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    Abstract  
 
Vascular bypass aims at restoring normal blood circulation in cardiovascular diseases affecting 
blood vessels. Currently used vascular prostheses, such as autologous vessels or non-
biodegradable polymeric conduits suffer of several limitations, like limited availability, poor 
quality, low patency, thrombotic occlusion etc. Hence, the generation of tissue-engineered 
vascular grafts (TEVGs) with similar structural and mechanical properties to those of native 
blood vessels represents a hot topic in the field of cardiovascular regenerative medicine. This 
approach allows the construction of TEVGs using scaffolds, cells and a bioreactor. The scaffold 
material as well as the cell type used for seeding the scaffold play an important role in 
determining the properties of a TEVG. In fact, cells and their seeding lead to a precise ECM 
production and composition, which will then affect the mechanical properties as well as graft 
remodeling potential upon implantation. In this study, we assessed the feasibility to produce an 
automated cell seeding device, designed manufactured to guarantee uniformity, efficiency, and 
reproducibility of user-independent cell seeding technique. in comparison to other seeding 
approaches, this method will allow for a homogeneous cell distribution onto the grafts and avoid 
the cell being suspended for a long period and potential subsequent detrimental effects. 

 

    Zusammenfassung 
 
Der vaskuläre Bypass zielt darauf ab, die normale Blutzirkulation bei Herz-Kreislauf-
Erkrankungen, welche die Blutgefäße betreffen,  wiederherzustellen. Gegenwärtig verwendete 
Gefäßprothesen, wie autologe Gefäße oder nicht biologisch abbaubare Polymerstrukturen, leiden 
unter mehreren Einschränkungen, wie begrenzte Verfügbarkeit, schlechte Qualität, geringe 
Durchgängigkeit, thrombotischer Verschluss usw. Daher ist die Herstellung von regenerativ 
hergestellten Gefäßtransplantaten (TEVGs) mit ähnlichen strukturellen und mechanischen 
Eigenschaften wie native Blutgefäße ein vielversprechender Ansatz im Bereich der 
kardiovaskulären regenerativen Medizin. Dieser ermöglicht die Konstruktion von TEVGs unter 
Verwendung von Transplantgerüsten, Zellen und einem Bioreaktor. Das Material des 
Transplantgerüsts sowie der Zelltyp, der für das Ansetzen der Zellkultur in diesem verwendet 
wird, spielen eine wichtige Rolle bei der Bestimmung der Eigenschaften eines TEVG. 
Tatsächlich führen Zellen und deren Kultivierung zu einer präzisen ECM-Produktion und  
-Zusammensetzung, die dann die mechanischen Eigenschaften sowie das Potenzial für das 
Transplantat-Remodeling bei der Implantation beeinflusst. In dieser Studie haben wir die 
Machbarkeit einer automatisierten Vorrichtung für das Ansetzen von Zellen bewertet, die so 
konstruiert ist, dass sie die Einheitlichkeit, Effizienz und Reproduzierbarkeit der 
benutzerunabhängigen Kultivierungstechnik garantiert. Im Vergleich zu anderen 
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Kultivierungsansätzen ermöglicht diese Methode eine homogene Zellverteilung auf den 
Transplantaten und vermeidet eine Zellsuspension sowie mögliche nachteilige Auswirkungen. 
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     1. Introduction   
 
Cardiovascular disease is the leading cause of death worldwide (1), and it is expected to rise to a 
yearly death toll of 23.3 million people by 2030 (2). A synthetic vascular graft mostly made from 
non-biodegradable materials such as polyethylene terephthalate (PET, Dacron) or expanded 
polytetrafluoroethylene (e-PTFE) may be utilized to bypass or replace a damaged or occluded 
vessel (3). Despite, these grafts have proven satisfactory long-term results, synthetic materials 
are not clinically optimal due to the inability of mimicking the elastomechanical characteristics 
of the native arterial tissue, increased risk of calcification, thrombosis, stenosis, and infection 
while lacking in growth potential and durability (4).  

To overcome the limitations associated with synthetic graft and limited autologous 
transplantation, tissue-engineered vascular grafts (TEVGs) with the ability to remodel, grow and 
repair have been proposed as an attractive potential solution to the problems of currently-adopted 
grafts (5).  

 

        1.1. Cardiovascular system and diseases 
 

The cardiovascular system permits blood to circulate throughout the body and in particular, from 
and to the heart, the tissues, and the organs. Arteries transport oxygen and nutrients to the tissues, 
while veins remove carbon dioxide and waste products of metabolism from the tissues. However, 
the opposite is true for the pulmonary circulation, where the arteries transport deoxygenated 
blood from the right ventricle to the lungs, and the veins carry oxygenated blood toward the left 
atrium. The key components of the human cardiovascular system are the heart, blood vessels, 
and blood (6).  

There are five types of blood vessels in the human body: the arteries, the arterioles, the 
capillaries, the venules, and the veins. The arteries and veins have 3 layers: the intima, the media, 
and the adventitia. The intima is the innermost layer and it is the thinnest layer formed by a 
monolayer of endothelial cells. The tunica media is the middle layer, it is thicker in the arteries 
than it is in the veins. Finally, the outermost layer of a blood vessel is tunica adventitia that is the 
thickest layer in the arteries and veins. There are various cardiovascular diseases involving the 
blood vessels, which often require surgery. These might include aortic aneurysm, renal artery 
stenosis, coronary artery disease, and peripheral arterial disease. Aortic aneurysm or dilation of 
the aorta causes weakness in the aorta and consequently, the risk of aortic rupture would 
increase. Rupturing the aorta may lead to shock and death due to massive internal bleeding (7). 
Renal artery stenosis (RAS) is the narrowing of renal arteries. Fibromuscular dysplasia or 
atherosclerosis most often are the causes of RAS. The narrowing of renal arteries may impede 



2 
 

blood flow to the kidneys, resulting in decreased kidney function and renovascular hypertension 
(8,9). Coronary heart disease (CHD) causes an inadequate blood flow and oxygen to the 
myocardium due to the build-up of atherosclerosis in the coronaries (Figure 1). CHD is the most 
common cardiovascular disease and the main cause of death worldwide (10). Peripheral arterial 
disease (PAD) is a chronic disease of blood vessels that supply blood to the arms and legs and is 
caused by atherosclerosis. Patients with PAD are at high risk for all-cause mortality. PAD mostly 
affects the lower limbs, iliac arteries, and abdominal aorta (11). 

