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The increased demands of small-diameter vascular grafts (SDVGs) globally has forced the scientific society to explore
alternative strategies utilizing the tissue engineering approaches. Cardiovascular disease (CVD) comprises one of the
most lethal groups of non-communicable disorders worldwide. It has been estimated that in Europe, the healthcare cost
for the administration of CVD is more than 169 billion €. Common manifestations involve the narrowing or occlusion of
blood vessels. The replacement of damaged vessels with autologous grafts represents one of the applied therapeutic
approaches in CVD. However, significant drawbacks are accompanying the above procedure; therefore, the exploration of
alternative vessel sources must be performed. Engineered SDVGs can be produced through the utilization of non-
degradable/degradable and naturally derived materials. Decellularized vessels represent also an alternative valuable
source for the development of SDVGs. In this review, a great number of SDVG engineering approaches will be
highlighted. Importantly, the state-of-the-art methodologies, which are currently employed, will be comprehensively
presented. A discussion summarizing the key marks and the future perspectives of SDVG engineering will be included in
this review. Taking into consideration the increased number of patients with CVD, SDVG engineering may assist
significantly in cardiovascular reconstructive surgery and, therefore, the overall improvement of patients’ life.
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| 1. Introduction

Small-diameter vascular grafts (SDVGs) with inner lumen diameter (d) less than 6 mm are required in vascular
reconstructive surgery. Tissue engineering (TE) represents an emerging research field where the production of vascular
grafts utilizing state-of-the-art manufacturing methods has gained great attention from the scientific society 2. |n
contrast to large (d > 8 mm) and medium (d = 6—8 mm) diameter vascular grafts, which have currently been applied in a
wide variety of vascular applications, such as carotid and aorta replacement, the production of SDVGs (d < 6 mm)
requires further improvement 28 |ndeed, synthetic vascular grafts, derived from expanded polytetrafluoroethylene
(ePTFE) and Dacron, serving as medium- or large-diameter vessel transplants, have shown interesting results in
reconstructive surgery 4. Long-term results of large diameter vascular grafts (LDVGSs), e.g., when applied as aortoiliac
substitutes, have exhibited good patency rates (90%) within the first year of implantation 238l Additionally, medium-
diameter vascular grafts, such as the carotid substitutes, are characterized by patency rates greater than 60% after the
1st year of implantation @ On the other hand, the proper production and use of small-diameter vascular grafts in
reconstructive surgery are still under evaluation.

SDVGs are initially aimed to be used in coronary artery bypass grafting (CABG), issued by manifestations of
cardiovascular disease (CVD). Regarding non-communicable diseases, CVD is the most leading cause of death globally
[BIEl cvD is a group of complex disorders, including peripheral arterial disease (PAD), coronary heart disease (CHD),
cerebrovascular disease, and rheumatic heart disease 819, |t has been estimated that in the European Union (EU), CVD
causes more than 3.9 million deaths, which accounts for 45% of all deaths each year L Moreover, 11.3 million new
cases of CVD are reported in the EU annually 12231, Fyrthermore, the United States is characterized by an increased
percentage of CVD cases and deaths 4131, |t js estimated that more than 400,000 CABG procedures are performed in
the USA annually 24181 The CVD occurrence is mostly related to changes in dietary habits, reduced exercise, increased
working time, depression, national health care deficiencies and the occurred financial crisis LZMR8II20] | terms of
economic burden, it has been estimated that in Greece, the mean annual healthcare cost per patient is 5495 €, 4594 €,
and 8693 € for CHD, CVD, and PAD, respectively 21 Therefore, the proper development and clinical utilization of
functional SDVGs is of paramount importance.



Nowadays, a great number of treatments can be effectively applied in CVD. These treatments may include the change of
dietary—lifestyle habits or the application of pharmaceutical and surgical approaches. In the context of vascular surgery
intervention, endovascular approaches such as angioplasty, atherectomy, and stent insertion can be performed.
Additionally, vascular graft transplantation may be applied as an alternative option to replace or bypass the injured
vessels.

| 2. Characteristics of Engineered SDVGs

The manufacturing of SDVGs with the TE methodologies has been improved significantly since the first attempts for
production and application of synthetic vascular grafts used in bypass surgeries in the late 1980s (22, Several years later,
the first commercially available tissue-engineered vascular grafts (TEVGs) appeared, including Synergraft® (CryolLife,
Inc., Kennesaw, GA, USA), Artegraft® (LeMaitre Vascular, Inc., Burlington, MA, USA), Procol® (LeMaitre Vascular, Inc.,
Burligton, MA, USA), and Cryovein® (CryoLife, Inc., Kennesaw, GA, USA) [28l. The majority of these grafts have received
approval from the Food and Drug Administration (FDA) and the European Medicinal Agency (EMA) for human
applications.

