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Preface to ”Modern Approaches in Cardiovascular

Disease Therapeutics: From Molecular Genetics to

Tissue Engineering”

Cardiovascular disease (CAD) is the leading cause of death globally out of all the

non-communicable diseases. CAD is a group of complex disorders, which includes peripheral arterial

disease, coronary heart disease, cerebrovascular disease, and rheumatic heart disease. Each year,

more than 800,000 bypass surgeries are performed. Additionally, it is speculated that more than

17 million people have died due to CAD, representing approximately 31% of all deaths worldwide.

It has been speculated that CAD costs the European Union (EU) more than EUR 210 billion,

and more than USD 300 billion in the case of the United States of America (USA) every year. The

primary cause for the development of CAD is atherogenesis and developed atherosclerosis, which

induces functional alterations to the vessels of the circulatory system. In this process, an individual’s

genetic background may influence the progression of this disease. Indeed, among other factors,

genetic alterations regarding the function of immune cells and the human leukocyte antigen (HLA)

system play a crucial role in the pathogenesis of CAD. An improved understanding of an individual’s

genetic alterations, which are specific for the initiation and progression of CAD, may facilitate the

introduction of novel targets for advanced therapeutics.

Advanced approaches for CAD prevention also involve the use of suitable tissue-engineered

vascular grafts (TEVG) for bypass surgeries. The gold standard conduits for this purpose are the

Dacron- or ePTFE-derived vascular grafts. In addition, autologous grafts, such as the saphenous vein,

have also been applied in the past. Unfortunately, less than 40% of patients have autologous vessels

suitable for this purpose. Additionally, animal-derived vessels have been tested for their suitability

as conduits. Recently, the production of TEVG using decellularization methods has gained significant

attention from the scientific community. In the aforementioned approaches, the mechanical properties

of the produced grafts are the main focus, and their study may reveal valuable information regarding

their structure–function properties.

Modern approaches for CAD will take into account an individual’s characteristics, promoting,

in this way, advanced personalized therapeutic strategies in accordance with the conditions of good

manufacturing practices (GMP).

We are delighted to present the current Special Issue, entitled “Modern Approaches in

Cardiovascular Disease Therapeutics: From Molecular Genetics to Tissue Engineering”. This

collection of articles will involve the most relevant and state-of-the-art research related to the topic of

the Special Issue, including, but not limited to, the following:

Molecular analysis of cardiovascular disease;

Novel biomarkers of cardiovascular disease;

Population genetics and association with cardiovascular disease;

Novel approaches for cardiovascular disease administration;

Vascular grafts and their application in cardiovascular disease;

Biomechanical properties of TEVG.

Panagiotis Mallis, Efstathios Michalopoulos

Editors

ix
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Abstract: Cardiovascular disease (CVD) currently represents one of the leading causes of death
worldwide. It is estimated that more than 17.9 million people die each year due to CVD manifestations.
Often, occlusion or stenosis of the vascular network occurs, either in large- or small-diameter blood
vessels. Moreover, the obstruction of small vessels such as the coronary arteries may be related to
more pronounced events, which can be life-threatening. The gold standard procedure utilizes the
transplantation of secondary vessels or the use of synthetic vascular grafts. However, significant
adverse reactions have accompanied the use of the above grafts. Therefore, modern therapeutic
strategies must be evaluated for better disease administration. In the context of alternative therapies,
advanced tissue-engineering approaches including the decellularization procedure and the 3D
additive bioprinting methods, have been proposed. In this way the availability of bioengineered
vascular grafts will be increased, covering the great demand that exists globally. In this Special
Issue of Bioengineering, we tried to highlight the modern approaches which are focused on CVD
therapeutics. This issue includes articles related to the efficient development of vascular grafts, 3D
printing approaches and suitable atherosclerosis models.

Keywords: cardiovascular disease; tissue engineering; small-diameter vascular grafts; mesenchymal
stromal cells; 3D printing; decellularization; macrophages

The development of functional vascular grafts, which can be applied in cardiothoracic
surgeries, represents currently one of the greatest goals of tissue engineering. In particular,
great effort has been made in order to better optimize the manufacturing procedures for the
development of small-diameter vascular grafts (SDVGs) Globally, there is a great demand
for this type of graft, applied mostly in coronary artery bypass grafting (CABG) [1,2].
Coronary artery obstruction represents one of the common manifestations of CVD [3].
CVD is a complex group of disorders, which involves peripheral arterial disease (PAD),
coronary artery disease (CAD), cerebrovascular disease (CBD) and rheumatic heart disease
(RHD) [1–4]. According to the World Health Organization (WHO), CVD is one of the
leading causes of death globally, estimated to cause more than 17.9 million casualties each
year [5]. The modern way of life such as daily diet, increased stress accompanied with high
working hours and lack of physical exercise are the major factors that are related to the
increased CVD occurrence [6,7]. Moreover, the proper management of CVD still represents
a great burden from an economical point of view and on national health care systems,
which are also characterized by major deficiencies in their daily routine [8,9].

The primary reason for CVD development is atherogenesis and developing atheroscle-
rosis in the patient’s vascular network [3,10]. In addition, an individual’s genetic back-
ground plays a crucial role in disease progression. Therefore, the understanding of the
underlying, associated pathogenetic factors may provide further insight for the better
administration of CVD.

Currently, advanced therapeutic strategies are utilized in CVD patients, including the
use of pharmaceutical regimens and modern vascular graft bioengineering applications [3].
To date, the gold standard procedure for the replacement of the occluded coronary arteries
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relies on the use of autologous secondary vessels such as the internal thoracic artery and
saphenous vein [11]. In addition, fabricated vascular grafts made of synthetic materials
such as Dacron and expanded polytetrafluoroethylene (ePTFE) have been applied in pa-
tients, although the success rate is variable [12]. Intriguingly, significant adverse reactions
have occurred regarding the use of both strategies. Moreover, suitable autologous vas-
cular grafts can be found in less than 30% of CVD patients, while synthetic SDVGs are
characterized by a reduced patency rate (<60%) within the first year of application [3].
Other common manifestations include neointima formation and vessel occlusion, initiation
of the calcification process and a severe host immune reaction [3]. These manifestations
could lead to new vascular graft transplantation, which represents an unfavorable situa-
tion for the majority of the patients. Importantly, the application of synthetic SDVGs in
pediatric patients is prohibited, due to their poor biological properties such as limited size
alteration [3].

Therefore, and in order to avoid the aforementioned side effects, modern approaches
in CVD must be evaluated as alternative therapeutic strategies. In this way, the application
of advanced tissue engineering methods such as the decellularization protocol is currently
being investigated for the potential SDVGs manufacturing [13–15]. The application of the
decellularization method for the efficient production of SDVGs has gained attraction from
the scientific community over the last decade [3]. Decellularization aims to produce an
acellular biological scaffold through the removal of the tissue-resident cellular popula-
tions, while at the same time preserving adequately the extracellular matrix (ECM) [13–15].
The choice of the decellularization protocol is dependent on the tissue’s origin and is
necessary in order to produce a well-defined acellular scaffold. Utilizing the decellulariza-
tion procedure, biological scaffolds can be efficiently derived from large animal models
(such as porcine and bovine animal models), cadaveric donors, or discarded biological
materials [13–15]. Besides the proper scaffold production, recellularization with host cel-
lular populations must be performed in order to reduce any adverse reactions incidence.
Taking into consideration the above, human umbilical arteries (hUAs) may represent a
valuable alternative source for the production of functional SDVGs [16]. HUAs can be
noninvasively isolated after gestation from the umbilical cord. Their inner lumen diameter
ranges between 1–6 mm, and are characterized by three different wall layers (tunica intima,
media and adventitia) and hence could resemble the structural function of human coronary
arteries [16]. Additionally, animal-derived and biohybrid-fabricated vessels have been
proposed [3]. However, the persistence of α-gal epitopes in decellularized scaffolds and the
low biomechanical properties could limit their off-the-shelf application [17]. Additionally,
advanced 3D bioprinting methods could enhance the SDVGs production process [18]. New
bioprinting methodologies such as 4D printing will create a new era for the production of
the next-generation (shape-shifted) vascular grafts [19]. In the near future, repopulated
SDVGs with genetically engineered cellular populations, will be presented and used suc-
cessfully in CVD patients, efficiently prolonging their lifetime. In the context of advanced
approaches in CVD, the current Special Issue of Bioengineering aimed to gather modern
studies related to translational vascular medicine. The current Special Issue included three
original articles, two review articles and one editorial article.

The first article published by Mallis et al. [20] provided a comprehensive review
regarding the fabrication of SDVGs and also the future perspectives, which will accompany
their potent application.

Furthermore, Kozaniti et al. [21] presented the last evidence regarding the 3D printing
approach and how can be associated with the production of functional vascular grafts.

Moreover, Garcia-Sabate et al. [20] developed a novel biomimetic 3D model to mimic
atherosclerosis in order to investigate thoroughly the role of monocytes and macrophages
in disease progression. Their work proved that the collagen density in the atherosclerotic
plaque is the driving cause, thus inducing the secretion of specific adipokines and growth
factors from the macrophages. The macrophage modulation mediated by the collagen
density is further related to the atherosclerosis disease progression [22].
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This Special Issue also involved an additional original research article prepared by
Mallis et al. [23] More specifically, this study provided evidence regarding the improvement
of the repopulation methodology utilizing the cord blood platelet lysate (CBPL). In this
study, the Mesenchymal Stromal Cells (MSCs) were dynamically seeded on decellularized
vascular grafts. The performed histological analysis indicated the efficient repopulation
of the vascular grafts with the MSCs. Indeed, vascular grafts treated with CBPL showed
higher MSCs repopulation efficacy compared with the control group, as was determined by
Ki67 and mitogen-activated protein (MAP)-kinase expression [23]. This proof-of-concept
study indicated that the CBPL may improve the repopulation process, which may further
reduce the processing time for bioengineered vascular graft production. Global research
effort must be focused on the improvement of the functional vascular grafts manufacturing
process. We hope that the current Special Issue of Bioengineering will motivate and inspire
researchers of the field, worldwide. In this way, more data will be gathered, highlighting
significant aspects which can be utilized in cardiovascular therapeutics, and in parallel
improving the application of these advanced methods in terms of economics and quality.
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Abstract: Background: The development of functional bioengineered small-diameter vascular grafts
(SDVGs), represents a major challenge of tissue engineering. This study aimed to evaluate the
repopulation efficacy of biological vessels, utilizing the cord blood platelet lysate (CBPL). Methods:
Human umbilical arteries (hUAs, n = 10) were submitted to decellularization. Then, an evaluation of
decellularized hUAs, involving histological, biochemical and biomechanical analysis, was performed.
Wharton’s Jelly (WJ) Mesenchymal Stromal Cells (MSCs) were isolated and characterized for their
properties. Then, WJ-MSCs (1.5 × 106 cells) were seeded on decellularized hUAs (n = 5) and
cultivated with (Group A) or without the presence of the CBPL, (Group B) for 30 days. Histological
analysis involving immunohistochemistry (against Ki67, for determination of cell proliferation) and
indirect immunofluorescence (against activated MAP kinase, additional marker for cell growth
and proliferation) was performed. Results: The decellularized hUAs retained their initial vessel’s
properties, in terms of key-specific proteins, the biochemical and biomechanical characteristics
were preserved. The evaluation of the repopulation process indicated a more uniform distribution
of WJ-MSCs in group A compared to group B. The repopulated vascular grafts of group B were
characterized by greater Ki67 and MAP kinase expression compared to group A. Conclusion: The
results of this study indicated that the CBPL may improve the repopulation efficacy, thus bringing
the biological SDVGs one step closer to clinical application.

Keywords: decellularization; human umbilical arteries; mesenchymal stromal cells; repopulation;
Ki67; MAP kinase

1. Introduction

The development of functional small-diameter vascular grafts (SDVGs), which can
effectively be used in cardiovascular applications, remains a great challenge. Cardiovas-
cular disease (CVD) represents a wide group of disorders, including peripheral arterial
disease (PAD), coronary artery disease (CAD), cerebrovascular disease and rheumatic
heart disease [1–4]. Changes in daily routine by adopting different behavioral habits, such
as dietary change, smoking limitation and body exercise, may reduce the incidence of
CVD [5–9]. However, CVD is one of the leading causes of death worldwide, estimating
that more than 17 million people are suffering from some form of CVD [7]. In addition,
more than 500,000 bypass surgeries are performed on CVD patients in the USA each
year [10,11]. Therefore, the appropriate administration of CVD may result in a reduction in
the corresponding global burden of death.

Bioengineering 2021, 8, 118. https://doi.org/10.3390/bioengineering8090118 https://www.mdpi.com/journal/bioengineering

5



Bioengineering 2021, 8, 118

Different CVD cases require different therapeutic approaches, from medications’
initiation to vascular graft replacement. Indeed, in the case of PAD and CAD, the utilization
of vascular graft substitutes represents the most effective approach [12–14]. Currently, the
gold standard approach for CAD is the replacement of the occluded vessel with another
SDVG substitute [15,16]. Most times, secondary vascular grafts such as the saphenous vein
and the mammary and radial arteries are preferred [16]. However, less than 50% of CVD
patients are characterized by an adequate vascular network. It is known that CVD can cause
significant hemodynamic differences throughout the whole patient’s vascular network. In
addition, accumulated atherosclerotic plaque in combination with stiffer blood vessels are
common manifestations in CVD patients. Therefore, the utilization of suitable autologous
secondary vascular grafts (e.g., saphenous vein), in order to be used for bypass grafting
in those patients, is a demanding task [2,16]. As an alternative to autologous vessels,
synthetic SDVGs can represent an important candidate [16]. The most used materials for
vascular grafts fabrication are Dacron and ePTFE. Although synthetic vascular grafts made
from Dacron and ePTFE have been used with promising results, in large diameter vessel
replacement (e.g., aorta), their application as SDVGs is followed by severe adverse reactions
by the host [17,18]. These adverse reactions may include the extended immune response
against the synthetic vessel, platelet aggregation followed by clot formation, calcification
development at the anastomoses sites, which further promote the graft rejection [17,18].
Moreover, the above-described adverse reactions may be deleterious for the patients and
can even be life-threatening. Additionally, the use of synthetic SDVGs in pediatric patients
is still not a favorable approach, unless there is no other alternative option [2,16]. In the past,
also, cross-linked (formalin-fixed) vascular grafts of animal origin have been evaluated
as vessel substitutes [19,20]. This type of grafts was characterized by totally different
mechanical properties compared to the resident vessels, which could result in neointima
formation and graft occlusion, due to compliance mismatch [16]. Moreover, formalin-fixed
grafts have a limited in vivo remodeling ability; therefore, their potential application in
CAD is reduced.

In the context of suitable SDVG development, the utilization of advanced tissue engi-
neering approaches may guarantee an important solution to address the above issues [2].
In this way, the application of the decellularization method to produce SDVGs has been
evaluated by various research groups worldwide [21–23]. Considering the above data, the
potential use of decellularized human umbilical arteries (hUAs) has been proposed to be
used as suitable SDVGs for CAD applications [21–23].

More specifically, the human umbilical cord (hUC) consists of two arteries and one
vein [24–26]. The average length of the human umbilical cord can reach 50–60 cm [24,25].
The hUAs are responsible for the transportation of the non-oxygenated blood from the
fetus to the mother. It has been calculated that more than 40 L of blood are transported
through the hUAs. Histological analysis of the hUAs has revealed the presence of three
layers in the vascular wall, the tunica intima (TI), media (TM) and adventitia (TA) [24,25].
Each layer is characterized by the presence of different cell populations, including the
endothelial cells (in TI), the vascular smooth muscle cells (in TM) and the perivascular cells
(in TA) [24–26]. In addition, hUAs are characterized by a lumen diameter of 2–6 mm and
can be non-invasively isolated after gestation. Therefore, hUAs may represent an important
candidate for the development of SDVGs.

To date, several research groups have evaluated the decellularized human umbili-
cal vessels as vascular graft substitutes [21–23]. Decellularization aims to eliminate the
vessel’s cell populations, maintaining in parallel the integrity of the extracellular matrix
(ECM) [26–28]. However, the repopulation of the vascular graft with host cells must be
performed in order to gain its original functionality [29]. Most times, the proper repopu-
lation (with the desired cellular populations, e.g., endothelial cells and vascular smooth
muscle cells) of the decellularized vascular grafts is performed using vessel bioreactors
under defined conditions [29]. However, the repopulation efficacy is still low; therefore,
an improvement of the whole procedure may be considered. In such a way, the use of
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CBPL may be applied as an additive to the repopulation process in order to improve cell
adhesion. From advanced proteomic analysis, it has been shown that the CBPL contains a
significant amount of growth factors including the platelet-derived growth factor (PDGF),
transforming growth factor-β1 (TGF-β1), fibroblast growth factor (FGF), cytokines such
as tumor necrosis factor-a (TNF-α), interleukin (IL)-1, IL-3, IL-6 and matrix metallopro-
teases [30–33]. The concentration and the combination of the above proteins have been
shown to present tissue remodeling properties and also favor cell adhesion, proliferation
and differentiation [34]. Currently, CBPL has been used widely in personalized regener-
ative medicine applications including wound and burn healing, and the regeneration of
long-term skin ulcers in diabetic patients, while the standardization criteria for its proper
production have also been described and published [35–37]. Therefore, the utilization of
CBPL may improve the repopulation efficacy of the decellularized hUAs.

This study aimed to evaluate the impact of CBPL as a culture mediator for the im-
provement of SDVGs’ repopulation. For this purpose, decellularized hUAs will be used
as a potential scaffold for the repopulation experiments. MSCs derived from hUCs were
seeded onto the decellularized hUAs and cultured in the presence of a cultivation medium
containing CBPL. To evaluate the repopulation process, histological and biochemical anal-
yses of the recellularized vessels were performed. The results of this study may deepen
knowledge on efficient vascular graft development.

2. Materials and Methods

2.1. Isolation of hUAs

HUAs (n = 60, l = 4 cm) were isolated from the hUCs that were delivered to the
Hellenic Cord Blood Bank (HCBB). All hUC samples were collected from end-term normal
or caesarian deliveries (gestational ages 38–40 weeks) by experienced midwives. The
informed consent for the enrolment of the current study was signed by the mothers before
the gestation. The informed consent of the current study was in accordance with the
ethical standards of the Greek National Ethical Committee and fulfilled the criteria of
the Helsinki Declaration. The overall study was approved by the Bioethics Committee
of BRFAA (No 2843, 7 October 2020). After the delivery to the HCBB, the hUCs were
kept in Phosphate Buffer Saline 1× (PBS 1x, Gibco, Life Technologies, Grand Island, NE,
USA) supplemented with 10 U/mL Penicillin and 10 μg/mL Streptomycin (Gibco, Life
Technologies, Grand Island, NE, USA). The hUAs’ isolation was performed within 24 h
after the hUCs delivery. Briefly, the hUCs were rinsed in PBS 1x to remove the excess
blood and blood clots. Then, isolation of intact hUAs was performed with the use of
sterile surgical instruments. HUAs with occluded lumen were not used for the current
experimental procedure and were discarded. Finally, each hUA was separated into two
segments of 2 cm. The one-segment (l = 2 cm) was served as native hUA, whereas the other
segment (l = 2 cm) was submitted to decellularization.

2.2. Decellularization of hUAs

The hUAs were decellularized based on an already published protocol from our
research team [38]. Briefly, hUAs (n = 60, l = 4 cm) were placed in the first decellularization
solution, which consisted of 8 mM CHAPS, 1 M NaCl and 25 mM EDTA in PBS 1x (Sigma-
Aldrich, Darmstadt, Germany) for 22 h at room temperature (RT). Then, the hUAs were
briefly washed in PBS 1x to remove the excess of the initial decellularization solution. After
this step, the hUAs were placed in the second decellularization solution, which consisted of
1.8 mM SDS, 1 M NaCl and 25 mM EDTA in PBS 1x, (Sigma-Aldrich, Darmstadt, Germany)
for another 22 h at RT, followed by a brief wash in PBS 1x. Finally, the hUAs were incubated
in α-Minimum Essentials Medium (α-MEM, Sigma-Aldrich, Darmstadt, Germany) and
supplemented with 40% Fetal Bovine Serum (FBS, Sigma-Aldrich, Darmstadt, Germany)
for 48 h at 37 ◦C. All steps were performed under rotational and continuous agitation.
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2.3. Histological Analysis of hUAs

The evaluation of the elimination of cellular populations and the ECM preservation
in decellularized hUAs was performed with the histological analysis. Specifically, native
(n = 5, l = 2 cm) and decellularized (n = 5, l = 2 cm) hUAs were fixed in 10% v/v neutral
formalin buffer (Sigma-Aldrich, Darmstadt, Germany), dehydrated, paraffin-embedded and
sectioned at 5 μm. Hematoxylin and Eosin (H&E, Sigma-Aldrich, Darmstadt, Germany),
Orcein Stain (OS, Sigma-Aldrich, Darmstadt, Germany), Masson’s Trichrome (MT, Sigma-
Aldrich, Darmstadt, Germany) and Toluidine Blue (TB, Sigma-Aldrich, Darmstadt, Germany)
were used for the evaluation of cellular/nuclear materials, elastin, collagen and sulphated
glycosaminoglycans (sGAGs), respectively. Images were acquired with a Leica DM L2 light
microscope (Leica Microsystems, Weltzar, Germany) and processed with ImageJ 1.46 r (Wane
Rasband, National Institutes of Health, Bethesda, MD, USA).

2.4. Scanning Electron Microscopy Analysis of hUAs

Scanning electron microscopy (SEM) analysis was performed to further evaluate the ul-
trastructure of the hUAs. Specifically, hUA segments obtained from native (n = 5, l = 8 mm)
and decellularized (n = 5, l = 8 mm). Then, all samples were initially fixed with 1% v/v glu-
taraldehyde solution (Sigma-Aldrich, Darmstadt, Germany). Briefly, rinses with distilled
water were performed 3 times. Then, dehydration of segments was performed using 70%
v/v, 80% v/v, 95% v/v aqueous ethanol and absolute ethanol for 20 min each. Dehydrated
hUA segments were placed in hexamethyldisilazane solution (Sigma-Aldrich, Darmstadt,
Germany) for 10 min, air-dried and sputter-coated with gold (Cressington Sputter, Coater
108 auto, Watford, UK). Finally, the samples were examined with SEM Phillips XL-30
(Phillips, FEI, Hillsboro, OR, USA).

2.5. Biochemical Analysis of hUAs

Collagen quantification of native (n = 10, l = 2 cm) and decellularized (n = 10,
l = 2 cm) hUAs was performed with a Hydroxyproline Assay Kit (MAK 009, Sigma-Aldrich,
Darmstadt, Germany), according to the manufacturer’s instructions. Briefly, all samples
were digested in 125 μg/mL papain buffer (Sigma-Aldrich, Darmstadt, Germany) at 60 ◦C
for 12 h. Then, all samples were hydrolyzed with 12 M HCl, dried and incubated with
Chloramine T/oxidation buffer and DMAB reagent. The hydroxyproline content, which
corresponded to the collagen amount, was determined photometrically at 560 nm by
interpolation to the hydroxyproline standard curve.

Accordingly, for the sGAG quantification, native (n = 10, l = 2 cm) and decellularized
(n = 10, l = 2 cm) hUAs were digested in 125 μg/mL papain buffer. Then, in digested
samples, the addition of dimethylene blue (Sigma-Aldrich, Darmstadt, Germany) was
performed. Finally, the samples were quantified photometrically at 525 nm. The sGAG
content was determined by interpolation to the standard curve (dilutions of 3, 6, 12,
25, 50, 100 and 150 μg/mL chondroitin sulfate were used for the development of the
standard curve).

DNA quantification was performed in native (n = 10, l = 2 cm) and decellularized
(n = 10, l = 2 cm) hUAs. To perform this quantification, all samples were digested in a
lysis buffer that consisted of 0.1 M Tris pH 8, 0.2 M NaCl, 5 mM EDTA and 25 mg/mL
Proteinase K (Sigma-Aldrich, Darmstadt, Germany), followed by incubation at 55 ◦C for
12 h. Inactivation of Proteinase K was performed after the complete tissue lysis, at 60 ◦C
for 5 min. The DNA was isolated, cleaned and diluted in 50 μL of RNA-se-free water
(Sigma-Aldrich, Darmstadt, Germany). Finally, the DNA amount in each sample was
determined by photometrical measurement at 260 to 280 nm.

2.6. Preparation of hUAs for Biomechanical Analysis

Native (n = 10) and decellularized (n = 10) hUAs were analyzed for their biomechan-
ical properties. Briefly, a ring-like (~1 mm width) and a strip-like sample (~5 mm long)
were used for the qualitative histological observations. The hUAs (both native and decellu-
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larized) were cut into strips and ring samples along the circumferential and longitudinal
direction, respectively. The occurred samples were placed in a Petri dish containing Krebs–
Ringer solution at 37 ◦C. The frontal and the lateral aspects of the samples were observed
under a stereomicroscope ((Nikon SMZ800; Nikon Instruments Europe BV, Amsterdam,
The Netherlands) and images were acquired with a color digital camera (Leica DFC500,
Leica Microsystems GmbH, Wetzlar, Germany). The inner and outer circumference, thick-
ness, cross-sectional area and width of the ring and the strip samples were determined by
measurements performed in the acquired images, using the Image-Pro Plus software (v 4.5,
Media Cybernetics Inc., Bethesda, MD, USA).

2.7. Biomechanical Analysis of hUAs

For the biomechanical analysis of native (n = 10) and decellularized (n = 10) hUAs,
an experimental device (Vitrodyne V1000 Universal Tester; Liveco Inc., Burlington, VT,
USA) was used. The device consisted of (a) a stationary lower grip and an upper grip
attached to the actuator, gradually extending the samples that were vertically mounted
in the grips; (b) a load cell (GSO-250; Transducer Techniques, Temecula, CA, USA) with
0.01-g accuracy for the evaluation of load; (c) a rotary encoder providing feedback on
the vertical displacement of the upper sample grip with 10-micrometer accuracy; (d) a
saline bath wherein the samples were submerged during testing to sustain normal tissue
hydration; (e) a heater coil (1130A, PolyScience, Niles, IL, USA) regulating the temperature
of the saline bath at 37 ◦C; and (f) an accompanying personal computer, interfaced with
the controller of the device via the Material Witness software package (v. 2.02, Liveco
Inc., Burlington, VT, USA) to store the data. The ring and strip samples of hUAs were
mounted in the device for the analysis, using hook-shaped grips. The unloaded length of
all samples was obtained by vertically adjusting the upper grip to record only their weight.
All samples were submitted to a progressively increasing tensile load at a 10 μm/s rate
until full rupture of the wall.