 

Figure 1: Schematic representation of ischemic heart disease and current treatment option. 
A) coronary artery occlusion by an atherosclerotic plaque can significantly limit the blood flow to 
the heart muscle, creating an infarcted area in the myocardium. B) the current gold-standard 
treatment option is to overcome the occlusion by performing a bypass grafting using an autologous 
vessel, such as the internal mammary artery (Source: Fioretta ES. Et al., Tissue-Engineered 
Vascular Grafts, Springer, 2019). 

 

    1.2. Current clinically-available vascular substitutes 
 

Nowadays, synthetic polytetrafluoroethylene (PTFE or Gore-Tex) and polyethylene terephthalate 
(Dacron) conduits are the most widely used vascular graft replacements. Like the native blood 
vessels, the third generation of ascending aorta Dacron grafts have three layers, the inner layer is 
a standard uncoated woven Dacron graft that is in contact with blood, a standard expanded 
polytetrafluoroethylene graft is the outer layer, and eventually, to have a three-layer structure of 
the triplex vascular graft by a central layer of self-sealing elastomeric membrane these two layers 
are fused together (12). 

Over the last 50 years, vascular prostheses have demonstrated good performance, however, such 
prostheses are prone to failure due to poor mechanical and regenerative properties. In fact, 
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synthetic grafts are not able to mimic the mechanical characteristics of the native arterial tissue, 
and consequently, the lack of adequate compliance lead to para-anastomotic pseudoaneurysm, 
aneurysm or dilation, and mechanical failure, resulting in aberrant cell signaling, maladaptive 
remodeling and significant morbidity in the patients (13-15). Several studies have revealed that 
in respect to native arteries currently-available vascular grafts exhibit more than four times 
reduced compliance (8 × 10−2 % versus 1.8 × 10−2 % mmHg−1) (16). In addition, when 
synthetic material is inserted into the arterial system, it reflects in thrombosis and endothelial 
dysfunction (17-19). 

Currently, the gold standard material for vascular grafting is the patient’s own artery or vein. 
Saphenous vein (SV) is the most commonly used autologous graft, due to the limited availability 
of arteries, such as the radial artery or internal thoracic artery, and the great complexity 
associated with their removal (20-23). Patency rates for SV grafting remain limited with both 
femoropopliteal and coronary bypass grafts exhibiting failure rates of about 50% at 10 years 
(24,25). Furthermore, autologous vessels may be unsuitable for use due to poor quality and may 
cause donor site morbidity (26-28). In the affected patient population, either for reasons of use in 
previous operation or anatomy there is not sufficient amount of native tissue. Given the 
limitations of current autologous and synthetic graft replacements, a long-term solution with 
regenerative, self-repair, and growth capacity is required. (29) 

 

        1.3. Vascular Tissue engineering  
 

Tissue engineering is a scientific field born over 20 years ago as a potential solution to the 
drawbacks of clinically-available prostheses. A TEVG must withstand the pressure exerted by 
the flow of blood without experiencing permanent deformation through aneurysm (i.e. burst 
pressure) (14,30). It needs to be biocompatible, thrombus resistant, and non-immunogenic. To 
prevent high stresses around the anastomosis, the graft ought to possess suitable compliance and 
a physiological geometry to reduce the associated risk of failure (31-35). Most importantly, the 
graft should be able to remodel, grow, and self-repair in vivo, and to endure the hemodynamic 
changes with sufficient mechanical properties (36). Furthermore, from a clinical perspective, a 
TEVG should be cost-effective, logistically convenient to manipulate, and readily available. 
Cells, scaffolds, and bioreactors are the three components that are essential and interdependent to 
each other when endeavoring to form organized neotissue. The construct of newly created 
neotissue would theoretically be less prone to infection, thrombo-resistant, and have growth 
capacity since is composed of autologous tissue. A TEVG with the ability to remodel, repair and 
grow in vivo while autograft surgery is not needed has clear advantages particularly for young 
patients, and would be of great benefits. 

Over the past decades, several tissue engineering strategies to create the suitable TEVG were 
designed. Classical in-vitro tissue engineering approaches adopt the seeding of a relevant cell 
type, such as fibroblasts, smooth muscle cells (SMCs), or mesenchymal stem cells (MCSs) in a 
temporary scaffold (Figure 2). Afterward, the construct is cultured in vitro, while the cells 
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produce their own extracellular matrix (ECM) the scaffold materials are degraded. The 
mechanical strength, essential to maintain vessel function and structure, is provided by this cell-
produced ECM, particularly collagen. During the culture period in vitro various mechanical and 
biochemical stimuli are employed to assess the maturation process (37-40). Although these 
approaches vary considerably in terms of cell source, materials, culture protocol, and 
manufacturing methods, they can be mainly categorized into three methods, scaffold-based 
methods using natural or synthetic materials, self-assembly processes, and decellularized natural 
matrix techniques. 

 

Figure 2: Schematic representation of the classic in-vitro vascular tissue engineering. This 
approach aims at the development of an autologous TEVG by isolating (vascular or stem) cells 
from the patient. The cells are expanded, seeded onto a biodegradable porous scaffold, and cultured 
in the presence of chemical and mechanical cues (provided by the culture medium and bioreacotr 
system) to favour extracellular matrix deposition. After a predetermined culture period, the graft 
is ready for implantation into the patient (Source: Fioretta ES. Et al., Tissue-Engineered Vascular 
Grafts, Springer, 2019). 

 

In situ approaches have also been studied to bypass these complex in vitro processes. Here, the 
scaffolds can be of synthetic nature or biological and are directly implanted with or without cells 
in the body of the host. Host cells grow and migrate within the newly implanted construct, which 
is expected to self-repair, grow, and remodel. In this approach, the implanted engineered 
construct is not functionally mature, and the body is used as a bioreactor to regenerate the tissue. 
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In situ tissue engineering is proposed as an on-the-fly and cost-effective approach, using off-the-
shelf and logistically simple grafts (41,42). 