The proper design of the vascular grafts ensures successful cell seeding at the pre- and post-implantation stage. Cellular
populations may positively influence the vessel graft functionality 24, The most applied cellular populations are the
endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) 22, ECs are located in the internal layer of the
vascular wall, known as tunica intima, forming the endothelium 8. The endothelium has unique anti-thrombogenic
properties, avoiding the platelet aggregations and clots formation 2. VSMCs are responsible for vasoconstriction and
vasodilation, located in the media layer of the vessel wall, which is known as tunica media 28, Dependent on
microenvironment stimuli, the ECs can elevate the levels of endothelial nitric oxide synthetase (eNOS), leading to NO
production, which downstream induces the VSMCs-dependent vasodilation 4. Importantly, VSMCs also support the
vascular remodeling and regeneration with the production of extracellular matrix (ECM) proteins such as collagen and
elastin 128!, Besides, the beneficial effects of the cellular populations may occur to the vascular graft, their successfully
seeding and proliferation may require long-term cultivation periods. Additionally, the isolation and expansion of specialized
cellular populations from patients with CVD is a demanding challenge 2. To date, there is a tendency for developing
readily available acellular vascular scaffolds with improved anti-thrombogenic properties BYBLBE2IE  |ndeed, these
pioneering studies are focusing on the fabrication of a negatively charged synthetic surface in order to avoid red blood
cells and platelet aggregation. In this way, the SDVGs must satisfy certain design criteria to be clinically available 241,
Specifically, SDVGs must have similar biomechanical properties (burst pressure, high-stress deformation, and suture
strength) with the substituted vessels to avoid aneurysm and neointima development B2, In addition, regardless of the
vascular graft material, engineered vessels must be non-cytotoxic and support cell growth B4, Engineered SDVGs must
be characterized by specific ultrastructure, ensuring the cell seeding, proliferation, and differentiation &. Finally, the
engineered SDVGs must not be immunogenic, and also must be characterized by in vivo remodeling and regeneration
properties [,

Nowadays, a wide variety of manufacturing techniques for SDVGs such as the use of synthetic polymers, decellularized
natural matrices, bioprinting, and 4D printing have been developed, although the majority of them require further
evaluation and optimization.

| 3. Manufacturing Methods for the Development of SDVGs
3.1. TESA Approach

The TESA approach was developed by the pioneer L'Heureux and aimed at the production of vascular grafts utilizing cell
sheets 28], To achieve this outcome, no supporting vascular scaffolds are required.

The basic concept has relied on the use of cell sheets containing fibroblasts, mesenchymal stromal cells (MSCs), ECs,
and VSMCs, which were shaped around a mandrel to produce a tubular formation (Eigure 3). Further maturation in the
pulsatile bioreactor is required in order to vascular grafts to achieve the prerequisite burst pressure and overall
mechanical properties B8E7. The initial work of L' Heureux et al. 28 involved the cultivation of SMCs and fibroblasts in a
standard culture medium contained sodium ascorbate. One month later, the produced sheets were shaped with the use of
a tubular mandrel. The same technique was applied for the production of the different layers of the vascular graft. The
results of this study were impressive. Specifically, histological analysis revealed the proper localization of the cellular
populations, while the burst pressure of the produced vascular conduit was more than 2500 mmHg 28!, Moreover, these
vessels were implanted as femoral artery interposition grafts in canine animal models, withstood the blood flow, and met



the fundamental requirements of a vascular graft. More experiments also were performed utilizing human cells for the
development of vascular grafts and their testing in different animal models. The above results led to the performance of
the first clinical trial with TESA-produced TEVGs 28],
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Figure 3. Fabrication methods for the production of SDVGs. (A) Production of SDVGs with the originally proposed
method of L'Heureux et al. In this method, the production of SDVGs was relied on the self-assembly of cell sheets using a
tubular mandrel. (B) Production of SDVGs with the electrospinning method. This methodology can produce complicated
extracellular matrices (ECMs). In addition, combination with cellular populations can lead to the development of
cellularized structures. (C) Production of SDVGs with the bioprinting method. Bioprinting offers the potential for the
production of either acellular or cellularized complicated structures. Moreover, when used “smart” materials in the
production process, the final product can assembly on the desired structure upon external stimulation (e.g., temperature,
pH, humidity, and magnetic field).

3.2. Electrospinning

The electrospinning method comprises the first attempt to mimic the complex structure of natural ECM. This method was
introduced in 1930, providing an economical solution for scaffold fabrication B2, Nowadays, its use has been expanded,
thus scaffolds for bone and cartilage regeneration can be manufactured efficiently. Electrospinning has relied on the
production of nano- and microfibers derived from a viscoelastic solution, where a high electrostatic force is applied. More
specifically, the material that will be electrospun is pumped at a slow rate, ending in a high voltage electrical field [23][40]
[34,232]. This, in turn, leads to charging the polymer material during its exit from the syringe, which results in the
production of the Taylor cone. A narrow jet of liquid is generated from the Taylor cone, which is further collected to a
specific set up, known as the collector (Figure 3). Finally, the production of a scaffold, characterized by adequate ECM
structure and fine-tuning mechanical properties, is produced 223, The formation of the produced fibers is affected by
various parameters, which are specific for the material, used each time, including molecular weight, surface tension,
density, and viscosity 21, Except for those, other parameters that can affect the fiber composition mostly include the
applied electrostatic field, temperature, humidity, and flow rate of the polymers 411,