2.8. Biomechanical Data Analysis

Stretch was calculated as the sample length during load increase by the experimental
device (Vitrodyne V1000 Universal Tester; Liveco Inc., Burlington, VT, USA) divided by
the unloaded sample length. The strain was calculated using the stretch values minus
one. Stress was calculated by dividing the product of the load and stretch by their un-
loaded cross-sectional area, assuming tissue incompressibility. The stress–strain data were
regressed with 9th-order polynomials, affording correlation coefficients r > 0.95, and the
elastic modulus (tangent) at each strain level was calculated as the first derivative of stress
over strain. Failure stress, representing tissue strength, and failure strain, representing
extensibility, were calculated as the maximum stress and strain values at the first rup-
ture. Peak elastic modulus, representing maximum tissue stiffness, was calculated as the
highest elastic modulus value before the first rupture. All calculations were performed in
Mathematica (v. 9.0, Wolfram Research Inc., Boston, MA, USA).

2.9. Quality Control of Isolated WJ-MSCs

MSCs used in this study were isolated from hUCs Wharton’s jelly tissue, as previously
described [31,39]. The quality check of the WJ-MSCs (n = 5) at passage (P)1-P3 involved (a)
the determination of morphological characteristics, (b) performance of tri-lineage differen-
tiation, (c) colony-forming units’ (CFUs) assay performance and (d) immunophenotyping
analysis using the flow cytometer.

The differentiation of WJ-MSCs into “osteocytes”, “adipocytes” and “chondrocytes”
was achieved using the specific kits according to the manufacturer’s instructions. Specif-
ically, the StemPro Osteogenesis, Adipogenesis and Chondrogenesis differentiation kits
(Thermo Fischer Scientific, Waltham, MA, USA) were applied. To verify the differentiation
efficiency of WJ-MSCs, histological stains were performed, as previously described [31,39].
For this purpose, Alizarin Red S, Oil Red O and Alcian Blue (Sigma-Aldrich, Darmstadt,
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Germany) were used for the determination of calcium deposition, lipid droplet and sulfated
glycosaminoglycans’ (sGAGs) production, respectively.

CFUs assay was performed in WJ-MSCs at P1–P3. WJ-MSCs (from each passage)
were detached from the culture flask using trypsin (0.025%)-EDTA (0.01%) buffer (Thermo
Fischer Scientific, Waltham, MA, USA), counted, seeded at a density of 500 cells/well on
6-well plates and incubated for 15 days at 37 ◦C and 5% CO2. Then, the cultures were
washed with PBS 1x (Sigma-Aldrich, Darmstadt, Germany) and formalin-fixed. Giemsa
stain was applied for 5 min, and the stained CFUs were observed under an inverted
Leica DM L2 light microscope (Leica, Microsystems, Weltzar, Germany). In addition, the
positively stained CFUs were microscopically counted by two independent observers.

Flow cytometric analysis was performed in order to determine the WJ-MSCs’ im-
munophenotype, as has been proposed by ISCT [40]. For this purpose, 15 monoclonal
antibodies (mAb) panel was used. This panel is composed of (a) fluorescein (FITC)-
conjugated mAbs CD90, CD45, CD19, CD29, CD31 and HLA-ABC, (b) phycoerythrin
(PE)-conjugated mAbs CD44, CD3, CD11b and CD34, (c) peridinin-chlorophyll-protein
(PerCP)-conjugated mAbs CD105, HLA-DR and (d) allophycocyanin (APC)-conjugated
mAbs CD73, CD10 and CD340. All mAbs were purchased from Becton Dickinson (BD
biosciences, Franklin Lakes, NJ, USA). The immunophenotyping analysis was performed
in FACS Calibur (BD biosciences, Franklin Lakes, NJ, USA) with at least 10,000 events at
each tube. Flow cytometric data analysis was performed with FlowJo v10 (BD biosciences,
NJ, USA).

For the below-described repopulation experiments, WJ-MSCs P3 were applied. In each
passage, the total number and viability of WJ-MSCs were determined using automated
count combined with trypan blue (Sigma-Aldrich, Darmstadt, Germany).

2.10. In Vitro Angiogenesis Assay

The ability of WJ-MSCs P3 to form networks was evaluated with the performance of
an in vitro angiogenesis assay. Matrigel© (BD, Heidelberg, Germany) was thawed on ice
overnight, according to the manufacturer’s instructions. Then, 30 μL of the Matrigel© was
placed in each well of 24-well plate and incubated for 30 min at 37 ◦C. WJ-MSCs P3, at a
density of 3 × 104, were seeded into each well, followed by the addition of 500 μL of a-
Minimum Essentials Medium (a-MEM) supplemented with Endothelial Growth Medium-2
(EGM-2). The networks were formed within 8 h. Images were acquired with a Leica DM
L2 light microscope (Leica, Microsystems, Weltzar, Germany).

2.11. Repopulation of hUAs

For the repopulation experiments, Wharton’s Jelly (WJ)-MSCs (n = 5) of P3 were
seeded onto the decellularized hUAs. Quality characteristics of WJ-MSCs including im-
munophenotyping analysis, trilineage differentiation, proliferation potential (until P3) and
viability assessment, were performed, as described in the previous section (2.9 Quality
Control of isolated WJ-MSCs).

To perform the repopulation experiments, decellularized hUAs (n = 10) were cut
into rings (l = 1 cm) and were placed in 15 ml polypropylene conical falcon tubes. Then,
MSCs at a density of 1.5 × 106 cells were added to each hUA ring. Incubation at dynamic
seeding conditions, using a thermal shaker, at 37 ◦C, for a maximum of 8 h, was performed.
Then, the repopulated hUAs were placed into 6-well plates. The addition of WJ-MSCs
P3 at a density of 1 × 105 cells in the 6-well plates was also performed. Finally, the
6-well plates containing the repopulated hUAs were placed into the incubator at 37 ◦C
and 5% CO2 for a time period of 30 days. Biweekly change of the culture media was
performed to all repopulated hUAs. Repopulated hUAs were divided into the following
two groups: group A—repopulated hUAs (n = 5) with WJ-MSCs P3 cultivated with regular
culture medium consisted of α-MEM (Gibco, Thermo-Scientific, Waltham, MA, USA), 1%
v/v Penicillin-Streptomycin (P-S, Gibco, Thermo-Scientific, Waltham, MA, USA), 1% v/v
L-glutamine (L-glu, Gibco, Thermo-Scientific, Waltham, MA, USA) and 15% FBS (Gibco,
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Thermo-Scientific, Massachusetts, USA and group B—repopulated hUAs (n = 5) with
WJ-MSCs P3 cultivated culture medium consisted of α-MEM (Gibco, Thermo-Scientific,
Waltham, MA, USA) supplemented with 1% P-S (Gibco, Thermo-Scientific, Waltham, MA,
USA) and 15% v/v CBPL. The CBPL was produced based on a previously published
protocol from our laboratory [30]. Briefly, for the production of CBPL, CBUs with an initial
volume of 111–148 mL (including the anticoagulant) were used. None of the CBUs used
for the production of CBPL met the minimum criteria of processing, cryopreservation
and release outlined by the HCBB (Table S1). The CBUs were initially centrifuged at
210× g for 15 min at room temperature (RT). The top plasma fraction was transferred
using a manual extraction system, to a secondary processing bag. The plasma fraction was
centrifuged again at 2600× g for 15 min at RT. Finally, the supernatant platelet-poor plasma
(PPP) was removed and the remaining CBPL (8–10 mL) was supplemented in α-MEM.
Additionally, a sample obtained from CBPL was taken and counted in a hematological
analyzer (Sysmex XS 1000i, Roche, Basel, Switzerland) to verify the platelet concentration
within the CBPL. The culture media were used from the initial WJ-MSCs seeding onto the
decellularized hUAs.

2.12. Histological Analysis of the Repopulated hUAs

The evaluation of the repopulation efficiency of the decellularized hUAs was per-
formed with the histological assessment. Briefly, repopulated hUAs (from both groups)
were fixed in 10% v/v neutral formalin buffer, dehydrated, paraffin-embedded and sec-
tioned at 5 μm, as previously described. H&E staining was performed for the evaluation of
the seeded WJ-MSCs onto the hUAs.

The proliferation potential of WJ-MSCs P3 in seeded hUAs was assessed by indi-
rect immunofluorescence experiments. The primary antibody used in this experimental
procedure was anti-MAP kinase, activated dephosphorylated ERK 1 and 2 antibodies
(1:1000, Sigma-Aldrich, Darmstadt, Germany), while the secondary was FITC-conjugated
anti-mouse (1:80, Sigma-Aldrich, Darmstadt, Germany) antibody. Finally, the sections
were dehydrated, and glycerol was mounted. The images were obtained with an LE-
ICA SP5 II confocal microscope with LAS Suite v2 software (Leica Microsystems, GmbH,
Wetzlar, Germany).

Quantification of MAP kinase expression and DAPI staining in repopulated hUAs
based on immunofluorescence staining was performed as has been previously published by
Prasad et al. [41]. For this purpose, the Image J (v1.533, National Institute of Health, USA)
was used. Specifically, the acquired figures were converted into 8-bit images and then,
using the Split Channels tool, were split into their original images. Plot profiles of MAP
kinase expression (FITC, green channel) and DAPI (blue channel) were generated using
the Histogram tool. The generated graphs represented the mean fluorescence intensities
(MFI) corresponding to MAP kinase expression and DAPI stain.

2.13. Statistical Analysis

Graph Pad Prism v 6.01 (GraphPad Software, San Diego, CA, USA) was used for
the statistical analysis in the current study. Comparisons of total hydroxyproline, sGAG
and DNA contents and morphometric data between all samples were performed with
Welch’s t-test. Comparison of DNA content and biomechanical results between all samples
was performed with an unpaired non-parametric Kruskal–Wallis test. The statistically
significant difference between group values was considered when p-value was less than
0.05. Indicated values were presented as mean± standard deviation.

3. Results

3.1. Histological Analysis of hUAs

The impact of the decellularization approach in the ECM of the hUAs was evaluated
using histological analysis. In this way, H&E, TB, MT and OS stains were applied in
the native and decellularized hUAs for the evaluation of cell presence, sGAGs, collagen
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and elastin, respectively. The results of H&E indicated the absence of cell and nuclear
remnants in the decellularized hUAs, while the ECM was adequately preserved (Figure 1).
On the other hand, regarding the sGAG, a weaker stain intensity was observed in the
decellularized hUAs (Figure 1). The collagen and the entire ECM were preserved in UAs
after the decellularization, as it was indicated by an MT stain (Figure 1). In addition,
OS confirmed the presence of elastin both in the native and decellularized hUAs. The
histological analysis revealed that the decellularized hUAs were characterized by a more
compact structure, compared to the non-decellularized native hUAs. Further histological
examination of the inner structure and morphology of the hUAs was conducted using
SEM analysis (Figure 2). The decellularized hUAs were free from their cellular populations
(endothelial cells and smooth muscle cells, Figure 2). Moreover, SEM analysis revealed the
successful preservation of ECM structures, thus further confirming the initial histological
analysis (involved H&E, AB and MT stains).

Figure 1. Histological analysis of hUAs (including native and decellularized samples). Native and decellularized hUAs
stained with H&E (A,I,Q and B,J,R), TB (C,K,S and D,L,T), MT (E,M,U and F,N,V) and OS (G,O,W and H,P,X). The black
boxes indicated the magnified field of 20× and 40× images. Images were presented with original magnification 10×, scale
bars 100 μm, 20×, scale bars 50 μm and 40×, scale bars 25 μm. H&E: Hematoxylin and Eosin, TB: Toluidine Blue, MT:
Masson’s Trichrome, OS: Orcein Stain.

3.2. Biochemical Evaluation of hUAs

In the current study, DNA, hydroxyproline and sGAGs were quantified in order to
properly evaluate the impact of the decellularization procedure on hUAs. Specifically,
DNA was eliminated in decellularized hUAs. Specifically, the DNA content of the native
hUAs was 1589 ± 150 ng DNA/mg of tissue weight. In the decellularized hUAs, the DNA
content was 43 ± 6 ng DNA/mg of tissue weight, suggesting that 97% of the initial DNA
content was removed (Figure 3A and Table S2).

Regarding the hydroxyproline (which corresponds to collagen content) content, no
statistically significant difference was observed between the native and decellularized
hUAs. The hydroxyproline content of the native and decellularized hUAs was 65 ± 9
and 61 ± 9 μg hydroxyproline/mg of tissue weight, respectively (Figure 3B). Finally, the
sGAG content in the native and decellularized hUAs was 4 ± 1 and 2 ± 1 μg sGAGs/mg
of tissue weight, respectively (Figure 3C). Statistically significant differences were observed
in the DNA content (p < 0.001) and the sGAG content (p < 0.01) between the native and
decellularized hUAs.
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Figure 2. SEM histological analysis of hUAs. SEM images of native (A,C,E) and decellularized
(B,D,F) hUAs. White arrows in images (A,D) represent the vascular wall. White squares in the
same images represent the magnified region, as presented in images (E,F). White arrows in image
E represent the combination of cells and collagen fibers of native, while in Figure F, white arrows
represent only the preserved collagen fibers of decellularized hUAs. Images were presented with
original magnification 50× (A,B), scale bars 100 μm, 200× (C,D), scale bars and 1000× (E,F), scale
bars 25 μm.

Figure 3. Biochemical analysis of hUAs. The biochemical analysis involved the DNA quantification (A), the hydroxyproline
content (B) and sGAG content (C) quantification of native and decellularized hUAs. Statistically significant differences
regarding the DNA (p < 0.001) and sGAG (p < 0.01) content were observed between native and decellularized hUAs.

3.3. Biomechanical Analysis of hUAs

The biomechanical properties of the native and decellularized hUAs were determined
with the performance of uniaxial testing. In this way, both the native and decellularized
hUAs were tested in longitudinal and circumferential directions. Regarding the longitudi-
nal direction, the failure stress (σ), failure strain and peak elastic modulus for the native
and decellularized hUAs were 755 ± 150 and 1373 ± 140 kPa, 1.4 ± 0.1 and 1.7 ± 0.2,
3458 ± 548 and 3867 ± 630 kPa, respectively (Figures 4 and 5A–C and Table S3). In the
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circumferential direction, the failure stress (σ), failure strain and peak elastic modulus for
the native and decellularized hUAs were 1102 ± 180 and 1480 ± 150 kPa, 2.1 ± 0.3 and
2.7 ± 0.4, 3781 ± 540 and 5153 ± 420 kPa, respectively (Figures 4 and 5D–F and Table S3).
Statistically significant differences regarding the longitudinal direction between the native
and decellularized hUAs were observed in failure stress (p < 0.05) and strain (p < 0.01,
Figure 5A–C). Regarding the circumferential direction, statistically significant differences
between the native and decellularized hUAs were observed in failure stress (p < 0.05),
failure strain (p < 0.05) and peak elastic modulus (p < 0.05, Figure 5D–F).

Figure 4. Set up of uniaxial biomechanical analysis of hUAs. Overview of decellularized hUAs in longitudinal and
circumferential axis (A). Biomechanical testing of hUAs either in circumferential or longitudinal axis (B). Determination of
hUAs dimensions using the stereoscope (C). P: Perimeter, r: radial, W: Width, L: Length.

3.4. WJ-MSCs Characterization

In this study, the WJ-MSCs P3 were applied for the in vitro recellularization of the
decellularized hUAs. However, before further processing, the verification of the stem cell
characteristics of the WJ-MSCs was performed.

The WJ-MSCs at P1–P3 presented a fibroblastic-like morphology. No change in their
morphological features was observed between the passages (Figure 6A). The WJ-MSCs
P3 differentiated successfully to “osteogenic”, “adipogenic” and “chondrogenic” lineages
upon stimulation with specific differentiation media. To determine the efficacy of the
differentiation, histological stains were applied. Specifically, the mineral production (Ca2+

and Mg2+) from the differentiated WJ-MSCs were determined with the performance of
Alizarin Red S. Indeed, a high number of calcium deposits to the differentiated “osteocytes”
were observed (Figure 6A). Moreover, successful CFUs development was performed by
the WJ-MSCs from P1–P3 (Figure 6A). The corresponded CFU numbers developed by
the WJ-MSCs at P1, P2 and P3 were 12.3 ± 1.6, 12.1 ± 1.5 and 13.1 ± 1, respectively. No
statistically significant differences regarding the CFU number were observed between the
different WJ-MSCs passages (Figure S1). Additionally, to verify the WJ-MSCs’ properties to
form an organized network, an angiogenesis assay was applied (Figure 6A). The WJ-MSCs
started to develop the tubular networks after 4 h. An organized tubular network, formed
by WJ-MSCs, was observed after 8 h of incubation.
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Figure 5. Biomechanical analysis of native and decellularized hUAs. Native and decellularized hUAs were tested for the
maximum strain (A,D), failure strain (B,E) and peak elastic modulus (C,F), in the longitudinal (A–C) and circumferential
(D–F) direction, respectively. Statistically significant differences between native and decellularized hUAs were found in
failure stress (p < 0.05, in both directions), peak elastic modulus (p < 0.05, circumferential direction) and failure strain
(p < 0.01 for the longitudinal direction and p < 0.05 for the circumferential direction). DECEL: Decellularized.

The immunophenotyping analysis of the WJ-MSCs P3 showed an expression >90%
for the CD73, CD90, CD105, CD29, CD10, CD44, CD340 and HLA-ABC expression <2% for
the CD3, CD19, CD34, CD45, CD15, CD11b, CD31 and HLA-DR (Figure 6B, Figure S2 and
Table S4). Finally, the WJ-MSCs were expanded successfully since their first isolation until
reached P3 (Figure 6C). Specifically, the mean number of WJ-MSCs at P1 was 1.8 × 106, at
P2 it was 3.9 × 106 and at P3 it was 7.8 × 106 (Figure 6C). The viability of the WJ-MSCs at
P1, P2 and P3 was 93.6 ± 1.3%, 93.1 ± 1.5% and 93.3 ± 1.3%, respectively, as confirmed by
the trypan blue assay (Figure 6D).

3.5. Recellularization of hUAs

The WJ-MSCs P3 successfully repopulated the decellularized hUAs in both groups.
However, a more uniform repopulation of the hUAs was observed when CBPL was used
(Figure 7) Indeed, when CBPL was used as a supplement of the culture medium, a better
distribution of the WJ-MSCs P3 was observed, compared to group A. H&E stain confirmed
the presence of the WJ-MSCs P3 to the TA of hUAs in both groups (Figure 8). However,
after 30 days of incubation, an extensive migration of cells from TA to TI was reported only
in group B (Figure 8). The WJ-MSCs P3 of group A did not migrate, thus they were located
only in the TA of the hUAs. Moreover, a greater number of the WJ-MSCs P3 were observed
in group B compared to group A.
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Figure 6. Characterization of the isolated WJ-MSCs. Morphological characteristics of WJ-MSCs (A1–A3). Differentiation
of WJ-MSCs towards “osteogenic”, “adipogenic” and “chondrogenic” lineages (A4–A6). The successful differentiation
of WJ-MSCs into “osteocytes”, “adipocytes” and “chondrocytes” was verified using the histological stains Alizarin Red
S, Oil Red O and Alcian Blue, respectively. CFUs assay of WJ-MSCs at P1 to P3 (A7–A9). In vitro angiogenesis assay
performance. Images showing the developed network were acquired after 1, 4 and 8 h (A10–A12). Immunophenotyping
analysis of WJ-MSCs P3 (B). Determination of total number (C) and viability of WJ-MSCs at P1–P3 (D). The images A1–A6

and A10–A12 were acquired with original magnification 10×, and scale bars 100 μm.

Figure 7. Histological analysis of hUAs (A–C). Overview of repopulated hUAs of groups A and B (B,C). Decellularized
hUA served as the control group (A). Repopulated hUA of group A (B). WJ-MSCs P3 in group A were located only to the
tunica adventitia. Repopulated hUA of group B (C). On the contrary, WJ-MSCs P3 in group B migrated successfully to
the inner vascular wall. Images represented with original magnification 2.5× and scale bars 500 μm. Images in the black
squares represented with original magnification 10×, scale bars 100 μm.

To further confirm the proliferative activity of the WJ-MSCs P3 in the repopulated
hUAs, immunohistochemistry against Ki67 was performed (Figure 9). The expression of
Ki67 was confirmed in both groups. However, a greater distribution of Ki67 was observed
in group B, further confirming the H&E staining results.
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Figure 8. Histological analysis of repopulated vascular grafts with WJ-MSCs P3, located in the tunica adventitia. Decellu-
larized hUAs stained with H&E (A,G,M). Repopulated hUAs of group A (C,I,O) and group B (E,K,Q) stained with H&E.
Immunohistochemistry against Ki67 in decellularized hUAs (B,H,N), and repopulated hUAs of group A (D,J,P) and group
B (F,L,R). Images (A–F) presented with original magnification 10×, scale bars 100 μm. Images (G–L) presented with original
magnification 20×, scale bars 50 μm. Images (M–R) presented with original magnification 40×, scale bars 25 μm.

Figure 9. Histological analysis of repopulated vascular grafts with WJ-MSCs P3, located in the tunica intima. Decellular-
ized hUAs stained with H&E (A,G,M). Repopulated hUAs of group A (C,I,O) and group B (E,K,Q) stained with H&E.
Immunohistochemistry against Ki67 in decellularized hUAs (B,H,N), and repopulated hUAs of group A (D,J,P) and group
B (F,L,R). Images (A–F) presented with original magnification 10×, scale bars 100 μm. Images (G–L) presented with original
magnification 20×, scale bars 50 μm. Images (M–R) presented with original magnification 40×, scale bars 25 μm.

The immunofluorescence results indicated the expression of MAP kinase in both
groups (Figure 10 and Figure S3). However, the greater distribution and expression of
MAP kinase were observed in group B in comparison to group A (Figure 10). The MFI of
the MAP kinase expression in TA and TI in repopulated hUAs of group A and group B was
13.9 ± 2.1 and 1.1 ± 0.3, and 45.6 ± 7.1 and 45.3 ± 5.1, respectively. Accordingly, for the
DAPI stain, the MFI in repopulated hUAs of groups A and B were 7.6 ± 1.1 and 39.8 ± 2.5,
and 43.4 ± 4.4 and 41.5 ± 4.3, respectively. The statistically significant differences were
observed in the study groups, regarding either the MAP kinase expression (p < 0.01) or
the DAPI stain intensity (p < 0.001). The latter further confirms the greater proliferative
potential and migratory ability of the WJ-MSCs P3 in decellularized hUAs, when CBPL
was also used as a supplement in the culture medium.
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Figure 10. Indirect immunofluorescence against MAP kinase in combination with DAPI stain in repopulated hUAs (A).
Decellularized hUAs did not exhibit any expression of anti-MAP kinase or DAPI stain (1,2,7,8,13,14) either in tunica
adventitia or tunica intima regions. Repopulated hUAs in group A (cultured with regular medium) were characterized
by both anti-MAP expression and DAPI stain (3,9,15,4,10,16). However, both signals were restricted only to the tunica
adventitia of the repopulated hUAs (3,9,15). Repopulated hUAs in group B (with the use of CBPL) positively expressed the
MAP kinase and DAPI stain both in tunica adventitia and tunica intima regions (5,11,17,6,12,18). Images (1–6) presented
with original magnification 10×, scale bars 100 μm. Images (7–12) presented with original magnification 20×, and scale
bars 50 μm. Images (13–18) presented with original magnification 40×, and scale bars 25 μm. Mean Fluorescence Intensity
of MAP kinase and DAPI stain (B). Statistically significant differences regarding the MAP kinase expression and DAPI stain
both in tunica adventitia (p < 0.01) and tunica intima (p < 0.001) in all groups. TA: Tunica Adventitia, TI: Tunica Intima.
White boxes and arrows presented the presence of cells in repopulated hUAs.

4. Discussion

The fabrication of functional bioengineered SDVGs, suitable for CVD surgery, rep-
resents one of the major challenges of blood vessel engineering [15]. Current knowledge
from the already performed research has shown that acellular SDVGs cannot be applied
in patients due to severe host adverse reactions, such as thrombus and neointima forma-
tion [42,43]. In addition, decellularized animal vessels, cross-linked, sterilized, cryopre-
served allografts or commercially available SDVGs fail to integrate properly to the damaged
region [44–58]. Consequently, the host inflammatory response attributed by neutrophils
and M1 macrophages is initiated, leading to platelet activation and aggregation [59]. Addi-
tionally, the cryopreserved allografts are characterized by increased bacterial infections [60].
In this way, the development of well-defined SDVGs requires further evaluation.

For this purpose, the repopulation of the decellularized SDVGs with host cellular
populations may attenuate the aforementioned lethal consequences. The proper repop-
ulation of the decellularized vascular grafts can be performed with the use of a suitable
bioreactor system [61]. In this process, the optimum conditions for the repopulation of the
grafts can be adjusted, ensuring the uniform distribution and proliferation of the cellular
populations [62]. However, the whole process requires further improvement in order to
reduce the fabrication time of the vascular graft.

In the majority of the studies, culture media utilizing FBS and synthetic growth factors
are mostly applied [62–64]. FBS is a rich source of growth factors and hormones, which
is commonly used as a culture media additive for the in vitro isolation and expansion of
cells [65–68]. On the other hand, it has been shown, that significant variation in FBS content
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may exist between different lots [65–68]. Additionally, FBS may contain prions, xenogeneic
antigens and bovine proteins, which can cause allergic reactions or the transmission of
zoonotic diseases to the host [65–68].