 

Figure 3: Schematic representation of the in-situ vascular tissue engineering approach using a 
tissue engineered matrix (TEM). TEM-based scaffolds consist of an in-vitro grown extracellular 
matrix depleted of cells that is obtained following the classic tissue engineering methodologies. 
Briefly, allogenic cells are used to produce an in-vitro TEVG. After culture, the graft is 
decellularized to ensure off-the-shelf availability and immunocompatibility of the product. The 
graft can then be implanted into the patient where in-situ tissue regeneration will occur. (Source: 
Fioretta ES. Et al., Tissue-Engineered Vascular Grafts, Springer, 2019) 

 
      1.4. Scaffolds for TEVGs 
 

Scaffold materials are necessary to allow cell attachment, provide initial mechanical support and 
define the vessel geometry. One fundamental aspect of scaffold materials is their in-vivo 
degradation rate. To this extent, the properties of various natural and synthetic polymers have 
been evaluated. Upon implantation, the scaffold should be degraded and replaced at a rate that 
balances with the rate of ECM production by the host cells. First, polymers experience a loss of 
mechanical properties due to the degradation via hydrolysis followed by a decrease in mass to 
volume ratio. The degradation rate of these polymer materials depends on their exposed surface 
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area, initial molecular weight, and physical state (43). To design a TEVG, an important first step 
is choosing a suitable material with ideal mechanical properties, immunogenicity, and rate of 
degradation. Many techniques and materials have been investigated for the construction of the 
grafts such as Polyglycolic acid (PGA), Poly-L-lactic acid (PLLA), decellularized matrices, 
collagen sheets, and hydrogels. PGA, Polyglycerol sebacate (PGS), Polylactic acid (PLA), and 
Poly-ε-caprolactone (PCL) are the most commonly used biodegradable scaffolds.  

Due to the lack of bio-activity of synthetic scaffolds, natural polymers have been investigated as 
an alternative option. These polymers exhibit excellent biological performances, furthermore, 
they do not cause toxicity or chronic inflammation (44). Fibrin, collagen, elastin, gelatin, and silk 
fibroin are the most widely used natural polymers in tissue engineering. Outstanding successes 
have been achieved using fibrin as a scaffold material. Fibrin is an insoluble body protein 
involved in tissue repair and wound healing (45,46). The fibrin clot provides structural support 
for proliferation, adhesion, and migration of the cells involved in the tissue repair and healing 
and is obtained by fibrinogen polymerization due to the addition of thrombin (47,48). Collagen 
as the main ECM protein in the body exhibits excellent biological properties, biocompatibility, 
low antigenicity, biodegradability, and low inflammatory response (45,46,49). Collagen type I is 
mainly used as a scaffold for application in vascular tissue engineering (45). Elastin as the main 
ECM in the arterial wall confers resilience, elastic recoil, and durability (50-52). Elastin is an 
autocrine regulator to endothelial cell (EC) and SMC activity, it inhibits proliferation and 
migration of SMCs and improving proliferation and attachment of ECs (50,52). Gelatin is a 
collagen derivative, obtained by denaturing the triple-helix structure of collagen. Due to 
exhibiting similar biocompatibility, mechanical properties, and biodegradation with collagen, 
gelatin has become a noteworthy polymer for TEVG application. Furthermore, a gelatin TEVG 
shows better biocompatibility, antithrombogenicity, and biointegration than a non-gelatin TEVG 
(53-55). Silk-derived fibroin offers excellent biocompatibility and mechanical properties, 
furthermore, it degrades slowly in vivo and absorbs as a biocompatible amino acid. Silk fibroin 
can be built into various materials such as porous sponges, fibers, and knitted scaffolds (56). 

Natural polymers exhibit reduced mechanical strength compared to synthetic polymers and are 
more susceptible to degradation, which may lead to rupture and aneurysm formation if not 
carefully controlled. Generally, prior to in vivo implantation natural polymers are seeded and 
cultured with cells in vitro to acquire a partial remodeling of the construction, which leads to 
improving the mechanical properties of the graft. In an effort to improve cell adhesion and 
biocompatibility, a combination of both natural and synthetic polymers has been proposed (57) .  

Hybrid scaffolds are a combination of superior biological behavior of natural polymers with 
sufficient mechanical properties of synthetic polymers. Hybrid scaffolds are biological-based 
scaffold materials that enhance cellular infiltration and biocompatibility and reduce the 
possibility of a foreign body reaction by incorporating fibrin, collagen, elastin, and/or gelatin. 
Often the mechanical properties, specifically, in terms of burst pressure (485 ± 25 mmHg) and 
ultimate tensile strength (0.34 ± 0.14MPa), and biodegradation profiles are less than optimal, 
therefore, they are chemically modified or combined with biodegradable synthetic polymers. 
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Furthermore, the structural integrity of graft can be improved by naturally occurring polymers 
such as silk and chitosan (57). 

Another technique to incorporate the strength of natural tissue ECM into a scaffold is the use of 
decellularized natural matrices. Decellularization takes advantage of the mechanical performance 
and structure of naturally occurring ECM while minimizing any adverse immunological reaction 
by removing all cellular and antigenic components of the tissue (58-60). After removing 
antigenic components, while mechanical properties and structural integrity of the ECM are 
preserved, this theoretically intact ECM can be used as a scaffold to support cell attachment and 
growth. The decellularization process usually involves a variety of physical methods, such as 
pressure, agitation, and abrasion, biological agents, such as chelating agents and enzymes, and 
chemical agents, such as detergents and solvents, acids and bases (43). The advantages of 
decellularized matrices are correlated to their structural and functional proteins, fundamental for 
cell differentiation, migration, proliferation, and adhesion (43,61). Insufficient decellularization 
may lead to adverse immune reactions and eventually, sudden failures in implants, while 
important ECM components may be removed with aggressive treatments, leading to altered 
mechanical properties (62-65). 

