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Abstract

Cardiovascular diseases, especially ones involving narrowed or blocked blood vessels with
diameters smaller than 6 millimeters, are the leading cause of death globally. Vascular grafts have
been used in bypass surgery to replace the damaged native blood vessels for treating severe cardio-
and peripheral vascular diseases. However, autologous replacement is not often available due to
prior harvesting or the patient’s health. Furthermore, autologous harvesting causes secondary
injury to the patient at the harvest site. Therefore, artificial blood vessels have been widely
investigated in the last several decades. In this review, the progress and potential outlook of small-
diameter blood vessels (SDBVSs) engineered /n vitro are highlighted and summarized, including
material selection and development, fabrication techniques, surface modification, mechanical
properties, and bioactive functionalities. Several kinds of natural and synthetic polymers for
artificial SDBVs are presented here. Commonly used fabrication techniques, such as extrusion and
expansion, electrospinning, thermal-induced phase separation (TIPS), braiding, 3D printing,
hydrogel tubing, gas foaming, and a combination of these methods, are analyzed and compared.
Different surface modification methods, such as physical immaobilization, surface adsorption,
plasma treatment, and chemical immobilization, have been investigated and are compared here as
well. Mechanical requirements of SDBVs are also reviewed for long-term service. /n vitro
biological functions of artificial blood vessels, including oxygen consumption, nitric oxide (NO)
production, shear stress response, leukocyte adhesion, and anticoagulation, are also discussed.
Finally, we draw conclusions regarding current challenges and attempt to identify future directions
for the optimal combination of materials, fabrication methods, surface modifications, and
biofunctionality. We hope that this review can assist with the design, fabrication, and application
of SDBVs engineered /n vitro and promote future advancements in this emerging research field.
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1. INTRODUCTION

Avrtery disease is a major cause of morbidity worldwide, especially when blood vessels with
diameters smaller than 6 millimeters are involved. Every year, healthcare costs for patients
with cardiovascular diseases exceed $300 billion per year.} At present, autologous bypass
surgeries are performed clinically to create a detour around the blockage. However, the
procedure can cause further injury to patients.2 Also, suitable autologous grafts are not often
available due to prior harvesting or the patient’s health. Therefore, it is particularly
important to develop artificial small-diameter blood vessels (SDBVs).3 Tissue-engineered
small-diameter vascular grafts with suitable mechanical and biological properties
comparable to natural blood vessels provide an excellent solution for this problem, but their
design and manufacture still remains a challenge.* In recent decades, more and more
researchers and companies have investigated and developed various materials and methods
in an attempt to fabricate SDBVs /n vitro.5-10

As shown in Fig. 1, for SDBVs engineered in vitro, significant efforts have been made to
address five critical aspects including materials,® fabrication,! surface modification,12
mechanical properties,13 and bioactive functionalities.}* Based on natural, synthesized, and
hybrid polymers consisting of degradable and non-degradable materials, various processing
methods and composites have been employed to construct SDBV grafts. Examples of
processing methods include extrusion and expansion, electrospinning, thermal-induced
phase separation (TIPS), braiding, 3D printing, hydrogel tubing, gas foaming, and a
combination of these methods. Proper processing and surface modification techniques are a
key factor in creating an ideal microstructure and functional surface that can promote rapid
endothelialization.1> Also, mechanical properties—including the modulus, nonlinear
elasticity, compliance, burst pressure, and suture retention strength—must match those of
host tissues because a slight mechanical mismatch between the SDBV graft and the host
tissue will result in eventual transplantation failure.

The physicochemical characteristics of the biomaterials’ surfaces determine the interactions
between the cells and the substrates. However, some materials present difficulties in
constructing biomimetic microenvironments for regulating cellular events.16 Surface
properties and special functional domains of grafts promote interactions between cells and
the substrate. A variety of surface modification methods have been employed to
functionalize scaffold surfaces for cell adhesion, cell growth, cell migration, rapid
endothelialization, and long-term anticoagulation properties, thereby conferring arterial-
specific functions to the resultant SDBVs.>17:18

In this review, we strive to offer a comprehensive description of the current knowledge base
and challenges in order to predict the future direction of SDBV grafts. We start with a brief
overview of SDBVs engineered /in vitro. Thereafter, the progress of the materials selection
and development, fabrication techniques, surface modification, mechanical properties, and
bioactive functionalities are analyzed and summarized. Based on current studies, the
challenges and future directions for the fabrication and bio-characterization of SDBVs
engineered /n vitro are discussed.
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2. MATERIAL SELECTION
2.1. Natural and Hybrid Polymers as SDBV Grafts

Various natural and synthetic polymers have been used to fabricate SDBVs.1® The natural
and synthetic polymers with good biocompatibilities that are the most widely used are
summarized in Table 1.20 Natural polymers, including collagens,?! elastin,?? fibrinogens,23
polysaccharides,?4 chitosan,2® and cellulose,2® are usually formed during the growth cycles
of all organisms and constitute the majority of the native extracellular matrix (ECM).24:27.28
ECM provides structure and mechanical integrity to living tissues, as well as providing
communication with cellular components and promoting cell adhesion, proliferation, and
tissue recovery.20.28

Collagen, the major tissue component that makes up several body parts including blood
vessels, ligaments, skin, and muscles, is one of the most commonly used natural polymers.2°
By using collagen, Jiang et al. fabricated grafts via electrospinning and implanted them into
arterial vessels. The results showed good biocompatibility, and the grafts effectively
promoted the growth, migration, and proliferation of human umbilical vein endothelial cells
(HUVECs).20 In another case, by using hybrid collagen/elastin, a three-layered vascular
graft was prepared. After being cross-linked and heparinized, the burst pressure of the grafts
reached up to 400 mm Hg. Furthermore, the grafts presented good hemocompatibility and
did not evoke platelet aggregation in vitro.3! However, the degradation rate of the collagen
and elastin was too fast, and the mechanical properties were not enough to support the flow
of blood, which is consistent with pure scaffolds made of gelatin, silk, eggshell, chitosan,
and other materials.10

To prolong the degradation time and improve the mechanical properties, hybrid materials
have been developed and tested as SDBVs by combining synthetic polymers and natural
proteins. Vascular grafts were fabricated via co-electrospinning of hybrid materials
poly(D,L-lactic acid-co-glycolic acid) (PLGA), gelatin, and a-elastin.32 The results showed
that no local or systemic toxic effects were observed when the grafts were implanted /in vivo.
In addition, the mechanical properties and tissue composition of the scaffolds were similar to
native vessels.33

2.2. Synthetic Polymers as SDBV Grafts

Considering the limitations of natural polymers, such as cost, limited supplies, batch-to-
batch variation, and cross contamination, synthetic polymers, including biodegradable
polymers and non-degradable polymers, have been rapidly developed in the last decades as
biomaterials. They have suitable degradation rates and by-products, adequate mechanical
properties, and thermal stability, thereby addressing several key requirements for biological
applications.52 When engineering and fabricating SDBVs /n vitro, synthetic biopolymers are
required to provide well-controlled macromolecular structures and surface properties to
support cell growth, migration, and proliferation, all without inflammation or immune
reactions in vivo.53 In general, tissue engineering biodegradable grafts and non-degradable
grafts are two kinds of typical SDBVs. With the proper microstructure, mechanical
properties, and biocompatibility, they have the potential to be used as artificial blood vessels.
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For both natural and synthetic polymers, bioactivity can be further improved via surface
modification methods to graft functional biomolecules onto the SDBVs for improved
functionality.

2.2.1 Biodegradable polymers in tissue engineering—To investigate their
suitability in vascular engineering applications, including SDBVs, all kinds of biodegradable
polymers have been used for tissue engineering materials to promote tissue regeneration
while retaining the ability to be degraded by the host tissue.54 Tissue engineering materials
have been regarded as safe and promising candidates for 7 vito grafts due to their non-toxic
degradation products.