The polymer materials used in the electrospinning approach could be either degradable or natural derived materials [223],
However, important differences between the different materials exist. In the past, degradable materials such as PLA, PGA,
PCL, PU/silk fibroin have been used for the production of scaffolds and specifically tubular conduits utilizing the
electrospinning approach 23] vascular grafts have also been fabricated with the electrospinning method. Importantly,
the proper combination of PLGA with collagen type | and elastin can improve the mechanical properties of the produced
scaffolds, and their use is preferred for the production of electrospun blood vessels 42, Moreover, it has been shown that
the addition of naturally derived materials, such as collagen, gelatin, and fibronectin, may provide more RGD-binding
sites, thus improving the cellular functions, like adhesion, growth, and differentiation 43,



In the context of electrospun tubular scaffold application, both acellular and cellularized conduits have been evaluated.
Wise et al. #4developed a tubular scaffold consisted of tropoelastin and PCL with the electrospinning method. The
produced scaffold was characterized by similar biomechanical properties as the internal mammary artery (IMA). Further
investigation involved the implantation of the acellular conduit in animal models 4. Furthermore, the biomechanical
analysis was performed in electrospun vascular grafts pre- and post-implantation. Specifically, acellular electrospun
vascular conduits were implanted as carotid artery interposition grafts in rats for a total period of 1 month. Histological
analysis in the explants showed the successful recellularization of the vascular grafts with ECs. Moreover, the explanted
electrospun vascular grafts were able to preserve the initial vessel morphology and characterized by similar
biomechanical properties as the pre-implanted grafts. In this study, the successful accumulation of tropoelastin in PCL
scaffolds was shown for the first time, resulting in the production of vascular grafts, which were characterized by impaired
platelet adhesion and increased endothelialization 4. Additionally, Soletti et al. ¥2 provided substantial evidence
regarding the proper development and production of anti-thrombogenic vascular conduits. Soletti et al. ¥2 showed that
the acellular poly(etherurethane urea) (PEUU) grafts coated with the non-thrombogenic 2-methacryloyloxyethyl
phosphorylcholine copolymer showed better patency and mechanical properties compared to uncoated PEUU vascular
grafts 48], Unlike Wise et al. 4! and Soletti et al. 43, Min Ju et al. 48 managed to develop electrospun bilayer tubular
scaffolds consisted of PCL and collagen type I. Then, ECs and SMCs obtained from female Dorper Cross Sheep were
seeded onto the tubular scaffolds, followed by maturation in the pulsatile flow bioreactor. The seeded vascular grafts were
implanted as carotid artery substitutes in the sheep model and remained for 6 months. The electrospun vascular grafts
were remained patent and the histological analysis revealed the production of collagen, elastin, and glycosaminoglycans
within 6 months of implantation 28l This study provided valuable data regarding the production and application of the
electrospun vascular grafts. Moreover, Du et al. ¥4 used the electrospinning method to fabricate a 3D vascular
microenvironment. In this approach, immobilization of VEGF onto the electrospun tubular scaffold consisted of gradient
chitosan and PCL nanofibers was performed. The controlled release of VEGF potentially can enhance the adhesion of
ECs and SMCs and further promote their rapid proliferation. In this way, engineered SDVGs with improved anti-
thrombogenic properties could be developed, leading to the avoidance of lumen occlusion and thrombus formation, a
series of common manifestations which are presented several days after the vessel implantation 2. Taking into
consideration the above data, it was clearly shown that electrospinning could be applied for the efficient production of
engineered SDVGs. The produced electrospun SDVGs could be successful in vitro seeded with cellular populations and
maintain further their graft patency, mechanical properties, and vessel integrity over a long time period.

3.3. Three Dimensional (3D) Bioprinting

In the last decade, 3D printing technology has gained significant attention and has been utilized with great success in a
wide range of applications 8. Using this technology, complex structures and materials can be produced efficiently, thus
can be further used by the scientific society. The evolution of printing technology is 3D bioprinting, which has currently
been applied in various tissue engineering approaches 481, 3D bioprinting can produce complex structures, utilizing non-
degradable/degradable and naturally derived polymers 42, The significant potential of this methodology is the production
of ready to use transplantable scaffolds and tissues. Currently, the 3D bioprinting approaches such as inkjet, extrusion,
and laser-assisted bioprinting are mostly used for the production of the majority of the scaffolds 42, A great series of
materials are compatible with the bioprinter applications, although the polymer materials are mostly preferred in
comparison with the naturally derived materials 4939, The bioprinter materials can be distinguished into three categories:
(a) fibrous materials, (b) powder materials, and (c) bioinks. The use of the starting material is dependent on the
characteristics of the produced scaffold 4259,