A complete biological TEVGs without the need of supporting matrix or a scaffold has been 
investigated. This approach avoids issues that are due to synthetic materials, including infection, 
inflammation, and stenosis, allowing for the improvement of the patency rate and complete graft 
integration (46,66). Sheet-based tissue engineering, cell printing, and microtissue aggregation are 
the three main approaches that have been developed to creating TEVGs without the use of 
scaffolds. The sheet-based tissue engineering process involves the production of 2D cell sheets 
which are cultured and then shaped around a mandrel, forming the tubular structure that is 
matured into a TEVG. For the fabricating of TEVGs by self-assembly of microtissues, cell 
aggregates are placed in a mold and then combined to form a TEVG. In the bioprinting TEVG 
approach, supporting material and cells are precisely deposited and fused in a layer-by-layer 
manner, to develop a 3D construct (66-68). 

 

    1.5. Cell sources for TEVGs 
 

An ideal cell source for TEVGs should be easily available and conveniently expanded in vitro, 
and in the case of autologous cells, they must be obtained in a minimally invasive manner. For 
cardiovascular tissue engineering, the capability of the cells to produce and assemble ECM 
components such as elastin and collagen are essential (69,70). Relevant autologous adult 
vascular cells, such as fibroblast, ECs, and SMCs are important for creating a stable TEVG. 
SMCs and ECs are the main components of the media and intima of a blood vessel, respectively. 
By seeding mononuclear cells on a biodegradable graft, rapid intima formation is promoted and 
exhibits physiological properties similar to human blood vessels (71). However, the 
hyperproliferation of SMCs should be controlled to prevent neointimal hyperplasia. ECs 
synthesize numerous important growth factors and regulators, furthermore, they are responsible 
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for numerous physiological functions (72). A confluent EC monolayer on all surfaces of the 
luminal of a TEVG can be established to confer resistance to thrombosis and hyperplasia. Due to 
the limitations of the autologous adult cells for vascular tissue engineering, several stem cell 
sources, including MSCs, bone marrow mononuclear cells, progenitor cells, adipose tissue stem 
cells, hair follicle stem cells, muscle-derived stem cells, and induced pluripotent stem cells, have 
been investigated (72). 

 

    1.6. Cell seeding techniques  
 

Several TEVGs are in preclinical development stages or in clinical trials around the world. The 
translation of TEVG technologies from the bench to the clinical is examined intensively by 
regulatory agencies, and over the past three decades, researchers have been working to optimize 
the efficiency and safety of these products. Seeding methods used to develop a TEVG is one of 
the areas of intensive investigation (73-78). 

Cell seeding is a critical step in vascular tissue engineering due to its influence on cell 
attachment efficiency, differentiation and growth. Numerous seeding techniques have been 
developed in the last decades, however, many of these have limited clinical applicability due to 
scarce reproducibility and time-consuming procedures (79,80). Cell seeding techniques should 
allow highly efficient, rapid, uniform, user-independent, and reproducible results to guarantee 
clinical applicability. These strategies are classified into two main categories, passive and active 
seeding, and will be discussed in the next sections. 

 

    1.7. Passive seeding  
 

Passive seeding is the simplest available method and results in high cell viability. However, these 
manual procedures are the least efficient approach and fail in achieving reproducibility and 
uniformity (89). In brief, these methods involve the manual pipetting of cell suspensions directly 
on top of the scaffold or into the lumen of the graft and over time infiltrate the porous structure. 
After pipetting of the concentrated cell suspension, the construct is incubated, and finally placed 
in a petri dish with cell medium. To optimize seeding efficiency, statically seeded cells can be 
incubated for up to several days. The passive seeding technique results in a seeding efficiency of 
about 10%-25% (81), which can be increased with longer incubation times (82). 

A scaffold can be functionalized with active molecules or biological adhesives such as 
fibronectin and fibrin to mimic native ECM and to facilitate cells attachment or to entrap them in 
situ (83). Currently, fibronectin is the most commonly used protein but other adhesive coatings 
such as collagen, fibrin, plasma, and laminin have also been investigated (77,84). 
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     1.8. Active seeding (Dynamic seeding) 
 

The active seeding method uses single or multiple external driving forces to increase uniformity, 
cell seeding efficiency, infiltration in the scaffold, and decrease logistical complexity. Rotational 
and vacuum seeding are the two mostly adopted methods (78, 85,86). 

 

    1.8.1. Rotational systems 
 

Rotational seeding exploits the hydrostatic forces by placing a graft in a spinner flask with 
medium or cell suspension. Here, the cells are driven onto the scaffold by the rotation of the 
medium. 0.2 up to 500 rpm is the seeding conditions range with a culture period from 12 hours 
up to 72 hours. 2500 rpm has been indicated to increase graft wall penetration and seeding 
efficiency (87). However, cell viability is maintained in centrifugal seeding, such high-speed 
rotation may affect cell morphology. On the contrary, the low-speed rotation has shown no effect 
on cell morphology, however it increases the seeding times required and may lead to reduced 
seeding efficiency at lower concentrations (88). Furthermore, this relatively long seeding period 
is not suitable for the one-day seeding and implanting procedure. 

 

    1.8.2. Vacuum seeding  
 

Figure 4: Passive seeding 

Pipette
  

Cell suspension 
Scaffold 
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Vacuum seeding exploits the internal pressure or external vacuum pressure force by which a cell 
suspension travels through the micropores of the scaffold either due to external vacuum or 
internal pressure (89). Despite this simple and rapid method shows high efficiency, the culture 
period is time-consuming, furthermore, it might exhibit adverse effects on cell viability and 
morphology when using this approach in vivo (89).  

 

    1.8.3. Magnetic cell seeding 
 

In this method, the magnetic force is used to increase cell-seeding efficiency. The fundamental 
principle of this method is attracting nanoparticles inside of seeded cells by using magnetic 
forces (90). Despite, this technique is fast and simple with high seeding efficiency, it might have 
an adverse effect on cell morphology, cell viability, and cell proliferation. Furthermore, the fate 
of these nanoparticles once the cells are replaced is still under investigation (91-93). 