Compared to natural polymers and proteins, synthetic tissue engineering materials have been
widely studied due to their good biocompatibility, suitable degradation rate, and sufficient
mechanical properties.> When vascular grafts fabricated with polyglycolic acid (PGA) were
implanted into the arterial system with the help of a biomimetic perfusion system, they
remained patent /77 vivo for up to 1 month.>* Although PGA fibers show good
biocompatibility, their acidic breakdown products can induce an inflammatory response.
Other tissue engineering materials that have slow degradation rates, non-toxic degradation
products, and good mechanical properties, such as polycaprolactone (PCL), polylactic acid
(PLA), thermoplastic polyurethane (TPU),33 poly(glycerol sebacate) (PGS), and co-
polymers of poly(lactic-co-glycolic acid) (PLGA), have also been tested in SDBV grafts,
and have exhibited good patency rates for several months.10:33.66 Although these materials
have good biocompatibility, their surfaces present difficulty in constructing the biomimetic
nanostructure needed for regulating cellular events.6” Therefore, to improve their surface
properties and provide a special functional domain for /n vitro grafts, some surface
modification methods for grafting biomacromolecules and receptors have been employed to
promote cell adhesion, growth, migration, and proliferation. However, the cellular toxicity of
the breakdown products of those materials has not been comprehensively reported and
should be investigated in long-term studies.58

The degradation rate also plays a critical role in maintaining the long-term function of
SDBYV grafts.59-80 Fast degradation, which may take only hours,’® impairs cell attachment,
cell proliferation, and endothelialization. However, slow degradation, which may take more
than 1 year,’280 prolongs the process of blood vessel regeneration. Table 2 summaries the
degradation period of commonly used biodegradable polymers for SDBV applications. The
shortest degradation period was one month and the longest one could reach two years. And
for collagen, the degradation period was only 5 hours. For better bio-function match, the
degradation rate should be carefully decided based on the patient’s health condition as well
as the specific blood vessel to be replaced.

Due to their good biocompatibility and mechanical properties, more and more research has
focused on the construction of SDBV grafts using hydrogels, including polyacrylamide
(PAM),*3 polyvinyl alcohol (PVA),81 gelatin methacryloyl (GelMA),% gelatin, collagen,
polyethylene glycol (PEG),82 and chitosan.?®> Remarkably, GelMA, a semi-synthetic
hydrogel consisting of gelatin derived with methacrylamide and methacrylate groups, has
attracted attention in the application of SDBV grafts recently by virtue of its suitable
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biological properties, tunable mechanical properties, and good physical characteristics.83
Due to the presence of cell-attached and matrix metalloproteinase-responsive peptide motifs,
GelMA hydrogels present some essential properties of native ECM that allow cells to
proliferate and spread in the hybrid hydrogel systems formed by mixing GelMA with other
biofunctional biomaterials.**

2.2.2 Non-degradable polymers—aBiostable polymers, such as expanded
polytetrafluoroethylene (ePTFE) and polyethylene terephthalate (PET), are currently the
standard biomaterials for vascular grafts in clinical applications. They perform well as large-
diameters blood vessel grafts (>6 mm)8485 and have been widely used in humans since the
1970s.86 PET, as a large-diameter artificial blood vessel graft, was first implanted /n7 vivo by
Julian in 1957.87 Because the surfaces of PET and ePTFE are electronegative, they have
good stability and do not undergo biological deterioration /n vivo, which minimizes their
reaction with blood components. For large-diameters blood vessel graft applications, the
larger flow area, higher rate of blood flow, and relatively inert properties of PET and ePTFE
decrease the possibility of thrombosis and restenosis; thus, the grafts can maintain long-term
stability.88 However, the development of a replacement for SDBV is still a challenge>8
because they tend to fail by occlusive thrombi due to the lower blood flow rate. Moreover,
the mechanical mismatch between the material and the host tissue, as well as the chronic
foreign body response around the graft, may limit blood vessel functionality and promote
cell hyperplasia.5*89 Consequently, more and more researchers are looking for new potential
methods for constructing SDBVs using ePTFE, including manufacturing methods, %091
material blends,?® surface modifications,? and stem cell differention.18

3. FABRICATION METHODS

3.1

There are many promising fabrication methods for manufacturing SDBVs with matching
mechanical properties, such as paste extrusion followed by expansion (specifically for
ePTFE), electrospinning, TIPS, braiding, 3D printing, synthesis of hydrogels, gas foaming,
and combinations of these fabrication methods. In this section, we discuss different ways to
fabricate grafts. By the optimal combination of materials and fabrication methods, grafts
engineered /n vitro with desirable structures, properties, and bio-functions have been
developed.

Paste Extrusion and Expansion

Paste extrusion and expansion are the traditional techniques used to fabricate ePTFE
artificial blood vessels, as shown in Fig. 2. In 1969, Gore patented and manufactured ePTFE
by means of a mixing, extrusion, heating, and expanded stretching process, which yielded a
microporous structure that was beneficial for tissue adhesion in vascular grafts.84:93.94 The
typical structure of ePTFE is a node—fibril structure, where the solid nodes connect through
fine fibrils with an average internodal distance of 30 um, which is similar to the size of
endothelial cells.®? Due to its successful application in large-diameter artificial blood vessels
in recent years, how to effectively improve the process for fabricating novel ePTFE SDBV
grafts has been gaining more and more attention.
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Nowadays, many novel processes, including blending, jet-blowing, and thermo-mechanical
stretching, have been adopted to prepare ePTFE membranes.?>-97 The morphology and
porosity are the two critical parameters that influence the final performance of ePTFE
because the morphology affects the mechanical strength and the structure, which need to be
suitable for endothelial cell adhesion and growth.%C The porosity, which is the distance and
space between nodes formed during thermo-mechanical stretching, affects blood transport
and permeability.%8 When the internodal distance is higher than 45 um, the capillaries can
traverse the prosthetic vascular wall.%® By adjusting the manufacturing process or inducing
appropriately selected crystal disorders, the morphology of the fibrillated structure and
membranes with fibril lengths can be controlled.%°

Another important issue is the orientation of the nodes and fibers. Currently, the fiber
direction of the majority of vascular grafts is parallel to the direction of the blood flow, and
the direction of the nodes is aligned along the circumference. It has been reported that
electrospun fiber membranes oriented along the direction of the blood flow can promote
endothelial cell orientation along the axial direction. Whether the fiber structure of ePTFE is
beneficial for EC orientation along the bloodstream due to the existence of nodes has not yet
been proven. Constructing a node structure along the axial direction and investigating the
influence of the node—fiber structure on endothelial cells (ECs) may be the next key issue.
Mixing adequate lubricating agents (lubricants) was useful for ePTFE fabrication; however,
many lubricants, including mineral oil, naphtha, and soy bean oil, were either toxic or
difficult to remove after extrusion,®! thus limiting their application in the field of SDBVs.
Thus, the development of new lubricants for benign processing is an urgent problem to be
solved. This will provide a chance to fabricate biofunctional ePTFE, which is beneficial for
cell growth and proliferation.