3D bioprinting approaches and the proper combination of the aforementioned materials have been successfully applied in
the production of LDVGs and SDVGs. BABLIBAGS] |n this direction, Freeman et al. 24 presented for the first time a new
approach for the development of SDVGs using a custom-made 3D bioprinter. In this study, gelatin and fibrinogen were
properly combined, producing a bioink with good rheological and printability properties. The produced vascular graft
provided a favorable ECM for cell attachment. However, comprehensive in vitro and in vivo evaluation is further needed to
be performed B4, Jia et al. B, in their study, used a multilayer coaxial nozzle device to produce vascular grafts.
Moreover, human umbilical vein endothelial cells (HUVECs) and MSCs were expanded and encapsulated in a gelatin
methacryloyl (GelMA), sodium alginate, and 4-arm poly(ethylene glycol)-tetra-acrylate (PEGTA) based bioink. Using the
current bioprinter set-up in combination with the developed bioink resulted in the printing of highly organized vascular
structures. No sign of cytotoxicity was reported, and after a time period of 21 days, the cells filled the entire printed
vascular grafts. To evaluate better the cell behavior into the vascular wall, immunofluorescence was performed, showing
the positive expression of a-SMA and CD31, in MSCs and HUVECS, respectively 521,



3.4. Four-Dimensional (4D) Bioprinting

Next-generation bioprinting demands the use of materials capable of self-transform into a prerequisite shape in order to
exert their key functional properties. This state-of-the-art approach is known as 4D bioprinting and has gained increased
attention in the last decade by the entire scientific community 8. 4D bioprinting uses the same materials as conventional
3D printing approaches 9. The major difference between 3D and 4D bioprinting is that the latter exerts a “smart”
behavior of the produced scaffolds 22, 4D produced scaffolds are superior to the conventionally bioprinted scaffolds. The
“smart” behavior corresponds to “materials that can change their physical or chemical properties in a control and
functional manner upon exposure to an external stimulus” as has been referred to by Tamay et al. 22, In this way, 4D
printed materials upon exposure to external stimuli such as pH, heat, magnetic field, light, and humidity can adopt
effectively different shapes, exhibiting different properties 28, The above-mentioned factors are playing important role in
scaffold’s shape-changing properties. There exists a great variety of materials that achieve shape-transformation in
response to temperature stimuli. Thermoresponsive materials are the most commonly used in 4D bioprinting applications
B9, These materials can be distinguished into (a) shape memory polymers (SMP) and (b) responsive polymer solutions
(RPS). The first category involves polymers consisting of two distinct components, the elastic segment which is
characterized by high glass transition temperature (Tgp), and the switching segment, characterized by intermediate glass
transition temperature (Tg;). When the applied temperature is above the Tgy, the produced scaffold adopts its permanent
shape. On the other hand, when the temperature is between Tg; and Tgy, the switching segment becomes soft, while the
elastic segment resists any shape-changing 9. Additionally, if the material is cooled below the Tgp, then the elastic
segment cannot return to its initial shape and the produced scaffolds acquire its final definitive form. SMPs include mostly
the poly(e-caprolactone) dimethacrylate (PCLDMA), polycaprolactone triol (Ptriol), and poly(ether urethane) (PEU). These
materials have been used mostly in applications such as bone and cartilage engineering. RPS is characterized by a
critical solution temperature, where if the applied temperature is above the aforementioned temperature (critical solution
temperature), the polymer chains are contracting and the overall solution is adopting a solid form (=81,

Both hydrophobic and hydrophilic interactions are existing between the polymer chains. In addition, a change in
temperature may affect the behavior and the interaction of the above polymer chains. This, in turn, leads to shrinkage or
expansion, which is a characteristic of each polymer material. In this direction, a material with a critical solution
temperature above 25°C, when implanted to a mammalian organism, would expand, acquiring its definitive form. Poly(N-
isopropylacrylamide), poly(ethylene glycol), collagen, gelatin, and methylcellulose are some of the most used RPS (28],

Besides the temperature stimuli, materials that can respond to pH changes also can be widely applied in the clinical
setting B8, The initial structure of these materials is consisting of acidic or basic groups, which are the main players in
proton exchange upon pH changes B, In this way, polymers consisting of acidic groups, when exposed to pH > 7, act as
anionic compounds, while polymers with a basic group, exposed to pH < 7, act as cationic compounds. Therefore, these
materials upon pH stimuli can acquire different structural and functional properties, including change in solubility,
degradability, swelling, etc. B4, Like thermoresponsive polymers, pH-responsive polymers also can be utilized in a wide
range of applications. Indeed, different human body compartments are characterized by different pH in order to serve
properly their initial function, including the gastrointestinal tract, stomach, small intestine, and different regions of the
vascular system including the kidney vascular network. Additionally, many solid tumors induce pH changes upon their
growth. In this way, pH-responsive polymers can act as DDS, delivering tumor-specific therapy, such as signaling and cell
proliferation inhibitors or monoclonal antibodies 2. Examples of the most commonly used materials in this category are
poly(acrylic acid), poly(aspartic acid), poly(L-glutamic acid), and poly(histidine), which can be combined effectively with
naturally derived materials such as collagen, gelatin, and chitosan €1,

