomasello, G.; Damiano, G.; Lo Monte, A.I. Bioengineered vascular scaffolds: The state of the art. Int. J.

Artif. Organs 2014, 37, 503–512. [CrossRef]
2. Tara, S.; Rocco, K.A.; Hibino, N.; Sugiura, T.; Kurobe, H.; Breuer, C.K.; Shinoka, T. Vessel bioengineering. Circ. J. 2014, 78, 12–19.

[CrossRef]
3. Antonova, L.V.; Seifalian, A.M.; Kutikhin, A.G.; Sevostyanova, V.V.; Krivkina, E.O.; Mironov, A.V.; Burago, A.Y.; Velikanova, E.A.;

Matveeva, V.G.; Glushkova, T.V.; et al. Bioabsorbable Bypass Grafts Biofunctionalised with RGD Have Enhanced Biophysical
Properties and Endothelialisation Tested In vivo. Front. Pharm. 2016, 7, 136. [CrossRef]

4. Antonova, L.V.; Sevostyanova, V.V.; Kutikhin, A.G.; Mironov, A.V.; Krivkina, E.O.; Shabaev, A.R.; Matveeva, V.G.;
Velikanova, E.A.; Sergeeva, E.A.; Burago, A.Y.; et al. Vascular Endothelial Growth Factor Improves Physico-Mechanical
Properties and Enhances Endothelialization of Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/Poly(ε-caprolactone) Small-
Diameter Vascular Grafts In vivo. Front. Pharm. 2016, 7, 230. [CrossRef] [PubMed]

5. Antonova, L.V.; Seifalian, A.M.; Kutikhin, A.G.; Sevostyanova, V.V.; Matveeva, V.G.; Velikanova, E.A.; Mironov, A.V.;
Shabaev, A.R.; Glushkova, T.V.; Senokosova, E.A.; et al. Conjugation with RGD Peptides and Incorporation of Vascular
Endothelial Growth Factor Are Equally Efficient for Biofunctionalization of Tissue-Engineered Vascular Grafts. Int. J. Mol. Sci.
2016, 17, E1920. [CrossRef] [PubMed]

6. Ren, X.; Feng, Y.; Guo, J.; Wang, H.; Li, Q.; Yang, J.; Hao, X.; Lv, J.; Ma, N.; Li, W. Surface modification and endothelialization of
biomaterials as potential scaffolds for vascular tissue engineering applications. Chem. Soc. Rev. 2015, 44, 5680–5742. [CrossRef]
[PubMed]

7. Azimi-Nezhad, M. Vascular endothelial growth factor from embryonic status to cardiovascular pathology. Rep. Biochem. Mol. Biol.
2014, 2, 59–69. [PubMed]

8. Thanigaimani, S.; Kichenadasse, G.; Mangoni, A.A. The emerging role of vascular endothelial growth factor (VEGF) in vascular
homeostasis: Lessons from recent trials with anti-VEGF drugs. Curr. Vasc. Pharm. 2011, 9, 358–380. [CrossRef]

9. Jain, R.K. Tumor angiogenesis and accessibility: Role of vascular endothelial growth factor. Semin. Oncol. 2002, 29, 3–9. [CrossRef]
10. Yang, X.; Liaw, L.; Prudovsky, I.; Brooks, P.C.; Vary, C.; Oxburgh, L.; Friesel, R. Fibroblast growth factor signaling in the vasculature.