Electrospinning

Electrospinning was first reported by Gilbert.89 It is an electrostatically driven process for
making nanofibers with high surface areas, fine porosities, and tunable mechanical
properties, as well as being a simple and cost effective fabrication process.100-101 Typical
electrospinning equipment consists of a syringe pump, collector, and high-voltage supply, as
shown in Fig. 3A. In the last decades, it has been widely explored to construct novel
membranes and scaffolds with different structures by controlling the material solutions,
process parameters, and/or through design of new collectors.102:103

The fiber structures can be influenced by several material and processing parameters,104
including the solution,81 process,19° and external ambient environment.106.107 Solution
parameters are an inherent property of the material and solvent, such as the nature of the
solvent, molecular weight, viscosity, concentration, and surface tension. Processing
parameters are determined by the instrument set-up and include the voltage, working
distance, flow rate, and the design of collectors. The temperature and humidity determine the
ambient parameters. Generally, low solution concentrations, high material molecular
weights, high solution flow rates, and small working distances will generate smaller fiber
diameters, 106
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Due to the inherent properties of the material, different microstructures can be obtained by
designing new collectors and/or using coaxial and tri-axial needles.1%8 As shown in Fig. 3B,
aligned fibers and orthogonal, woven-net-structure fibers can be obtained by using a
conductive rotation drum or two parallel conductive plates, and four orthogonal conductive
plates, respectively.196 Also, composite materials have been created by adding functional
biomaterials to synthetic tissue engineering materials, which have then been used for
electrospinning to improve biocompatibility.35-38 Furthermore, by using a customized
electrospinning collector, a vascular graft with a layered, circumferentially aligned, and
micro-wavy fibrous structure similar to natural elastic tissues was fabricated (Fig. 3C).199 In
addition, by using a three-step electrospinning method, 10 a tri-layer vascular graft
consisting of aligned inner layer fibers, yarns in the middle layer, and random fibers in outer
layer was fabricated. The tri-layer structure provided tensile and compressive mechanical
support, while the biological results revealed improved biocompatibility and tissue
regenerative capabilities.111 Also, Jiang et al. loaded synthesized vascular endothelial
growth factor (VEGF) nanoparticles into a polycaprolactone (PCL) solution for
electrospinning to regulate the differentiation of stem cells into endothelial cells.30
Furthermore, an artificial vascular graft was fabricated using a coaxial electrospinning
method that can simply load the anticoagulant heparin, and the structure can control the
release profile of the heparin. Adding growth factor contributed to promoting human
umbilical vein endothelial cell (HUVEC) growth and improved the blood compatibility of
the graft (Fig. 3D).112

3.3. Thermal-Induced Phase Separation (TIPS)

The principle of TIPS is to phase separate a polymer—solvent or polymer—solvent—-non-
solvent homogeneous solution by cooling it to a low temperature to introduce polymer-rich
and polymer-lean phases. After induced phase separation, the solvent is removed by
extraction, evaporation, or freeze drying, and pores are formed in the remaining solid phase
due to solvent removal.113 There are two typical TIPS mechanisms; namely, solid-liquid
phase separation and liquid-liquid phase separation.196 TIPS has been adopted to construct
biodegradable scaffolds including blood vessel grafts. A micro-tubular orientation-structured
blood vessel mimicking a natural structure was prepared by an improved TIPS technique.
The process parameters—such as the environmental temperature, temperature gradient, and
concentration of the polymer solution—were found to affect the structure and morphology
of the resultant vessel grafts.?’ Furthermore, by utilizing the differences in thermal
conductivities of mold materials, oriented gradient microtubular structures in the axial or
radial direction were fabricated using benzene as the solvent, which can also facilitate blood
vessel regeneration (Fig. 4A).114 Moreover, by combining the braiding and TIPS methods, a
biodegradable tubular scaffold was prepared, with the tube fabricated using a braiding
machine and the coating on the braided tube surface made via TIPS.46

3.4. Braiding

Braiding is a process of winding three or more fiber yarns in a specific pattern along the
direction of fabric formation (Fig. 4B).115.116 The low bending stiffness of the braided tube,
and the ease of compression and recoil of the braided structure, make them promising
candidates for SDBVs.117 However, since the required stitching of the tubular graft limits
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the movement of the constituent lines at their intersection, the braided graft has not been
very successful in endograft applications.118 Thus, the concept of using a multi-layer weave
design has been introduced to reduce the porosity of the graft while maintaining flexibility,
and it has been used to make novel vascular grafts. By braiding, flattening, and winding the
silk fibers onto a cylindrical polymer tube and then coating it with an aqueous silk fibroin
solution, Yasumoto et al. constructed a SDBV graft with an inner diameter of 1.5 mm and a
length of 10 mm. After implantation into the abdominal aorta of rats, endothelial cells and
smooth muscle cells (SMCs) migrated early into the silk fibroin grafts and organized into
endothelial cells and smooth muscle layers (Fig. 4C).119 In addition, poly(lactic-co-glycolic
acid) (PLGA) nanoparticles were covalently immobilized on the braided form of a crimped
polyethylene terephthalate (PET) cardiovascular graft to treat early thrombosis and
inflammation, resulting in low cytotoxicity and good biocompatibility.116

3.5. 3D Printing

3.6.

Three-dimensional (3D) printing—converting a 2D volumetric digital image into a 3D
printed model via printing successive thin layers of material—has been around for several
decades.120 Due to the quickly customizable and personalized organ-like products created
by 3D printing or bioprinting,12! more attention has been paid to using it for the fabrication
of SDBYV grafts. Stefan et al. developed a new resin formulation containing cyanoethyl
acrylate, which has good mechanical properties and biocompatibility. Furthermore, the resin
was printed by microlithography for SDBVs (Fig. 4D).122 By using poly(propylene
fumarate) (PPF), Melchiorri et al. printed a vein graft designed to fit the specific curvature of
a patient’s anatomy, which was subsequently tested for fluid dynamics before eventual 3D
fabrication of the customized implant.122 Three-dimensional printing is a promising tool for
generating tissue-engineered scaffolds using different target cells in biocompatible materials
(e.g., hydrogels). However, 3D printing has not been directly applied to the generation of
patient-specific coronary artery bypass grafts. Most studies have focused on the Jin vitro
production of vascular models and the lining of endothelial cells on the inner surface; in
particular, the formation of microvascular networks to study angiogenesis and thrombosis or
the supply of nutrients and oxygen to engineered tissues.123

Hydrogels as Grafts

Due to the good biocompatibility and mechanical properties of hydrogels, more and more
research has focused on the construction of SDBV grafts using hydrogels. A highly
stretchable hydrogel tube as a potential artificial blood vessel was fabricated, and heparin-
grafted dopamine was immobilized on an alginate/polyacrylamide (PAM) double-network
hydrogel via a mussel-inspired coating. The results demonstrated enhanced anticoagulant
activity, hemocompatibility, and an improved cell adhesion affinity towards blood
endothelial cells (EC).124 Polyvinyl alcohol (PVA) hydrogel, a water-soluble synthetic
polymer, was used to construct vascular grafts by the copolymerization of PVA with dextran,
and the grafts improved blood-biomaterial interactions while inhibiting thrombogenicity
(aka platelet adhesion).125 Also, by coating the electrospun nanofiber tubes with PVA
hydrogel, dual-network composite scaffolds were fabricated, and the results indicated that
the cell viability and mechanical properties improved.51 Remarkably, by using gelatin
methacryloyl (GelMA)-encapsulating ECs, the cells were homogenously located on the
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lumen of small-diameter tubular scaffolds consisting of PCL with a GelMA inner layer, thus
achieving 3D endothelialization.*®

3.7. Gas Foaming

Gas foaming, which is a method that generates porous structures by the expansion of gas,
includes batch foaming, microcellular injection molding, and extrusion foaming.196:126 The
principle is that the dissolved gas (CO, or N5) in the polymer in the supercritical state has
good miscibility with the polymer. When the high pressure is released, the dissolved gas
emerges and turns into the gaseous state. Then, a porous structure is formed by gas
nucleation and expansion.19¢ A gas-foaming method was used to create macro-scale pores in
macroporous calcium phosphate cement, and the results indicated that microcapillary-like
structures formed in the scaffolds.126 By mixing polycaprolactone/polylactic acid (PCL/
PLA) blends, highly interconnected porous polymer scaffolds were prepared by gas foaming
using CO» as the physical blowing agent. The interconnected porous structure may provide a
chance to fabricate SDBV grafts in vitro.127 A similar method was used to fabricate a small-
diameter tubular PCL/PLA foamed scaffold, and the human umbilical vein endothelial cells
(HUVECS) cultured on the surfaces of the PCL/PLA scaffolds showed high viability and
migration.128 However, since the cells produced by gas foaming were mostly closed-cell
structures, the connectivity was poor; hence, the use of gas foaming to construct vascular
grafts is limited. If the cell connectivity and flexural modulus can be enhanced, then the
efficiency of preparing blood vessel grafts via gas foaming will be greatly improved.