Besides the aforementioned, other categories of responsive materials have also been manufactured. These categories
mostly include the photoresponsive, magneto-responsive, and humidity-responsive materials. However, their potential use
is limited and, therefore, further evaluation of their properties is clearly needed. Briefly, photoresponsive materials can
change their structural and functional properties, including wettability, solubility, degradability upon photo-stimulation 42,
Considering this, polymer materials with photosensitive groups can be manufactured, where the produced scaffolds can
swell or shrink when specific photo-stimulation is applied. The combination of magnetic particles with polymer materials
results in the development of magneto-responsive materials. The most commonly used magnetic particles are iron (Fe),
nickel (Ni), cobalt (Co), and their oxides B8 Currently, magneto-responsive materials have been used as targeted
therapeutic vehicles, carrying anti-tumor drugs. On the other hand, significant adverse reactions may be induced by their
use in living organisms 3. |t has been shown that magnetic particles with a size less than 50 nm are transportable
through the biological matrix, which can further cause inflammation and cell death due to high reactive oxygen species
(ROS) production, DNA damage, and cytochrome C release. In this category, materials such as Fe3z04/PCL, Fe3O4poly
(ethylene glycol diacrylate), PCL/iron doped hydroxyapatite (PCL/FeHA) are currently evaluated for their potent use in



living systems [€3]. Lastly, humidity responsive materials also have been proposed for their use in 4D bioprinting and the
production of tissue-engineered scaffolds. Interestingly the change in humidity could result in shape-change modification,
which can act as a driving force for movement. These materials have not received great attention from the scientific
community due to their limited use. Humidity responsive materials include poly(ethylene glycol) diacrylate, cellulose,
polyurethane, and their combinations €41,

The 4D bioprinting comprises an important evolution in the fabrication of tissue-engineered scaffolds. Vascular grafts can
be developed with this next-generation approach. In this way, we can imagine the development of a 4D bioprinted
vascular graft (with a large or small diameter), which can acquire its specific shape inside the living organism upon
temperature stimulation. Moreover, changes in pH of the vascular network may stimulate the implanted vascular graft in a
way either to acquire a different shape or to substantially release key therapeutic agents in order to reduce or even to
reverse the occurred situation. In the future, “smart” telebiometrics vascular grafts will be plausible to be employed, which
can detect the changes of human body conditions, like temperature, pH, osmolarity, and will be able to notify or even to
reverse a health issue. Currently, the utilization of “smart” materials and the manufacturing of those scaffolds is under the
developmental stage 281, Therefore, no significant number of publications is currently existing, with the only exceptions of
reviews and opinion articles in this field. In this way, the development of “smart” materials that can be used in vascular
engineering is quite important, but further exploration of this research field is needed.

References

1. Matsuzaki, Y.; John, K.; Shoji, T.; Shinoka, T. The Evolution of Tissue Engineered Vascular Graft Technologies: From
Preclinical Trials to Advancing Patient Care. Appl. Sci. 2019, 9, 1274.

2. Pashneh-Tala, S.; MacNeil, S.; Claeyssens, F. The Tissue-Engineered Vascular Graft-Past, Present, and Future. Tissue
Eng. Part B Rev. 2016, 22, 68-100.

3.0ng, C.S.; Zhou, X.; Huang, C.Y.; Fukunishi, T.; Zhang, H.; Hibino, N. Tissue engineered vascular grafts: Current state
of the field. Expert Rev. Med. Devices 2017, 14, 383-392.

4. Xue, L.; Greisler, H.P. Biomaterials in the development and future of vascular grafts. J. Vasc. Surg. 2003, 37, 472-480.

5. Clupac, J.; Filova, E.; Bacakova, L. Blood vessel replacement: 50 years of development and tissue engineering
paradigms in vascular surgery. Physiol. Res. 2009, 58, s119-s139.

6. Brewster, D.C. Current controversies in the management of aortoiliac occlusive disease. J. Vasc. Surg. 1997, 25, 365—
379.

7. Hadinata, |.E.; Hayward, P.A.; Hare, D.L.; Matalanis, G.S.; Seevanayagam, S.; Rosalion, A.; Buxton, B.F. Choice of
conduit for the right coronary system: 8-year analysis of Radial Artery Patency and Clinical Outcomes trial. Ann.
Thorac. Surg. 2009, 88, 1404—-14009.