Curr. Atheroscler. Rep. 2015, 17, 509. [CrossRef]
11. Pike, D.B.; Cai, S.; Pomraning, K.R.; Firpo, M.A.; Fisher, R.J.; Shu, X.Z.; Prestwich, G.D.; Peattie, R.A. Heparin-regulated release

of growth factors in vitro and angiogenic response in vivo to implanted hyaluronan hydrogels containing VEGF and bFGF.
Biomaterials 2006, 27, 5242–5251. [CrossRef]

12. Salcedo, R.; Oppenheim, J.J. Role of chemokines in angiogenesis: CXCL12/SDF-1 and CXCR4 interaction, a key regulator of
endothelial cell responses. Microcirculation 2003, 10, 359–370. [CrossRef] [PubMed]

13. Schober, A.; Zernecke, A. Chemokines in vascular remodeling. Thromb Haemost 2007, 97, 730–737.
14. Wei, K.; Li, Y.; Mugishima, H.; Teramoto, A.; Abe, K. Fabrication of core-sheath structured fibers for model drug release and

tissue engineering by emulsion electrospinning. Biotechnol. J. 2012, 7, 677–685. [CrossRef] [PubMed]
15. Spano, F.; Quarta, A.; Martelli, C.; Ottobrini, L.; Rossi, R.M.; Gigli, G.; Blasi, L. Fibrous scaffolds fabricated by emulsion

electrospinning: From hosting capacity to in vivo biocompatibility. Nanoscale 2016, 8, 9293–9303. [CrossRef] [PubMed]
16. Yarin, R.L. Coaxial electrospinning and emulsion electrospinning of core-shell fibers. Polym. Adv. Technol. 2011, 22, 310–317.

[CrossRef]
17. Bondar, B.; Fuchs, S.; Motta, A.; Migliaresi, C.; Kirkpatrick, C.J. Functionality of endothelial cells on silk fibroin nets: Comparative

study of micro- and nanometric fibre size. Biomaterials 2008, 29, 561–572. [CrossRef] [PubMed]
18. Chen, M.; Patra, P.K.; Warner, S.B.; Bhowmick, S. Role of fiber diameter in adhesion and proliferation of NIH 3T3 fibroblast on

electrospun polycaprolactone scaffolds. Tissue Eng. 2007, 13, 579–587. [CrossRef] [PubMed]
19. Badami, A.S.; Kreke, M.R.; Thompson, M.S.; Riffle, J.S.; Goldstein, A.S. Effect of fiber diameter on spreading, proliferation, and

differentiation of osteoblastic cells on electrospun poly(lactic acid) substrates. Biomaterials 2006, 27, 596–606. [CrossRef]

http://doi.org/10.5301/ijao.5000343
http://doi.org/10.1253/circj.CJ-13-1440
http://doi.org/10.3389/fphar.2016.00136
http://doi.org/10.3389/fphar.2016.00230
http://www.ncbi.nlm.nih.gov/pubmed/27524968
http://doi.org/10.3390/ijms17111920
http://www.ncbi.nlm.nih.gov/pubmed/27854352
http://doi.org/10.1039/C4CS00483C
http://www.ncbi.nlm.nih.gov/pubmed/26023741
http://www.ncbi.nlm.nih.gov/pubmed/26989723
http://doi.org/10.2174/157016111795495503
http://doi.org/10.1053/sonc.2002.37265
http://doi.org/10.1007/s11883-015-0509-6
http://doi.org/10.1016/j.biomaterials.2006.05.018
http://doi.org/10.1080/mic.10.3-4.359.370
http://www.ncbi.nlm.nih.gov/pubmed/12851652
http://doi.org/10.1002/biot.201000473
http://www.ncbi.nlm.nih.gov/pubmed/22125296
http://doi.org/10.1039/C6NR00782A
http://www.ncbi.nlm.nih.gov/pubmed/27088757
http://doi.org/10.1002/pat.1781
http://doi.org/10.1016/j.biomaterials.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17942151
http://doi.org/10.1089/ten.2006.0205
http://www.ncbi.nlm.nih.gov/pubmed/17518604
http://doi.org/10.1016/j.biomaterials.2005.05.084


Pharmaceuticals 2021, 14, 302 16 of 17

20. Ingavle, G.C.; Leach, J.K. Advancements in electrospinning of polymeric nanofibrous scaffolds for tissue engineering. Tissue Eng.
Part B Rev. 2014, 20, 277–293. [CrossRef]