Therefore, the utilization of better-defined supplements for the repopulation and
fabrication of bioengineered SDVGs is an important asset. Previously conducted studies
have shown that peripheral blood (PB) or cord blood derivatives, such as platelet-rich
plasma (PRP) or platelet lysate (PL), may sustain the stem cell proliferation and, thus, can
be used as an alternative to FBS supplement in the culture media [32,66–69]. Either PBPL or
CBPL can induce the expansion of MSCs in great numbers, without altering their stemness
properties [32,69]. CBPL has previously been used in combination with ascorbic acid for
the development of vascular smooth muscle cells originating from MSCs [70].

The current study aimed to provide insight evidence regarding the beneficial use of
CBPL in the repopulation of the decellularized SDVGs. For this purpose, the hUAs were
decellularized effectively and served as scaffolds. Furthermore, WJ-MSCs were used as the
cell population for the repopulation assays. As it has been shown previously by our group,
hUAs can be efficiently decellularized, serving as an ideal scaffold for cell repopulation [39].
The preservation of the key specific ECM proteins in decellularized matrices, is of major
importance, promoting the development of a suitable microenvironment for cell infiltration.
In our study, the preservation of the ECM proteins was confirmed by the performance
of the histological analysis. An H&E stain initially confirmed the preservation of an
hUA ultrastructure, while at the same time no cell or nuclei materials were evident in
decellularized vessels. Besides that, a more comprehensive analysis of hUAs’ ECM involved
the performance of TB, MT and OS. The above histological stains can specifically detect
the sGAGs, collagen and elastin in the vessel wall of the hUAs. Indeed, MT and ES
revealed the presence of collagen and elastin in the decellularized vessels in a similar way
to the native ones. On the contrary, a weaker TB stain was observed in the decellularized
hUAs, compared to the native hUAs, reflecting the possible reduction in the sGAG content.
Moreover, the decellularized hUAs retained their initial collagen and elastin alignment to
the vascular walls. This important finding has been related to improved biomechanical
properties and better cell infiltration. The properly aligned collagen and elastin fibers
retain their initial adhesion positions, which are important for cell infiltration, proliferation
and differentiation. Indeed, these processes are mainly attributed by interactions between
cell integrins (α1β1, α2β1 and ανβ1) with the RGD binding motifs (arginine-glycine
and aspartate), which are found in collagen and elastin fibers [71,72]. Similar results
have been reported in the past by other research groups, thus further confirming the
effective decellularization of the hUAs. Indeed, the successful preservation of fibronectin
in decellularized hUAs, a protein that exerts important key-binding activities and has
previously been shown by our research team [38,73]. Fibronectin, in a similar way as
collagen and elastin, contains RGD binding motifs; therefore, mediated cell adhesion
through integrins can be performed. On the other hand, decellularized SDVGs may need
an additional pre-coating with heparin and VEGF in order to enhance the anti-coagulant
properties and ECs’ adhesion. Dimitrievska et al. [74] proposed a novel method for
advanced heparin-binding in decellularized vascular grafts. This method is reliant on the
covalent linking of high-density heparin in decellularized vessels, utilizing the “alkyne-
azide” clickable dendrons. Furthermore, the same group showed that immobilized heparin
induced a significant reduction in platelet adhesion, whereas the repopulation of the vessel
with ECs was efficient. Koobatian et al. [75] showed that the addition of VEGF to the
heparin binding domain may improve the long-term patency of the vascular grafts. VEGF
favors the ECs migration and adhesion; therefore, a more uniform endothelium could be
developed in the inner layer of the vascular grafts. Gui et al. [21] was the first who reported
the efficient decellularization of hUAs and explored their potential use as SDVG. In this
study, hUAs were decellularized, retaining their ultrastructure orientation in the same
way as it has been reported in the current technical note. No discrepancies regarding the
histological results were observed between the two studies. SEM images of native and
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decellularized hUAs further confirmed the production of a properly defined vascular graft.
All the layers of the vascular wall (TI, TM and TA) were well preserved. No signs of ECM
extensive destruction were observed in the decellularized hUAs.

Biochemical analysis of the collagen, sGAG and DNA content of the native and
decellularized hUAs was performed in order to evaluate the decellularization process.
The DNA content was eliminated in the decellularized hUAs. Additionally, the sGAG
content showed a statistically significant decrease in the decellularized hUAs, compared
to the native. On the other hand, the collagen content was preserved both in the native
and decellularized vessels. The biochemical analysis results were in accordance with the
histological stain observations. Indeed, the weaker TB stain in the decellularized hUAs
was positively related to the loss of the sGAG content. At the same time, the absence of cell
and nuclei materials confirmed the low DNA content in the decellularized vessels.

Due to the existence of variations between the native and decellularized hUAs, regard-
ing the sGAG content and cell elimination, these may be related to the altered biomechanical
properties of the decellularized hUAs. For this purpose, uniaxial biomechanical testing
in longitudinal and circumferential directions was performed. Biomechanical differences
were observed between the native and decellularized hUAs. These differences reflected
the adaptation of a stronger and more extensible behavior in the decellularized hUAs
compared to the native ones. Mostly, these differences existed only in the circumferential
and not in the longitudinal direction. This alteration in biomechanical properties may
be explained partially due to cell elimination and fiber disorganization. However, our
histological analysis did not reveal collagen or elastin disorganization in the vascular wall
of the decellularized hUAs. In addition, biochemical analysis revealed that decellularized
hUAs were characterized by less sGAG content. Such alterations in the sGAG content, in
combination with the loss of VSMCs, may cause the crimp of the collagen and elastin fibers.
This, in turn, may increase the crosslink between collagen and elastin fibers, thus explain-
ing the stiffer behavior of the decellularized hUAs. The presented biomechanical results
were in accordance with previously conducted studies [76,77]. This may suggest that the
decellularization may have an impact on the properties of the decellularized vessels.

Once the properties of the decellularized vessels were established, an evaluation of
the repopulation efficacy with the WJ-MSCs with or without the CBPL was performed.
Before the repopulation assessment, the WJ-MSCs were isolated, expanded and their char-
acteristics were determined based on the ISCT criteria [40]. WJ-MSCs compromise a fetal
stem cell population with unique immunomodulatory and regenerative properties [77–79].
It is universally known that MSCs are lacking the expression of HLA class II molecules,
and co-stimulatory molecules (such as CD40, CD80 and CD86) [78–80]. Therefore, MSCs
can be universally applied in the allogeneic setting of the tissue engineering approaches.
Moreover, fetal MSCs (such as the WJ-MSCs) are characterized by longer telomeres and
increased telomerase activity, and at the same time, by no mutations or epigenetic modifi-
cations to their genome, compared to the adult MSCs (such as the bone marrow or adipode
Tissue MSCs) [78–83]. In addition, fetal stem cells can be greater expanded in vitro without
any chromosomal instability [81–83]. Therefore, fetal MSCs may be a greater source of stem
cells compared to adult cells for regenerative medicine applications. In the current study,
it was shown that WJ-MSCs are capable of contributing to a vascular network formation,
reflecting their ability to differentiate to other cells such as the ECs [78–83]. In the context
of tissue engineering, a great number of easily handled cells is required for the successful
repopulation of the decellularized matrices. In this way, the WJ-MSCs could represent a
desired stem cell source for the successful production of functional SDVGs.

In the context of the repopulation procedure, WJ-MSCs P3 (with or without the
addition of CBPL) were dynamically seeded to the decellularized hUAs for a time period
of 30 days. Then, a histological assessment was performed. In both groups, WJ-MSCs P3
were successfully seeded in the decellularized vessels. However, the WJ-MSCs of group
A were restricted only to the outer layer of the vessel. On the other hand, in group B, the
WJ-MSCs were distributed more uniformly compared to group A. In group B, the WJ-MSCs
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were observed to migrate toward the TM of the vessel. Furthermore, the WJ-MSCs in both
groups showed positive expression for Ki67.

To date, the PL mostly derived from the peripheral blood has shown promising results,
regarding cell proliferation and differentiation in 2D conditions. Doucet et al. [84] indicated
the better proliferation and expansion potential of MSCs cultured with PL compared to
those cultured with fetal calf serum (FCS). Jooybar et al. [85] showed that PL can be used
in various tissue engineering approaches. Specifically, Jooybar et al. [85] developed a
novel injectable platelet lysate-hyaluronic acid hydrogel. Then, bone marrow MSCs were
encapsulated in the aforementioned hydrogel. The results of this study indicated the high
expression of AGGRECAN (ACAN), COLLAGEN I/II and SRY-BOX TRANSCRIPTION
FACTOR 9 (SOX9). The encapsulated MSCs presented an increased metabolic activity and
differentiation potential towards chondrocytes. Zhang et al. [86] showed the beneficial
properties of PL regarding the neo-vascularization potential of decellularized rat pancreatic
scaffolds. Indeed, the contained growth factors of PL supported the ECs’ adhesion onto
the decellularized pancreatic scaffolds. Finally, the repopulated scaffolds were implanted
into the animal model. The results of this study showed that the released growth factors by
the PL contribute significantly to better EC adhesion and vascular network development.
The above pancreatic scaffolds were characterized by good biocompatibility, supporting, in
this way, the long-term survival of the graft. However, until now, the CBPL has not been
broadly applied in tissue engineering approaches. The current study represents a novel
study, where the CBPL (with its contained growth factors) induced higher repopulation
efficacy in decellularized hUAs, compared to the regular culture medium. In this way,
CBPL may represent a better supplement for tissue engineering approaches, such as the
production of functional bioengineered SDVGs.

Additional analysis of the repopulated vessels involved the detection of the dephos-
phorylated MAP kinase, using the immunofluorescence assay. Indeed, the WJ-MSCs in
group B were expressed greater in the dephosphorylated MAP kinase, compared to group
A. The monoclonal antibody (mAb), which was used, specifically recognized the activated
MAP kinase isoforms ERK1 and ERK2. These isoforms are implicating in cell growth and
proliferation [87,88]. It has been shown that ERK1/2 activation is required for the cells to
move from the G0 to G1 phase, through the accumulation of phosphatidylinositol-3-OH
kinase [89,90]. Accordingly, the overexpression of activated ERK1/2 in quiescent fibroblasts
was sufficient to perform the S-phase entry [90]. Additionally, in loss of function experi-
ments, using the PD98059 (an inhibitor of ERK1/2) observed a halt of the cell proliferation
and growth factor production, which was acting with the tyrosine kinase receptors or G
protein-coupled receptors in VSMCs [87,88]. Additionally, the use of another synthetic
inhibitor (LY294002), specific for PI(3)K, blocked the DNA synthesis and the overall cell
growth of cells [90–93]. This suggests that the activation of ERK1/2 plays a significant
role in the downstream activation of other proteins such as PI(3)K, which contribute to
cell growth and proliferation [90–93]. The activation of ERK1/2 can be promoted through
the binding of various growth factors to their specific receptors. Among them, TGF-β1,
VEGF, PDGF and FGF induce mitogenic benefits to cells through the activation of MAK
isoforms [94–97]. Previous studies, conducted by our research team and also by others,
have shown that CBPL is characterized by significant growth factor content [30,31]. TGF-
β1, FGF, VEGF, PDGF, IGF, cytokines and chemokines are represented in the CBPL. In this
way, it could be explained that repopulated vessels with CBPL were characterized by high
WJ-MSCs proliferation and distribution to the vascular wall.

5. Conclusions

The current study described, in detail, the impact of the decellularization procedure
to the vessels and the repopulation efficacy using the CBPL. CBPL, as a supplement to the
culture media, may significantly improve the repopulation process. The future goal of our
research will be the use of the CBPL culture medium in a vessel bioreactor system in order
to assess if the proposed medium produced better-cellularized vessels. The utilization of
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CBPL may add more beneficial properties to the repopulated vessels, avoiding, in this
way, any allergic reactions from the host. In turn, this may bring the production of fully
personalized vascular grafts one step closer to clinical utility.
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.3390/bioengineering8090118/s1. Figure S1. WJ-MSCs CFUs counting. No statistically significant dif-
ferences were observed between WJ-MSCs at P1–P3. Figure S2. Flow Cytometric analysis of WJ-MSCs
P3. High (A) and low (B) expression of CDs in WJ-MSCs P3. Figure S3. Indirect immunofluorescence
against MAP kinase in combination with DAPI stain in repopulated hUAs. Indirect immunofluo-
rescence of decel hUAs (A, B, G, H, M, N), group A (C, D, I, J, O, P) and group B (E, F, K, L, Q, R).
Images A-R, presented with original magnification 40×, scale bars 25 μm. Table S1. Acceptable
range of results outlined by the HCBB for processing and storage of cord blood units. Table S2. Raw
data of DNA quantification. Table S3. Biomechanical analysis of native and decellularized hUAs.
Statistically significant differences between the samples of longitudinal and circumferential direction
were observed in failure stress (p< 0.01). Table S4. Flow Cytometric analysis of WJ-MSCs P3.
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Abstract: Atherosclerosis, the inflammation of artery walls due to the accumulation of lipids, is the
most common underlying cause for cardiovascular diseases. Monocytes and macrophages are major
cells that contribute to the initiation and progression of atherosclerotic plaques. During this process,
an accumulation of LDL-laden macrophages (foam cells) and an alteration in the extracellular matrix
(ECM) organization leads to a local vessel stiffening. Current in vitro models are carried out onto
two-dimensional tissue culture plastic and cannot replicate the relevant microenvironments. To bridge
the gap between in vitro and in vivo conditions, we utilized three-dimensional (3D) collagen matrices
that allowed us to mimic the ECM stiffening during atherosclerosis by increasing collagen density.
First, human monocytic THP-1 cells were embedded into 3D collagen matrices reconstituted at
low and high density. Cells were subsequently differentiated into uncommitted macrophages (M0)
and further activated into pro- (M1) and anti-inflammatory (M2) phenotypes. In order to mimic
atherosclerotic conditions, cells were cultured in the presence of oxidized LDL (oxLDL) and analyzed
in terms of oxLDL uptake capability and relevant receptors along with their cytokine secretomes.
Although oxLDL uptake and larger lipid size could be observed in macrophages in a matrix dependent
manner, monocytes showed higher numbers of oxLDL uptake cells. By analyzing major oxLDL
uptake receptors, both monocytes and macrophages expressed lectin-like oxidized low-density
lipoprotein receptor-1 (LOX1), while enhanced expression of scavenger receptor CD36 could be
observed only in M2. Notably, by analyzing the secretome of macrophages exposed to oxLDL, we
demonstrated that the cells could, in fact, secrete adipokines and growth factors in distinct patterns.
Besides, oxLDL appeared to up-regulate MHCII expression in all cells, while an up-regulation of
CD68, a pan-macrophage marker, was found only in monocytes, suggesting a possible differentiation
of monocytes into a pro-inflammatory macrophage. Overall, our work demonstrated that collagen
density in the plaque could be one of the major factors driving atherosclerotic progression via
modulation of monocyte and macrophages behaviors.

Keywords: atherosclerosis; monocyte; macrophage; disease model; collagen; 3D cell culture;
immunomechanobiology
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1. Introduction

Atherosclerosis is the dominant underlying causation of coronary heart disease and cerebrovascular
disease [1] and statistically a major cause of morbidity and mortality worldwide [2,3]. The systematic
formation of detrimental atherosclerotic plaques, via monocyte to macrophage differentiation to foam
cell formation, which eventually narrows and occludes arteries, is well-reviewed elsewhere [4,5].
In short, monocytes are recruited to lesion sites, where low-density lipoproteins (LDL) and
apolipoprotein B-containing lipoproteins have accumulated and activated the endothelium. Monocytes
then infiltrate the lesion and differentiate into macrophages, which will uptake lipoproteins, ultimately
resulting in foam cells that comprise the central core of atheromas that will progressively occlude the
vessel. Atherosclerosis is considered a non-resolving inflammatory condition [2,6], akin to chronic
wounds that will not resolve towards healing. On account of this close association with wound healing,
and evidence that atherosclerotic plaques are vastly populated by pan-macrophage marker CD68+
cells, macrophages are thought to play other lead roles beyond foam cell formation that progresses
plaque buildup [7,8].

In atherosclerosis, macrophages are implicated in progression or regression of plaques, as well
as in plaque stabilization or its rupture [9,10]. Pro-inflammatory macrophages, or M1 macrophages,
are responsible for progression, leading towards instability and finally resulting in rupture [11].
Conventionally, at the complete opposite end of the macrophage spectrum, sits the anti-inflammatory
or M2 macrophages [12], which mediate a more favorable outcome of atherosclerosis [13]. It is
now accepted that macrophage phenotypes are not dichotomous but lie along this M1-M2 spectrum,
and depending on the atherosclerotic cellular niche, macrophages can dynamically traverse this
M1-M2 continuum [12,14], affecting the outcome of this disease. While significant advancements have
been made in terms of disease management, research must now shift towards understanding the
mechanisms of atherosclerosis regression and the repair of atherosclerotic lesions [15]. It is, therefore,
imperative to understand macrophage biology in the interest of this new pivot against atherosclerosis.

Animal models have provided abundant information for atherosclerosis research, however,
to understand atherosclerosis healing mechanistically, relevant in vitro models are a must. Models of
atherosclerosis have progressed from simple 2D culture to 3D multi-cellular cultures [16,17], the latter
a better representation considering the dimensionality of the disease and anatomical features involved.
To mimic in vivo-like conditions, in vitro models have encapsulated the relevant cells of interest within
naturally-derived and polymer-based hydrogels.

Several 3D models of atherosclerosis have been published [18–21]. While they mostly tackled the
interaction between different cells in atherosclerotic plaques at different stages of plaque progression,
they overlooked some factors which we aim to address. The 3D extracellular matrix (ECM) used for
scaffolding the models was not assessed in terms of its biomechanical influence on monocytes and
macrophages in regard to atherosclerosis’ cellular niche. This is especially important since collagen
comprises up to 60% of the plaque protein [22], and the amount of collagen in the plaque dictates its
mechanical stability [23], where a deficiency of collagen may lead to plaque rupture and an excess
results in narrowing of the artery. Moreover, aged or obese individuals are known to exhibit notably
stiffened and thickened arteries [24]. Also, our previous work has specifically shown that macrophage
functionality and immune phenotype is regulated by physical parameters of the surrounding ECM [25].
While the majority of biological readouts from 2D and 3D in vitro atherosclerosis models have focused
on LDL uptake by the immune cells and secretion of specific pro-inflammatory cytokines, there is
a lack of comprehensive secretome studies. Owing to the complexity of the biochemical milieu in
atherosclerotic microenvironments, we want to examine adipokines and growth factors, two groups
of cytokines that are currently vague, but crucial to understanding the mechanisms of regression
and repair of atherosclerotic plaques. Furthermore, most 3D models commonly employ monocytes
or resident macrophages (M0) for LDL exposure to simulate atherosclerosis. However, there are
pathological situations, for example, dyslipidemia, diabetes, hypertension, obesity, and smoking,
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whereby transendothelial permeability to LDLs increases [26,27] and resident macrophages of varying
phenotypes within the intima could uptake LDLs, thus also modulate atherosclerotic plaque [14].

In this study, we employ a system of collagen-based hydrogels with different matrix densities that
recapitulate the porosity of early (low tissue density) and advanced (high tissue density) atherosclerotic
tissue in vivo [28,29]. Within these fibrillar collagen hydrogels, a commonly used and genetically
uniform human monocytic cell line, THP-1, is embedded, differentiated into various macrophage
phenotypes, and later exposed to oxidized LDLs (oxLDL). Here, we aim to elucidate the effects
of the predominant ECM, collagen, on these immune cells by isolating them from other factors
such as different cell types or proteins. The assessment was performed to evaluate oxLDL uptake,
scavenger receptors and immune phenotype gene expressions, and their secretions of adipokine and
growth factors.

2. Materials and Methods

2.1. Cell Culture

Human monocytic cell line THP-1 were maintained in RPMI-1640 (Gibco, Thermo Fisher Scientific,
Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS), 1% HEPES, 1% sodium pyruvate,
0.01% beta-mercaptoethanol, and 1% penicillin/streptomycin (all from Invitrogen, Thermo Fisher
Scientific, Inc.) at 37 ◦C, 95% humidity and 5% CO2 (standard cell culture conditions).

2.2. Embedding and Differentiating THP-1 towards Macrophages in 3D Collagen Matrices

3D collagen matrices at concentrations of 1 and 3 mg/mL were prepared as previously
published [25,30]. In short, a collagen solution was prepared by mixing of type I rat tail collagen
(Advanced BioMatrix, Inc., Carlsbad, CA, USA) with 250 mM of phosphate buffer and 0.1% acetic
acid (both from Sigma-Aldrich, Inc., St. Louis, MO, USA). Afterward, 1 × 105 THP-1 cells were
suspended in the prepared collagen solution and then transferred onto glutaraldehyde-coated
coverslips. Cell-free collagen matrices were analyzed prior to use for cell culture regarding their
topological and mechanical properties, using an image-based analysis toolbox [31] and non-destructive
rheometer [25,32], respectively.

Macrophage differentiation was performed using an established protocol [25]. In brief, THP-1 cells
were differentiated into uncommitted macrophages (M0) by culturing in RPMI 1640 media without
FBS supplemented with 300 nM phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, Inc.) for 6 h.
To achieve pro-inflammatory (M1) and anti-inflammatory (M2) macrophages, PMA containing media
was removed, and M0 were rested in RPMI-1640 cell culture media without FBS for 24 h. Afterward,
cells were cultured in activating media for 48 h. For M1 activation, RPMI-1640 cell culture media
without FBS was supplemented with 10 pg/mL lipopolysaccharide (LPS, Sigma-Aldrich, Inc.) and
20 ng/mL interferon-gamma IFN-γ (Biolegend, Inc., San Diego, CA, USA), while 20 ng/mL interleukin
4 (IL-4, Biolegend, Inc.) and 20 ng/mL interleukin 13 (IL-13, Biolegend, Inc.) was used for M2 activation.

2.3. Topological and Mechanical Characterization of 3D Collagen Matrices

Cell-free 3D collagen matrices were analyzed regarding their topological and mechanical
properties based on previously published protocols [32]. In brief, 5- (and-6)-
carboxytetramethylrhodaminesuccinimidylester (5(6)-TAMRA-SE) (Sigma-Aldrich, Inc.) stained
3D collagen matrices were imaged using confocal microscopy (SP8; Leica Microsystems GmbH,
Wetzlar, Germany) at 63X. Z-stacked (50 μm depth, at 5 μm intervals) image datasets (of pixel size
0.13 × 0.13 μm) were analyzed using a custom-built image analysis toolbox [31] to obtain mean
pore size. For each type of 3D collagen matrix, analysis was performed in triplicate with three
positions per sample. Measurements of mechanical properties was performed on cell-free label-free
3D collagen matrices non-destructively (ElastoSense™ Bio; Rheolution Inc., Montreal, QC, Canada).
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Briefly, fibrillation of 3 mL of collagen solution was initiated at 37 ◦C and the elastic modulus of
collagen was measured during polymerization. Three samples per matrix type were analyzed.

2.4. Treatment with oxLDL

Monocyte (THP-1), plus uncommitted and activated macrophages were cultured in the presence
of 5 μg/mL oxidized low-density lipoproteins from human plasma (oxLDL; Molecular Probes™,
Thermo Fisher Scientific, Inc.) for 5 days at standard cell culture condition. oxLDL conjugated
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) was used for quantification
and visualization of LDL uptake. As a control, cells were cultured at similar conditions without oxLDL.

2.5. Quantitative Analysis of oxLDL Uptake

After 5 days of LDL treatment, collagen matrices were digested with 6 mg/mL of collagenase
(Worthington Biochemical Corp., Lakewood, NJ, USA) prepared in cell culture media for 15 min at
standard cell culture conditions to digest the collagen. Afterward, cells were analyzed using Attune
NxT Flow Cytometer equipped with autosampler (Thermo Fisher Scientific, Inc.). Percentage of oxLDL
uptake cells and mean fluorescent intensity were quantified using FlowJow Software (Build 10.5.3;
BD Life Sciences). Experiments were performed in 5 replicates.

2.6. Quantitative Analysis of Lipid Droplet Size

For analysis of lipid droplet size, cells were first fixed with 4% paraformaldehyde and stained with
4′,6-diamidino-2-phenylindole (DAPI; 1:10,000 dilution in PBS) for 2 h at room temperature. Afterward,
cells were imaged using a confocal laser scanning microscope (cLSM) (SP8; Leica Microsystems GmbH).
The cLSM stacked images were gathered and analyzed regarding the lipid size using DiI-oxLDL
fluorescence signal by a home-built MATLAB script (MATLAB 2019a; The MathWorks, Inc., Natick,
MA, USA).

2.7. Quantitative Analysis of Adipokines, Chemoattractants, and Growth Factors

Secretion of adipokines, chemoattractants, and growth factors were analyzed from cell
culture supernatant after 5 days of cell culture in the presence and absence of oxLDL. Custom
bead-based multiplex immunoassays were used to quantify secretome (Biolegend, Inc.), following the
manufacturer’s instructions. Samples were analyzed using Attune NxT Flow Cytometer equipped
with autosampler (Thermo Fisher Scientific, Inc.). Data analysis was done using LEGENDplex™ Data
Analysis Software (Biolegend, Inc.).

2.8. Gene Expression Analysis

Gene expression analysis was performed using an established protocol, as published [25]. Briefly,
total RNA was extracted using TRIzol (Invitrogen, Thermo Fisher Scientific, Inc.) and converted
into complementary DNA (cDNA) using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Thermo Fisher Scientific, Inc.). The cDNA concentration and purity (the ratio of absorbance
at 260 nm and 280 nm) were quantified using nanodrops (Thermo Fisher Scientific, Inc.) prior to
performing gene expression analysis. The primers used in this study were synthesized from Bioneer
Inc. The primer sequences are listed in Supplementary Table S1. qPCR was performed using the SYBR
Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific, Inc.). The qPCR procedure
was set as follows: denaturation for 5 min at 95 ◦C; 45 cycles of denaturation (95 ◦C, 15 s), annealing
under primer-specific conditions (30 s), and target gene-specific extension (30 s at 72 ◦C). Fluorescence
signals were measured for 20 s at 72 ◦C. To confirm the specificity of the PCR products, a melting
curve analysis was performed at the end of each run. The Beta-actin gene was used as a reference gene.
Experiments were performed in four replicates.
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2.9. Data and Statistical Analysis

Unless otherwise stated, all experiments were performed in at least four repeats, and data are
represented as mean± standard deviation (SD). Statistical significance has been determined by two-way
ANOVA followed by Tukey’s test using Prism 8 (GraphPad Software), and the level of significance was
set to p < 0.05, unless otherwise stated.