8. Zoghbi, W.A_; Duncan, T.; Antman, E.; Barbosa, M.; Champagne, B.; Chen, D.; Gamra, H.; Harold, J.G.; Josephson, S.;
Komajda, M.; et al. Sustainable development goals and the future of cardiovascular health: A statement from the Global
Cardiovascular Disease Taskforce. Glob. Heart 2014, 9, 273-274.

9. Matters, C.D.; Loncar, D. Projections of Global Mortality and Burden of Disease from 2002 to 2030. PLoS Med. 2006,
3, e442.

10. Abdulhannan, P.; Russell, D.A.; Homer-Vanniasinkam, S. Peripheral arterial disease: A literature review. Br. Med. Bull.
2012, 104, 21-39.

11. European Cardiovascular Disease Statistics. Available online: http://www.ehnheart.org/cvd-statistics.html (accessed on
25 October 2020).

12. Movsisyan, N.K.; Vinciguerra, M.; Medina-Inojosa, J.R.; Lopez-Jimenez, F. Cardiovascular Diseases in Central and
Eastern Europe: A Call for More Surveillance and Evidence-Based Health Promotion. Ann. Glob. Health 2020, 86, 21.

13. World Health Organization. Available online: https://www.euro.who.int/en/health-topics/noncommunicable-
diseases/cardiovascular-diseases (accessed on 25 October 2020).

14. Mensah, G.A.; Brown, D.W. An overview of cardiovascular disease burden in the United States. Health Aff. 2007, 26,
38-48.

15. Heart and Stroke Statistics. Available online: https://www.heart.org/en/about-us/heart-and-stroke-association-statistics
(accessed on 25 October 2020).



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

37.

Thom, T.; Haase, N.; Rosamond, W.; Howard, V.J.; Rumsfeld, J.; Manolio, T.; Zheng, Z.J.; Flegal, K.; O’'Donnell, C.;
Kittner, S.; et al. American Heart Association Statistics, C.; Stroke Statistics, S. Heart disease and stroke statistics—
2006 update: A report from the American Heart Association Statistics Committee and Stroke Statistics Subcommittee.
Circulation 2006, 113, e85—e151.

Noly, P.E.; Ben Ali, W.; Lamarche, Y.; Carrier, M. Status, Indications, and Use of Cardiac Replacement Therapy in the
Era of Multimodal Mechanical Approaches to Circulatory Support: A Scoping Review. Can. J. Cardiol. 2020, 36, 261—
269.

Ditano-Vazquez, P.; Torres-Pena, J.D.; Galeano-Valle, F.; Perez-Caballero, A.l.; Demelo-Rodriguez, P.; Lopez-Miranda,
J.; Katsiki, N.; Delgado-Lista, J.; Alvarez-Sala-Walther, L.A. The Fluid Aspect of the Mediterranean Diet in the
Prevention and Management of Cardiovascular Disease and Diabetes: The Role of Polyphenol Content in Moderate
Consumption of Wine and Olive Oil. Nutrients 2019, 11, 2833.

World Health Organization. Cardiovascular Diseases. Available online: https://www.who.int/news-room/fact-
sheets/detail/cardiovascular-diseases-(cvds) (accessed on 25 October 2020).

Maniadakis, N.; Kourlaba, G.; Fragoulakis, V. Self-reported prevalence of atherothrombosis in a general population
sample of adults in Greece; A telephone survey. BMC Cardiovasc. Disord. 2011, 11, 16.

Maniadakis, N.; Kourlaba, G.; Angeli, A.; Kyriopoulos, J. The economic burden if atherothrombosis in Greece: Results
from the THESIS study. Eur. J. Health Econ. 2013, 14, 655-665.

Weinberg, C.B.; Bell, E. A blood vessel model constructed from collagen and cultured vascular cells. Science 1986,
231, 397-400.

Carrabba, M.; Madeddu, P. Current Strategies for the Manufacture of Small Size Tissue Engineering Vascular Grafts.
Front. Bioeng. Biotechnol. 2018, 6, 41.

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. Pediatric Surg. 2010, 45, 1299-1305.

Lin, C.H.; Hsia, K.; Ma, H.; Lee, H.; Lu, J.H. In Vivo Performance of Decellularized Vascular Grafts: A Review Article.
Int. J. Mol. Sci. 2018, 19, 2101.

Michiels, C. Endothelial cell functions. J. Cell. Physiol. 2003, 196, 430-443.

Feletou, M. The Endothelium: Part 1: Multiple Functions of the Endothelial Cells—Focus on Endothelium-Derived
Vasoactive Mediators. Morgan Claypool Life Sci. 2011, 3, 1-306.

Mallis, P.; Papapanagiotou, A.; Katsimpoulas, M.; Kostakis, A.; Siasos, G.; Kassi, E.; Stavropoulos-Giokas, C.;
Michalopoulos, E. Efficient differentiation of vascular smooth muscle cells from Wharton’s Jelly mesenchymal stromal
cells using human platelet lysate: A potential cell source for small blood vessel engineering. World J. Stem Cells 2020,
12, 203-221.