21. Rim, N.G.; Shin, C.S.; Shin, H. Current approaches to electrospun nanofibers for tissue engineering. Biomed. Mater. 2013, 8, 014102.
[CrossRef]

22. Zhang, X.; Tsukada, M.; Morikawa, H.; Aojima, K.; Zhang, G.; Miura, M. Production of silk sericin/silk fibroin blend nanofibers.
Nanoscale Res. Lett. 2011, 6, 510. [CrossRef]

23. Benrashid, E.; McCoy, C.C.; Youngwirth, L.M.; Kim, J.; Manson, R.J.; Otto, J.C.; Lawson, J.H. Tissue engineered vascular grafts:
Origins, development, and current strategies for clinical application. Methods 2016, 99, 13–19. [CrossRef]

24. Rocco, K.A.; Maxfield, M.W.; Best, C.A.; Dean, E.W.; Breuer, C.K. In vivo applications of electrospun tissue-engineered vascular
grafts: A review. Tissue Eng. Part B Rev. 2014, 20, 628–640. [CrossRef]

25. Cleary, M.A.; Geiger, E.; Grady, C.; Best, C.; Naito, Y.; Breuer, C. Vascular tissue engineering: The next generation. Trends Mol.
Med. 2012, 18, 394–404. [CrossRef]

26. Swartz, D.D.; Andreadis, S.T. Animal models for vascular tissue-engineering. Curr. Opin. Biotechnol. 2013, 24, 916–925. [CrossRef]
[PubMed]

27. Talacua, H.; Smits, A.I.; Muylaert, D.E.; van Rijswijk, J.W.; Vink, A.; Verhaar, M.C.; Driessen-Mol, A.; van Herwerden, L.A.;
Bouten, C.V.; Kluin, J.; et al. In Situ Tissue Engineering of Functional Small-Diameter Blood Vessels by Host Circulating Cells
Only. Tissue Eng. Part A 2015, 21, 2583–2594. [CrossRef] [PubMed]

28. Osidak, M.S.; Osidak, E.O.; Akhmanova, M.A.; Domogatsky, S.P.; Domogatskaya, A.S. Fibrillar. Fibril-associated and basement
membrane collagens of the arterial wall: Architecture, elasticity and remodeling under stress. Curr. Pharm Des. 2015, 21,
1124–1133. [CrossRef] [PubMed]

29. Manon-Jensen, T.; Kjeld, N.G.; Karsdal, M.A. Collagen-mediated hemostasis. J. Thromb. Haemost. 2016, 14, 438–448. [CrossRef]
30. Zheng, W.; Wang, Z.; Song, L.; Zhao, Q.; Zhang, J.; Li, D.; Wang, S.; Han, J.; Zheng, X.L.; Yang, Z.; et al. Endothelialization and

patency of RGD-functionalized vascular grafts in a rabbit carotid artery model. Biomaterials 2012, 33, 2880–2891. [CrossRef]
31. Chan-Park, M.B.; Shen, J.Y.; Cao, Y.; Xiong, Y.; Liu, Y.; Rayatpisheh, S.; Kang, G.C.; Greisler, H.P. Biomimetic control of vascular

smooth muscle cell morphology and phenotype for functional tissue-engineered small-diameter blood vessels. J. Biomed. Mater.
Res. A 2009, 88, 1104–1121. [CrossRef] [PubMed]

32. Kurobe, H.; Maxfield, M.W.; Tara, S.; Rocco, K.A.; Bagi, P.S.; Yi, T.; Udelsman, B.; Zhuang, Z.W.; Cleary, M.; Iwakiri, Y.; et al.
Development of small diameter nanofiber tissue engineered arterial grafts. PLoS ONE 2015, 10, e0120328. [CrossRef] [PubMed]

33. Quint, C.; Arief, M.; Muto, A.; Dardik, A.; Niklason, L.E. Allogeneic human tissue-engineered blood vessel. J. Vasc. Surg. 2012, 55,
790–798. [CrossRef] [PubMed]