3.8. Combination of Fabrication Methods

There are many methods of making SDBVs, such as the various methods described above.
However, due to the limitations of a single processing method to fabricate multi-functional
SDBYV grafts, a combination of various fabrication methods have been studied and
developed.

By combining electrospinning and braiding, a tubular graft with mechanical properties that
closely matched the layers of native blood vessels was manufactured. Electrospinning
provided the fabrication of fibers in the micro- to nanometer size that mimicked the structure
of the native ECM, while braiding provided the suitable mechanical properties.*2 Mi et al.
fabricated triple-layered small-diameter vascular scaffolds composed of silk and
thermoplastic polyurethane (TPU) by combining braiding, electrospinning, and TIPS
methods. The resulting vascular grafts were composed of an inner nanofibrous layer, middle
woven-silk filament layer, and outer porous layer that mimicked the structure of native blood
vessels. The desirable toe region, sufficient suture retention, and burst pressure were suitable
for vascular graft applications, and an endothelial cell layer was present on the inner surface
of the scaffold with favorable morphology (Fig. 5A).129

Sang et al. fabricated an artificial blood vessel graft composed of a mixture of chitosan and
polycaprolactone (PCL) nanofibers coated with PCL strands by electrospinning and 3D
printing. The results presented excellent mechanical properties and indicated that the method
could be used for revascularization (Fig. 5B).139 Similarly, a novel three-layer vascular graft
that mimicked the structure of natural blood vessels was made by E-jet 3D printing and
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electrospinning. The results indicated that the function of the vascular lumen surface could
be expressed /n vivo by the novel grafts (Fig. 5C).13

By electrospinning poly (L-lactic acid) (PLLA)/gelatin outside of the decellularized vessels,
a bilayer tissue-engineered vascular graft was prepared, and the outer layer was
functionalized by immobilizing heparin. The results showed that the grafts were still patent
with no expansion or aneurism after four weeks of implantation, and the inner surface
formed a monolayer of cells, forming a dense intermediate layer. The mechanical properties
of the regenerative vessels were similar to those of a rat abdominal aorta (Fig. 5D).42
Furthermore, to obtain the formation of the ECM structure, a 3D nanofiber complex scaffold
with cells was constructed via a combination of electrospinning and origami techniques that
promoted cell growth and migration.131

4. SURFACE MODIFICATION

4.1.

Although porous scaffolds with well interconnected pores and suitable mechanical
properties are sufficient to allow cell infiltration, their surface characteristics (e.g.,
hydrophilic/hydrophobic properties based on the chemical composition) may not satisfy all
the needs of cell adhesion, migration, and proliferation.132 In order to improve the surface
biocompatibility of implantable biomaterials, attempts have been made to mimic the natural
extracellular matrix by immobilizing bioactive molecules to the scaffold surface through
surface modification.133 Surface modifications have been applied to functionalize the grafts
in such a way that it promotes the cascade of biological events that ultimately regenerate or
repair/replace diseased tissues with functional tissues. Biological functionalization of the
surface is a popular research topic that relies on biological tools to create biomimetic
surfaces with biologically active or inactive molecules to produce specific responses.1? In
recent years, many modification methods, including physical immobilization, surface
adsorption, plasma treatment, and chemical immobilization, have been developed to graft
various functional biomacromolecules onto the surface, such as growth factors, DNA, or
drugs, thereby promoting cell adhesion, growth, migration, and differentiation, as well as
angiogenesis, anticoagulation, and tissue regeneration (cf. Table 3).12134 |n this section, we
mainly discuss the progress of four surface modification methods used in recent years,
including physical immobilization, layer-by-layer (LbL) self-assembly surface adsorption,
plasma treatment, and chemical immaobilization.

Physical Immobilization

Since physical immobilization can completely retain the biological activity of
biomacromolecules, and it is non-toxic and simple to prepare, it has been widely applied to
modify and optimize surface properties of cardiovascular grafts.12 For example,
polyethylene glycol (PEG) and chitosan were blended and their physical and chemical
properties, mechanical strength, and thermodynamic attributes were studied. The results
indicated that the optimum PEG concentration helped to maintain the natural structure of the
protein adsorbed on the surface, which was beneficial for cell adhesion, growth, and
proliferation.>! Heparin, as an anticoagulant and polyanion, was also employed in the
method of physical adsorption. By immaobilization onto the surface of the grafts, heparin
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maintained its normal conformation and remained highly active, which was useful for
improving the hemocompatibility, anticoagulation ability, and cell growth.159 However, due
to the weak interaction between the matrix material and the biomacro-molecule, the
bioactive molecule had a burst release phenomenon, and the biological function could not be
retained for an extended period of time.

4.2. Layer-by-Layer (LbL) Self-Assembly Surface Adsorption

Layer-by-layer (LbL) self-assembly is a simple and versatile deposition process. It has been
widely used in the fields of superhydrophobic surfaces, implant coatings, and drug-delivery
devices.15! Due to its good biocompatibility and the absence of chemically toxic substances,
LbL has been widely used to graft peptides onto substrates to improve the surface
bioprofiles of artificial SDBVSs.

In order to more efficiently bind and activate angiogenic growth factors for cell signaling,
Kanya et al. developed a method of nucleating nanostructures using heparin that can display
these biomacromolecules on the graft surface. By mixing two liquids, including peptide
amphiphile and heparin solution with VEGF, a self-assembled nanostructure with a strong
angiogenic ability formed in seconds.8” Similarly, dextran sulfate, heparin, and chitosan
were coated on vascular grafts via self-assembly, and the anticoagulation ability and
biocompatibility of the scaffold was greatly improved after modification (Fig. 6A).152 By
LbL self-assembly of heparin and chitosan, multi-structured vascular patches were
constructed, yielding high resistance to platelet adhesion, promoting cell attachment and
proliferation, and maintaining the long-term patency of surgical arteries (Fig. 6B).37

In order to construct a vascular graft with /n situ nitric oxide (NO) generation, heparin and
selenium-containing catalysts were incorporated onto the surface of the polycaprolactone
(PCL) matrix by LbL assembly. Compared to PCL, the modified grafts promoted EC
adhesion, growth, and proliferation, and inhibited smooth muscle cell adhesion and growth.
153 Furthermore, in order to improve the stability of the self-assembled coating, Jiang et al.
developed a novel nanocoating where heparin and catechol-modified chitosan were used as
polyelectrolytes by forming micelles with amphiphilic block copolymers functionalized with
phenylboronic acid, which formed borate bonds with catechol. The interaction forces
between the coating components included physical adsorption, electrostatic adsorption,
covalent bonding, and hydrogen-rich bonding forces, which provided enhanced stability to
the coating. The results of cell culture /n vitroand in vivo showed potential for achieving
enhanced re-endothelialization for vascular implants (Fig. 6C).3¢ Similarly, to improve the
stability of LbL nanocoating and promote release time, genipin was crosslinked to different
gelatin and polylysine layers to form stable structures by amide bonds, with a release time of
up to 60 days (Fig. 6D).16

However, an uneven distribution of natural polymers within the synthetic polymer matrix
might occur due to their poor compatibility, which would result in the limitation of the
natural polymer component content.154 Thus, effectively improving the uniform distribution
of self-assembly on the surface of the matrix material, and thereby promoting the uniform
expression of biological functions and cell behavior on the surface of the graft, is critical.
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4.3. Plasma Treatment