Zhang, W.J.; Liu, W.; Cui, L.; Cao, Y. Tissue engineering of blood vessel. J. Cell. Mol. Med. 2007, 11, 945-957.
Knight, D.K.; Gillies, E.R.; Mequanint, K. Vascular Grafting Strategies in Coronary Intervention. Front. Mater. 2014, 1, 4.

Hashi, C.K.; Derugin, N.; Janairo, R.R.; Lee, R.; Schultz, D.; Lotz, J.; Li, S. Antithrombogenic modification of small-
diameter microfibrous vascular grafts. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 1621-1627.

Radke, D.; Jia, W.; Sharma, D.; Fena, K.; Wang, G.; Goldman, J.; Zhao, F. Tissue Engineering at the Blood-Contacting
Surface: A Review of Challenges and Strategies in Vascular Graft Development. Adv. Healthc. Mater. 2018, 7,
e1701461.

Yuan, H.; Chen, C.; Liu, Y.; Lu, T.; Wu, Z. Strategies in cell-free tissue-engineered vascular grafts. J. Biomed. Mater.
Res. Part A 2020, 108, 426-445.

Ku, D.N.; Han, H.-C. Assessment of Function in Tissue-Engineered Vascular Grafts. In Functional Tissue Engineering;
Guilak, F., Butler, D.L., Goldstein, S.A., Mooney, D.J., Eds.; Springer: New York, NY, USA, 2003; pp. 258—-267.

Atlan, M.; Simon-Yarza, T.; Ino, J.M.; Hunsinger, V.; Corte, L.; Ou, P.; Aid-Launais, R.; Chaouat, M.; Letourneur, D.
Design, characterization and in vivo performance of synthetic 2 mm-diameter vessel grafts made of PVA-gelatin
blends. Sci. Rep. 2018, 8, 7417.

Peck, M.; Dusserre, N.; McAllister, T.N.; L'Heureux, N. Tissue engineering by self-assembly. Mater. Today 2011, 14,
218-224.

L'Heureux, N.; Dusserre, N.; Konig, G.; Victor, B.; Keire, P.; Wight, T.N.; Chronos, N.A.; Kyles, A.E.; Gregory, C.R.;
Hoyt, G.; et al. Human tissue-engineered blood vessels for adult arterial revascularization. Nat. Med. 2006, 12, 361—
365.



38.

39.

40

41.

42.

43.

44.

45.

46.

47.

48

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

L'Heureux, N.; Paquet, S.; Labbé, R.; Germain, L.; Auger, F.A. A completely biological tissue-engineered human blood
vessel. FASEB J. 1998, 12, 47-56.

Niu, H.; Zhou, H.; Wang, H. Electrospinning: An Advanced Nanofiber Production Technology. In Energy Harvesting
Properties of Electrospun Nanofibers; IOP Publishing: Bristol, UK, 2019; pp. 1-1-1-44.

. Mirjalili, M.; Zohoori, S. Review for application of electrospinning and electrospun nanofibers technology in textile

industry. J. NanoStruct. Chem. 2016, 6, 207-213.

Li, Z.; Wang, C. Effects of Working Parameters on Electrospinning. In One-Dimensional Nanostructures:
Electrospinning Technique and Unique Nanofibers; Li, Z., Wang, C., Eds.; Springer: Berlin/Heidelberg, Germany, 2013;
pp. 15-28.

Hasan, A.; Memic, A.; Annabi, N.; Hossain, M.; Paul, A.; Dokmeci, M.R.; Dehghani, F.; Khademhosseini, A. Electrospun
scaffolds for tissue engineering of vascular grafts. Acta Biomater. 2014, 10, 11-25.

Davidenko, N.; Schuster, C.F.; Bax, D.V.; Farndale, R.W.; Hamaia, S.; Best, S.M.; Cameron, R.E. Evaluation of cell
binding to collagen and gelatin: A study of the effect of 2D and 3D architecture and surface chemistry. J. Mater. Sci.
Mater. Med. 2016, 27, 148.

Wise, S.G.; Byrom, M.J.; Waterhouse, A.; Bannon, P.G.; Ng, M.K.C.; Weiss, A.S. A multilayered synthetic human
elastin/polycaprolactone hybrid vascular graft with tailored mechanical properties. Acta Biomater. 2011, 7, 295-303.

Soletti, L.; Nieponice, A.; Hong, Y.; Ye, S.H.; Stankus, J.J.; Wagner, W.R.; Vorp, D.A. In vivo performance of a
phospholipid-coated bioerodable elastomeric graft for small-diameter vascular applications. J. Biomed. Mater. Res. Part
A 2011, 96, 436-448.

Ju, Y.M.; Ahn, H.; Arenas-Herrera, J.; Kim, C.; Abolbashari, M.; Atala, A.; Yoo, J.J.; Lee, S.J. Electrospun vascular
scaffold for cellularized small diameter blood vessels: A preclinical large animal study. Acta Biomater. 2017, 59, 58-67.