 

    1.8.4. Electrostatic cell seeding 
 

Here ECs maturation and adhesion are enhanced with the temporary induction of a positive 
charge on an otherwise negatively charged graft luminal surface. In this method the electrostatic 
properties of scaffolds are manipulated with the aim of obviating the morphological maturation 
before and cell retention after implantation, which are the two major limitations of EC seeding. 
Although this method is fast and has high seeding efficiency, it can only be used for ECs, 
additionally, long term adverse effects are unknown (94,95). 

 

  1.8.5. Perfusion bioreactor system 
 

This method can be used to mimic biomechanical stresses and physiological conditions that cells 
and vessels are exposed to in vivo such as hydrostatic pressures, cyclic stretch, and fluid shear 
stresses to promote ECM formation and cellular adhesion and differentiation (75,96,97). This 
technique has the advantage to promote morphological cell maturation and has good seeding 
efficiency. However, it is quite a complex procedure which increases the risk of contamination 
(98,99). 
 

    1.8.6. Photopolymerized hydrogels for seeding 
 

In this method, derivatives of photopolymerizable polyethylene glycol are used to mimic the 
ECM properties (100). Without any adverse effects, this technology can be utilized in direct 
contact with tissues and cells. Although this method exhibits promising results in vitro regarding 
cell proliferation, viability, and seeding, there are still concerns regarding the suitability of the 
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hydrogel mechanical properties as well as its thrombogenicity potential and resistance to venous 
and/or arterial pressures (100,101). 

 

    1.8.7. Hybrid systems 
 

Hybrid techniques refer to multiple seeding systems that are combined, such as vacuum and 
bioreactor systems, pressure differential system, rotational systems (102), or combinations of 
other methods (103). 

A broad spectrum of techniques has been investigated to achieve higher seeding homogeneity 
and efficiency. However, they exhibit several drawbacks such as time-consuming procedure, 
complexity, adverse shear-stress on cells, cells washout, and poor cell uniformity. Therefore, to 
overcome such limitations, in this study we propose a novel automated cell seeding device for 
TEVGs. 

 

    1.9. Aim 
 

The aim of the study is the design and development of an automated device for the seeding of 
TEVGs. Cell seeding significantly affects cell differentiation and growth within the scaffold and 
the consequent success or failure of the prosthesis. The manual seeding of cells by pipetting onto 
a biodegradable scaffold is an effective method of cell seeding and preclinical experiences 
substantiated the remodeling and growth capacities of TEVGs. Their large-scale translation into 
clinical practice is however hindered by the use of operator-dependent manufacturing processes, 
including manual seeding procedures. To achieve clinical applicability cell seeding techniques 
must allow user-independent, highly efficient, reproducible, uniform, and rapid cell seeding. We 
here propose the seeding method’s automation. The seeding will therefore be completely 
operator-independent and will achieve uniform and homogeneous cell distribution. The current 
study takes advantage of both active and passive seeding to propose a simple, cost- and time-
efficient technique that is applicable to any cell type, scaffold material, length from 6cm up to 10 
cm, and diameter from 1mm up to 20mm, furthermore this method will allow reproducible and 
controlled TEVG production and can be used in the clinical setting. 

After an introductory chapter on the different TEVG techniques and the state-of-the-art, chapter 
2 reports the device manufacturing. Here, the experimental goals consisted into 1) design the 
individual components and assemble the seeding device using a computer-aided design (CAD) 
software; 2) identify their mutual interactions; 3) build a device prototype compatible with 
laminar flow hoods applications (sterile conditions). Chapter 3 illustrates the automated cell-
seeding device electronics and chapter 4 reports the code delivery for programming and 
controlling the automated device. In chapter 5 we talk about the methods and proof-of-concept 
results, finally after the discussion in chapter 5, in chapter 6 we summarize and briefly discuss 
the future development of the device. Furthermore, a sample of the G-codes written for the 
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device can be found in the appendix. This G-code illustrates seeding the 18 strip lines of the 
human dermal fibroblast cells onto the scaffold.  
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     2. Cell seeding device mechanics 
 
      2.1. Concept  
 

The initial idea of the first device prototype took inspiration from fused deposition modeling 
(FDM) 3D printers. The dynamic model of the FDM printer has three Degrees Of Freedom 
(DOF), consequently, there are three stepper motors for the movements. To allow the 
simultaneous x, y, z, movement and the rotation of the graft in the cell seeding device, we here 
implemented a fourth DOF. 

 

 

 

 

 

 

 

 

 

                                            

As it is shown in figure 5, the mechanical structure of an FDM consists of a base plate, lead 
screw, actuator, and extruder, which can be moved in x and y-directions. The cell seeding device 
is designed based on the graft dimension, the length of the graft is 70 mm, and the diameter of 16 
mm. To fix the graft properly in its position, we implemented an adjustable holder which can 
accommodate the seeding of grafts of variable dimensions (lengths and diameters). In the device 
can now be fitted grafts with any length from 60 mm up to 100 mm and any diameter from 1 mm 
up to 20 mm. 

     

    2.2. CAD design  
 

The design process started with the drawing of the device in CAD Solidworks 2020 taking 
inspiration from the main structure of a FDM 3D printer and its X and Y axes. Figures 6 and 7 
illustrate the CAD design with Solidworks 2020. 

Figure 5: Simplified mechanical structure of FDM 

Base plate 

Extruder 
Lead screw 

Actuator 
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Figure 6: CAD design, front view 

Figure 7: CAD design, back view 

Extruder holder 

Plate rail 

Graft 

Nema17 

Syringe holder 

MKS 1.4 
board frame 
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Some of the device components are built via 3D printing and other components (e.g. aluminum 
parts) are bought from a company (Metalland). The frame of the device is based on an aluminum 
profile 20, with a tensile strength of 250 N/mm², a density of 2.7 g/cm³, and an elastic module of 
70,000 N/mm². In addition, brackets have been used to connect and fix the aluminum profiles 
together, which makes the cell seeding skeleton more stable and solid during seeding. 