Plasma treatment of polymeric substrates has been widely used to improve surface
wettability by changing the surface’s chemical composition. Multiple functional groups can
be bound to the target surface by a suitable plasma source, allowing subsequent covalent
attachment of various biologically active molecules. For example, typical plasma treatments
with oxygen, ammonia, or air can produce carboxyl or amine groups on the surface. A
variety of proteins and peptides—such as arginylglycylaspartic acid (RGD), Arg-Glu-Asp-
Val (REDV) peptide, VEGF, siRNA, heparin, and Tyr—Ile-Gly-Ser-Arg (YIGSR)—can be
immobilized on plasma-treated surfaces to enhance cell adhesion, growth, migration,
differentiation, angiogenesis, and anticoagulation.134

In general, the surface properties of a sample can be improved by one-step plasma treatment.
Compared to the untreated samples, plasma-treated polyethylene terephthalate (PET) and
polytetrafluoroethylene (PTFE) can promote the expression of cell adhesion molecules on
human endothelial cells 77 vitro.59 Similarly, ammonia plasma treatment of polystyrene (PS)
surfaces enhances proliferation of primary human mesenchymal stem cells (MSC) and
human endothelial cells.255:156 To improve the blood compatibility of expanded PTFE
(ePTFE), a novel method of binding the chitosan/heparin complex to the surface of the
vascular graft was developed. After plasma treatment, ePTFE was immersed in the heparin
solution and chitosan solution to graft molecules. The results exhibited significantly reduced
platelet adhesion, and the grafts were found to still be patent two weeks post-implantation in
dog veins (Fig. 7A).136 Similarly, to promote anticoagulation, heparin was grafted onto the
surface of the lumen of ePTFE vascular grafts after plasma treatment. /n vitro blood
compatibility experiments showed that the number of adhesive platelets on modified ePTFE
vascular graft surfaces decreased sharply, thus further promoting endothelialization and
inhibiting antithrombogenicity of SDBV grafts (Fig. 7B).92 Also, various cell adhesive
proteins—including tropoelastin and biomacromolecules—can be bound to the matrix
surface after plasma immersion ion implantation. After N, plasma treatment, the surface of
the PTFE was roughened with nanostructures, and the abundant free radicals generated
underneath the surface continuously migrated to the surface and reacted with
biomacromolecules by simple solution immersion. Thus, various biomolecules with different
functions—including heparin, stromal cell-derived factor 1 (SDF-1a), and CD47—can be
steadily immobilized on the surface of PTFE, which can effectively promote cell adhesion
and proliferation, and inhibit platelet attachment (Fig. 7C).>157 In order to form a more
stable structure on the surface of the plasma, the grafted biomolecules are further cross-
linked. Mi et al. developed a mussel-inspired modification approach where oxygen plasma
treatment, dopamine coating, polyethylenimine (PEI) grafting, and RGD or RGD/heparin
were immobilized and crosslinked. The results indicated the simultaneous improvement of
endothelial cell affinity and antithrombogenicity (Fig. 7D).60.135

4.4. Chemical Immobilization

When the incorporated molecules are covalently attached to the surface of vascular grafts,
they can sustain slow and yet prolonged release from the substrates when incubated. Thus,
such a technique is suitable for immobilizing biomacromolecules. However, it should be
noted that when the grafted site is chemically modified, partial inactivation of the
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immobilized molecule can occur upon covalent modification. Therefore, how to prolong the
release time while ensuring the activity of biomacromolecules becomes more and more
important. Remarkably, a facile surface modification method, which can be applied to a host
of solid materials from natural to synthetic polymers by simple dip-coating with a dopamine
solution, was reported (Fig. 8A).138 Dopamine creates a stable layer that adhers to the
surface of the substrate material by undergoing oxidative polymerization under slightly basic
conditions. In one of the approaches, polycaprolactone (PCL) was first electrospun into
nanofibers and then coated with dopamine to functionalize the nanofiber surface with
numerous catechol moieties. Upon cell seeding with HUVECS, the cells showed highly
enhanced adhesion and viability (Fig. 8B).48 Compared with other chemical immobilization
methods, the reaction environment of dopamine presented simplicity and cleanliness, while
the post-modification of the resulting polydopamine (PDA) layer allowed for the
functionalization of bioactive molecules containing thiols or primary amines by imine
formation and/or Michael addition.®8 It has been shown that various biomacromolecules,
such as VEGF and RGD, can be immobilized on the surface followed by PDA coating,
which can enhance EC adhesion, growth, proliferation, and differentiation (Fig. 8C).158
Also, elastic poly(l-lactide-co-caprolactone) (PLCL) films were first deposited with PDA,
followed by immobilization with a cell-adhesive RGD-containing peptide and basic
fibroblast growth factor via dip coating. The presence of multiple signaling factors
synergistically accelerated EC adhesion and proliferation (Fig. 8D).137 Similarly, VEGF and
angiopoietin-1 were covalently immobilized onto 3D porous collagen scaffolds using 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) chemistry, which can effectively
promote the formation of vascular structures.142 By immobilizing organoselenium onto
polyethyleneimine (PEI) and loading it onto the electrospun PCL graft, an /n situ catalytic
nitric oxide (NO) generation layer was created. Meanwhile, hyaluronic acid was grafted with
an EC-specific peptide REDV and deposited onto substrates to fabricate a multi-functional
layer. The results indicated that the small-diameter vascular grafts promoted EC adhesion,
growth, and rapid endothelialization (Fig. 8E).141

5. MECHANICAL PROPERTIES

It is crucial for artificial blood vessels to emulate the mechanical properties and performance
of natural blood vessels. Unfortunately, differences in sample size, test methods, tissue
sources, sample processing methods, etc., can cause wide variation in mechanical properties.
109,159-161 For artificial SDBVs, even a slight mismatch in mechanical properties will lead
to thrombosis and other potentially fatal complications. During the past decades, significant
efforts have been made to improve the mechanical properties of artificial SDBVs. Here, we
focus on improvements to the modulus, nonlinear elasticity, compliance measurement, burst
pressure, and suture retention strength of the engineered vessels.

5.1. Fatigue Properties and Elastic Modulus

The modulus of elasticity or Young’s modulus, defined as the stress/strain ratio in the linear
region of the tensile stress—strain curve, is an inherent mechanical property of the graft
material. The Young’s modulus defines the stiffness of the material, even though its value
may depend on the rate of elongation, and it is critically important for the application of
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SDBYV grafts.162 Currently, many promising materials and methods have been developed to
improve the mechanical properties of small-diameter vascular grafts, including composite
materials, novel fabrication techniques, surface modifications, and chemical crosslinking. By
electrospinning polyurethane (PU) onto a polycaprolactone (PCL) airbrushed tube, Abdal-
hay et al. fabricated biphasic tubular scaffolds, followed by thermal crosslinking at 60 °C to
strengthen the bonding interaction between the two materials. The results showed that the
tensile strength and tensile elastic modulus of the scaffolds significantly increased.162 In
fact, the mechanical properties, including the elastic modulus and fatigue properties, can be
effectively improved by a variety of methods. Perhaps the real difficulty lies in how to
construct a graft that matches the mechanical properties of a native blood vessel, because the
mismatched stress will accelerate the failure of small-diameter artificial grafts as blood
vessels.