Du, F.; Wang, H.; Zhao, W.; Li, D.; Kong, D.; Yang, J.; Zhang, Y. Gradient nanofibrous chitosan/poly e-caprolactone
scaffolds as extracellular microenvironments for vascular tissue engineering. Biomaterials 2012, 33, 762—-770.

. Gu, B.K.; Choi, D.J.; Park, S.J.; Kim, M.S.; Kang, C.M.; Kim, C.-H. 3-dimensional bioprinting for tissue engineering

applications. Biomater. Res. 2016, 20, 12.

Tamay, D.G.; Dursun Usal, T.; Alagoz, A.S.; Yucel, D.; Hasirci, N.; Hasirci, V. 3D and 4D Printing of Polymers for Tissue
Engineering Applications. Front. Bioeng. Biotechnol. 2019, 7, 164.

Abaci, A.; Guvendiren, M. Designing Decellularized Extracellular Matrix-Based Bioinks for 3D Bioprinting. Adv. Healthc.
Mater. 2020, e2000734.

Jang, J.; Park, H.-J.; Kim, S.-W.; Kim, H.; Park, J.Y.; Na, S.J.; Kim, H.J.; Park, M.N.; Choi, S.H.; Park, S.H.; et al. 3D
printed complex tissue construct using stem cell-laden decellularized extracellular matrix bioinks for cardiac repair.
Biomaterials 2017, 112, 264-274.

Ligon, S.C.; Liska, R.; Stampfl, J.; Gurr, M.; Milhaupt, R. Polymers for 3D Printing and Customized Additive
Manufacturing. Chem. Rev. 2017, 117, 10212-10290.

Mosadegh, B.; Xiong, G.; Dunham, S.; Min, J.K. Current progress in 3D printing for cardiovascular tissue engineering.
Biomed. Mater. 2015, 10, 034002.

Freeman, S.; Ramos, R.; Alexis Chando, P.; Zhou, L.; Reeser, K.; Jin, S.; Soman, P.; Ye, K. A bioink blend for rotary 3D
bioprinting tissue engineered small-diameter vascular constructs. Acta Biomater. 2019, 95, 152-164.

Jia, W.; Gungor-Ozkerim, P.S.; Zhang, Y.S.; Yue, K.; Zhu, K.; Liu, W.; Pi, Q.; Byambaa, B.; Dokmeci, M.R.; Shin, S.R;
et al. Direct 3D bioprinting of perfusable vascular constructs using a blend bioink. Biomaterials 2016, 106, 58—68.

Gao, B.; Yang, Q.; Zhao, X.; Jin, G.; Ma, Y.; Xu, F. 4D Bioprinting for Biomedical Applications. Trends Biotechnol. 2016,
34, 746-756.

Rastogi, P.; Kandasubramanian, B. Breakthrough in the printing tactics for stimuli-responsive materials: 4D printing.
Chem. Eng. J. 2019, 366, 264-304.

Castro, N.J.; Meinert, C.; Levett, P.; Hutmacher, D.W. Current developments in multifunctional smart materials for
3D/4D bioprinting. Curr. Opin. Biomed. Eng. 2017, 2, 67-75.

Suntornnond, R.; An, J.; Chua, C.K. Bioprinting of Thermoresponsive Hydrogels for Next Generation Tissue
Engineering: A Review. Macromol. Mater. Eng. 2017, 302, 1600266.

De Souza Ferreira, S.B.; Moco, T.D.; Borghi-Pangoni, F.B.; Junqueira, M.V.; Bruschi, M.L. Rheological, mucoadhesive
and textural properties of thermoresponsive polymer blends for biomedical applications. J. Mech. Behav. Biomed.
Mater. 2016, 55, 164-178.



61. Reyes-Ortega, F. 3-pH-responsive polymers: Properties, synthesis and applications. In Smart Polymers and their
Applications; Aguilar, M.R., San Roman, J., Eds.; Woodhead Publishing: Southston, UK, 2014; pp. 45-92.

62. Ratemi, E. 5-pH-responsive polymers for drug delivery applications. In Stimuli Responsive Polymeric Nanocarriers for
Drug Delivery Applications; Makhlouf, A.S.H., Abu-Thabit, N.Y., Eds.; Woodhead Publishing: Southston, UK, 2018;
Volume 1, pp. 121-141.

63. Adedoyin, A.A.; Ekenseair, A.K. Biomedical applications of magneto-responsive scaffolds. Nano Res. 2018, 11, 5049—
5064.

64. Lv, C.; Sun, X.-C.; Xia, H.; Yu, Y.-H.; Wang, G.; Cao, X.-W,; Li, S.-X.; Wang, Y.-S.; Chen, Q.-D.; Yu, Y.-D.; et al.
Humidity-responsive actuation of programmable hydrogel microstructures based on 3D printing. Sens. Actuators B
Chem. 2018, 259, 736-744.

Retrieved from https://encyclopedia.pub/entry/history/show/13551