 

    2.3. Syringe holder 
 

Two syringe holders are implemented in our design, one for fibrinogen used as a cell carrier, and 
for thrombin. The advantage of using fibrin would be entrapping cells in the entangled protein 
fibrils. Thrombin is one of the blood-clotting enzymes involved in the coagulation cascade. It is 
produced from its inactive precursor, factor II prothrombin by enzymatic cleavage. Thrombin 
activates the blood coagulation factors V, VIII, XIII and initiates the final step in the coagulation 
cascade. 

Figure 8 illustrates the cross-linking of fibrinogen via thrombin where a three-dimensional 
structure is created. 

 

 

 

 

 

 

 

 

 

 

                          

The extruder is fixed above the graft to allow fibrinogen and thrombin polymerization and 
simultaneous cell seeding right on site. To this end, a tubing system is implemented and used to 
connect the syringes to the extruder. The syringe holder allows for the manual adjustment of the 
syringe pistons to accommodate different seeding volumes. 

 

Figure 8: Cross-linking through thrombin (source: Wikipedia) 
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As it can be seen in figure 9, a lead screw nut and nut holder are used. The lead screw nut has a 
good strength and wear resistance, hard to rust, high accuracy, and has good performance due to 
long usage spans and low friction coefficients. It can withstand great weight, is durable with high 
precision, and is easy to install. The material is a copper nut, stainless steel lead screw with 8 
mm of diameter, 2 mm of spacing, and 2 mm of thread lead. The nut material is brass, and it has 
a diameter of 8 mm, a pitch of 2 mm, and a lead of 2 mm. The shaft coupling is made of 
aluminum with a length of 25 mm and a diameter of 18 mm. It is easy to use, durable, it does not 
rust and there is no need to process it. Beneath the syringe holder, a very small vibrator is fixed 
to prevent cells from settling (Figure 10). This vibrating motor (3V, 150 mA, 12 mm length and 
6 mm diameter) is fixed beneath the syringe holder to provide a vibration to the syringes, which 
helps to heterogeneously distribute the cells for seeding. The vibration motor is user-friendly and 
powerful, with an operating range between 1.7 and 3.6 V DC, with revolutions: 10,000 +/- 2,500 
rpm, starting voltage 0.7 V DC, starting current 200 mA, and insulation resistance of 10 MOhm. 

 

 

 

 

 

                                 
      2.4. Extruder holder 
 

The extruder component is able to move in the x-direction to seed the cells on the whole conduit 
surface. The speed varies from 1 mm/s up to 20 mm/s. The extruder design may vary depending 
on the needs. In fact, it is possible to seed the thrombin and fibrinogen separately, or they can be 
mixed just before exiting the tube. 

Figure 9: Syringe holder 

Figure 10: Small vibrator, to prevent cells from settling 

Coupling  

Mechanical end stop  

T8 Brass Nut 
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As figure 11 illustrates, it is possible to fix one tube on the right and one on the left side of the 
tube holder. If needed, a needle (from 10 mm up to 25 mm in length) can also be connected to 
the head of the tubes and be fixed on the extruder 

 

 

 

 

 

 

 

                                                                   

 

Figure 12 illustrates a Y-shaped silicone tube, which can be fixed on top of the tube holder. The 
Y-tube allows for the simultaneous mixture of fibrinogen and thrombin which will then be 
seeded with cells on the graft. The design is based on the dimensions shown in figure 12, the 
diameter of the extruder in this Y-shaped silicone tube is 2.4 mm.  

The extruder moves in the x-direction for 70 mm on top of the graft with different velocities by a 
pully and a GT2 (Gates Tooth) timing belt. The properties of the belt include the width of 6 mm, 
tooth height of 0.75 mm, belt height of 1.38 mm, working tension of 110 N for 25.4 mm belt 
width or 24 lbf for 1 inch, and breaking strength of 85 N Per 1 mm or 61 lbf per 1/8 inch belt 
width. The GT2 timing pulley is made from an aluminum alloy with 2 mm pitch and 16 teeth. 

After each movement in the x-direction, the graft rotates by Nema17 and a bearing on the other 
side of the graft. Another strip line will be seeded after each rotation, and based on the angle of 
rotation, it is possible to have between 3 and 18 strip lines. 

Figure 11: Extruder holder 

Figure 12: Y shaped silicone 
tube 

First extruder holder 

Second extruder holder 

Y-shaped silicone tube holder 
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    2.5. Graft holder 
 

As it can be seen in figure 11, the bearing housing and coupling are necessary to fix the graft in 
its place below the extruder. The bearing housing is designed to support the conduit, it simplifies 
the shaft and bearing mounting, it protects the bearing from contaminant, and it extends the 
bearing operating life. Additionally, the bearing house helps to maximize functioning and 
provides customizable mounted bearing solutions, and it is cost-efficient. The coupling used as 
graft and syringe holder is a mechanical component that connects two shafts together, coupling 
and transmitting the power from the turning side to the turned side, while absorbing 
misalignment (mounting error) of the two shafts. Mounting errors, such as eccentricity or 
misalignment, inclined angle or core inclination, and axial direction displacement, are thereby 
avoided. The coupling shaft also absorbs vibration and shock to prevent damages and heat 
transfer to the motors and allow high precision movements. 

 

 

 

 

                                   

                                                       

Figure 13 illustrates different misalignments, including eccentricity, declination angle, and axial 
direction displacement between two shafts that can be absorbed by using a coupling. 

A conical graft holder (Figure 14) is implemented in order to provide support to various graft 
diameters (up to 20 mm) and lengths. This holder provides a universal solution, and the conduit 
can be easily fixed in its final position. 

 

 

 

 

 

 

                                                            

 

Figure 13: Mounting errors 

Figure 14: Graft holder 
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    2.6. Plate rail 
 

The plate rail is located beneath the graft and bearing, it moves in the y-direction (via a GT2 
pulley and belt), while the graft rotates, and the extruder moves in the x-direction. 
Simultaneously the syringes start pumping fibrinogen, cells, and thrombin through the extruder 
to allow cell seeding. A movable plate inside the plate rail is designed to keep every component 
clean during the process. When the tube holder reaches the end of the conduit, the seeding is 
stopped, and the graft rotates. After rotation, the extruder starts to move in the opposite x-
direction while seeding. These movements continue until the whole graft surface is seeded. 