5.2. Nonlinear Elasticity

Nonlinear elasticity, including the so-called toe region, is a very important property of native
blood vessels. Human blood vessels show a low circumferential Young’s modulus (usually
20-50 kPa) at the beginning of radius expansion, which indicates good flexibility. After a
certain expansion (30-60% strain), the Young’s modulus increases sharply, by up to 100-
200 kPa,161 which acts to constrain its further expansion. This property could well protect
blood vessels from rupturing when there is a sharp and instant increased blood demand, such
as when doing sports or during a burst of crying or laughter. This behavior relates to elastin
and collagen fibers in the vessel walls. Both of these fiber types are aligned along the
circumferential direction; however, collagen fibers have a curvy configuration while elastin
fibers are straighter and less wavy.164 At the beginning of vessel expansion, only the rubbery
elastin fibers straighten and then elongate, while collagen fibers unfold, which results in a
very low Young’s modulus. As the expansion or strain increases, the collagen fibers begin to
straighten completely, yielding a much higher Young’s modulus and thus leading to a steep
slope in the strain—stress curve.109

In recent years, many methods have been developed to fabricate small-diameter vascular
grafts with nonlinear elasticity. By designing a customized rotating collector, Yu et al.
fabricated hybrid grafts with mechanical properties comparable to natural blood vessels (cf.
Fig. 3C). The results showed that a sufficient toe region and the capacity for long-term usage
under repeated dilation and contraction were provided by the circumferentially aligned and
wavy biomimetic configuration (Fig. 9A).109 Furthermore, after modification of wavy
multicomponent vascular grafts by fabricating triple-layers, the nonlinear tensile stress—
strain relationship mimicked the toe region of native blood vessels, giving them sufficient
mechanical strength to meet implantation requirements for tensile strength, suture retention,
and burst pressure.139 However, the orientation structure was along the circumferential
direction. In order to obtain the aligned structure parallel to the long axis direction, Niu et al.
improved the receiving device and obtained the nonlinear mechanical region by micro-
stretching. With the novel receiving device and micro-stretching process, controllable fiber
orientation and nonlinear elasticity of electrospun SDBV grafts for vascular tissue
engineering were successfully fabricated (Fig. 9B).165 Furthermore, by mimicking the multi-
layered structure of native blood vessels, triple-layered vascular grafts with biomimetic
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mechanical properties were successfully constructed, consisting of a braided silk fiber inner
layer, polyacrylamide (PAM) hydrogel middle layer, and thermoplastic polyurethane (TPU)
outer layer. Their non-linear physical property was due to the woven silk fibers (Fig. 9C).43

5.3. Compliance Measurements

As a measure of the elastic deformation of a material in response to pressure, compliance
can be calculated according to ANSI guidelines,

(Rpy = Rpy)/Rpy
% compliance per 100 mmHg = TP -Py x 10

where A is the lower pressure value, /2 is the higher pressure value (in mmHg), and Rp;
and Rp, are the vessel inner diameters at the respective pressures.166

When associated with a vascular structure, compliance is the dimensional change of the tube
that occurs in response to pressure variations within the lumen.187 The compliance mismatch
between the artificial vascular graft and host artery is one of the major causes of
anastomosis.168 This is because the hemodynamic flow varies due to compliance
differences across an anastomosis. This leads to an increase in shear stress, which damages
endothelial cells and reduces shear stress, which leads to an increase in the relative stasis
areas and interactions between platelets and the vessel wall.169 The resulting difference in
pressure at the anastomosis can lead to intimal hyperplasia and thrombosis.#2170 To
minimize these disruptive flow characteristics, many ways to match compliance of artificial
blood vessels with native blood vessels have been developed, including composites, bionic
structures, post-treatments, and surface modifications. By fabricating a soft polycaprolactone
(PCL) matrix with a flexible polylactic acid (PLA) knitted fabric, a composite vascular graft
was produced that exhibited improvements in tensile strength, burst strength, elastic
recovery, and compliance.1’? Similarly, by combining elastic poly(l-lactide-co-caprolactone)
(PLCL) in a bilayered configuration, a graft having circumferentially aligned microfibers
was constructed. The grafts presented adequate suture retention strength and good
compliance compared to native arteries. Most importantly, the grafts enabled the formation
of new arteries.172

5.4. Burst Pressure Measurements

Burst pressure is the maximum pressure that a vascular vessel can withstand before an acute
leak occurs and it fails. This is expressed as,
Pd
=%

where £, P, d, and tare the maximum force, burst pressure, diameter, and wall thickness,
respectively.

Since fis a finite entity, the burst pressure decreases as the diameter increases and the wall
thickness decreases. However, for a small-diameter graft, the burst pressure could be much
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higher than the blood pressure. As Sarkar measured,168 the burst pressure of a carotid artery
is close to 5000 mmHg, while a common systolic pressure is only around 130 mmHg.
Nowadays, there are many methods to fabricate /n vitro engineered SDBV grafts that can
meet the burst pressure. Porous polyurethane (PU) grafts fabricated using electrospinning
have burst pressures up to 1850-2050 mmHg; much greater than any possible physiological
blood pressure.168 When using polycaprolactone (PCL)/collagen composites, the burst
pressure of the scaffolds was 4912 + 155 mmHg, which is also much larger than that of
native blood vessels.#9 In another case, in multilayer vascular grafts based on collagen-
mimetic proteins, the compliance, burst pressure, and suture retention strength were able to
match the reported values of saphenous vein autografts.’ It is worth noting that /i situ
observations of relative microstructural features of failure during burst pressure have been
extensively investigated and it has been found that highly oriented fibers and maximum
tensile properties are not necessary to achieve clinically sufficient burst pressure data. In
fact, electrospun nanofibrous blood vessels without a discernible fiber alignment can also
achieve clinically sufficient burst pressures.173

5.5. Suture Retention Strength (SRS)

Suture retention strength (SRS) is a term that measures the adhesion of an implant to
surrounding tissue. It is a key issue for surgery as its resistance to the stresses associated
with implantation can only be established by determining the force necessary to pull a suture
through the wall.174 There are many ways to enhance SRS. Compared to single-material
devices, a composite vascular graft fabricated by combining flexible polylactic acid (PLA)
with a soft polycaprolactone (PCL) matrix can improve the mechanical characteristics,
especially in compression and torsional resistance.>® Lorenzo et al. developed an elastomeric
scaffold with a novel bilayered structure that included a highly porous inner layer that
allowed cell integration and growth, and an external fibrous reinforcing layer fabricated
using electrospinning. The compliance and suture retention were 4.6 x 10~ mmHg~ and
3.4 +0.3 N, respectively.?8 However, the effects of SRS on the vascular graft microstructure
have not been characterized, and how to investigate the effect of burst pressure on
endothelial cell behavior /in situunder dynamic conditions has not been explored. These are
crucial for studying the effects of shear force, burst pressure, suture retention strength, and
compliance on endothelial cell growth, migration, and proliferation.

6. BIOACTIVE FUNCTIONALITY CHARACTERIZATION

6.1.

For in vitroengineered SDBVs, how to characterize the formation of bioactive endothelial
layers has always been an important problem and has not been completely solved yet. Here,
we will discuss several important aspects, including the markers of endothelial cells, the
complete endothelial monolayer, anticoagulation, EC angiogenesis, and functional arterial-
specific endothelial cells.

Re-Endothelialization

It has been demonstrated that the exposed luminal surface of vascular grafts may trigger
thrombosis through platelet deposition. Furthermore, the delay of endothelialization and the
migration and proliferation of smooth muscle cells (SMCs) may also result in intimal
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hyperplasia.14 Therefore, re-endothelialization is considered to be an important strategy for
SDBYV grafts and tissue regeneration /n vitro. A complete endothelial monolayer ensures
normal blood flow and the functional expression of ECs. For typical HUVECsS, the
morphology was fusiform, with a length of 30-50 microns and a width of 10-30 microns.
175,176 Nowadays, many methods and biomacromolecules have been developed to promote
the formation of the endothelial layer on the surface of SDBV grafts.141.143.177 However,
how to accelerate the process of endothelialization and form a complete endothelial layer is
particularly important and yet to be solved. Another key point is how to effectively inhibit
the adhesion of platelets while prohibiting the adhesion, migration, and proliferation of
SMCs before re-endothelialization.

6.2. Anticoagulation

6.3.