3. Results

With atherosclerosis being the main cause of cardiovascular diseases [1], there is an increasing
need for platforms that can mimic in vivo conditions. Furthermore, these platforms must be
thoroughly characterized, and a profound understanding of individual contributions of the cells
involved in atherosclerosis development must be reached before venturing to co-culture models.
Most atherosclerosis studies are carried on 2D tissue culture plates [16]. While meaningful contributions
have been made towards 3D modeling atherosclerosis in vitro, most studies have focused on co-culture
of endothelial cells (ECs), smooth muscle cells (SMCs), and monocytes, in either physiological [18] or
synthetic [20] scaffolds, while detailed individual contributions of macrophages still remain unclear.

Here, we embedded monocytic THP-1 cells into 3D type I collagen matrices of low and high
concentrations, surrogates for the plaque of low and high densities. As mentioned earlier, collagen I is
known to make up for approximately two-thirds of the total collagen in atherosclerotic plaques [22],
and the progression of atherosclerosis leads to an increase in collagen concentration within the different
layers of diseased vessels. By reconstituting collagen matrices at low and high densities, we were able
to mimic the changes of the ECM at early and advanced stages of atherosclerosis. The pore size of
the collagen matrices was 11.54 ± 0.88 μm and 3.67 ± 0.95 μm for 1 mg/mL and 3 mg/mL collagen
concentration, respectively, and as expected, matrix elasticity was enhanced with an increase of collagen
concentration and was 52.10 ± 10.38 Pa and 211.43 ± 15.62 Pa for 1 mg/mL and 3 mg/mL collagen
concentration, respectively. The resulting pore sizes span the pore sizes found in vivo [28,30]. Those of
atherosclerotic plaque have not been experimentally measured as far as we know, likely due to the
complexity of such tissues. However, it has been reported that regressive plaques (i.e., more advanced)
have an increased content of collagen [33]. Embedded cells were differentiated into macrophages
and further activated into distinct pro- and anti-inflammatory phenotypes. Cells were cultured in
the presence of oxLDL simulating atherosclerosis conditions in vitro for 5 days. The duration of
the treatment was experimentally determined by measuring oxLDL uptake at different timepoints,
we observed that engulfment of LDL by all cells plateaued from 5 days onwards (data not shown).
To understand the differences in response by each cell type, we evaluate the uptake of lipids, further
assess their expression of relevant oxLDL receptors, quantified their secretomes, and finally examined
their expression of selected surface markers to discern if there are any phenotypic changes due to
oxLDL exposure.

3.1. %oxLDL + Cells Are Greatest in Monocytes and M1 Accumulates the Most oxLDL

Monocytes and macrophages were cultured in the presence and absence of DiI fluorescent-tagged
oxLDL (DiI-oxLDL) for 5 days. As shown in Figure 1A, it can be observed that macrophages uptake a
higher amount of oxLDL than monocytes, and particularly M1 appears to engulf more oxLDL than
other macrophage phenotypes. No differences in uptake could be visually observed between low
and high matrix density for the same cell phenotypes. To confirm the visual impressions, cells were
harvested from 3D collagen matrices by digestion with collagenase and oxLDL uptake was analyzed
by flow cytometry. The percentage of oxLDL positive cells (oxLDL+ cells; cells that uptake oxLDL) and
the uptake capacity were assessed using mean fluorescence intensity (MFI). As shown in Figure 1B,
we observed a significantly high percentage of monocytes that uptake oxLDL when compared to
macrophages (see Supplementary Figure S1A). However, monocytes engulf a lower amount of oxLDL,
as demonstrated through MFI. M1 showed significantly higher uptake compared to M0 and M2
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macrophages (Supplementary Figure S1B) but without significant difference across matrix densities.
We further quantified the size of lipid droplets using a custom-built image analysis toolbox written
in MATLAB. Interestingly, we found larger lipid droplets in low matrix density in all macrophage
phenotypes, while no differences could be observed in monocytes.

In sum, our results suggest higher oxLDL uptake in all macrophages, especially in M1 phenotypes,
than in monocytes. This finding is in line with the high phagocytic activity of M1 macrophages [34],
while it contradicts reports that showed M2 macrophages have a higher capacity to accumulate LDL
than M1 in the 2D culture model [35,36]. Literature reports that M1 macrophages are the predominant
phenotype present in human and mouse plaque lesions and directly contribute to atherosclerotic plaque
formation in vivo [11,37–40], which supports our findings in the 3D cell culture model. Both %oxLDL+
cells, as well as lipid size, was reduced in higher density matrices.

Figure 1. oxLDL uptake by monocytes and macrophages in 3D collagen matrices. (A) Representative
confocal images of monocytes and macrophages with DiI-oxLDL uptake. (B) In this infographic,
the number of oxLDL+ cells (y-axis) was greatest in THP-1 (grey) followed by M2 (green) macrophages,
then M1 (red), and finally M0 (blue). The amount of oxLDL in the cells, as quantified through mean
fluorescence intensity (MFI, solid circle) (circle size, see legend), was greatest in M1 macrophages,
followed by M0, then M2, and finally THP-1. The dotted circle is the corresponding standard deviation
of the MFI. A sample size of 5 was performed for each condition. (C) Lipid droplet size as measured
from images obtained with confocal microscopy using a custom-built image analysis toolbox. Data were
shown as a boxplot (whiskers represent minimum and maximum, + represents the mean, line inside
each box plot represents the median). Significance is represented as * p < 0.05 between samples in
1 mg/mL collagen concentration.

3.2. oxLDL Induced LOX1 Expression in Monocytes and Macrophages, while It Enhanced CD36 Expression in
M2 Phenotypes

To better understand the oxLDL uptake and lipid size formation, we assessed if the presence of
oxLDL affects its uptake receptors. We analyzed the gene expression profile of two main receptors
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responsible for oxLDL uptake, namely lectin-like oxidized low-density lipoprotein receptor-1 (LOX1)
and scavenger receptor class B member 3 (CD36) through qPCR [41,42]. LOX1 is a transmembrane
glycoprotein that binds to and internalizes oxLDL resulting in distinct cell-type-specific downstream
signaling, which leads to differential cellular behaviors [43]. As shown in Figure 2A, in the absence
of oxLDL, no significant change in LOX1 could be observed between monocytes and macrophages
as well as between matrix density. After treatment with oxLDL, all cells exhibited up-regulation of
LOX1 expression with the highest expression in M1, tying in with our MFI data, followed by M2,
M0 macrophages, and then monocytes. Our finding is corroborated by other reports suggesting
an enhanced LOX1 expression via activated nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) [44], pro-inflammatory cytokines mediated LOX1 expression [45], as well as oxidative
stress [46]. The mentioned mechanisms might also explain the higher expression of LOX1 in M1
phenotypes. Contradicting our MFI data, we found slightly higher expression in the dense matrix in
monocytes and macrophages, except M2 phenotypes. We postulate that this observation might be
caused by an enhanced modulation of pro-inflammatory response by macrophages in a dense matrix,
as previously reported [25]. Further evidence that collagen concentration can modulate the phenotype
of macrophages is found in atherosclerotic plaque progression and regression studies [47–49], where
progressive plaques (lower collagen content) contain more pro-inflammatory macrophages, while
more anti-inflammatory macrophages are found in regressive plaques (higher collagen content).

Figure 2. Expression of oxLDL receptors of monocytes and macrophages cultured in 3D collagen
matrices. (A) There is an increase in gene expression of lectin-like oxidized low-density lipoprotein
receptor-1 (LOX1) in both monocytes (THP-1) and significantly in all macrophage subtypes when cells
are cultured in 3D collagen hydrogels and exposed to oxLDL. Significantly, M1+LDL exhibited the highest
fold induction and THP-1+LDL, the lowest, with M0+LDL and M2+LDL comparable. LOX1 expression
only changed significantly in M1 with collagen concentration (x-axis, 1 mg/mL to 3 mg/mL). (B) Genetic
expression of CD36, another oxLDL receptor, was only measurable in M2+LDL, and significantly higher
expression was found in lower density collagen hydrogels. All significances represented as p < 0.05,
* compared to untreated sample at the same matrix condition, & between oxLDL samples of different
cell types at the same matrix condition, and # significant change with collagen concentration. The dotted
horizontal line indicates a level of no change.

CD36 is a plasma membrane glycoprotein that binds a diverse array of ligands, including
oxLDL [50,51]. As shown in Figure 2B, we found higher CD36 expression solely in M2 macrophage in
the absence and presence of oxLDL, whereby a significant up-regulation of CD36 expression could be
observed after treatment with oxLDL. The expression of CD36 in THP-1 derived M2 has been reported;
these cells were polarized based on a similar protocol [52]. Although M2 showed an increase in both
LOX1 and CD36 expression, the amount of oxLDL uptake is lower than the M1 counterpart, which
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exhibited up-regulation of LOX1. The reason could be on account of M2 being anti-atherosclerotic [13]
or because of LDL degradation after CD36-mediated uptake [51]. Although the contribution of LOX1
in the oxLDL uptake is reported to be minimal compared to other receptors [42], an increase of soluble
LOX1 can contribute up to 40% in oxLDL uptake [43]. Similar to LOX1, we observed a slight increase
in CD36 expression of M2 in the denser matrix after treatment with oxLDL. A report suggested
a correlation between vessel stiffening and CD36 expression in endothelial cells [53]. To further
understand the contributing role of monocytes and macrophages within the atherosclerotic lesion,
we performed a quantitative analysis of their secretome using custom bead-based multiplex ELISA.

3.3. RBP4 Is Up-Regulated by All Cell Types with the Addition of oxLDL and Enhanced by High-Density
Matrices for THP-1+LDL and M1+LDL

Adipokines retinol-binding protein 4 (RBP4), resistin, and leptin are reported to support the
progression of atherosclerosis, while adiponectin has protective actions against plaque formation [54].
These factors are also known to be released along with other pro-inflammatory factors during
the development of obesity [55–57], and within adipose tissue, they have been shown to induce
inflammation by activating macrophages [58]. While no significant statistical differences were found in
adipokines, some distinct qualitative trends were observed, which are discussed below. Clinically,
RBP4 is a marker for atherosclerotic-associated cardiovascular disease [59]. In animal models, RBP4 has
been found to positively contribute towards atherosclerotic progression and mediate LDL uptake [60].
In our model, we found an increase in RPB4 secretion by all cell types in response to oxLDL (Figure 3A);
generally, higher secretions were measured in the denser matrix for THP-1+LDL and M1+LDL. It has
been demonstrated that RBP4 expression was enhanced in the areas rich in macrophage foam cells in
atherosclerotic lesions of aortic specimens from both humans and apolipoprotein E-deficient mice [60],
suggesting foam cell-like formation in our biomimetic atherosclerosis models.

Leptin reportedly exacerbates inflammation [61] in low matrix density; our results showed
that THP-1+LDL and M0+LDL reduced leptin secretion (Figure 3B) as with resistin (Figure 3C). It is
reported that human macrophages secrete resistin on their own, and this contributes to atherosclerosis
development directly by causing endothelial and smooth muscle cell (SMC) dysfunction [62,63],
potentially increasing the permeability of LDL into adjacent tissue. Only THP-1+LDL showed elevated
leptin secretion in denser matrices. Evidence suggests that leptin and resistin may initiate the
recruitment of monocytes, macrophages, endothelial cells, and smooth muscle cells towards the
atherosclerotic site [64,65]. At site, these cell types all individually progress atherosclerosis, although
beyond the scope of this study, co-culture experiments with the above-mentioned cell types with
our biomimetic model have to be performed to enhance the understanding of this complex disease.
The atheroprotective adiponectin was below the assay’s theoretical limit of detection using the
bead-based ELISA kit (minimum detectable concentration 41.1 pg/mL) in all cells with and without
treatment with oxLDL, potentially due to its short half-life [66]. Overall, with the addition of oxLDL
there is an increase of secreted adipokines in the dense matrix, particularly by THP-1+LDL and M1+LDL,
similarly to what would be expected in an advanced atherosclerotic plaque.

34



Bioengineering 2020, 7, 113

Figure 3. Adipokine secretome from monocytes and macrophages cultured in 3D collagen hydrogels.
Box plots of absolute secretion levels of (A) RBP4, (B) leptin, and (C) resistin to observe trends and
indicate comparisons that are statistically significant. The dotted line in the box plots marks the lowest
detectable concentration of assay. Statistical significance has been determined by two-way ANOVA
followed by Tukey’s test, and the level of significance is represented as * p < 0.05, significantly higher
than the untreated sample at the same matrix density condition, no significance otherwise.

3.4. In High-Density Matrices THP-1+LDL and M1+LDL Secretion of Immune Cell Chemoattractants Are
Elevated and Suppressed in M2+LDL

We measured IP-10, MCP-1, and IL-8 levels from our cell culture system as these are known
chemoattractants that are involved in the recruitment of inflammatory cells to the atherosclerotic
site [67–69]. Both IP-10 (Figure 4A) and IL-8 (Figure 4B) concentrations are significantly elevated in
the dense matrix with M1+LDL compared to the other cell types, whereas the chemoattractants are
suppressed with M2+LDL. IL-8 recruits cells that participate in acute inflammation [70], while IP-10 is a
chemoattractant for immune cells from the adaptive immune system to the atherosclerotic site [71].
It is reviewed in the literature that the adaptive immune system during atherosclerosis changes from a
protective to a pathological response, typically when the ratio of effector T-cells to regulatory T-cells
increases [72,73]. Therefore, the increased secretion of both IL-8 and IP-10 by M1+LDL in denser collagen
matrices, and hence the respective immune cell types, is in response to the stiffer tissue in advanced
atherosclerotic plaques.
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Figure 4. Chemokine secretome from monocytes and macrophages cultured in 3D collagen hydrogels.
Box plots of absolute secretion levels of (A) IP-10, (B) IL-8, and (C) MCP-1 to observe trends and
indicate comparisons that are statistically significant. The dotted line in box plots marks the lowest
detectable concentration of assay. Statistical significance has been determined by two-way ANOVA
followed by Tukey’s test, and the level of significance is represented as * p < 0.05 and # p < 0.05 in
3 mg/mL between THP-1+LDL, M0+LDL, and M2+LDL vs. M1+LDL. The dotted horizontal line indicates
the lowest detectable limits of the assay.

Unanticipated is the elevated secretion of MCP-1 (Figure 4C) by M2. It is qualitatively highest
compared to the other cell types, elevated in low-density matrices and suppressed in denser matrices.
Interestingly, both IP-10 and IL-8 in our experiment are secreted at similar concentrations as those
measured from atherosclerotic plaques ex vivo [74]. Particularly, IP-10 plays an anti-atherogenic role
by inhibiting angiogenesis [75,76]. M2+LDL up-regulation of IP-10, especially in low-density collagen,
could signify its potential anti-atherogenic role.

3.5. PDGF-AA, EPO, and M-CSF Are Up-Regulated by Macrophages and VEGF Is Up-Regulated by Monocytes

Endothelial progenitor cells (EPCs) play an important role in the recovery and repair of adult
vasculature [77,78]. EPCs reside in bone marrow (BM) and can be signaled to go into circulation to
contribute towards the generation of new blood vessels or repair of damaged ones. As atherosclerosis
is a result of initial and continual structural and functional endothelial damage, it is expected that EPCs
will have an influence on the disease. Clinically, it was observed that high EPC count is a negative
predictor of the occurrence of atherosclerotic plaque [79]. Furthermore, recruitment and incorporation
of endothelial progenitor cells endogenously into atherosclerotic sites have been shown to attenuate the
progression of the disease and mediate vascular repair [80]. For these reasons, we wanted to determine
if macrophages within the atherosclerotic microenvironment secrete growth factors to facilitate vascular
repair (Figure 5). While differences in growth factor secretion can be observed between cell types,
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and between treated and untreated cells, no matrix dependence has been observed. There were no
significant differences in any of the growth factors, however, the qualitative trends discussed in this
section can be discerned from the data.

Figure 5. Growth Factor Secretome of monocytes and macrophages cultured in 3D collagen hydrogels.
Box plots of absolute secretion levels of (A) PDGF-AA, (B) VEGF, (C) EPO, and (D) M-CSF to observe
trends. The dotted line in the box plots marks the lowest detectable concentration of assay. Statistical
significance has been determined by two-way ANOVA followed by Tukey’s test, and the level of
significance was set to p < 0.05.

Monocytes and all macrophages produce elevated PDGF-AA levels when exposed to oxLDL
(Figure 5A). PDGF is known to be involved in the development of new blood vessels [81], and in a
recent study, using a mice model, it has been shown that PDGF-AA has the ability to enhance the
healing effects of EPCs [82].

The role of VEGF in atherosclerotic plaques is contradictory. Measurement of increased microvessel
density in ruptured and unruptured human plaques suggests that VEGF, and other factors that promote
blood vessel development, advances atherosclerosis towards destabilization [83]. VEGF is also known
to induce the growth of pre-existing vessels as well as to promote the growth of new blood vessels,
and therefore this growth factor is also key in vessel repair [84]. From our experiments, oxLDL+
polarized macrophages and monocytes exhibited up-regulation of VEGF secretion (Figure 5B).

EPO stimulates the mobilization of EPCs from bone marrow, animal models, and patients treated
with EPO routinely result in increased EPCs in circulation [85,86]. EPO is postulated to also promote
homing and differentiation of EPCs at sites of vascular injury [86]. From our results, EPO levels are
consistently elevated with the application of oxLDL on macrophages, regardless of their subtype or
the matrix density (Figure 5C). EPO, which may inhibit foam cell formation in mice [87], is secreted
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equally by all our macrophages, whether it has an inhibiting role in our model will need to be further
investigated, but initially it could again imply an auto-regulating function of these cells.

M-CSF secretion, like PDGF-AA and EPO, is reserved for macrophages (Figure 5D). Although it
has no direct involvement with EPCs, M-CSF has multiple roles in the atherosclerotic microenvironment
by regulating migration and recruitment of monocytes and also survival and scavenger activity of
macrophages [88]. Although M-CSF is known to induce macrophages into the anti-inflammatory
phenotype M2 [89], we observed secretion of this growth factor by M0+LDL and M1+LDL, which again
could suggest a role in auto-regulating atherosclerosis.

3.6. oxLDL Enhances Expression of CD68 in Monocytes and MHCII Is Enhanced in Dense Matrices for All
Cell Types

The consensus is that recruited monocytes will get activated in response to oxLDL into
pro-inflammatory macrophages during atherosclerosis [1], we, therefore, analyzed gene expression
of CD68 and MHCII. CD68 is a pan-macrophage marker and is up-regulated upon macrophage
differentiation [90–92], while MHCII was found to be a marker for pro-inflammatory macrophages [25].
As expected, without oxLDL, as compared to monocytes, we found higher CD68 expression in all
macrophages (Figure 6A). In the presence of oxLDL, we found an up-regulation of CD68 in monocytes,
which reaffirms the theory of monocyte differentiation into macrophages by oxLDL. No change in
CD68 expression could be observed in macrophages with or without oxLDL. This contradicts reports
demonstrating the up-regulation of CD68 upon oxLDL treatment in mouse bone-marrow-derived
macrophage [93] and also in THP-1-derived M0 macrophages [94]. The discrepancy in CD68
up-regulation upon oxLDL treatment may arise from cell culture dimensionality. Our 3D matrix
density did not have any impact on CD68 expression.

Figure 6. Expression of selected markers of monocytes and macrophages cultured in 3D collagen
hydrogels. (A) For all cell types, the pan-macrophage marker (CD68) was also increased with the
exposure to oxLDL, with THP-1 having the highest fold induction. (B) There was an increase in gene
expression of the well-acknowledged activation maker (MHCII) in all cell types after exposure to
oxLDL. There is also a general increase in expression with increment of collagen hydrogel density
(x-axis, 1 (1 mg/mL)→ 3 (3 mg/mL)). This correlation of MHCII gene expression with tissue density
is statistically significant for THP-1 and M1. All significances represented as p < 0.05, * compared to
corresponding untreated and treated samples at the same matrix condition, and significant change with
collagen concentration and # significant compared to untreated samples at the same matrix conditions.
The dotted horizontal line indicates a level of no change.

As we found higher pro-inflammatory adipokine secretion, we hypothesize that oxLDL is capable
of influencing a pro-inflammatory macrophage phenotype, which we ascertain through the analysis of
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the MHCII gene expression. As shown in Figure 6B, MHCII is highly expressed in M1 macrophages
with higher expression in the dense matrix as corroborated by our previous work [25]. In the presence of
oxLDL, monocytes and all macrophages presented enhanced MHCII gene expression with the highest
in M1. This is supported through the reported oxLDL-mediated uptake activation of spleen tyrosine
kinase (SYK) that, in turn, up-regulates MHCII expression in macrophages [95]. Our results suggested
that the enhancement of vascular stiffening via matrix density might increase the pro-inflammatory
phenotype in response to oxLDL and thus contribute to the progression of atherosclerosis.

4. General Discussion and Conclusions

As mentioned previously, there is a necessity to understand the neglected biochemical contributions
by monocytes and macrophages to the atherosclerotic microenvironment. Comprehending the adipokine
and growth factor contributions by the various immune cell types within the microenvironment could
lead to de novo therapeutic strategies against atherosclerosis. We first revealed that adipokines and
growth factors are indeed found in our in vitro model for atherosclerosis. THP-1 monocytes and
their derived macrophage subtypes exhibited distinct oxLDL uptake, gene expression, and secretome.
As oxLDL and lipid size have no significant differences between cells embedded in low or high matrix
densities, we can conclude that several of these differential biological readouts are mediated by the
density of the collagen hydrogel-based matrices.

From an adipokine point of view, THP-1+LDL and M0+LDL seem to have a better role in suppressing
atherosclerosis in our model, whereby there is down-regulation in adipokines. This is observed
predominantly in less dense collagen, which would correspond to earlier stages of atherosclerosis.
Moreover, the higher amounts of adipokines in denser matrices reinforces that our denser matrix model
produces a cellular reaction similar to more advanced atherogenic stages. In all, with our cell-line-based
model of atherosclerosis, adipokines are measurable, and these secretions should be made aware of
as they have shown to have an influence on the pro-inflammatory potency of the immune cells in
an autocrine manner. In terms of immune cell recruitment, adaptive immune cells are recruited by
all macrophage types, with M1+LDL having the greatest influence on their influx into atherosclerotic
sites. M2+LDL and M1+LDL actively recruit innate immune cells to atherosclerotic sites, via MCP-1
and IP-10, respectively, also in a matrix density-dependent manner. Finally, the up-regulation of
the pro-inflammatory marker MHCII and pan-macrophage marker CD68 by THP-1, confirm that
monocytes are differentiating into macrophages in the presence of oxLDL. Furthermore, MHCII shows
a trend with collagen concentration, where it is higher in denser collagen matrices. The mechanisms of
this matrix-regulation on the cells require further experimentation and are not currently addressed
through our study.

The role of M2 is controversial in atherosclerosis, with some studies claiming it could
support plaque regression [13], while others argue it supports progression by polarizing towards a
pro-inflammatory phenotype instead [35]. Our results suggest that after the removal of activating
media and the addition of oxLDL, M2 may adopt a relatively more pro-inflammatory phenotype,
in spite of its lower level of oxLDL uptake. This is especially the case in lower density matrices,
while in higher density, it seems to retain more of its original phenotype. It is worth noting that after
the removal of polarizing media, macrophages are no longer forced into their intended M1 or M2
phenotype. Instead, they are malleable [96], straddling between the M1 and M2 boundaries according
to their specific responses to oxLDL and their microenvironment. The same applies to M1 as well as M0,
because of their plasticity, their phenotypes are dynamic and non-binary [25], making investigations
into atherosclerosis complex, as observed in this study.

From a tissue density perspective, our model represents two different stages of atherosclerotic
plaque progression, where a high-density matrix would correspond to a more advanced stage than
low density. The main effects of these two different stages of atherosclerosis on each cell type in this
study are depicted in Figure 7. Notably, M1+LDL displayed a more pro-inflammatory phenotype in
high tissue density, as it is deduced by their secretome and pro-inflammatory marker expression.
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While THP-1+LDL suppressed adipokine secretion in low tissue density, the same trend was not found
in high tissue density, where RBP4 was greatly increased, which, together with an up-regulation of
MHCII, suggests that as atherosclerosis progresses, these cells may adopt a more pro-inflammatory
behavior. Moreover, although growth factors were secreted, no matrix dependence was observed.
As mentioned above, the role of M2+LDL is somewhat controversial, however, when compared to
the other cell types in our model, it appears to adopt a slightly more pro-inflammatory role at the
early stages of atherosclerosis supporting plaque progression, and becomes more anti-inflammatory
as the atherosclerotic plaque advances, as it is surmised by a decrease of RBP4, IP-10 and MCP-1 in
high-density matrices.

Figure 7. Illustration summarizing the main findings of this study, which highlights the changes
undergone by the cells as atherosclerosis progresses.

In conclusion, we have analyzed the oxLDL uptake, secretome, and phenotype of monocytes and
macrophages when placed in a physiologically relevant ECM. We have shown that adipokines and
growth factors are, in fact, secreted by macrophages and must be taken into considerations for research
into atherosclerosis regression and repair. Moreover, our cell-line-based model is able to differentiate
monocytes into macrophages after treatment with oxLDL, and these macrophages showed reduced
phagocytic capacity and up-regulation of VEGF, which are traits also found in Mox, anti-oxidant
macrophages found in murine atherosclerotic plaques, which is induced by oxLDL [97,98]. Future
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studies to expand this model should include other relevant cells in atherosclerosis, such as SMC and
EC, moreover, whether THP-1 derived macrophages have the same phenotype as Mox will also need
to be confirmed.
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Abstract: Recent decades have seen a plethora of regenerating new tissues in order to treat a
multitude of cardiovascular diseases. Autografts, xenografts and bioengineered extracellular matrices
have been employed in this endeavor. However, current limitations of xenografts and exogenous
scaffolds to acquire sustainable cell viability, anti-inflammatory and non-cytotoxic effects with anti-
thrombogenic properties underline the requirement for alternative bioengineered scaffolds. Herein,
we sought to encompass the methods of biofabricated scaffolds via 3D printing and bioprinting,
the biomaterials and bioinks recruited to create biomimicked tissues of cardiac valves and vascular
networks. Experimental and computational designing approaches have also been included. Moreover,
the in vivo applications of the latest studies on the treatment of cardiovascular diseases have been
compiled and rigorously discussed.