 

 

 

 
 

 

 

 

 

 

 

    
  2.7. 3D printing process 
 

The syringe holder, plate rail and its plate, tube holder, graft holder, motor holder, and pulley 
holder, MKS frame, LCD display holder, and power holder are the components that are 3D 
printed due to the complex geometry and structure. 

To prepare these components for the 3D printing company (3D Hubs), the CAD files are 
converted to a Standard Tessellation Language (STL) format. An STL file is a format that 
without any texture, colors, or other attributes defines the surface geometry of a 3D object. 

Figure 15: Plate rail, where graft, bearing and a motor are placed on it 
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Figure 16 illustrates the motor holder in the x-direction. Repetier-Host is used as the 3D printing 
application. 

There are different 3D printing processes available, including FDM, Selective Laser Sintering 
(SLS), Multi Jet Fusion (MJF), Stereolithography (SLA), and Direct Metal Laser Sintering 
(DMLS). 

The FDM process is the most popular process in the 3D printing field. FDM printers extrude 
thermoplastic filament, layer by layer, which is heated to its melting point to produce a 3D 
object. The standards materials for FDM include Polylactides (PLA), Nylon, Polyethylene 
terephthalate (PET), Polyetherimides (PEI), Acrylonitrile-styrene-acrylate copolymers (ASA), 
and Thermoplastic Polyurethane (TPU). SLS is the ideal method to produce end-use parts by 
sintering polymer powder particles with a laser. MJF is used to manufacture precise and high-
resolution objects with high surface quality and low porosity. It also produces functional plastic 
parts that can be used for end-use or detailed prototyping in small batches with isotropic 
mechanical properties. SLA belongs to the Vat Photopolymerization family and is the oldest 
patented process. In this process, light causes chemical oligomers and monomers to cross-link 
together to form a polymer. SLA is fast and can manufacture any design, however, it is an 
expensive process. DMLS is an industrial 3D printing process that manufactures fully functional 
metal prototypes with complex geometries. It melts and fuses layers and metallic powder with a 
high-power laser beam. Aluminum and stainless steel can be used as starting materials for this 
process. 

Among the different additive manufacturing processes that have been mentioned FDM, SLS and 
MJF are suitable for the cell seeding device. In this project, 3D printing parts were manufactured 
by the FDM process due to its fast delivery and cost-efficiency. Standard PLA was considered as 
the material with 20% infill, and 100 μm layer height. The parts were manufactured with a 
dimensional accuracy of ± 5% with a lower limit of ± 0.5 mm and with a uniform surface texture 
without delamination or dents. 

Figure 16: Motor holder, Repetier-Host 
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Figure 17 illustrates the completed cell seeding device. On the right side of the device, a graphic 
smart display controller is fixed, as well as a MKS 1.4 board and power supply. 

 

 

 

                                                       

 

 

 

 

 

 

 
  Figure 17: Automated cell seeding device 
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     3. Cell seeding device electronics 
 
      3.1. Motherboard control board  
 

As there is no specific Printed Circuit Board (PCB) for a cell seeding device, currently-available 
boards for 3D printers are used for this study. Usually, for custom 3D printers, an Arduino board 
with Ramps 1.4 shield that is positioned on the Arduino board pins (12 V power supply) are 
used. However, in this study, MKS 1.4 has been used as the motherboard. The clear advantage of 
the MKS board is that it improves and combines Arduino Mega 2560 with the Ramps 1.4 shield 
and provides a single feature-rich all-in-one electronics solution. In addition, MKS features 
onboard ATmega2560 and supports any power supply from 12V-24V. ATmega2560 is a high 
performance, low-power CMOS Microchip 8-bit based on the AVR enriched RICS architecture. 
RICS microcontroller combines 8KB SRAM, 86 general purpose I/O lines, 256 KB ISP flash 
memory, 4 KB EEPROM, 32 general purpose working registers, four USARTs, real-time 
counter, PWM, six flexible timer/counters with compare modes, byte-oriented Two-Wire serial 
interface, JTAG interface for on-chip debugging, and 16-channel 10-bit A/D converter. The 
device operates between 4.5-5.5 volts and when powerful instructions are executed in a single 
clock cycle, the ATmega2560 reaches throughput 16 MIPS at 16 MHz, allowing the system 
designer to balance both, the processing speed and the power consumption. 

                                                          

Up to 5 stepper motors can be easily mounted on the motherboard. It also integrates Ramps 1.4 
and maga2560, it supports replaceable DRV8825 and A4988 motor driver, 4 high-quality layer 

Figure 18: MKS Gen V1.4 
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PCB optimizes heat dissipation, the Ramps are designed with 2 shelves on top of each other, 
with better heat dissipation, it uses high-quality MOSFET tube, for thermistors, it has 3 
temperature ADC connector, three 5V output, and three 12V-24V output interfaces. In addition, 
for short-circuit protection, it contains a recoverable fuse. Firmware and its configuration are the 
same as Ramps 1.4 and Marlin can be used as open-source firmware. 

 

    3.2. Connection of the stepper motors 
 

As it is illustrated in figure 19, five stepper motors can be connected to the board. X, Y, and Z 
are the three stepper motors for the movement in individual axes, furthermore, E0 and E1 are the 
two extruders. In this study, we use E1 for the rotation of the graft, and Z for the syringes. 

 

 

 

 

 

 

 

 

 

                                                  

 

Nema17HS8401 have been used as the stepper motors. The stepper motors are electromagnetic 
brushless DC motors that transform digital pulses into mechanical shaft rotation and divide a full 
360-degree circle into a number of equal steps. The Nema17 that has been used in this project 
has a step angle of 1.8 degree, which is equivalent to 200 steps per revolution. Micro-stepping is 
a method to run the stepper motor with more accuracy by sending a sine or cosine waveform to 
the coils to increase the number of steps. The advantage of using the stepper motor is that by its 
rotation via fractional increments it has a precise positional control. The dimension of the 
Nema17 is 42 x 42 x 47 mm (1.7 x 1.7 inch) with the holding torque of 550 mN mm and 20 
mN m positioning torque, 5 mm of shank diameter, 22 mm of shaft length with 1.7 A/phase 
current consumption. The Nema17 model 17HS8401 is a two-phase stepper motor with DC 3V 
nominal voltage and 1.68 nominal current. The weight of the stepper motor Nema17 is 375 g, 
this is important to be considered for designing the motor holders. 