Anticoagulation is considered to be the most important factor for long-term patency. It has
been reported that platelet deposition is the major reason for thrombosis, which further
results in intimal hyperplasia.1’® Thus, the inhibition of platelet adhesion is considered to be
an ideal strategy for small-diameter vascular grafts and tissue regeneration /in vitro.141
Additionally, the activated partial thromboplastin time (APTT) and prothrombin time (PT)
are blood tests that characterize the coagulation of blood and the speed of clotting,
respectively. Many materials have been used to improve the anticoagulation ability,
including nitric oxide (NO) and heparin.136:143,144,146 Meanwhile, the anticoagulation time
is another key factor. With proper coating and composites, the effective anticoagulation time
can be significantly prolonged.152.178 Even after re-endothelialization, the risk of endothelial
cells falling off still exists, so the ability of the grafts to maintain long-term anticoagulant
capacity is the ultimate goal.

Bioreactor

Usually, /n vitro endothelialization is realized by bioreactors that supply biophysical and
biochemical environments for cell culture.1”® Based on the development history of
bioreactors for blood vessel applications, they can be roughly divided into three types: static,
dynamic, and biomimetic bioreactors.180 A static bioreactor is the most straightforward and
is mainly composed of a chamber to fix scaffolds and an inlet/outlet for the introduction of
medium and CO,.17° One key disadvantage of a static bioreactor is non-uniform cell
attachment.181 To solve this issue, a lot of dynamic bioreactors have been proposed.182-184
For example, rotation was allowed in Unsworth’s work,183 where a slow shear rate was
conducive to uniform cell attachment. To better match the /n vivo environment, more
biomimetic bioreactors have been designed.185:186 A simplified illustration of a biomimetic
reactor is shown in Fig. 10.187 Biomimetic bioreactors allow not only CO, and mass
exchange, but also pulsatile circulation similar to human circulation, which simulates more
in vivo conditions for cell proliferation and rapid endothelialization.188 For the success of
tissue-engineered small-diameter blood vessels, an advanced biomimetic bioreactor is
necessary.

6.4. Arterial-Specific Functions

In vitro, endothelial cells (ECs) differentiated from mesenchymal stem cells are usually used
for cell culture, rapid re-endothelialization, and vascular tissue regeneration and repairs.189
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Characteristic genes and markers of endothelial cells—including CD31, CD34, CD144,
endothelial NOS (eNOS), and von Willebrand factor (vWF)—should be detected to
demonstrate the specific desired functions.190-192 However, how to test the function of re-
endothelialization has always been a challenge, and generating fully functional arterial
endothelial cells is a critical problem for vascular development. Nowadays, the arterial-
specific functions, including higher NO production, oxygen consumption, lower leukocyte
adhesion, and a more sensitive response to shear stress, have been investigated by Thomson.
189 These are critical for modeling arterial disease in vitro and preventing vascular disease 77
vivo. The arterial endothelial cells were derived from human pluripotent stem cells (hPS),
and the resulting xeno-free protocol produced cells with gene expression profiles, oxygen
consumption rates, NO production levels, shear stress responses, and TNFa-induced
leukocyte adhesion rates characteristic of arterial endothelial cells, as shown in Fig. 11.189

7. CONCLUSIONS AND PERSPECTIVES

In this review, we provided an overview of artificial SDBVs engineered /n vitro, including
material selection, manufacturing methods, surface modifications, mechanical properties,
and bioactive functionalities. First, various materials—including natural polymers, synthetic
polymers, tissue engineering materials, hydrogel macromolecules, and non-degradable
materials—were reviewed. Natural biomaterials exhibit biocompatibility, good interaction
with donor tissues, and non-toxic degradation products. However, they have quick
degradation rates and their generally inferior and inconsistent mechanical properties limit
the potential of a single natural material as a graft. Synthetic materials have good material
consistency, suitable degradation rates, and excellent mechanical properties, which provide
potential for the construction of SDBV grafts /n vitro. However, the surface physicochemical
properties of these materials affect the responsive interaction of the material with the host’s
extracellular matrix, and surface modification to functionalize their surfaces undoubtedly
complicates the preparation process, making them less conducive to government (e.g., U.S.
Food and Drug Administration, FDA) approval. Furthermore, the presence of degradation
products of these materials /n vivo and their effects on the host require further study. Non-
degradable synthetic materials such as expanded polytetrafluoroethylene (ePTFE), which
could serve stably 7 vivo for several years,193 have been widely used in large-diameter
blood vessels, thereby providing potential for SDBV clinical use. However, how to match
the blood flow rate and mechanical properties of ePTFE with natural blood vessels, and how
to rapidly promote endothelialization on ePTFE SDBVS, have become key issues. Thus, the
combination of various materials, which may take advantage of those materials’ properties,
is an important research area.

Based on the material selection, various fabrication methods—including extrusion and
expansion, electrospinning, thermal-induced phase separation (TIPS), braiding, 3D printing,
hydrogel tubing, gas foaming, and a combination of these methods —have been used to
fabricate SDBV grafts /n vitro. The optimal combination of composite materials or
processing methods to produce an artificial vessel with lifelike mechanical properties has
attracted great attention. As such, suitable mechanical properties—including the modulus of
elasticity, nonlinear elasticity, compliance measurement, burst pressure, and suture retention
strength—are very important for preparing functional grafts. Furthermore, a variety of
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surface modification methods have been developed to construct functionalized biological
interfaces that contribute to improved biocompatibility, cell adhesion, anticoagulant ability,
and bio-functional expression. However, complex surface modification methods are not
conducive to clinical applications, so how to construct functionalized surfaces /in situ, or
construct functionalized biological scaffolds in a few simple steps, will be an important
research direction.

The formation of a functionalized endothelial layer has always been an important goal.
Generally, re-endothelialization is considered to be the first key point in inhibiting intimal
hyperplasia and thrombosis. By using stem cells from a unique population of people who are
genetically compatible donors, the wish to create artificial blood vessels that won’t be
rejected by a patient’s body after transplantation can become a reality. As the functional
arterial-specific endothelial cells fully cover the interior of the artificial blood vessel grafts
and form a congruent state /n vitro, the graft will then be transplantable. Furthermore, long-
term anticoagulation ability is another important issue, contributing to the long-term patency
and service of artificial blood vessels in the human body.

To date, studies on the clinical application and reaction of grafts and host are insufficient.
Therefore, more attention needs to be paid to the biological response and cell culture, which
will also benefit from the improvement of material selection and synthesis, fabrication,
surface modification, and mechanical properties.
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Fig. 1.
The five pillars of artificial small-diameter blood vessels (SDBVs) engineered /in vitro.
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.
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Fig. 2.
The techniques of manufacturing ePTFE by means of mixing, extruding, heating, and

stretching.
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(A) Schematic illustration of the electrospinning setup. (B) Schematic illustration of
traditional electrospinning collection devices for the fabrication of tissue scaffolds with
specific fiber orientations. (C) Schematic of the electrospinning apparatus with a customized
rotating collector and assembled mandrel. The assembled mandrel is comprised of a hollow
metal tube at the center and several surrounding satellite cylinders for making wavy SDBVS.
(D) Coaxial electrospinning. (B—D) were reprinted with permission from Ref. 106:
Copyright (2015) SAGE journals, Ref. 109: Copyright (2018) Wiley Online Library, and
Ref. 112: Copyright (2018) ACS Publications, respectively.
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(A) Schematic illustration of the molds for preparing oriented gradient microtubule-

structured scaffolds by TIPS. (B) The image of the woven form of the crimped multifilament
polyethylene terephthalate (PET) graft fabricated in an over-and-under pattern. (C) The
preparation process of silk fibers and silk grafts at several processing stages, including raw
silk, degumming, removal of silk sericin, braiding, rolling, and silk graft after winding. (D)
The resin was printed by microlithography for SDBVs. (A-D) were reprinted with
permission from Ref. 114: Copyright (2010) Wiley Online Library, Ref. 116: Copyright
(2018) Elsevier, Ref. 119: Copyright (2011) Taylor & Francis Online, and Ref. 122.
Copyright (2016): Wiley Online Library, respectively.
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Freeze Dried Triple Layer
TPU as Outer Layer Vascular Scaffold