Keywords: cardiovascular disease; tissue engineering; 3D bioprinting; cell therapy

1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality globally;
according to World Health Organization (WHO) more than 17.9 million people die from
such causes every year—an estimated 31% of all deaths worldwide [1]. Simultaneously, the
estimated healthcare cost for cardiovascular disease in Europe reaches to 169 billion € [2].
It is well established that more than 80% of CVD deaths occur in low-and middle-income
countries compared to high-income countries [3,4]. Therefore, the need to reduce the
economic burden is not debatable. CVD includes a wide group of complex disorders,
namely peripheral arterial disease (PAD), coronary heart disease (CHD), cerebrovascular
disease and rheumatic heart disease [2].

Current high-cost therapies include conventional tissue engineering, cell therapy and
medical approaches [5,6]. In valve repairment, autografts are widely used by harvesting
from autologous cell sources, namely parts of a patient’s body with the advent of low
risk of thromboembolism and prosthetic valve infection [7]. The end stage heart failure
is treated by allografting a heart from a donor, while some valve replacement surgeries
employ bovine or porcine heart valves. Xenografts, though, impute other undesirable prop-
erties, including cytotoxicity and calcification [8]. Conclusively, the aforementioned grafts
have their set of drawbacks, including shortage of donor organs, mechanical mismatches,
anticoagulation therapy and immune rejection [9]. Synthetic valves and vascular grafts can
also be implanted to treat CVD; however, the high structural durability and low rate of re-
operation is outweighed by the increased risk of anticoagulation complications in patients
with long life expectancy [10]. Small-diameter vascular grafts (SDVGs) constructed from
synthetic polymers and decellularized matrices are promising in the field of reconstructive
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surgery; however, further evaluation and in vivo implementations are mandatory in order
to be applied to therapeutic approaches in CVD [2].

Therefore, one showcasing solution will be the overarching focus on identifying
alternative tissue treatments that preserve natural tissue without deleterious side effects.

The increased demand on recovery of damaged cardiovascular tissues in combination
with the demand for low-cost but effective constructions, heralds new methods in tissue
engineering [11]. Three-dimensional (3D) printing and bioprinting are the recent promising
methods that successfully regenerate various organs, scaffolds and blood vessels, which
can be used for replacing partly or thoroughly natural organs in the human body [12,13].
With the advent of additive manufacturing, 3D bioprinting technology employs a layer-by-
layer approach which enables precise control over multiple compositions (biomaterials)
and spatial distributions (cells) resulting in architectural construction accuracy [14]. Bioma-
terials that have been employed in 3D printing for cardiovascular tissue engineering are
major natural or synthetic hydrogels, or decellularized matrices in order to mimic the dense
vascular network that supports the cardiac tissue, by providing an interconnected porous
network that enables cells to migrate, proliferate and receive vital nutrients and adequate
oxygen supply [2,11,15,16]. This takes into consideration the survival distance limitation
for cells which is no further than 100 ÷ 200 μm away from blood vessels [17]. Alginate
and collagen are the most commonly used hydrogels in bioprinting following gelatin
methacrylate, fibrinogen and gelatin [18]. Cell viability, proliferation and morphology after
printing are crucially affected by characteristics of the selected bioink [19]. The challenge
of bioink design is the improvement of printability without detracting cell viability [20].
Biomaterial-based hydrogels are capable of cell encapsulation. The major cell types that
integrate the cardiac tissue are cardiomyocytes, endothelial cells, smooth muscle cells and
fibroblasts. Furthermore, computational simulation with a patient’s anatomical data and
features is compulsory for an integrated patient-specific bioprinted construct.

The current review article, briefly outlines the basic principles and growing applica-
tions of 3D bioprinting, highlighting key developments and in vivo implementation in the
field of cardiovascular tissue engineering. More specifically, 3D-printing definitions are
presented, and the 3D construct stages of manufacturing are investigated followed by the
computational and experimental designing approach. In addition, different techniques
of bioprinting and constitution of the inks are presented thoroughly. In closing, this re-
view outlines recent innovative in vivo studies on 3D bioprinted applicable therapeutic
approaches in CVD.

2. From 3D Printing to the New Era of 3D Bioprinting

2.1. Three-Dimensional Printing—Additive Manufacturing

The terms “3D printing” and “additive manufacturing” are usually confused. Accord-
ing to the American Society for Testing and Materials (ASTM), additive manufacturing
is the process of joining materials using 3D model data layer by layer in contrast to sub-
tractive manufacturing methodologies, such as traditional machining [21,22], whereas
“3D printing” is defined as object fabrication through the deposition of a material with
the help of a print head, nozzle or another printer technology [21]. The two terms are
often used synonymously, especially considering they are low end in price and/or overall
capability [21].

Moroni et al. tried to define “3D printing” based on the appearance of the printing
process with cell-laden inks [23]. According to them, in this additive manufacturing
technology a jet of binder is directed at a powder bed to define a pattern. A slice of solid
material is formed after the binding of the solvent to the powder. A new layer of powder
is set and by repeating this process the scaffold is build layer by layer. This definition
was based on the first patent for 3D printing of Sachs et al., in which a binder solution
was deposited in a powder bed according to a Computer Aided Design (CAD) model [24].
However, in the recent research of Marti et al., 3D printing is referred as the process of
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additive production of 3D objects, which starts from a 3D digital model [25]. Thus, the
term 3D printing is still used instead of additive manufacturing for the sake of simplicity.

Computational Stage—Preparation of 3D Printing

Computational methods are widely used to study tissue engineered constructs. How-
ever, the entrance of computer designing is essential in the field of tissue bioengineering
due to personalized medicine. The main idea is to produce a specialized human part for
each specific patient, thus contributing to a more efficient and low-cost tissue engineer-
ing [26]. The main purpose of this strategy is to create a tissue engineered scaffold with
similar mechanical and biological properties concerning the defective tissue [20]. This
procedure includes the following steps.

The tissue defect is digitally visualized using imaging machines, particularly CT
scan (Computer Tomography scan), MRI (Magnetic Resonance Imaging) and ultrasound
scan. The next step is to create a scaffold that readily supports the formation of the new
tissue. The architecture of the scaffold can be meticulously designed using Computer
Aided Design (CAD), a feasible way to manipulate the design parameters of tissue porosity,
dimensions and biological-related properties. The scaffold can now be integrated into the
3D model of the defective tissue. Subsequently, bioink will be fabricated by assessing the
proper materials, the cell types and bioactive molecules, and the location and requirements
of the injured area of the patient. Eventually, using bioprinting technology the cell seeded
construct can be manufactured and then placed in a cell culture or implanted directly into
the patient [27].

Three-dimensional printing enables the precise fabrication of computationally de-
signed scaffolds with increased accuracy, flexibility and reproducibility. These methods
allow scientists to conduct low-cost parametric studies in order to create the most func-
tional construct for the addressed medical issue. The structural design and the mechanical
behavior under different conditions of the small diameter composite vascular grafts can
easily be optimized by using computational methods.

Computational methods integrate the 3D printing methods and provide the follow-
ing advantages:

• more accurate techniques to model the scaffolds (e.g., image-based modelling using
micro-CT), as an extra feature to reinforce the personalised medicine

• more detailed mechanobiological models to simulate different types of tissues
• more similar to in vivo conditions simulations of the scaffold’s properties and behavior

under different conditions
• minimized size effect during scaffold modelling
• reduced experimental expenses (elimination of trial-and-error techniques to find the

suitable scaffold)
• simultaneous estimation of the scaffold degradation and tissue regeneration in the

time-dependent simulations [28,29].

A crucial issue in 3D printed tissue engineering is that the new formatted tissue may
not develop adequate vascularisation for long-term survival [12]. The 3D printed construct
must provide nutrients and growth factors to cells in order to proliferate [15]. However,
key parameters that affect the vascularisation and need to be overcome are the shear stress
from blood flow and the wall shear stress [13]. A feasible way to anticipate this challenge
is through computational fluid dynamics simulations. Nowadays, personalized medicine
is widely applicable and therefore three-dimensional hemodynamic simulations could
contribute to the diagnosis of CVDs in order to demonstrate the needs of each patient [30].
Conclusively, flow simulations support the design and additive manufacturing techniques
to produce patient-specific 3D printed biodegradable scaffolds, thus being tailored to the
individual patient based on their predicted post-surgical response [31].
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2.2. Bioprinting

Three-dimensional bioprinting has emerged as an advanced and novel process in the
field of tissue engineering and regenerative medicine. Notably, researchers’ interest in
bioprinting is also evident in their efforts to define the term. According to Groll et al., Mo-
roni et al. and Lee et al., bioprinting could be defined as the production of bio-engineered
structures through computer-aided transfer processes in order to pattern and assemble
living and non-living materials with a prescribed 2D or 3D organization [32–34].

Currently, the use of biomaterials in regenerative medicine and cardiovascular engi-
neering faces challenges, including host inflammatory responses, immunogenicity, bio-
material degradation and toxicity of degradation products, that may affect the long-term
function of the engineered tissue construct [35–37]. Therefore, the innovative biomaterial-
free method of bioprinting is gaining attention in the scientific society.

Three-dimensional bioprinting has been expected to be a promising method in tissue
engineering because of the ability to control precisely the geometry and the amount of
biomaterials during construct fabrication [37]. More specifically, this technique can fully
incorporate cells into hydrogels that satisfactorily mimic the microenvironment of the
extracellular matrix (ECM) and directly print onto the targeted host location [38]. In
cardiovascular engineering there are multilateral problems that need to be overcome in
order to achieve an integrated 3D bioprinted model [39,40].

Cell viability and vascularization of printed tissues are key factors which determine
the effectiveness of bioprinted tissues. Another impediment that needs to be overcome is
the promotion of mass transfer of nutrients and oxygen into bioprinted scaffolds, includ-
ing adhesion molecules and factors that induce angiogenesis [41]. The vascular tissues
need substitutes with specific physical characteristics. For example, high stiffness is not
favourable like in the cases of bone and cartilage tissues. On the contrary, vascular substi-
tutes must be malleable enough to be shaped correctly in order to regenerate vessels [18].
A schematic representation of the bioprinting process and most recruited bioprinters is
illustrated in Figure 1.

Figure 1. Schematic representation of bioprinters. (A) Development of bioengineered vascular grafts with computer assisted
software. Different types of bioprinters (B), microextrusion bioprinter (C) and laser-assisted bioprinter (D). (E) Production
and transplantation of bioengineered vascular grafts. Piezoel: Piezoelectric.
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2.2.1. Bioprinting Methods

Several studies and reviews conclude that there are three main types of bioprinting
modalities: Droplet-based, extrusion-based and laser-based techniques. [14,42]. Herein, the
widely applicable techniques with their set of benefits and drawbacks are briefly introduced
in Table 1.

Droplet-Inkjet

The droplet or inkjet-based printing takes place when a bioink solution is forced under
pressure and ejected as droplets through a nozzle onto an electronically controlled stage as
a result of thermal or acoustic forces [14,43,44]. This heuristic technology favors the precise
control of injected cells, growth factors, genes and drugs

The high resolution of the droplet-inkjet construct enables the control of the geometry
and scaffold size, whilst the accuracy of cell positioning is an important advantage of the
injection method. Moreover, this method is widely used in the case of blood vessels, due to
the high-speed printing and the cost-effectiveness construction [14].

Drawbacks of this method include bioink materials with microcarriers, fragments and
highly viscous hydrogels that can accumulate within the nozzle and block the flow [45].
Overall, controlling the number of cells to be encapsulated in a single droplet remains the
basic challenge of this method [27].

In the Christensen et al. study, vascular-like cellular structures with horizontal and
vertical bifurcations were successfully introduced using a liquid support-based inkjet,
while the high post-printing fibroblast’s cell viability of printed cellular tubes was also re-
ported [46]. Another study introduced a 3D “half-heart” scaffold with connected ventricles
printed via an inkjet-based method, where mammalian cardiac cells remained viable with
adequate elastic moduli and tensile strength [47].

Extrusion

In extrusion-based bioprinting, a melted polymeric filament or a cell supportive gel
can be deposited. The term fused deposition modeling (FDM) is usually used to describe
the first way in which a group of polymers of polycaprolactone (PCL), polyurethane (PU)
and polylactic acid (PLA) can be extruded. Another way of extruding is the deposition
of cell-free or cell-laden hydrogels [14]. For successful construction of vascular networks,
researchers introduced and designed coaxial nozzles [48].

Extrusion-based bioprinting is regarded as the most practicable method since the
vertical configuration is considered. Nevertheless, the induced shear stress during the
printing procedure, often leads to cell death [27]. Moreover, increased shear stress can
also lead to a loss of structural integrity regarding the used material, and therefore, the
necessity of hydrogels which can regain the mechanical integrity is imperative [49].

According to Tabriz et al., the extrusion technique enables the possibility of bioprinting
live human cells with an increased post bioprinting cell survival rate. In their study, alginate
hydrogels were formulated with tunable mechanical properties to create straight tubular
3D hydrogel structures with diameters from 7.5 to 20 mm [50].

Furthermore, bioprinting of small diameter vascular grafts through coaxial extrusion
possess the advantage of the simultaneous deposition of manifold materials in concentric
needles [51]. Intricate multilayered 3D perfusable hollow tubes, with reported diameters
0.5 to 1.5 mm have been manufactured via coaxial nozzle [48]. In the Zhang et al. research,
a coaxial nozzle system was used to print vasculature conduits with an outer diameter of
1 mm approximately, and with increased mechanical properties and bioprintability [52]. In
their work, human umbilical vein smooth muscle cells (HUVSMCs), were encapsulated
in sodium alginate, showed an initial low cell proliferation rate, following though an
increased cell viability in prolonged in vitro cell culture.
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Laser

In the stereolithography apparatus (SLA), a source of high-power laser solidifies a
liquid resin. In a bath full of resin, the light source can produce the desired pattern [20,53].
Superior printability and cell encapsulation capacity have been reported in the biodegrad-
able hydrogel construct in the study of Elomaa et al. [54]. Gaebel et al. [55] introduced
cardiac patches for the treatment of myocardial infarction, where cardiac patch was seeded
with human umbilical vein endothelial cells and human MSC, improved wound healing
and functional preservation.

The main advantage of this method is the fidelity of the achieved geometries. Complex
patterns can be manufactured with high resolution, like vascular networks with wide range
scales (50–250 μm) [14,56]. The contactless procedure of laser-based bioprinting prevent
cells from facing mechanical stresses; thus, high cell viability is expected [53].

The disadvantage of the method is the necessity of photosensitive materials, and hence
the selection of bioniks is limited [14,23]. Furthermore, the prerequisite of incorporating a
cell type into a hydrogel restricts other possible bioinks [23]. In addition, the cost of the
laser diodes is usually higher than its counterparts (nozzles). Moreover, future research
could reveal the side effects in cells after the laser exposure during the manufacturing
procedure [53].

Table 1. Advantages and limitations of 3D bioprinting techniques for CVD treatment.

Droplet-Inkjet Extrusion Laser References

Advantages

Increased resolution and
speed printing, accuracy of

cell positioning,
cost-effectiveness construction

Highly viscous bioinks,
increased cell density,

free-shape structures, most
practicable method (as for the

vertical configuration)

Fidelity of the achieved
geometries, raised cell

viability, high resolution
complex patterns

[14,27,43,44,57]
[48,49]

[23,53,56]

Drawbacks

Low viscosity bioinks, induced
mechanical forces to cells,

inadequate structural integrity
and cell encapsulation, use of

toxic crosslinkers

Decreased resolution, cell
death and degreased

structural integrity due to
induced shear stress

Limitation of bionics, high
cost due to laser diodes,

longtime of printing

[14,27,43,44,57]
[48,49]

[23,53,56]

Bioinks Alginate Alginate

Alginate, hyaluronic
acid-based solutions,
poly-ethylene glycol

diacrylate (PEGDA) and
poly-(ε-caprolactone) (PCL)

[46,47]
[27,50]

[54,56,58,59]

Cell type NIH3 T3 mouse fibroblasts,
mammalian cardiac cells

Human glioma U87-MG
human umbilical vein

endothelial cells (HUVEC)
and human MSC (hMSC)

[46,47]
[27,50]

[54–56,58,59]

CVD application

Branched tubes with 3 mm
diameter [46],

Cardiac phaedo tissues
(“half heart”)

Straight tubes with
7.5–20 mm diameter

Cardiac patch,
tissue engineering

constructs [55,56,58],
branched tubes with 3 mm

inner diameter

[47]
[27,50]
[54,59]

2.2.2. Biomaterials and Inks
Biomaterials

The materials that can be used in the 3D printing technique can be organic or inorganic.
The inorganic inks could be categorized into metals, ceramics and glass-ceramics, and the
organic ones into thermoplastic and hydrogels [20]. Titanium, cobalt-chrome, stainless
steel and magnesium are some of the metallic biomaterials used. Calcium phosphates like
hydroxyapatite, brushite and monetite belong in ceramics. In the glass-ceramics category,
bioglass, such as silicon dioxide, calcium oxide, sodium oxide and phosphorous pentoxide,
is included. As for the organic category, poly-lactic acid (PLA), polyglycolic acid (PGA) and
polycaprolactone (PCL) are some of the most frequently used thermoplastics. The category
of hydrogels can be divided into synthetic (poly ethylene glycol—PEG; poly vinyl alcohol—
PVA; or poly acrylic acid—PAA), semi-synthetic (like derivates of hyaluronic acid, elastin
and collagen) and natural (e.g., polynucleotides, polysaccharides and polypeptides) [20].
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Bioinks

According to Moroni et al., material (s) and biological molecules or cells can be
composed for the formulation of a bioink [23]. A myriad of current reviews summarized
the recent achievements in the field of bioinks [20,42,60–62]. According to these studies,
natural biomaterial-based bioinks, especially alginate, gelatin and fibrin, are the most cited
for vascular tissue engineering applications.

While designing a bioink, key features, namely, printability, stability, biology and
rheology issues, should be seriously considered and balanced [20]. The viscosity, gelation
and crosslinking capabilities are the basic characteristics to consider when selecting a
bioink [19]. The deviation of the produced construct from the design depends on the
bioink properties [27]. For example, an increased step in viscosity leads to an improved
fidelity, but also an increased shear stress leads to cell damage and activation of misleading
biophysical cues related to the ECM elasticity and pores’ characteristics [20].

The fidelity of the 3D manufactured construct depends on the rapidness of transition
to the solid state of the bioink after the deposition. After the ejection, the decrease of
gelification time improves the structure’s resolution [20]. Rheological and mechanical
properties can be enhanced due to nanoparticles, with the inherent characteristic of drug
delivery [63,64].

In Zhang et al.’s research, human umbilical vein smooth muscle cells and sodium
alginate were combined, and vasculature conduits were printed through an extrusion
printer, resulting in ECM formation and in increased proliferation rate [52]. Zigzag vascular
tubes were fabricated through an inkjet-based bioprinter [65]. The viability of fibroblasts
was at least 80% within 72 h of culture. In addition, the laser bioprinting technique
improves the interplay between different types of cells and the formation of a vascular-like
network [66].

The cell sources used in the bioprinting process could be classified into allogenic and
autologous. Cardiomyocytes, human umbilical cord and embryonic stem cells were cate-
gorized in the first one, whereas adipose stem cell, skeletal stem cell, induced pluripotent
stem cells (iPSCs) and bone marrow derived stem cells were put in the second category [67].

Maturation Methods of 3D Printed Vascular Grafts

The fabrication of vascular scaffolds is usually accompanied by post-curing methods
for successful cell delivery. ECM proteins are frequently used to create a cell-supporting
environment [68]. Jordahl et al. reported that extended 3D fibrillar fibronectin networks
improved cell invasion and proliferation [68].

Efficient graft maturation favored by si RNA and poly-L-lysine (PLL) multilayers
which deposited on polydopamine-coated substrates, thus a remarkable cell adhesion was
noticed [69]. Low temperature plasma treatment can also be used for the treatment and
maturation of polymeric scaffolds to obtain enhanced cell proliferation. More precisely, ac-
cording to the research of Liu et al., nanofiber vascular scaffolds exhibited plasma treatment
and the resulting hydrophilicity of these scaffolds effectively promoted vascular endothelial
cell adhesion and proliferation [70]. Biocompatible photoabsorbers favor intricate scaffold
maturation during the printing process. Grigoryan et al. used tartrazine, curcumin or
anthocyaninc as photoabsorbers and improved the stereolithographic production of hy-
drogels, hence acquiring multilateral and functional vascular architectures [71]. Moreover,
bioactive soft materials with enhanced biomimetic mechanical properties may result in
graft maturation. Interestingly, in the Sun et al. study, magnesium ion incorporated into 3D
printed polymer, where cell adhesion and proliferation were significantly promoted [72].

3. In Vivo Applications of 3D Bioprinting in CVD

The main aim of 3D bioprinting is to design functional tissues or parts of organs in
situ for in vivo applications. The pivotal problem in terms of in vivo application is the
compliance of cells and hydrogels, where cells need to precisely assemble themselves
together exactly after printing, to achieve an adequate cell viability and vascularization of
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printed tissues. Cell–cell interaction for oxygen and nutrient interchange is mandatory to
promote paracrine activity and homeostasis [73].

3.1. Cell Viability and Biocompatibility

Adequate cell viability is more than debatable in printed scaffolds due to high shear
stresses on the cells delivered from extremely small diameter needle tips [62]. Cell viability
decreases as the wall shear stress increases and the nozzle diameter of the deposition 3D
bioprinting system decreases [74]. Overall, researchers should carefully select the cell
density, the alginate concentration and dispensing pressure, and the coaxial nozzle size to
obtain optimum cell viability on 3D bioprinted constructs [75].

Moreover, the estimation of cell viability is of paramount importance in order to
decipher the interactions and stimulations between bioinks and cells, in a way that cells
will satisfactorily adhere and survive [76]. Available methods for the evaluation of cell
viability in 3D printed constructs are the common assays of trypan blue, release of LDH
(lactate dehydrogenase), early apoptosis detection (Annexin V), Tetrazolium dye (MTT),
study of DNA damage at the chromosome level (micronucleus assay) and other similar
methods [77]. The optimum method to estimate cell viability, though, is fluorescent-based
probes in the form of live/dead cells. Liu et al. utilized an improved in situ microscope
method, where 3D constructs were split in order to investigate layer by layer the fluorescent
number of cells and categorize live/dead cells [78].

Regarding in vivo studies, Bejleri et al. used bioprinted cardiac patches composed
of native decellularized ECM and human cardiac progenitor cells (hCPCs). This specific
combination of bioinks achieved cell viability of over approximately 75% [79]. Moreover,
patches were retained on rat hearts and show vascularization over 14 days in vivo, indicat-
ing that the patches integrate well with the native myocardium inducing nutrient exchange
with implanted cells.

Ong et al. suggested that in vivo implantation promoted vascularization of 3D bio-
printed cardiac patches with engraftment into native rat myocardium [80]. In this study,
multicellular cardiospheres consisted of human induced pluripotent stem cell derived car-
diomyocytes (hiPSC-CMs), human adult ventricular cardiac fibroblasts (FBs) and human
umbilical vein endothelial cells (ECs) assembled using a 3D bioprinter, and simultaneously
the cell viability, in this patch, surpassed 90%.

Biocompatibility and circumvented cell cytotoxicity are mandatory in the field of 3D
bioprinting materials as mentioned before. The in vivo study of Maxson et al. supports
the potential use of a collagen-based bioink as an alternative for a tissue engineered heart
valve implant [81]. Results of this study showed increased host cellularization potential,
biocompatibility and biomechanical behavior results. The bioink was successfully printed
with MSCs and showed remodeling.

3.2. Microarchitecture and Composition of 3D Construct Vascular Network

Three-dimensional bioprinting technology aims to combine different cell types and
biomaterials heading to an enhanced cell repopulation within a 3D structure. An inte-
grated vascular network is necessary to achieve cell viability in cardiovascular 3D printed
tissues. Via that network, the influx and outflow of nutrients, metabolites and regulatory
molecules are achieved. Large blood vessels ensure the flow in remote distances, whereas
molecular diffusion occurs between capillaries and the surrounding tissue. In addition,
the size of pores of 3D bioprinted constructs plays a major role for host cell recruitment.
A pore size scaffolding >1 mm enables diffusion of nutrients until sufficient vasculariza-
tion is achieved [82]. In the study of Shao et al., large scale constructs with mesoscale
pore networks (100 μm to 1 mm) were successfully printed and the encapsulated vein
endothelial cells were spread more efficiently compared toconstructs without mesoscale
pore networks [82]. In hydrogel-based scaffolding the preferable pore size of 1–150 μm
provided structural support and adequate nutrient diffusion; specifically, in the study of
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Zhang et al., 120–150 μm pore size resolution encouraged cells to gradually migrate into
the microfibers to form a layer of confluent endothelium [83].

In the study of Maiullari et al. hydrogels and cells were printed layer by layer, thus
emulating the native tissue architecture. Specifically, heterotypic human umbilical vein
endothelial cells (HUVECs) and induced pluripotent cell-derived cardiomyocytes (iPSC-
CMs) were transplanted hypodermically in mice and the bioprinted engineered tissue
effectively merged with the host vasculature by providing enriched vascular networks [84].

Angiogenic factors play a pivotal role in the neovascularization of bioprinted cardiac
tissues [85]. Notably, the tissue-engineered constructs need blood vessel development in
the core. The Vascular Endothelial Growth Factor (VEGF) is used as such a regulator. VEGF
regulates the vascular development and its therapeutic overexpression by the cells loaded
into the construct. In this way, blood vessels sustainably grow directly into the core of
the bio-engineered graft. Poldervaart et al. underlined the VEGF secretion from gelatin
microparticles into the 3D constructs and the following vascularization was widely exam-
ined [85]. Further in vivo studies, regarding the effectiveness of 3D bioprinted materials,
need to be implemented in order to overcome the challenge of VEGF overexpression with
the intertwined side effect of vascular tumor growth (angioma) in the myocardium and
other tissues [86].