34. Unger, R.E.; Krump-Konvalinkova, V.; Peters, K.; Kirkpatrick, C.J. In vitro expression of the endothelial phenotype: Comparative
study of primary isolated cells and cell lines, including the novel cell line HPMEC-ST1.6R. Microvasc. Res. 2002, 64, 384–397.
[CrossRef] [PubMed]

35. Hristov, M.; Erl, W.; Weber, P.C. Endothelial progenitor cells: Mobilization, differentiation, and homing. Arter. Thromb. Vasc. Biol.
2003, 23, 1185–1189. [CrossRef] [PubMed]

36. Suzuki, Y.; Yamamoto, K.; Ando, J.; Matsumoto, K.; Matsuda, T. Arterial shear stress augments the differentiation of endothelial
progenitor cells adhered to VEGF-bound surfaces. Biochem. Biophys. Res. Commun. 2012, 423, 91–97. [CrossRef]

37. Chong, D.S.; Lindsey, B.; Dalby, M.J.; Gadegaard, N.; Seifalian, A.M.; Hamilton, G. Luminal surface engineering, ’micro and
nanopatterning’: Potential for self endothelialising vascular grafts? Eur. J. Vasc. Endovasc. Surg. 2014, 47, 566–576. [CrossRef]

38. Mirensky, T.L.; Hibino, N.; Sawh-Martinez, R.F.; Yi, T.; Villalona, G.; Shinoka, T.; Breuer, C.K. Tissue-engineered vascular grafts:
Does cell seeding matter? J. Pediatr. Surg. 2010, 45, 1299–1305. [CrossRef]

39. Sankaran, K.K.; Subramanian, A.; Krishnan, U.M.; Sethuraman, S. Nanoarchitecture of scaffolds and endothelial cells in
engineering small diameter vascular grafts. Biotechnol. J. 2015, 10, 96–108. [CrossRef]

40. Woods, I.; Flanagan, T.C. Electrospinning of biomimetic scaffolds for tissue-engineered vascular grafts: Threading the path.
Expert Rev. Cardiovasc. 2014, 12, 815–832. [CrossRef]

41. Yu, J.; Wang, A.; Tang, Z.; Henry, J.; Li-Ping Lee, B.; Zhu, Y.; Yuan, F.; Huang, F.; Li, S. The effect of stromal cell-derived
factor-1α/heparin coating of biodegradable vascular grafts on the recruitment of both endothelial and smooth muscle progenitor
cells for accelerated regeneration. Biomaterials 2012, 33, 8062–8074. [CrossRef]

42. Muylaert, D.E.; van Almen, G.C.; Talacua, H.; Fledderus, J.O.; Kluin, J.; Hendrikse, S.I.; van Dongen, J.L.; Sijbesma, E.;
Bosman, A.W.; Mes, T.; et al. Early in-situ cellularization of a supramolecular vascular graft is modified by synthetic stromal
cell-derived factor-1α derived peptides. Biomaterials 2016, 76, 187–195. [CrossRef]

43. Lee, K.W.; Johnson, N.R.; Gao, J.; Wang, Y. Human progenitor cell recruitment via SDF-1α coacervate-laden PGS vascular grafts.
Biomaterials 2013, 34, 9877–9885. [CrossRef]

44. Lee, Y.B.; Shin, Y.M.; Lee, J.H.; Jun, I.; Kang, J.K.; Park, J.C.; Shin, H. Polydopamine-mediated immobilization of multiple bioactive
molecules for the development of functional vascular graft materials. Biomaterials 2012, 33, 8343–8352. [CrossRef]