High voltage supply High voltage suppl

(A) Schematic illustration of fabricating triple-layered vascular scaffolds by combining
electrospinning, braiding, and thermally induced phase separation (TIPS). (B) Schematic
illustration of fabricating 3D tubular artificial vascular scaffolds by combining
electrospinning and a 3D printing system. (C) A compliant and biomimetic three-layered
vascular graft for small blood vessels by combining electrospinning and braiding. (D) The
fabrication process of triple-layered vascular grafts by combined e-Jet 3D printing and
electrospinning. (A-D) were reprinted/reproduced with permission from Ref. 129:
Copyright (2015) Elsevier, Ref. 130: Copyright (2015) Royal Society of Chemistry, Ref. 13:
Copyright (2018) Springer, and Ref. 42: Copyright (2019) IOPSCIENCE, respectively.
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(A) Schematic illustration of the experimental procedures for fabricating the dextran sulfate
modified chitosan/poly(I-lactide-co-e-caprolactone) (PLCL) tubular scaffold. (B) Schematic
of the preparation of a multi-structured vascular patch via the LbL self-assembly of heparin
and chitosan. (C) Schematic of a sandwiched LbL coating with catechol and phenylboronic
acid for tunable drug loading, sustained release, and selective cell fate for re-
endothelialization. (D) Schematic illustration of the fabrication process of nanocoating-
modified 3D bioprinted scaffolds. (A—D) were reprinted with permission from Ref. 152:
Copyright (2019) Elsevier, Ref. 37: Copyright (2019) Elsevier, Ref. 36: Copyright (2019)
ACS Publications, and Ref. 16: Copyright (2016) Wiley Online Library, respectively.
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Fig. 7.
(A) Reaction scheme of the immobilization of chitosan on an ePTFE surface. (B) Schematic

of the bioactive poly(1,8-octanediol-co-citrate)-heparin ePTFE vascular graft. (C)
Schematic illustration of the covalently immobilized heparin, CD47, and SDF-1a by
interacting with free radicals, and SDF-1a conjugated to heparin by affinity binding. (D)
Stepwise surface modification procedure of PTFE, including O, plasma treatment, dopamine
coating, polyethylenimine (PEI) immobilization, and grafting of RGD or RGD/heparin. (A-
D) were reprinted with permission from Ref. 136: Copyright (2005) Elsevier, Ref. 92:
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Copyright (2013) Elsevier, Ref. 5: Copyright (2017) Elsevier, and Ref. 135: Copyright
(2018) Royal Society of Chemistry, respectively.
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(A) Mussel-inspired surface chemistry for dopamine coatings. (B) Schematic illustration of
cell adhesion on PDA-coated PCL nanofibers. (C) Schematic diagram of polydopamine-
mediated immobilization of bioactive molecules onto PLCL films that can be utilized as a
functionalized vascular graft material. (D) Schematic diagram of a surface modification
using the polydopamine coating method. (E) Construction of a vascular graft loaded with
SePEI and REDV for catalytic NO generation and rapid endothelialization. (A-E) were
reprinted with permission from Ref. 138: Copyright (2007) Science, Ref. 48: Copyright
(2010) Elsevier, Ref. 158: Copyright (2019) ACS Publications, Ref. 137: Copyright (2012)
Elsevier, and Ref. 141: Copyright (2015) Royal Society of Chemistry, respectively.
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(A) Representative stress—strain curves of circumferential tensile tests for electrospun TPU/
fibroin hybrid grafts. (B) Stress—strain curves for samples without pre-stretching (black) and
loading—unloading stress—strain curves for pre-stretched samples (red), including axially
aligned orientation and the stress—strain curves of porcine aorta ventralis. (C) Mechanical
properties of triple-layered vascular grafts, including an illustration of the measurement
method for tensile properties in the circumferential direction, and cyclic tensile properties of
PAM hydrogel, braided silk, electrospun TPU, silk/PAM, and silk/PAM/TPU vascular grafts.
(A-C) were reprinted with permission from Ref. 109: Copyright (2018) Wiley Online
Library, Ref. 165: Copyright (2019) IOPSCIENCE, and Ref. 43: Copyright (2019) Elsevier,

respectively.
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Fig. 10.
Biomimetic bioreactor for blood vessel tissue engineering. Fig. 10 was reprinted with

permission from Ref. 187: Copyright (2000) Springer.
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Avrterial-specific functional characterization of endothelial cells. (A) NO production test. (B)

Oxygen consumption rate. (C) Shear stress response. (D) Ratio of cell length to width. (E)
Leukocyte (round cells) adhesion assay. (F) Leukocyte number per unit area. Fig. 11 was
reprinted with permission from Ref. 189: Copyright (2018) PNAS.
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Table 1.

Page 39

Several kinds of natural and synthetic polymers used for small-diameter artificial blood vessels engineered /in

vitro.

Natural Polymers

Chemical Structures

Main Advantages & Applications

Cellulose

Collagen

Chitosan

Gelatin
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Synthetic Polymers

o

L (s
- L ) By
O 0_*..:--...0/ b

(=

L
4
Iz
=]
ZI
%
Al

' "%s\r
[ —\oro
Y
|

Mechanical properties,3* shape-memory, self-rolling?®

Cell adhesion, elastic modulus,3! hydrogel”

Cell encapsulating® surface modification3”

Cell growth,38 cell proliferation,®® hydrogel,3® ECM*

Biocompatibility,** compliance,* hydrogel*3

Main Advantages & Applications

Gelatin methacrylate (GelMA)

Polyacrylamide (PAM)

Poly (D,L-lactic acid-co-glycolic acid) (PLGA)

Poly (e-caprolactone) (PCL)

Poly (ethylene glycol) (PEG)

Poly (glycerol sebacate) (PGS)

.
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T
T~
oy

Foort

Hydrogel,** cell encapsulation*®

Hydrogel43

Tissue engineering and biocompatibility,*® cell affinity*

Tissue engineering3:48.49

Surface modification,5° biocompatibility5:

Elastomer52:53
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Degradation period of commonly used biodegradable polymers for SDBV fabrication.

Table 2.

Material Degradation period References

PGA 1 -2 months
PCL 2 - 18 months
PLA 6 — 8 months
TPU 6 — 24 months
PGS 1-2 months

PLGA 2 — 6 months

Collagen 5 hours

73,76
71,72
77,79
80

69,74
70,78
75
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Surface modification techniques of natural and synthetic polymers for biomedical applications.

Table 3.

Surface Modification Method ~ Surface | mmobilized Agent

Biological Functions

Physical immobilization

Surface adsorption

Plasma treatment

Chemical immobilization

Gelatin
Heparin
RGD
mPEG
Chitosan
Dopamine
Heparin
VEGF
Collagen
Heparin
REDV
RGD
SDF-la
VEGF
YIGSR
Selenocystamine
cu
CD47
SDF-la
Heparin
VEGF
RGD
YIGSR
REDV

Cell adhesion, 8 cell growth and differation3°
Anticoagulation, 13 blood compatibility136
Cell adhesion, 3> re-endothelialization!3’
Polycation,’ re-endothelialization>°
Biocompatibility5t

Nanocoating,>6:138 adhesion?*8135
Polyanion,?” antithrombogenicity3°

EC angiogenesis®®

Cell adhesion,2847 cell encapsulation®
Anticoagulation,18.140 endothelialization36
Re-endothelialization, 4! inhibit HSMCs adhesion??
Cell adhesion,® re-endothelialization!3®

Cell proliferation®

Re-endothelialization, cell proliferation42
HUVECs adhesion®

Nitric oxide (NO) releasel43-145

NO release and re-endothelialization46

Cell migration®

Hemocompatibility and endothelialization,® cell recruitment>

Inhibit platelet adhesion,3® anticoagulation®31:147
EC angiogenesis!48
Cell adhesion®3”

HUVECs adhesion, and re-endothelialization®®

Cell selection,?2 hemocompatibility and endothelialization!4?
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