3.3. Improved 3D Prined Grafts in Animal Models

Three-dimensional bioprinted cardiovascular grafts require robust control over a
range of physical and mechanical properties that will enable bioink tailoring to a specific
clinical application [62]. Overall, the greatest post-implantation challenge of 3D construct
in cardiovascular tissue engineering is to maintain integrity and durability over time.
Therefore, studies with animal models are necessary to improve the sustainability of 3D
bioprinted cardiovascular grafts.

In the study of Melchiorri et al., 3D fabricated poly (propylene fumarate) PPF graft
maintained mechanical properties, long-term mechanical support and physical parameters
of graft (inner diameter and wall thickness) post six months of implantation in the venous
system of the mice-selected animal model, while no thrombosis, aneurysm or stenosis were
obtained [87]. In a rat animal model, 3D printed polyvinyl alcohol (PVA) mimicking 3D
vascular grafts showed increased postoperative endothelialization during 30 days with
significant decreased thrombogenesis [88]. Another study regarding a porcine animal
model, utilized tissue engineered vascular graft (TEVG) with optimum anatomically fit
and hemodynamic properties and adequate physical properties in a low-pressure venous
system within one month [89].

4. Future Perspectives

New techniques to improve 3D bioprinting emerged due to intrinsic limitations of
exogenous scaffolds or ECM-based materials [37]. Scaffold-free way of 3D bioprinting is one
upcoming challenging approach to this endeavour. Tissue strands, cell sheets and spheroids,
as a prefabricated block can be used for this purpose [90–92]. The “Kenzan” method is
thought to be a pioneering method for bioprinting scaffold-free vascular grafts [93]. More
precisely, spheroids are combined via micro-needles into contiguous structures. Thus, the
achieved precision in a micron-level renders the method capable for tissue engineering
purposes. In addition, the studies of Tseng et al. and Maina et al. introduce the magnetic 3D
printing method [94,95]. Three-dimensional cellular blocks, which secrete their own ECM
proteins, can be assembled with magnetic levitation. Bioinks of fibroblasts and smooth
muscle cells are used for bioprinting cylindrical vessels 10 nm to 10 cm in length. Via this
method, the scaffold degradation toxicity is remarkably eliminated.

Research on 3D printing and bioprinting has rapidly grown with the collaboration of
various fields of expertise. Current breakthroughs in 3D bioprinting continue to broaden
the spectrum of bioprinting methods and applications introducing nowadays 4D bioprint-
ing which is expected to become the evolution of bioprinting and the next generation
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technology, as one more dimension of transformation over time is added [96]. In this
way, dynamic 3D-patterned biological constructions could alter their microarchitecture by
responding to external stimuli [97].

Merging 4D time controlled bioprinting features with innovative shape memory
polymers (SMPs) paves the way to enhanced treatment in CVDs while maturation and
functionalization of cells in 3D constructs alters over time [98]. Hence, the necessity of
self-monitoring by regaining and maintaining their bioprinted properties over time may
establish a remarkable evolution, especially in the field of personalized medicine.

5. Conclusions

In the realm of cardiovascular medicine, 3D bioprinting methodology leverages
engineering-controlled viable biomimetic products to incorporate into clinically appli-
cable cardiovascular grafts and tissues, heart patches, valves and other relative constructs.
This review briefly summarizes the benefits and drawbacks of the 3D bioprinting method
upon CVD treatment. To sum up, in order to treat a wide field of CVDs via the bio-
printing method, a 3D bioprinted construct should meet the criteria of non-cytotoxicity,
biodegradation, biocompatibility with preserved mechanical strength and structural in-
tegrity. Therefore, biomimicking the patient’s tissue and thoroughly incorporating into
surrounding tissues and organs, thus enhancing homeostasis and construct durability
and viability. In conclusion, the 3D bioprinting method still has some limitations, but has
mainly tangible improvements with in vivo application for clinical translation.
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Abstract: 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.

Keywords: small-diameter vascular grafts; tissue engineering; cardiovascular disease; vascular
reconstruction; bypass surgery; decellularization; human umbilical arteries; synthetic materials;
3D and 4D printing; thermoresponsive materials

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 [1,2]. In 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 [1–3]. Indeed, 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 (LDVGs), e.g., when applied as aortoiliac substitutes, have exhibited good patency rates
(90%) within the first year of implantation [2,5,6]. Additionally, medium-diameter vascular grafts,
such as the carotid substitutes, are characterized by patency rates greater than 60% after the 1st year of
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implantation [2,7]. 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 [8,9]. CVD is a group of complex disorders, including peripheral
arterial disease (PAD), coronary heart disease (CHD), cerebrovascular disease, and rheumatic heart
disease [8,10]. It 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 [11]. Moreover, 11.3 million new cases of CVD
are reported in the EU annually [12,13]. Furthermore, the United States is characterized by an increased
percentage of CVD cases and deaths [14,15]. It is estimated that more than 400,000 CABG procedures
are performed in the USA annually [14,16]. 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 [17–20]. In 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.

To date, the gold standard procedure for CABG is the use of autologous vessels, such as the
internal thoracic artery, radial artery, and saphenous vein [22]. Among them, the saphenous vein (SV)
is the most widely used graft in SDVGs replacement [23–27]. The first use of saphenous vein in the
clinical setting has been reported in 1951 by Kunlin and his colleagues [28]. The SV is characterized
by greater patency rates (90% after the 1st year of implantation), compared to synthetic grafts (>60%,
within the first year) [7,29,30]. However, significant drawbacks also accompany the use of autologous
vessels. It is estimated that >30% of patients with CVD lack suitable vessels [1,31]. Moreover, in the case
of the performance of second bypass surgery, the possibility of finding another suitable vessel decreases
dramatically [32]. The latter can be performed within 10 years after the initial implantation, considering
that the patency rate of autologous vessels (saphenous vein) after the 5 years is approximately less than
50% [2]. Moreover, biomechanical incompliance between arteries and veins can result in neointima
formation, immune system activation, and finally graft failure and rejection [32].

Taking into account the above information regarding the use of SDVGs for bypass surgeries,
alternative strategies for the development of vessel conduits must be evaluated and established.
Tissue engineering may assist significantly to this issue by providing evidence and new ideas for the
manufacturing of suitable SDVGs, which will be capable for cell homing, growth, and differentiation,
and also characterized by improved in vitro and in vivo remodeling properties. In this review, we will
highlight the state-of-the-art methodologies, while the future perspectives of SDVGs will be presented
in detail.

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 [33]. Several years later, the first commercially available tissue-engineered vascular
grafts (TEVGs) appeared, including Synergraft® (CryoLife, 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) [34]. The majority of these grafts have received
approval from the Food and Drug Administration (FDA) and the European Medicinal Agency (EMA)
for human applications.
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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 [35].
The most applied cellular populations are the endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs) [36]. ECs are located in the internal layer of the vascular wall, known as tunica intima,
forming the endothelium [37]. The endothelium has unique anti-thrombogenic properties, avoiding
the platelet aggregations and clots formation [38]. VSMCs are responsible for vasoconstriction and
vasodilation, located in the media layer of the vessel wall, which is known as tunica media [39].
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 [38]. Importantly, VSMCs also support the vascular remodeling and regeneration with
the production of extracellular matrix (ECM) proteins such as collagen and elastin [39]. 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 [40].
To date, there is a tendency for developing readily available acellular vascular scaffolds with improved
anti-thrombogenic properties [41–44]. Indeed, 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 [45]. 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 [46]. In addition,
regardless of the vascular graft material, engineered vessels must be non-cytotoxic and support cell
growth [45]. Engineered SDVGs must be characterized by specific ultrastructure, ensuring the cell
seeding, proliferation, and differentiation [2]. Finally, the engineered SDVGs must not be immunogenic,
and also must be characterized by in vivo remodeling and regeneration properties [2].

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. TEVGs Derived from Synthetic Polymers

Manufactured TEVGs from polymer materials have been widely used in vascular reconstructive
surgery in the last years [47,48]. The use of synthetic polymers has brought a new era in surgery,
decreasing the time needed for vessel conduit manufacturing. Vascular grafts produced from synthetic
materials can be manufactured with state-of-the-art tissue engineering methods, including tissue
engineering by self-assembly (TESA), electrospinning, and bioprinting. Among them, bioprinting
has gained great attention from the scientific society due to the production of high-quality tissue
engineering vascular scaffolds. The manufactured scaffolds (acellular or cellularized conduits) can
be implanted in the patient to replace the damaged vessels (Figure 1). Synthetic conduits can be
divided into non-degradable, degradable polymers, and biopolymers. Each category is characterized
by specific characteristics, which will be further explored in this review article.
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Figure 1. Development and implantation of engineered small-diameter vascular grafts (SDVGs). (A) The
first approach comprises the production of acellular SDVG derived from polymer materials using the
state-of-art bioprinting approach. Then, the manufactured SDVG can be implanted immediately into
the patient. In this approach, the patient’s body will serve as a bioreactor for the recellularization of
the implanted vascular graft. However, some major disadvantages, including the time period needed
for the proper cellularization or the impaired functionality of the produced vascular grafts, maybe
existed. (B) The second approach comprises the combination of cellular populations with the polymer
derived SDVGs. In this approach, the cells can be isolated from the patient’s tissue biopsy, in vitro
expanded, and seeded onto the SDVG. Finally, the engineered SDVG can be implanted back to the
patient. The advantage of this approach is the production of compatible SDVGs with the patients,
avoiding in this way any potential adverse reactions.

3.1. Non-Degradable Polymers

Non-degradable polymers were among the first materials used as a source for the production of
vascular grafts that have been employed in bypass surgeries (Table 1). Historically, the first attempt
for the production of ePTFE material has been performed by Robert Gore in 1969 [4]. Several years
later, Campbell et al. reported promising results regarding the use of ePTFE vascular grafts in 15
patients as a femoropopliteal bypass graft [49]. In 1986, Weinberg and Bell [33] developed the first
tissue-engineered blood vessel substitute through culturing of bovine ECs, VSMCs, and fibroblasts
to a Dacron derived conduit. Since then, a great effort by the research teams has been performed
establishing new strategies to obtain functional TEVGs. EPTFE, Dacron, and polyurethanes are
the most used materials for the production of non-degradable vessel conduits [48]. Compared to
autologous vessels, synthetic non-degradable conduits are characterized by a lower percentage of
patency rates when used as SDVGs [50]. To date, Dacron is preferred to be used as a material for the
production of vessel conduits due to improved biomechanical properties [48,51]. However, both of
them exhibit significant adverse reactions. Specifically, a generalized immune response toward the
polymers is exerted mostly by macrophages and T cells [52,53]. This could lead to lumen occlusion,
which may be treated with new cardiovascular reconstructive surgery. Moreover, most of these grafts
lack arginine-glycine-aspartic acid (RGD) binding sites in order to promote cell adhesion [54]. In this
direction, several alternative strategies have been employed such as the chemical modification or
pre-coating of the polymer materials toward favoring the cell adhesion. Indeed, the addition of
P15 peptide, pre-coating with fibronectin, or cross-linked RGD binding sites have been suggested as
alternative strategies for improving ECs and VSMCs seeding on polymer scaffolds [55]. A number of
research groups have performed pre-coating of polymer vascular grafts with fibroblast growth factor
(FGF), vascular endothelial growth factor (VEGF), and epidermal growth factor (EGF), improving in
this way the ECs, VSMCs, and fibroblasts mobilization, seeding, and proliferation onto the produced
graft [56–58]. Randone et al. [59] reported the efficient production of VEGF pre-coated ePTFE vascular
grafts. The results of this study showed increased ECs proliferation and endothelium formation
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in VEGF pre-coated grafts compared to non-pre-coated vascular grafts. In addition, Randone et al.
reported that the microporous structure of ePTFE was ideal for ECs seeding, thus grafts with high
porosity (>90 μm) may have better endothelialization outcomes [59]. It is known that VEGF exerts
chemoattractant and mitogenic abilities on ECs. In this way, the ECs can be attracted by the VEGF
pre-coated graft [60]. During ECs proliferation, a significant amount of growth factors are released,
which can further regulate the function of vessel resident cellular populations, such as the VSMCs and
the fibroblasts [61].

Another important issue that should be addressed is the possibility of thrombus formation.
Typically, the polymer acellular vascular grafts are preferred mostly due to the short manufacturing
time that is needed. On the other hand, the absence of an organized endothelium could result in
increased platelet aggregation and thrombus formation [62,63]. This series of events can cause serious
adverse events to the patients that might be even life-threatening. A possible solution to this issue
could be the production of polymers with anti-thrombogenic surface or polymers with the substantial
release of anti-thrombogenic molecules. Hoshi et al. [64] have reported the successful production
of heparin-modified ePTFE vascular grafts. Moreover, Hoshi et al. managed to develop an easily
implemented approach, including the covalent link of heparin to the inner side of the ePTFE grafts,
to produce vascular grafts with anti-thrombogenic properties [64]. The produced graft inhibited
successfully the platelet adhesion; however, a minor negative effect in endothelial cell function was
evident. Furthermore, heparin-modified ePTFE vascular grafts were characterized by the high stability
of their modified surface area, which was retained for a long time period (28 days) [64]. Moreover,
it should be noted that non-degradable polymers are characterized by specific biomechanical properties.
Mismatch of tubular compliance may exist in vascular grafts derived from non-degradable polymers.
This phenomenon is mostly occurred due to the pre-existing differences in elasticity between the TEVG
and the native artery. It is known that small diameter arteries, which are characterized by specific
mechanical properties, can absorb energy (pulsatile energy) during the vasoconstriction, which is
further released during vasodilation, contributing to the pulsatile blood flow. In this way, a vascular
graft, which is characterized by a stiffer behavior than the native ones, can diminish the pulsatile
energy by 60%. This compliance mismatch between the two vessels can lead to intima hyperplasia,
immune system overactivation, and final graft failure.

Table 1. Representative applications of tissue-engineered vascular grafts (TEVGs) derived from
non-degradable polymers.

Material
Composition

Application Comments
Research

Team

Dacron In vitro
Successful EC seeding in Dacron vessel conduits

using either collagen-coated Dacron or
fibronectin-coating ePTFE grafts

Sugawara
et al. [65]

Dacron In vitro

Coating of Dacron-based vascular graft
with polyurethane.

Increased porosity to the inner surface of the graft.
Improved cell attachment properties

Phaneuf et al.
[66]

ePTFE Implantation in
rabbits

ePTFE grafts were used as carotid artery
interposition grafts,

Good patency rate after 28 days of implantation,
Successful endothelialization

Hytonen et al.
[67]

ePTFE In vitro

Isolation of porcine ECs from jungular vein
Successful endothelialization of ePTFE grafts

Development of a bio-hybrid scaffold for
vascular applications

Mall et al.
[68]

ePTFE
Implantation in
distal infrarenal
aorta of rabbits

Development of ammonia plasma modified grafts
Improved endothelialization of graft’s inner surface.

Sipehia et al.
[69]
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Table 1. Cont.

Material
Composition

Application Comments
Research

Team

ePTFE
In vitro and

in vivo
evaluation

Development of polyurethane/polyurethane film
Improved antiplatelet properties

Lower hemolysis and no cytotoxicity (in vitro)
Better biocompatibility, no occlusion, and successful

endothelialization

Zhang et al.
[70]

Dacron and
ePTFE In vitro

Immobilization of heparin, collagen, laminin,
prostaglandin E1 (PGE1)

Reduction of fibrinogen adsorption,
and platelets deposition.

Improved biocompatibility properties of both grafts

Chandy et al.
[71]

Dacron and
ePTFE

Implantation in
mongrel dogs

Thrombus formation was reported 3 and 4 weeks
postoperatively in ePTFE grafts.

Patency rate of ePTFE grafts drop from 66%
(3 weeks) to 33% (4 weeks)

Patency rate of Dacron grafts changed from 55%
(3 weeks) to 44% (4 weeks)

ECs seeded grafts presented better patency rates and
no graft occlusion due to thrombus formation.

All animals received antiplatelet treatment

Hikro et al.
[72]

3.2. Degradable Polymers

Degradable polymers can be used as an alternative strategy for the production of SDVGs (Table 2).
These materials can be substantially degraded, forming a proper ECM [47]. Hydrolysis of the ester
bonds of the scaffolds and the metabolism of polymers into H2O and CO2 comprises the main
degradation mechanism. The most known degradable materials are the poly (lactide-co-glycolide)
(PLGA), polyglycolic acid (PGA), poly-lactic acid (PLA), poly-l-lactic acid (PLLA), polyglycerol sebacate
(PGS), and polycaprolactone (PC) [47,48]. The above materials have been extensively used for the
production of TEVGs with large and medium lumen diameter. Currently, these polymers have been
proposed as starting materials for the production of SDVGs, while their efficient in vivo application is
still under evaluation. Each material is characterized by unique properties. Indeed, the molecular
structure, the polymerization transition temperature, and biomechanical behavior are some of the
different properties that may exist among the materials [73]. For instance, PGA is characterized by rapid
degradation time, which affects its biomechanical properties [47,48]. For this purpose, the degradation
time can be controlled through polymerization with other materials such as PLA. PGS, another material
that is used for the fabrication of TEVGs, can be fully degraded within 30 days [47,48]. PLA is a
material whose complete degradation may last over years [2]. This material is characterized by a
stiffer behavior than the PGA and also by improved endothelialization and patency rates. PCL is
a hydrophobic material with long-term degradation time and, due to this, can sustain better initial
biomechanical properties [47,48]. The first report regarding the biocompatibility and biodegradability
of the polymer materials was performed in 1966 by Kulkarni and his colleagues [74]. Specifically, it was
shown that PLA does not bear any cytotoxic factors and could be used in various applications, such as
the production of surgical implants, without causing any tissue reaction.

Degradable polymers represent a valuable source for the production of acellular large, medium,
and small diameter vessel conduits, reducing the manufacturing time even more. On the other hand,
significant adverse reactions have been reported regarding their use. One major drawback is the lack
of RGD-binding motifs, leading to ineffective cell seeding and proliferation [75]. As a consequence,
organized endothelium cannot be formed, which can result in platelet aggregation, clot formation,
and lumen occlusion [43]. For this purpose, several research groups are evaluating novel strategies for
the efficient endothelialization of the luminal surface of the polymer-derived vascular grafts [2,47,48,76].
Previous strategies including chemical modifications and lumen surface pre-coating have also been
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employed to scaffolds derived from degradable polymers to improve further their functionality.
Wang et al. [77] managed to develop an SDVG using a combination of PCL and gelatin. In addition,
surface modification with heparin was also performed [77]. The produced vascular conduits were
implanted in rats as an abdominal artery graft and remained patent for 12 weeks [77]. These grafts
were proven capable of efficient recellularization by ECs. In the same way, Quint et al. [78] used a
PGA vascular graft as a scaffold for in vitro recellularization with aortic SMCs. Then, these grafts were
placed in a pulsatile bioreactor system for 10 weeks followed by decellularization [78]. The occurred
acellular vascular graft was reseeded with ECs and endothelial progenitor cells (EPCs) in order to avoid
thrombus formation. Finally, the vascular conduit was implanted to a porcine model as a common
carotid artery interposition graft and remained for 30 days [78]. The results of this study showed
the efficient production of a personalized vascular graft, which has retained its ability for in vivo
remodeling [78]. To date, a small number of clinical trials with degradable SDVGs have been performed
(Table 2). Specifically, Lawson et al. [79] developed PGA-based SDVGs that were initially repopulated
with VSMCs in a bioreactor setting. Then, pulsatile cyclic distension for 8 weeks, was applied to the
SDVGs, followed by decellurization procedure. The occurred acellular SDVGs were applied as an
arteriovenous graft in 60 patients (divided into two studies). In both studies, the average primary
patency rate was 58% and 23%, after 6 and 12 months, respectively [79]. No aneurysm formation
or immune response against the SDVGs was observed in all patients. In total, 4 patients died from
end-stage renal disease (ESRD) manifestations rather than vascular graft complications. Moreover,
histological analysis in SDVGs segments after 16 weeks of implantation showed infiltration by CD68+

monocytic cells, SMA+ VSMCs, and CD31+ ECs [79]. On the contrary, no T or B cells were evident
in the histological analysis. The above outcome is quite promising, widening in this way the clinical
feasibility of degradable SDVGs.

Table 2. Representative applications of TEVGs derived from degradable polymers.

Material
Composition

Application Comments Research Team

PCL In vitro

Production of electrospun PCL SDVGs
Modified surface with polyethyleneimine

and heparin
Prolonged anticoagulant action of the

modified SDVGs
Mild inflammation reaction (when implanted

subcutaneously)
May be characterized by great long-term patency.

Future plan, implantation to animal models

Wang et al. [77]

PCL Implantation
in sheep

Thrombosis formation in the control group
Good patency rate of PCL SDVGs (50% after 1st year

of implantation)

Antonova et al.
[80]

PCL Implantation
in mice

Acellular electrospun PCL-derived vascular grafts
implanted as a carotid interposition graft
Successful recellularization by host’s cells

Complete endothelium formation within 28 days

Chan et al. [81]

PCL and PU In vitro

Production of endothelialized SDVGs
Good Biomechanical properties

No significant differences in hemocompatibility
between non-endothelialized and

endonthelialized SDVGs

Mervado—Pagan
et al. [82]

PGS In vitro
Minimal platelet adhesion in the produced

vascular graft
No cytotoxicity to erythrocytes

Liu et al. [83]
Motlagh et al.

[84]
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Table 2. Cont.

Material
Composition

Application Comments
Research

Team

PLA Implantation into
rats

Antithrombogenic properties of MSCs
Successful in vivo remodeling process

Improved patency rate and no graft occlusion in
BM-MSCs seeded vascular grafts

Hashi et al.
[85]

PGA In vitro

PGA derived vascular graft, seeded with VSMCs
Maturation in a pulsatile flow bioreactor for 8 weeks
Improved biomechanical properties (burst pressure

2150 mmHg)

Niklason et al.
[86]

PGA Implantation in
baboons, canine

Implantation in baboons as arteriovenous conduits
Implantation in canines as coronary artery

interposition graft.
Recellularization of PGA vascular graft with ECs.

No aneurysm formation was reported
Good patency rate in the majority of the vascular

grafts after 1, 3, and 6 months in both animal models.
Recellularization with host’s VSMCs and ECs

Dahl et al.
[87]

PGA In vitro and
in vivo

Recellularization of PGA vascular graft with ECs and
maturation in a pulsatile flow bioreactor

ECs and induced pluripotent stem cells (iPSCs) in
vascular tissue engineering

Gui and
Niklason. [88]

PGA Human Use

Recellularization of PGA vascular grafts with human
ECs obtained from cadaveric donors

Implanted in 59 patients as arteriovenous graft
Improved patency rate compared to ePTFE grafts.

Lawson et al.
[79]

3.3. Biopolymers

Besides the use of non-degradable and degradable vascular grafts, conduits based on natural
matrices and proteins have also been proposed as an alternative solution (Table 3) [1]. These proteins
can be used as the structural basis for the development of SDVGs, providing an appealing 3D
microenvironment with proper binding sites for the cellular populations [47,48]. Several methods have
been proposed to properly produce biopolymer-based SDVGs, including electrospinning, freeze-drying,
and mold casting.

Collagen and its isoforms are the most abundant proteins that can be easily isolated, manipulated,
and used for scaffold production, including also the engineered SDVGs. Habermehl et al. [89]
optimized the procedure for collagen isolation from rat tails, and since then, a wide number of
applications, where this structural protein is the main player, have been reported [90–93]. Until now,
28 different collagen types have been reported [94]. The collagen structure is composed of a repeated
triple helix of proline (X) and hydroxyproline (Y). Based on the triple helix organization, collagen
can be distinguished into a) fibrils (including types I-V and XI), networks (including types IV-X),
and filaments (including type VI) [94]. Among them, collagen I is the most abundant type in
mammalians, composed of two α1(I) and one α2(I) chains. Collagen type I offers a great number of
integrin-binding sites, which can control the cell adhesion, differentiation, and overall cellular behavior.
Different types of collagen-based scaffolds have been used in tissue engineering applications [91].
Collagen scaffolds combined with hydroxyapatite have been used in orthopedic applications, inducing
bone and cartilage regeneration [95,96]. Moreover, collagen has been proposed as a drug delivery
system (DDS) to release pro-angiogenic factors for wound healing applications and as a natural
coating of vascular grafts [97,98]. However, collagen is characterized by low mechanical properties
and increased thrombogenicity [99,100]. For this purpose, cross-linking with fixative agents such as
glutaldeyhyde has been proposed [101,102]. Nevertheless, the improvement in mechanical properties,
severe cytotoxicity are accompanied most of the time due to the crosslinking agent that was applied [103].
Alternative crosslinking methods have also been utilized such as photo-crosslinking or the use of

68



Bioengineering 2020, 7, 160

carbodiimide [104–106]. Moreover, collagen-based SDVGs combined with fibronectin or elastin fibers
have shown promising results regarding the biomechanical and anti-thrombogenic properties. Another
promising biomaterial for SDVGs fabrication is the silk fibroin [107,108]. Fibroin is derived from
Bombyx mori (silkworm) and is composed of β-sheet crystal and semicrystalline regions occurred after
the removal of sericin [109,110]. Sericin is a highly antigenic protein, which covers the silk fibers [111].
Additionally, fibroin has anti-thrombogenic properties and can be degraded over time, therefore,
could be a valuable source for the production of SDVGs [112]. Enomoto et al. [113] managed to
develop a fibroin-based SDVG whose patency was compared with ePTFE vessel conduits. In this study,
the developed conduits (d = 1.5 mm, l = 10 mm) were implanted as abdominal aorta interposition
grafts in male Sprague-Dawley rats for a time period of 72 weeks [113]. Fibroin based SDVGs remained
patent (85%) over 64 weeks, whereas ePTFE grafts were patent (48%) for 32 weeks [113]. In addition,
an increased number of SMCs and ECs was observed in fibroin-based SDVGs compared to ePTFE
grafts, reflecting in this way the impaired overall functionality of the latter.