45. Kurane, A.; Simionescu, D.T.; Vyavahare, N.R. In vivo cellular repopulation of tubular elastin scaffolds mediated by basic
fibroblast growth factor. Biomaterials 2007, 28, 2830–2838. [CrossRef] [PubMed]

http://doi.org/10.1089/ten.teb.2013.0276
http://doi.org/10.1088/1748-6041/8/1/014102
http://doi.org/10.1186/1556-276X-6-510
http://doi.org/10.1016/j.ymeth.2015.07.014
http://doi.org/10.1089/ten.teb.2014.0123
http://doi.org/10.1016/j.molmed.2012.04.013
http://doi.org/10.1016/j.copbio.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23769861
http://doi.org/10.1089/ten.tea.2015.0066
http://www.ncbi.nlm.nih.gov/pubmed/26200255
http://doi.org/10.2174/1381612820666141013122906
http://www.ncbi.nlm.nih.gov/pubmed/25312736
http://doi.org/10.1111/jth.13249
http://doi.org/10.1016/j.biomaterials.2011.12.047
http://doi.org/10.1002/jbm.a.32318
http://www.ncbi.nlm.nih.gov/pubmed/19097157
http://doi.org/10.1371/journal.pone.0120328
http://www.ncbi.nlm.nih.gov/pubmed/25830942
http://doi.org/10.1016/j.jvs.2011.07.098
http://www.ncbi.nlm.nih.gov/pubmed/22056286
http://doi.org/10.1006/mvre.2002.2434
http://www.ncbi.nlm.nih.gov/pubmed/12453433
http://doi.org/10.1161/01.ATV.0000073832.49290.B5
http://www.ncbi.nlm.nih.gov/pubmed/12714439
http://doi.org/10.1016/j.bbrc.2012.05.088
http://doi.org/10.1016/j.ejvs.2014.02.007
http://doi.org/10.1016/j.jpedsurg.2010.02.102
http://doi.org/10.1002/biot.201400415
http://doi.org/10.1586/14779072.2014.925397
http://doi.org/10.1016/j.biomaterials.2012.07.042
http://doi.org/10.1016/j.biomaterials.2015.10.052
http://doi.org/10.1016/j.biomaterials.2013.08.082
http://doi.org/10.1016/j.biomaterials.2012.08.011
http://doi.org/10.1016/j.biomaterials.2007.02.031
http://www.ncbi.nlm.nih.gov/pubmed/17368531


Pharmaceuticals 2021, 14, 302 17 of 17

46. Thomas, L.V.; Lekshmi, V.; Nair, P.D. Tissue engineered vascular grafts–preclinical aspects. Int. J. Cardiol. 2013, 167, 1091–1100.
[CrossRef]

47. Ahmed, M.; Hamilton, G.; Seifalian, A.M. The performance of a small-calibre graft for vascular reconstructions in a senescent
sheep model. Biomaterials 2014, 35, 9033–9040. [CrossRef]

http://doi.org/10.1016/j.ijcard.2012.09.069
http://doi.org/10.1016/j.biomaterials.2014.07.008

	Introduction 
	Results 
	Two-Layer Structure Allows the Separation of the Molecules with a Distinct Bioactivity 
	Two-Layer Structure Improves Structural and Tensile Properties of the Grafts 
	Incorporated Bioactive Factors Undergo Controlled Release and Retain Their Functional Activity 
	Grafts with Incorporated VEGF, bFGF, and SDF-1 Have an Increased Primary Patency Rate 
	bFGF and SDF-1 Do Not Affect the Number of Collagen-Producing Cells within the Grafts 
	bFGF and SDF-1 Support VEGF-Induced Endothelialization of the Luminal Surface 
	bFGF Facilitates Formation of a Smooth Muscle Cell Layer 

	Discussion 
	Materials and Methods 
	Graft Preparation 
	Morphological Assessment 
	Mechanical Testing 
	In Vitro Kinetics of VEGF Release 
	In Vivo Implantation 
	In Vivo Kinetics and Functional Analysis of Bioactive Factors 
	Histological Examination 
	Immunofluorescence Examination 
	Immunohistochemistry 
	Statistical Analysis 

	Conclusions 
	References