To date, fibrin, which can be obtained from peripheral blood, comprises a biomaterial that can be
applied in SDVG engineering [114,115]. Fibrin is produced through the cleavage of fibrinogen [115].
Fibrinogen (MW: 340 kDa), a glycoprotein that is abundant in plasma, contains three pairs of polypeptide
chains, the Aα, Bβ, and γ, which are connected with 29 disulfide bonds [115]. Upon stimulation,
thrombin cleaves the fibrinopeptides A and B, between Arg-Gly residues [115,116]. The remained
(α, β, γ)2 can be polymerized with other fibrin molecules, resulting in the production of fibrin final
form. Due to that, fibrin can be produced from patients’ blood, without causing any negative adverse
reactions to the recipient [115,116]. Fibrin is a rich source of growth factors, cytokines, and chemokines,
such as Tumor Necrosis Factor-A (TNF-A), Vascular Endothelial Growth Factor (VEGF), Fibroblast
Growth Factor (FGF), Platelet-Derived Growth Factor AA (PDGF-AA), Interleukin 1A (IL-1A), IL-1B,
IL-2, IL-6, IL-8, TNF-Receptor type-1 associated Death domain protein (TRADD), CC-motif chemokine
receptor 1, etc. [117,118]. Recently, platelet-rich plasma or fibrin gel have been employed in a series of
regenerative medicine applications such as skin wound healing and dystrophic recessive epidermolysis
bullosa [119,120]. Except for the patient’s own blood, fibrin can be produced from other sources
like the umbilical cord blood (UCB). Rebulla et al. [121] initially optimized the PRP and fibrin
production from UCB units that did not meet the criteria for cryopreservation. In addition, our group
suggested a protocol for the efficient production of PRP and fibrin from low volume CBU units [118].
The development of allogeneic fibrin holds significant advantages such as the avoidance of repeating
blood sampling, especially from severe conditioned or elderly individuals, low immunogenicity of the
obtained fibrin, and absence of allergic reaction [118].

Recently, fibrin has been employed in vascular tissue engineering. In the beginning, fibrin
was used as a coating in collagen-based vascular grafts [122]. To date, the research society is
performing a significant effort to produce fibrin-based vascular grafts [123,124]. Most of the time,
a pulsatile bioreactor system is required for the proper maturation of the developed vascular grafts.
Moreover, approaches, where ECs and SMCs are utilized in fibrin-based vascular grafts, have been
proposed [36]. Swartz et al. [125] used recellularized fibrin-based vascular grafts as implants in a sheep
model. Specifically, these grafts were implanted in the jugular veins for a time period of 15 weeks.
Histological analysis of the grafts showed the successful in vivo remodeling, where collagen and
elastin depositions were evident [125]. However, the fibrin-based vascular grafts were characterized
by impaired biomechanical properties. Indeed, the average burst pressure of fibrin-based vascular
grafts was 543 ± 77 mmHg, which is very low to withstand the physiological burst pressures of blood
flow [125]. A recent study from Yang et al. [126] showed that the mechanical properties of these
vessel conduits can be improved with the addition of PCL, resulting in the production of a hybrid
graft (fibrin-PCL vascular graft). In this study, electrospun PCL/fibrin vascular grafts were developed,
followed by evaluation of mechanical properties, cytotoxic effects, and in vivo biocompatibility [126].
The burst pressure of these hybrid vascular grafts was 1811 ± 101 mmHg, which is similar to native
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blood vessels (2000 mmHg). Furthermore, no cytotoxic effects or in vivo immune response were
reported, in this study [126].

The production of vascular grafts made of chitosan has also been reported [127]. Chitosan is a
linear polysaccharide that is closely related to sulfated glycosaminoglycans (sGAGs) [128]. Chitosan is
a natural material that is derived from the shell of shrimps and crabs and has been used extensively
in a wide range of tissue engineering applications [128]. Specifically, chitosan has been used for the
production of hydrogels, DDS, coatings, and also in wound healing applications [128]. In addition,
chitosan can be combined with degradable polymers such as PCL and PLA for scaffold fabrication [129].
Moreover, chitosan has mild antibacterial properties, which are beneficial for in vivo applications [130].
Recently, the use of chitosan has been proposed for the development of SDVGs. In the context of
vascular graft production, the electrospinning technology can be utilized to produce conduits with wide
pore distribution, high porosity, and adequate microenvironment for cell adhesion and proliferation.
Wang et al. [127] reported the development of a PCL/chitosan (PCL/Ch) hybrid-based SDVG with
anti-thrombogenic and anti-bacterial properties. For the scaffold fabrication, the electrospinning
technology was utilized [127]. The results of this study showed that the PCL/Ch hybrid-based SDVGs
have similar anti-thrombogenic properties as the heparin-coated vessel conduits, while the bacterial
killing ratios were 64% for S. aureus and 73% E. coli [127]. Yao et al. [129] also developed electrospun
PCL/Ch SDVGs, which were further combined with heparin and referred as Hep-PC/Ch grafts. These
grafts were further implanted as aortic replacements in male Sprague-Dawley rats. Their functionality
was compared with PCL/Ch vascular grafts (without heparin immobilization). After 4 weeks of
implantation in rats, the PCL/Ch explants were characterized by thrombus formation, while no
thrombus formation was observed to Hep-PCL/Ch grafts [129]. Furthermore, Hep-PCL/Ch grafts
were characterized by good patency rate and successful endothelialization as were indicated by SEM
analysis [129]. Taking into consideration the above data, chitosan is a material that can be used in
combination with degradable polymers to produce functional SDVGs.

Table 3. Representative applications of TEVGs derived from biopolymers.

Material
Composition

Application Comments
Research

Team

Fibrin In vitro

Combination of human dermal fibroblasts with
vascular graft derived from fibrin gel

Successful cell migration and collagen deposition
Low biomechanical properties (burst pressure

543 mmHg)

Huyhn et al.
[131]

Fibrin In vivo

Fabrication of fibrin-based vascular graft
Maturation of the graft in a pulsatile

flow-stretch bioreactor
Significant biomechanical properties (burst pressure

3164 ± 342 mmHg) corresponded to 99.8% of the
reported value of human internal mammary artery

Implantation as arteriovenous graft in olive
male baboons

The majority of the grafts remained patent for
6 months.

Successful repopulation by host’s cells

Syedain et al.
[132]

Fibrin In vivo

Production of fibrin-based vascular grafts, seeded
with ovine dermal fibroblasts.

Implantation of the grafts as pulmonary artery
replacements in Dorset lamps

Implanted grafts were characterized by physiological
strength and stiffness, complete lumen

endothelialization, and repopulation by SMCs
The lamps exhibited somatic growth and normal

physiological function for nearly one year.

Syedain et al.
[133]
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Table 3. Cont.

Material
Composition

Application Comments
Research

Team

Fibrin, collagen,
collagen-fibrin In vitro

Collagen and collagen fibrin vascular grafts share
common biomechanical properties

Fibrin-based vascular grafts are characterized by
lower biomechanical properties than the above grafts
SMCs proliferated equally in all vascular scaffolds

Cummings
et al. [134]

Hyaluronan In vitro

Addition of sodium ascorbate to hyaluronan-based
vascular grafts

Improvement in SMC proliferation and cell viability.
Well organized ECM and good

biomechanical properties

Arrigoni et al.
[135]

Silk

In vivo
(Implantation

into
Sprague-Dawley
rats as abdominal

aorta graft)

Better patency rate after 1 year of implantation,
compared to ePTFE graft

ECs and SMCs proliferation into the grafts within a
short time after the implantation

Good ECM organization and in vivo remodeling
properties (inner and media layer)

Observation of vasa vasorum

Enomoto et al.
[113]

Silk In vivo

Silk-based vascular grafts have equal mechanical
properties as the rat abdominal aorta.

Low platelet adhesion
High proliferation potential of silk-based vascular

grafts seeded with HUVECs and SMCs
Vascular remodeling after implantation experiments

in rats

Lovett et al.
[136]

Collagen In vivo

Development of collagen-based vascular grafts with
burst pressure 1313 mmHg

Endothelialization of collagen tubes after
implantation in femoral artery of rats

Li et al. [137]

Chitosan In vitro

Development of chitosan (2% w/v) vascular graft
Burst pressure over 4000 mmHg

Successful seeding with VSMCs obtained from
rabbit aorta

Zhang et al.
[138]

3.4. Hybrid Polymers

The proper combination of synthetic and natural polymers could produce functional engineered
SDVGs. These conduits combine the beneficial features of both materials and are characterized
by improved biomechanical, anti-thrombogenic, anti-bacterial, and cell adhesion properties [139].
Furthermore, hybrid vascular grafts can be combined with key specific growth factors such as TGF-β1,
VEGF, EGF, HGF, etc., which can be accumulated in the vascular wall [129,140,141]. These growth
factors can be spatially released from there, affecting in this way several cellular functions including
cell migration and growth [142]. To date, there is an increasing number of research teams, which
are focusing on the production of hybrid vessel conduits (Table 4). Tillman et al. [143] produced a
PCL/collagen vascular graft, with improved biomechanical properties. The PCL/collagen conduits
served as the aorta and iliac artery interposition grafts in rabbits and remained for a time period of
1 month [143]. These hybrid grafts were free of any aneurism or thrombus formation, while Doppler
ultrasound showed good patency (85%) of the grafts. Histological analysis of the explants revealed the
absence of inflammation, thus completely lacking any infiltrating immune cell [143]. Wise et al. [144]
produced PCL/elastin vascular grafts, where parameters such as ECs adhesion and proliferation, blood
biocompatibility, burst pressure, and in vivo functionality were assessed [144]. Specifically, these grafts
were able to be recellularize both in vitro and in vivo with the ECs. The burst pressure of the grafts
was 1500 ± 150 mmHg; however, it was less than the minimum burst pressure that was evident in
human native blood vessels (1700 mmHg). Similar good patency and cell infiltration results of hybrid
acellular vascular grafts have been reported in the literature [144–147].
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In addition to these fabrication strategies, the use of cellularized hybrid vascular grafts may
provide better outcomes regarding the mechanical properties and overall patency [34]. Thomas and
Nair [148] developed a vascular graft, which was composed of gelatin/vinyl acetate copolymers,
utilizing the electrospinning method. The composed vascular grafts were successfully recellularized
with murine SMCs, followed by maturation with a pulsatile bioreactor system [148]. The pulsatile
forces, generated by the bioreactor, effectively stimulated the SMCs migration, proliferation, and gene
and protein expression [149].

Table 4. Representative applications of TEVGs derived from hybrid materials.

Material
Composition

Application Comments
Research

Team

PCL/collagen In vivo

Development of hybrid scaffold with
electrospinning method.

Applied in aortoiliac bypass in rabbits, the graft
remained for 1 month.

Minimal cellular infiltration in the implanted
vascular graft.

Patency rate was 87.5% after 1 month of implantation

Tillman et al.
[143]

PET/PU/PCL In vitro and
In vivo

Development of an electrospun triad-hybrid graft
with an inner diameter of 5 mm.
Burst pressure over 1689 mmHg

Successful cell seeding and proliferation as it was
indicated by the MTT assay

Moderate immune reaction was observed after
subcutaneous implantation in rats

Jirofti et al.
[150]

PU/PET In vitro

Development of PU/PET SDVGs with the
electrospinning method

Comparable biomechanical properties with native
veins and arteries

Khodadoust
et al. [151]

PU/PCL In vitro

No cytotoxic PU/PCL vascular graft
Successful seeded and proliferation of fibroblasts and

ECs, as it was indicated by the MTT assay
Confirmation of cell adhesion by SEM analysis

Nguyen et al.
[152]

Gelatin/vinyl
acetate In vitro

Development of electrospun gelatin/vinyl acetate
vascular grafts/

SMCs are used for seeding applications.
Well organized ECM, accompanied by good

biomechanical properties

Thomas and
Nair et al.

[148]

PCL and
PU/collagen In vivo

Electrospun PCL and PU/collagen vascular grafts
were implanted as femoral artery interposition grafts

in canines
The grafts remained patent for 8 weeks

Infiltration by ECs resulted in
endothelium development

Lu et al. [153]

PCL/elastin In vivo

Electrospun PCL/elastin vascular grafts were
implanted as carotid arteries bypass grafts in rabbits
The hybrid vascular graft was characterized by good

biomechanical properties (tensile strength and
Young’s Elastic Modulus)
Low platelet attachment

Preservation of biomechanical properties
after implantation

Wise et al.
[144]

The overwhelming increase of new CVD cases each year is leading to the exploration of alternative
sources for the production of engineered SDVGs. Most of these approaches, including non-degradable,
degradable, and biopolymer grafts, are requiring extended evaluation, while their proper fabrication
could last over 28 days [2,34]. Toward these shortcomings, the hybrid-based TEVGs may pose a reliable
approach, reducing the manufacturing time and thus producing SDVGs with improved properties.
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However, more research is needed to be performed in order for the hybrid SDVGs to be readily used
by clinicians in cardiovascular reconstructive surgery.

4. Decellularized Vascular Grafts

In the last decade, the application of the decellularization method for the production of vascular
grafts has gained significant attention from the scientific society [154]. Decellularization aims to
remove completely the cellular material from the tissue while preserving the ultrastructure of ECM.
Depending on the tissue source, different decellularization approaches may be applied to produce
effectively an acellular matrix [154,155]. Until now, decellularization has been applied successfully to a
great number of organs and tissues, including lung, liver, kidney, heart, cartilage, etc.

4.1. Decellularization as a Method for the Production of Vascular Grafts

To achieve the production of an acellular matrix, different decellularization protocols may be used.
Mostly, the decellularization protocols include physical, chemical, enzymatic, or a combination of
those methods to acquire the best outcome [154–156]. The initial step of the decellularization approach
is cell destruction through the solubilization of the cytoplasmic membrane and DNA fragmentation.
Then, the cellular and nuclear debris must be completely removed from the tissue’s ECM. Excessive
removal of decellularization solutions also is an important step of the process to limit the possibility of
any cytotoxic effects [154–156]. The final step of the decellularization procedure is the sterilization of
the produced scaffold.

Sterilization can be achieved either by immersion of the scaffold into antibiotic solutions or by
applying physical methods such as UV and γ-irradiation [155,156].

The increased global demand for vascular grafts led the researchers to evaluate further the
decellularization approach for the production of vessel conduits [36]. Large- and small-diameter
vascular grafts have been decellularized with the application of different decellularization approaches.
Mostly, a proper combination of the decellularization approaches, such as snap freezing, use of
ionic and non-ionic detergents, trypsin addition, and mechanical agitation or sonication, have been
utilized [154,156]. Among them, the use of chemical compounds in combination with physical methods,
is the most effective and safe for producing acellular vascular grafts. The most used detergents
for the decellularization procedure are sodium dodecyl sulfate (SDS), sodium deoxycholate (SD),
Triton X-100, Triton X-200, 3-[(3-Cholamidopropyl)dimethylammonio]-1- propane sulfonate (CHAPS),
and Ethylenediaminetetraacetic acid (EDTA) [156]. Additionally, in the literature, the combination of
hypotonic and hypertonic treatments, with enzymatic digestion, has been also reported for the efficient
production of acellular SDVGs [154–156].

Taking into consideration the above data, vascular grafts and especially SDVGs can be derived
from various sources such as animals (porcine or sheep) or cadaver donors, effectively decellularized,
and immediately used (Figure 2). However, significant drawbacks are accompanying the above
proposal. In the past, a great effort regarding the use of animal-derived TEVGs in human applications
was performed [157]. Despite the complete removal of cellular and nuclear materials from the vessel’s
ECM, animal-derived vascular grafts can induce an extended immune response due to the presence of
alpha-gal-epitope (Galalpha1-3Galbeta1-(3)4GlcNAc-R) [158]. This epitope is abundant in non-primates
and New World monkeys and synthesized by the alpha1,3galactosyltransferase (alpha1,3 GT) [158–160].
On the other hand, humans, apes, and Old World monkeys produce anti-Gal antibodies, which are
representing 1% of the circulating immunoglobulins [158–160]. In this way, human recipients when
receiving animal-derived vascular grafts, exert significant immune response against the aforementioned
grafts, which finally leads to graft rejection. Nowadays, much effort has been focused on the cleavage of
a-gal epitope or the production of transgenic animals (without the presence of a-gal epitope), although
more research must be performed toward this direction [161,162]. Recently, genome editing with
CRISPR-Cas9 may assist in this field [163]. Cadaver donors may constitute an alternative source,
for obtaining SDVGs. Based on organ donation statistics, only 3 in 1000 people find suitable organs
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and more than 112,000 people are waiting for organ transplantation [164]. Furthermore, the bioethics
rules must be modified in order to allow organ transplantation and especially vessel transplantation.
The production of vascular grafts with the decellularization approach may be a promising approach,
thus increasing the number of available transplantable vessels.

Figure 2. Production of SDVGs with the decellularization approach. Initially, vascular grafts can be
obtained either from human cadaveric or animal donor. Then, the obtained SDVG is submitted to
decellularization to remove the residual cellular population. The produced acellular vascular graft can
be either implanted back to the patient or to submitted in recellularization with the patient’s own cells.
The cellular populations can be isolated and expanded from the patient’s tissue biopsy. When cells
reached the desired cell number, they can be used for the recellularization of the acellular vascular
graft. Finally, the produced cellularized SDVG can be implanted in the patient. The whole procedure
can be performed under good manufacturing practice (GMP) conditions.

4.2. Establishment of the Decellularization Approach

The production of a completely acellular scaffold is a demanding process; however, most of the
time a small quantity of residual cellular and nuclear materials are evident. Different decellularization
methods are characterized by variable results, indicating that the majority of them cannot produce
a completely acellular scaffold. The presence of the cellular components could induce an immune
response and hyperacute reaction by the host upon implantation [165,166]. This could lead to
unfavorable adverse reactions, resulting in graft occlusion, calcification, and rejection, with the
majority of them to be life-threatening for the recipients. Globally, several researchers have tried
to validate the decellularization approach in different tissues and organs, leading them to several
criteria for the establishment of the successful decellularization approach. Among them, Gilbert et
al., Crapo et al., and Badylak et al. have performed the most valuable work, proposing the following
criteria [154,156,167].

• <50 ng/double-stranded (ds) DNA/mg ECM dry weight
• <200 bp DNA fragmented length
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• Lack of visible nuclear materials, either with 4′,6-diamidino-2-Phenylindole (DAPI) or hematoxylin
and eosin (H&E)

Except for the above-mentioned criteria, the total amount of DNA including single-stranded
(ss) and ds, should also be quantified and taken into account. DNA quantification can be performed
photometrically, or with the use of different commercial kits such as the Picogreen Assay. Indeed,
there are numerous studies where Picogreen assay is the optimum method for the quantification of the
DNA in decellularized matrices [168–171]. However, the PicoGreen assay can detect only the ds DNA,
while the ss DNA cannot be quantified. On the other hand, the spectrophotometric quantification
of DNA by measuring the ratio of absorbance 260 nm/280 nm, may provide more data regarding
the presence of the total DNA in the acellular scaffold [172]. It is known that either ss or ds DNA
can induce the host’s immune reaction, and the accurate DNA quantification is of major importance.
Furthermore, the remaining DNA in the scaffolds can be evaluated through the performance of gel
electrophoresis [172]. Typically, the DNA samples can be loaded onto 1–2% w/v agarose gels and
observed under UV light. The absence of dense DNA bands or bands with less than 200 bp DNA
confirms further the successful decellularization [172].

The last criterion involves the observation of the tissue sections for any possible nuclear material
either with H&E or DAPI [154,156]. H&E is the first-line histological stain that is performed in order
to properly evaluate the success of the decellularization approach. The absence of black stain in the
histological samples indicates the loss of nuclear material. Besides H&E, more specific stains can be
applied for the determination of decellularization. Masson’s trichrome (MT), which stains collagen
(blue), muscle cells (red), and nuclear materials (black), can be used for the evaluation of the presence
or absence of SMCs. Except for the content of the cellular population, this stain can indicate the proper
preservation of the collagen fibers in the acellular scaffold. In the same way, Elastic van Gieson (EVG)
can stain simultaneously the elastic/collagen fibers and nuclear material [154,156].

Nevertheless, the production of a completely acellular scaffold is optimum, and the preservation
of key ECM features such as the orientation of collagen and elastin fibers are also important.
The microarchitecture structure of tissues and organs can determine the decellularization approach,
which will be selected. Complex tissues, where the orientation of collagen and elastin determine
eventually their biomechanical properties, can be decellularized with the use of non-enzymatic
approaches [173–175]. It has been shown that trypsin can damage significantly the collagen fibers
of a tissue, affecting in this way possibly the graft’s biomechanical properties and cell-binding sites.
A balance between the proper elimination of cellular components in combination with the minimum
effect in ECM key proteins must be found when a decellularization protocol is applied.

4.3. Decellularized Animal-Derived SDVGs

The first attempt for establishing a decellularization protocol was performed in 1966, several
years before the attempts of Weinberg and Bell for the manufacturing of synthetic polymer vascular
graft [33]. Rosenberg et al. [176] applied for the first time an enzymatic decellularization protocol
in bovine carotid arteries. The produced acellular vascular grafts were implanted in 16 patients
as femoropopliteal and iliofemoral bypass grafts. The implanted grafts withstood the blood flow
pressure; however, graft occlusion was reported during a time period of 2 years postoperatively [176].
Since then, new decellularization approaches have been found and validated in a wide range of tissues
and organs including the vessels such as the aorta, carotid, and coronary arteries (Table 5) [177–180].
The first decellularized vascular grafts were derived from bovine vessels and ureters, which further
became commercially available as Artegraft®, Solcograft®, ProCol® (LeMaitre Vascular, Inc., Burligton,
MA, USA), etc. [2,181]. Today, several companies are focused on the production of decellularized
vascular conduits based on the bovine vessels. However, the presence of a-gal is a significant limitation,
and in order to overcome this issue, crosslinking with fixative agents such as glutaraldehyde is
performed [103]. A significant drawback to this approach is the cytotoxicity mediated by the fixative
agents, resulting in minimum applicability of those grafts [103]. However, modern fixative agents such
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as carbodiimide with low or no cytotoxicity have been applied [106]. Another significant drawback of
the crosslinked decellularized bovine blood vessels is the lack of in vivo remodeling properties, which
makes them unavailable for applications in pediatric patients [182]. Additionally, it has been reported
that decellularized animal-derived blood vessels are characterized by similar patency rates as synthetic
vascular grafts [36].

Recently, the use of small intestine submucosa (SIS) has been also proposed for the production of
large and small TEVGs [183]. Typically, SIS can be derived either from the porcine or ovine origin [184].
Decellularization can efficiently be applied in SIS, and then the produced material can be folded
in a tubular mandrel to produce a vascular graft [184]. Moreover, crosslinking with fixative agents
such as glutaraldehyde has been reported as an important step in the manufacturing process [185].
These grafts currently have been evaluated for their functionality in animal models, showing good
patency rates [36]. Moreover, the patency rates were superior or equal to ePTFE grafts and native ovine
artery [36].

Table 5. Summary of representative studies toward decellularized animal-derived vascular grafts.

Material
Composition

Application Comments
Research

Team

Bovine carotid
artery In vitro

Decellularization of bovine carotid arteries with 1% w/v SD,
1% w/v CHAPS, 1% v/v Triton X-100 or 0.1% SDS

Successful decellularization of carotid arteries
Preservation of ECM structure
Good biomechanical properties

Daugs et al.
[186]

Ovine carotid
artery In vitro

Decellularization of carotid arteries with 1% w/v SDS, 0.05%
v/v Trypsin, 0.02% EDTA

Histological analysis with H&E, Masson’s Trichrome,
and Verhoeff van Gieson revealed the preservation of

ECM structure.
Successful seeding and recellularization with MSCs

Mancuso et al.
[187]

SIS In vivo

Development of a vascular graft utilizing porcine SIS
Implantation as a carotid artery interposition graft

Functional comparison with autogenous saphenous vein
No aneurism formation was found in both grafts.

Equal patency rates between the two grafts

Sandusky
et al. [188]

Bovine ureter In vivo

Decellularized based on a patented process
Comparison between ePTFE and decellularized bovine ureter.

Applied as arteriovenous conduits
Enrolled 60 patients

No significant advantage of decellularized bovine ureter
compared to ePTFE as AVF

Chemla and
Morsy [189]

Bovine
mesenteric vein In vivo

Bovine mesenteric vein (MVB) evaluated as a vascular graft
in hemodialysis

Compared with ePTFE vascular graft
Better patency rates of MVB than ePTFE graft

(12 months was 35.6% for MVB versus 28.4% synthetic grafts.
At 24 months,

secondary patency was 60.3% MVB, 42.9% synthetic)
Superior vascular graft compared to ePTFE grafts

Katzman et al.
[190]

Canine carotid
artery In vivo

Decellularization of canine carotid arteries with 0.5% v/v
Triton X-100, 0.05% v/v ammonium hydroxide

Seeded with bone marrow MSCs derived from canine
animal models

Seeded grafts were implanted as carotid arteries
interposition grafts

Comparable suture retention strength between native and
decellularized carotid arteries

Successful in vivo remodeling after implantation, collagen
and elastin production

Cho et al.
[191]

Nowadays, the cost production of synthetic vascular grafts has been reduced and, considering the
above data, their application is more preferable [36]. On the other hand, due to the increased demand
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for SDVGs, alternative sources must be explored in order to cardiovascular surgeons to have more
available options.

4.4. Decellularized Human-Derived SDVGs

The first human blood vessel conduits served as transplants in reconstructive surgery were
derived from human cadaver femoral veins. Indeed, human femoral arteries were submitted to
decellularization to produce acellular vascular conduits [192]. These grafts were used initially as
arteriovenous fistulas (AVF) allografts [193]. Furthermore, these grafts were commercialized under
the name Synergraft® (CryoLife, Inc., Kennesaw, GA, USA) [34]. Decellularized iliac vein is another
human vascular graft that has been proposed for vascular reconstruction applications [194]. Moreover,
this graft was recellularized with the patient’s cells such as ECs and SMCs and then was applied in a
10-year-old female patient with extrahepatic vein obstruction [195]. Before the cell seeding, the graft
was evaluated for the presence of cell/nuclear materials and HLA class I and II genes. The operation
was performed at Sahlgrenska University Hospital in Gothenburg, Sweden, and the outcomes were
published in 2012 [195]. After 1 year of implantation, the graft was occluded, explanted, and a new vein
graft was used. Finally, the patient responded well, no anti-endothelial cell antibodies were detected,
and there was no need for receiving any immunosuppressive agents [195]. In this direction, human
umbilical vessels may be an alternative source for the production of SDVGs [196]. The human umbilical
cord (hUC) contains approximately two arteries and one vein, which are mediating in gas exchange
and nutrient supply through the fetomaternal circulation [197]. The human umbilical arteries (hUAs)
are responsible for the transportation of non-oxygenated blood from the fetus to the mother, while the
human umbilical vein (hUV) performs exactly the opposite process [198]. The HUAs and hUVs are
characterized by three layers, the inner (tunica intima), the media (tunica media), and the external
layer (tunica adventitia). In addition, the hUAs and hUV are vessels without branches and their entire
length can be varied and is dependent on hUCs length [197]. The length of a typical hUC is 20–60 cm
and is characterized by an average number of 40 helical turns. In addition, hUAs are characterized by
specific protrusions located in the tunica intima, throughout the entire vessels, which are known as
“Hoboken valves” [199]. These valves prevent successfully the reflux of the non-oxygenated blood
back to the fetus. Both vessels can easily and non-invasively be isolated from the hUC after gestation.
Typically, in the case of using the human umbilical blood vessels, signed informed consent from the
mothers must be obtained [196]. The informed consent should fulfill the requirements of the National
law, regarding cord tissue donation and also should be in accordance with the Helsinki declaration.

HUV has been applied as a vascular bypass graft since 1974, followed by commercialization,
which was known as Biograft® [200,201]. Several years later, the outcome of the use of Biograft® was
evaluated. Specifically, a comprehensive evaluation of the use of hUV as a femoropopliteal bypass
graft, a study involved 133 operations and a 5-year follow up, was performed [202]. In this study,
it was shown that 6% of the patients died within 30 days after the implantation. The majority of the
complications in patients were evident within the first 3 months postoperatively. The mean patency
rate was 65% and 50% within the first and fifth year, respectively. No infection of the graft was reported
in the current study [202]. The obtained results of the current study indicated that the stabilized hUV
could potentially be used as a source for SDVG production. Currently, the gold standard autologous
graft for coronary artery bypass surgeries is the SV [203]. However, other blood vessel sources have
been evaluated such as the cephalic artery, stabilized hUV, and ePTFE grafts (Table 6). Among them,
the hUV seems to share better patency and biocompatibility properties compared to the cephalic and
ePTFE vessel conduits [204]. Indeed, a randomized clinical trial has shown that the patency rate of
ePTFE was 40% within the first year of implantation, while stabilized hUV was 75% for the same
time period [204]. Moreover, SV and stabilized hUV seems to share similar patency rates. Although
the results were quite promising, the hUV was stopped to be used as a vessel substitute due to
significant drawbacks [204]. HUV is more difficult to be applied technically than SV or synthetic
conduits. Moreover, hUV may lack elasticity, making it more fragile [200–202,204,205]. In addition,
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the crosslinking reagents used for its stabilization like glutaraldehyde could induce severe cytotoxicity.
Another drawback that is accompanied by the use of the crosslinking agents is the lack of in vivo
remodeling properties, which make it less available for pediatric patients [204].

Taking into consideration the above data, the use of hUAs as possible vascular conduits should
be also evaluated. Kerdjoudj et al. [206,207] used for the first time the human umbilical artery as
potential small-diameter vascular grafts. Initially, this approach involved the deposition of a synthetic
polyelectrolyte film in hUAs in order to avoid the platelet adhesion and eventually the thrombus
formation [206,207]. In this study, the hUAs were enzymatically de-endothelialized and treated
with poly(styrene sulfonate)/poly(allylamine hydrochloride) (PSS/PAH) to develop multilayers of
polyelectrolyte film. This negative polyelectrolyte film can exert key anti-thrombogenic properties,
avoiding in this way the platelet accumulation and thrombus formation in the lumen surface of the
vessels. Then, these grafts were implanted as carotid interposition grafts in rabbits and remained for
a time period of 3 months [206]. The results of this study were impressive, indicating the long-term
patency (over 12 weeks) of the hUAs treated with PSS/PAH film. Furthermore, successful cell invasion
of PECAM+ ECs and α-SMA+ SMCs was evident in tunica intima and media, respectively [206].
Minimum intimal hyperplasia was reported in these grafts, which were mainly exerted through collagen
production from SMCs [206]. Several months later, Gui et al. [208] evaluated a novel decellularization
protocol in hUAs. In this study, a series of important experiments were performed, obtaining valuable
information regarding the utilization of the hUAs as SDVGs [208]. Furthermore, the decellularized
hUAs were implanted as abdominal interposition grafts in nude rats. After 8 weeks of implantation,
thrombus formation was observed in the vascular grafts. Despite this drawback, decellularized
hUAs sustained the blood flow and finally, the vessel did not rupture [208]. Several years later,
the comprehensive proteomic analysis combined with histological data in native and decellularized
hUAs was performed [209]. Until now, several researchers have evaluated the possibility of using
the hUAs as transplants [206–211]. In 2020, our group showed that the decellularized hUA can
be successfully vitrified and stored at −196 ◦C over a long time period [172]. Specifically, vitrified
(decellularized) hUAs retained the ECM structure after 2 years of storage in liquid nitrogen. Furthermore,
the vitrified grafts were used for common carotid bypass grafting in porcine animal models and
remained for a time period of 1 month. Although the occurrence of platelet aggregation and thrombus
formation was observed, vitrified hUAs were successfully in vivo remodeled [172]. The grafts were
recellularized by the host’s VSMCs, and due to the blood flow stress-strain forces, increased production
of elastin fibers was occurred [172]. By the time that this publication is prepared, another work
from our group is focused on the biomechanical and proteomic characteristics of the decellularized
hUAs [212]. The proteomic results have been deposited to the ProteomeXchange Consortium with
the dataset identifier PXD020187 (https://www.ebi.ac.uk/pride/) and are currently publicly available.
In this study, a rapid decellularization protocol was effectively applied in hUAs. No cellular or
nuclear remnants were evident, while at the same time the proteomic and biomechanical analysis
showed the preservation of key ECM structural proteins and mechanical characteristics of the hUAs,
respectively [212].

HUAs may represent a better source for the development of SDVGs compared to hUVs. However,
extended validation experiments to better determine the stability and functionality of these grafts
should be performed. The future goal will be the successful recellularization with ECs/VSMCs and
implantation to large animal models for longer time periods to acquire more valuable data regarding
the possible application of hUAs as SDVGs.
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Table 6. Summary of representative studies toward decellularized human-derived vascular grafts.

Material
Composition

Application Comments
Research

Team

Cadaveric
femoral vein

In vivo
(large-scale
clinical trial)

Commercially available decellularized human
femoral vein (Synergraft®)

Applied as allograft for Hemodialysis
Comparison between Synergraft®, Cryovein and

ePTFE grafts
Impaired patency rate of human allografts compared

to ePTFE grafts
Aneurism formation observed in human allografts

Human allografts cost 5 times more than
ePTFE grafts

Ethical concerns

Madden et al.
[213]

Iliac vein
In vivo

(Proof of concept
study)

Decellularization of iliac vein with 1% v/v Triton
X-100, 1% v/v tri-n-butyl phosphate, and 4 mg/L

deoxyribonuclease
Evaluation of presence of HLA class I and I antigens

Recellularization with patient’s ECs and SMCs
Vessel implantation

After 1st year of implantation, the graft was occluded
and a new surgical operation was performed.

The second recellularized vascular graft
remained patent.

No need for immunosuppressive agents

Olausson et al.
[195]

HUV
In vivo

(large-scale
clinical trial)

Stabilized hUV applied in femoropopliteal bypass
grafting in 171 patients

6% of the patients died within the 1st year
The patency rate was 65% and 50% within the first

and fifth year, respectively.

Jarrett and
Mahood [214]

HUV In vitro

HUV denudation either with 0.1% w/v collagenase,
hypotonic media, or with gentle gas stream for

ECs dehydration
Better denudation using stream of gas, according to

histological, SEM and biomechanical results

Hoenika et al.
[215]

HUA In vitro and
in vivo

Trypsin de-endothelialization of hUVs
Development multilayer of PSS/PAH films

Implantation as a carotid interposition graft
in rabbits.

Good patency over 12 weeks.
Successful cell infiltration by PECAM+ ECs and

α-SMA+ SMCs

Kerdjoudj et
al. [206]

HUA In vitro and
in vivo

Decellularized hUAs with CHAPS, SDS, EDTA,
and EGM-2 buffers

Preservation of ECM structure while no cells
were evident.

Implantation as acellular abdominal
interposition grafts.

Thrombus formation, but the vessel lumen did
not rupture

Gui et al.
[208]

HUA In vitro and
in vivo

Decellularization of hUAs with CHAPS, SDS,
and α-MEM with 40% FBS.

Good preservation of ECM structure, no cellular or
nuclear material, good biomechanical properties.

Implantation as common carotid interposition graft.
Thrombus formation within 30 days after

the implantation.
In vivo remodeling of hUAs, elastic fibers production

Mallis et al.
[172]

79



Bioengineering 2020, 7, 160

4.5. In Vivo Performance of Decellularized and Cellularized SDVGs

Both decellularized and cellularized SDVGs have been tested in a wide series of experiments,
including the evaluation of in vivo performance and biocompatibility [193,216]. It has been shown that
decellularized SDVGs lack proper function and are characterized by a high probability of thrombus
formation and graft failure [2]. Initially, the exposed collagen, located in the lumen side of the
acellular SDVGs, triggers the platelets to aggregate [217]. The first step of this process involves
the binding of the soluble form of von Willebrand factor (vWF) with the exposed collagen. Then,
and upon vessel exposure to increased shear stress, the platelets are stimulated, leading to large
aggregations development through the interaction between platelet glycoprotein (GP) Ib-V-IX receptor
and vWF [218]. Furthermore, additional platelet receptors, including GPVI and α2β1, offer more
stability to the developing thrombus [219]. Besides, the exposed collagen, fibronectin, and laminin
assist in the development of thrombus, through the interaction with platelets’ integrins α5β1 and
α6β1, respectively [217]. Furthermore, VSMCs contribute significantly to vessel functions. VSMCs is
a specific smooth muscle cell subset, located in the tunica media of the vessel wall, responsible for
vasoconstriction and vasorelaxation [39]. In these processes, the role of ECs in the regulation of vascular
tone is very important. Upon stimulation of ECs, due to high shear stress, the nitric oxide (NO) synthase
is activated and increases the NO production, which can cause vasorelaxation. In addition, VSMCs
produce high amounts of ECM proteins, including collagen, elastin, and fibronectin, contributing to the
regeneration of the injured vessels. An additional important function of VSMCs is the ability to retain
the circumferential orientation of the collagen and elastin fibers in the vessel wall [61]. It has been
shown that the removal of VSMCs during the decellularization process could alter the alignment of the
collagen and elastin fibers. The presence of uncrimped collagen and elastin fibers in decellularized
vascular grafts can induce significant alteration to their biomechanical properties, resulting in mismatch
compliance between resident and transplanted vessels [212].

On the other hand, cellularized engineered SDVGs are conduits with improved properties, which
may result in a more favorable outcome upon implantation. For this purpose, vessel bioreactors such as
pulsatile flow or dynamic culture systems, are currently used, which can result in vessel production with
uniform coverage of ECs and VSMCs. It has been shown in the literature that recellularized TEVGs are
characterized by a lower risk for thrombus formation and graft rejection compared to non-cellularized
TEVGs. Zhou et al. [220] reported low neo-intimal formation in recellularized vessels, which were
obtained from decellularized canine vessels. In addition, Kaushal et al. [221] and Ma et al. [222]
showed that the presence of ECs and VSMCs in the manufactured TEVGs contributed to neo-intimal
and neo-medial reconstitution. Row et al. [223] managed to trace the cells used for the recellularization
of TEVGs postoperatively. The recellularized TEVGs were implanted as interposition grafts into
the coronary artery in female sheep for a time period of three months. In this set of experiments,
it was observed that donor cells (used for the recellularization) were gradually substituted by the host
cells. Importantly, donor cells represented only 17% and 8% of the total cells after 1 and 8 months
postoperatively. Furthermore, no T or B cells were evident in the implanted vessels, indicating that the
recellularized vessel favors no immune response [223].

Considering the above data, recellularized TEVGs have greater possibilities to avoid neo-intima
formation, thrombus development, and graft failure, and are superior to decellularized vascular grafts.
Nevertheless, greater effort regarding the recellularization process must be performed by the research
groups worldwide to produce properly functional TEVGs.

5. Manufacturing Methods for the Development of SDVGs

Globally, the increased demand for vascular grafts requires the production of readily
available functional transplants, although their large-scale production is a quite challenging task.
Currently, there is a wide variety of SDVG manufacturing methods, including tissue-engineering by
self-assembly (TESA), electrospinning, and bioprinting [224–226]. Since the first attempts of Weinberg,
Bell, and Rosenberg in manufacturing vessel conduits, vascular graft production has been evolved and
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represents a quite interesting and interdisciplinary research field of the 21st century [33,176]. As has
been proposed by Langer and Vaccanti, tissue engineering aims to the production of scaffolds or
matrices in order to replace or remove the damaged tissues [227]. In the same way, the development of
vascular grafts is characterized by the same principles. A number of different scientific areas must
be combined to properly produce a vascular graft, which will replace the damaged one. Nowadays,
the production and transplantation of LDVGs have been proven efficient based on the performed
clinical trials [1]. On the other hand, the production of fully functional SDVGs is still under the
developmental stage, needing further exploration. A few companies have achieved significant progress
in the production of readily available SDVGs. Among them, Cryolife, Artegraft, Integra, and Gore are
providing ready to use vascular grafts, derived mostly from in-house production (synthetic grafts),
animal origin (bovine and porcine vessels), and cadaveric donors (human vessels). However, the clinical
utility of vessel transplants requires also the evaluation of alternative methods for the production
of vascular grafts. The natural ECM structure and its key mechanical properties are difficult to be
reproduced with the aforementioned methods, but significant progress to this direction day by day
is made.

5.1. TESA Approach

The TESA approach was developed by the pioneer L’Heureux and aimed at the production of
vascular grafts utilizing cell sheets [224]. 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
(Figure 3). Further maturation in the pulsatile bioreactor is required in order to vascular grafts to
achieve the prerequisite burst pressure and overall mechanical properties [224,228]. The initial work of
L’ Heureux et al. [229] 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 [229]. 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 [229].

Between 2004 and 2007, a multicenter clinical trial was performed in patients who followed
hemodialysis [230]. In this study, the vascular grafts were produced from the patient’s own cells
(fibroblasts and SMCs) utilizing the cell-sheet technique in the same way as previously has been
described. The produced grafts were characterized by a mean burst pressure of 3512 mmHg and
were used as AVF conduits. The patency rates of the grafts were 78% and 60% after the 1st and 6th
months of implantation, respectively. The most observed complications involved the development of
aneurism and lumen thrombosis. Despite these drawbacks, this study represents an initial step toward
the clinical utility of TESA-produced vascular grafts [230].

5.2. 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 [231]. 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
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voltage electrical field [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 [2,34]. 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 [233]. 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 [233].

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).
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The polymer materials used in the electrospinning approach could be either degradable or natural
derived materials [2,34]. 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 [2,34]. Vascular grafts
have also been fabricated with the electrospinning method. Importantly, the proper combination of
PLGA with collagen type I and elastin can improve the mechanical properties of the produced scaffolds,
and their use is preferred for the production of electrospun blood vessels [234]. 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 [235].

In the context of electrospun tubular scaffold application, both acellular and cellularized conduits
have been evaluated. Wise et al. [144] developed 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 [144]. 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 [144]. Additionally, Soletti et al. [236] provided substantial
evidence regarding the proper development and production of anti-thrombogenic vascular conduits.
Soletti et al. [236] 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 [236]. Unlike Wise et al. [144]
and Soletti et al. [236], Min Ju et al. [237] 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 [237]. This study provided valuable data regarding the production and application of the
electrospun vascular grafts. Moreover, Du et al. [238] 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 [238]. 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.

5.3. 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 [239]. Using this technology, complex structures and
materials can be produced efficiently, thus can be further used by the scientific society. The evolution of
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printing technology is 3D bioprinting, which has currently been applied in various tissue engineering
approaches [239]. 3D bioprinting can produce complex structures, utilizing non-degradable/degradable
and naturally derived polymers [240]. 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 [240]. 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 [240,241].
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 [240,241].

3D bioprinting approaches and the proper combination of the aforementioned materials have
been successfully applied in the production of LDVGs and SDVGs. [240,242–244]. In this direction,
Freeman et al. [245] 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 [245]. Jia et al. [246], 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 α-SMA and CD31, in MSCs and HUVECs,
respectively [246].

5.4. 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 [247]. 4D bioprinting uses the same materials as conventional 3D printing approaches [240].
The major difference between 3D and 4D bioprinting is that the latter exerts a “smart” behavior of the
produced scaffolds [248]. 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. [240]. 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 [249]. 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 [250]. 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 (Tgh),
and the switching segment, characterized by intermediate glass transition temperature (Tgi). When the
applied temperature is above the Tgh, the produced scaffold adopts its permanent shape. On the other
hand, when the temperature is between Tgi and Tgh, the switching segment becomes soft, while the
elastic segment resists any shape-changing [251]. Additionally, if the material is cooled below the
Tgh, then the elastic segment cannot return to its initial shape and the produced scaffolds acquire
its final definitive form. SMPs include mostly the poly(ε-caprolactone) dimethacrylate (PCLDMA),
polycaprolactone triol (Ptriol), and poly(ether urethane) (PEU). These materials have been used mostly
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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 [247].

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 [249].

Besides the temperature stimuli, materials that can respond to pH changes also can be widely
applied in the clinical setting [247]. The initial structure of these materials is consisting of acidic or basic
groups, which are the main players in proton exchange upon pH changes [252]. 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. [248]. 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 [253]. 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 [252].

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 [240]. 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 [249]
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 [254]. It 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 Fe3O4/PCL, Fe3O4/poly (ethylene glycol diacrylate), PCL/iron doped hydroxyapatite
(PCL/FeHA) are currently evaluated for their potent use in living systems [254]. 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 [255].

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,
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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 [247].
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.

6. Concluding Remarks

Globally, there is an increasing demand for SDVGs, as they are employed primarily in
cardiovascular reconstruction surgeries. Indeed, more than 400,000 bypass surgeries are performed
each year [12–15]. Parameters such as the modern way of life, increased working hours, overall stress,
lack of physical exercise, and smoking comprise important risk factors for CVD development [18,20].
From an economical point of view, CVD is also a serious burden for all countries; therefore, novel
and better treatment options must be utilized [21]. In this direction, the production of SDVGs and
their efficient application in patients suffering from disorders that are belonging to CVD could be an
important alternative strategy. One of the applied therapeutic approaches that are currently followed
is the replacement of damaged vessels with autologous vascular grafts, such as the SV, mammary
artery, and others [208]. However, CVD can affect the entire circulatory system, therefore, less than
60% of the patients have suitable vessels. Moreover, when second vascular reconstruction is needed to
be performed in the same patient, this percentage is lower than 15% [31]. Blood vessel compatibility
is another important parameter that should have in mind. Compliance mismatch between native
and implanted graft (mostly at the anastomosis site) could induce unfavorable results, including
calcification initiation, intima hyperplasia, lumen occlusion, platelets aggregation, and thrombus
formation [32]. To avoid the above manifestations and in order to the availability of the vascular
grafts to be increased, alternative strategies must be explored. Currently, the fabrication of LDVGs is
efficient, using the latest TE approaches; therefore, the utilization of these methods could be applied in
SDVGs production [2]. Although the significant drawbacks which engineered SDVGs may present,
the interest of the scientific society is increasing day by day, exploiting better strategies to improve
further the development of those grafts. Nowadays, the production of the SDVGs relies on the use of
synthetic (non-degradable/degradable), naturally derived materials, and decellularized ECM. These
materials can be combined with state-of-the-art manufacturing approaches (TESA, electrospinning,
bioprinting) to produce vascular grafts with improved properties [2,245]. In most of these approaches,
cell seeding and maturation in bioreactors (mostly pulsatile flow bioreactors) are needed in order to
produced vascular grafts to effectively cellularized and acquire the proper biomechanical properties.
Additionally, the decellularization of tissues and organs is a very promising approach, especially for
the development of SDVGs. Indeed, decellularization can efficiently be applied in vessels such as the
umbilical arteries or vessels derived from cadaveric donors to produce properly defined SDVGs.

In vascular engineering, different cellular populations have been proposed such as ECs, VSMCs,
and stem cells, derived mostly from the recipient, avoiding in this way any unfavorable immune
response and possibly graft failure and rejection [34]. However, a great number of cellular populations
are needed for tissue engineering approaches. Terminally differentiated cells such as ECs and
VSMCs can be isolated from a vessel biopsy, although to reach cell numbers >10 × 107 requires
extended in vitro manipulation and cultivation. On the other hand, the use of stem cells such as
Mesenchymal Stromal Cells (MSCs) may be a more feasible approach. MSCs initially were isolated
from bone marrow aspirates, while currently other sources including the adipose tissue and stromal
vascular fraction can be used [256,257]. MSCs is a heterogenic multipotent stem cell population
derived from mesoderm, and capable to differentiate effectively to “chondrocytes”, “adipocytes”,
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and “osteocytes” [258]. Immunophenotypically, these cells express (>95%) CD73, CD90, and CD105,
while lacking the expression (<3%) of CD34, CD45, and HLA-DR, as has been indicated by MSCs
committee of the International Society of Cell and Gene Therapy (ISCT) [259]. MSCs can be easily
in vitro handled, while their stemness (specific gene expression and protein production) can be retained
for an increased number of passages (>P8). Another candidate stem cell population for vascular
engineering may be the induced pluripotent stem cells (iPSCs). In 2006, for the first time, Shinya
Yamanaka managed to gain the pluripotent state of terminally differentiated cells by introducing a
set of specific genes, including OCT4, SOX3, KLF4, and C-MYC [260]. Currently, different strategies
have been developed for the production of iPSCs, even avoiding the use of C-MYC, a known oncogene.
The efficient differentiation of iPSCs into various cell populations such as neural cells, cardiomyocytes,
hepatic cells, ECs, VSMCs, etc. has been demonstrated in literature [261,262]. However, this technology
has not yet received FDA approval for human clinical use, and therefore their applicability is limited
even in vascular engineering [263,264].

The cellularization of TEVGs comprises a crucial step in the manufacturing process. Indeed, it has
been shown that cell-seeded vascular grafts are characterized by better integration properties in the
recipient’s body [2]. In this way, properly cellularized vascular grafts can avoid the interaction with
M1 macrophages, favoring in this way the attraction of M2 macrophages. M2 macrophages have been
related to the tissue remodeling process, avoiding the activation of T and B cells [265]. Moreover,
several research groups have observed the development of vasa vasorum, the responsible vessels for
nutrient supplementation, into the transplanted vascular grafts, indicating its further proper adaptation
by the studied living system [172,266].

The proper manufacturing of SDVGs is an important aspect, and for this purpose, specific
evaluation tests must be performed before their final application. These tests include (a) histological
analysis, (b) biochemical and DNA quantification, (c) cytotoxicity assay, (d) platelet adhesion assays,
(e) biomechanical analysis, and (f) implantation in animal models in order to assess effectively
functionality of the vascular grafts. The above processes represent the first line of evaluation tests
that should be performed to assess the biocompatibility of the manufactured SDVGs. Furthermore,
more tests need to be performed to properly define the produced TEVGs. Especially for the SDVGs,
the performance of cytotoxicity and the platelet adhesion assays is of major importance. In contrast to
LDVGs, manufactured SDVGs are characterized by an increased probability of platelet aggregation
and thrombus formation. Moreover, ECs should be properly seeded in SDVGs to produce a functional
endothelium; therefore, the establishment of a non-toxic vascular graft is highly recommended.

Taking into consideration the above information of this review, we can conclude that the production
of SDVGs is requiring further improvement, which is performed by several research groups worldwide.
Currently, the use of synthetic and decellularized vascular grafts has gained a significant advantage over
other methods. Highly organized ECMs cannot be in detail reproduced with the bioprinting approaches.
Indeed, additive manufacturing techniques such as 3D and 4D bioprinting are characterized by a
few limitations. The inability of reproducing the highly organized structure of SDVGs may comprise
the most significant drawback of the current approaches. SDVGs are characterized by a complex
structure, where collagen, elastin, fibronectin, and other key ECM proteins have specific relation and
orientation in the vascular wall, ensuring in this way the proper recellularization. Cellularization
of the bioprinted vessel constructs may be related to improved biocompatibility and biomechanical
properties. In order to produce highly organized constructs, crosslinking of the biomaterials, used
in bioprinting approaches, is preferred. However, the use of fixative agents such as glutaraldehyde,
can result in increased cytotoxicity and altered biomechanical properties to the produced vascular
scaffolds [103,205]. Moreover, when naturally derived bioinks are used, crosslinking may hamper
the in vivo remodeling process of the vascular graft, leading to unfavorable outcomes. Moreover,
the manufacturing of vessel constructs with high resolution demands high-cost printing devices
and experienced personnel. Besides these drawbacks, in the future, the quality of bioprinters and
printed constructs will be improved, leading to a new era in SDVGs development. Besides the above
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limitations, the introduction of 3D and 4D printing approaches may represent a new era regarding
vascular scaffold production [240,247].

In conclusion, SDVGs now can be robustly produced and can be used in personalized medicine.
Each production step must be specifically evaluated and the overall process must be performed
in compliance with Good Manufacturing Practices (GMPs) conditions in order to produce readily
available safe and fully functional grafts for patients suffering from CVD.
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