Figure 19: Connection of the stepper Motors 
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As we do not want to damage the cells due to the heat dissipation by stepper motors it is 
important to consider the working temperature. Power is proportional to square of the current 
(P=I2R) and temperature rise is proportional to the power, however torque is directly 
proportional, consequently, it is possible without losing torque to keep the temperature under 
control. For instance, running the stepper motor at 70 percent of the rated current results 
(0.72=0.49) 49 percent of the thermal rise and power dissipation, and 70 percent of the torque. In 
the other words, with losing a little torque or motion we can lose a lot of heat as torque is 
proportional to current, and heat is proportional to current square. To avoid severely overheating 
the stepper motor, the device needs to work under its rated current amps, if the motor exceeds its 
rated current, the stepper motor will overheat and eventually die a quick death. 

 

 

  

 

 

 

 

                                                                              

                                                                        

To rotate the mechanical wheel one step at a time, the Nema17 (Figure 20) uses electromagnets 
and gear-like toothed. When a high pulse is sent, the coil is energized and it attracts the nearest 
teeth, subsequently, the motor performs one step. The speed of the motor is determined by the 
frequency of the pulse, the spinning direction of the stepper motor is determined by the sequence 
of the pulses, and with the number of pulses, it is possible to determine how far the motor 
rotates. Furthermore, at given rated current/torque the motor is rated for a 50 °C temperature rise. 
Stepper motors rated for 1-1.5 A and 3-5 V, generally perform near their peak torque with the 
current limiting controller. The main disadvantage of Nema17 is that with increasing speed the 
torque decreases, however, the advantages of it are high reliability, low cost, and possibility to 
operate in an open-loop control system. In addition, since Nema17 has an accuracy of 3-5% of a 
step and it is non-cumulative from one step to the other, it has precise positioning and movement 
reproducibility, which makes the Nema17 an outstanding choice for this study. 

 

    3.3. Stepper motor driver 
 

A stepper motor driver is an electronic device that works as an interface between the control 
circuit and the motor. The controller is a device with low power output capability, and it cannot 

Figure 20: NEMA 17 
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produce enough current and voltage required by the stepper motor, consequently a driver is 
needed. The basic function of the stepper motor driver is to take a low current control signal and 
generate a higher one to move the motor axis. Since the stepper motor has a minimum of two 
coils, at least two H-bridges are needed to drive the motor. 

The Pololu motor driver DRV8825 (figure 21) was chosen for this study, and it features a 
limiting amperage, undervoltage shutdown, over-temperature and over-current protection, and 
six micro-step resolutions (full, half, 1/4, 1/8, 1/16, and 1/32 step). It can deliver up to 1.5 A per 
phase, and with adequate cooling it is designed to control a bipolar stepper motor with an output 
current of up to 2.2 A. In addition, it operates between 8.2 V and 45 V which is ideal for the 
Nema17. M0, M1, and M2 are three step size or resolution, and the motors can be set to one of 
the six step resolutions shown in table 1. If these microstep pins are disconnected, the full-step 
mode will be activated, as all selector inputs contain 100kΩ internal resistors. If the current level 
is not set low enough, the micro-step modes will not function properly, the motor current does 
not get engaged, and subsequently, the micro-steps will be skipped by the motor. Jumpers are 
important components used to handle the resolution of the stepper motors. 

STEP and DIR are the two control inputs of the DRV8825. Each pulse to the STEP input 
controls one micro-step of the motor, therefore the motor will rotate faster when the pulses are 
faster. The direction of the motor is selected by the DIR pin. The motor drives clockwise when it 
is driven HIGH, and it drives counterclockwise when it is driven LOW. When DIR is tied 
directly to GND or VCC, the motor rotates just in a single direction. RESET, SLEEP, and ENBL 
are three different inputs for controlling the DRV8825 power states. The driver became enabled 
when EN pin is driven LOW or logic 0. It is possible to connect any bipolar stepper motors from 
8.2 V up to 45 V to the B2, B1, A1, and A2 output pins, each of them can deliver up to 2.2 A to 
the motor depending on current limitation setting, system’s power supply, and cooling system. 

 

MODE0 MODE1 MODE2 Microstep Resolution 

Low Low Low Full step 

High Low Low Half step 

Low High Low 1/4 step 

High High Low 1/8 step 

Low Low High 1/16 step 

High Low High 1/32 step 

Low High High 1/32 step 

High High High 1/32 step 

Table 1: Microstep resolution 



26 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                            

                                  

               

 

 

 

 

 

Figure 21: Schematic diagram DRV8825 

Figure 22: Full-step operation vs 8 microstep/step operation 
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Figure 21 illustrates the schematic diagram DRV8825, the diagram can be found in datasheet 
DRV8825 Stepper Motor Driver Carrier (https://www.pololu.com/product/2133). As it is shown 
in figure 22, by selecting a higher micro-steping value, the output changes and it becomes more 
like a sine wave, consequently, the motor will have smoother movements while producing 
enough torque. 

 

    3.4. Heatsink 
 

However, the maximum current rating of the DRV8825 is 2.2 A per coil, the actual current that 
is possible to deliver depends on how well the IC is kept cool. It must be noted that when the 
chip supplies more than approximately 1.5A per coil it gets overheated, therefore, a heatsink is 
required to achieve more than 1.5A per coil. An aluminum heatsink will optimize the heat 
transfer between the surrounding environment and the chip when it is fixed with a thermal 
compound on the DRV8825 chip 

 

 

 

                           

 

 

                                                          

 

    3.5. Limiting the current 
 

Before using the motor, the stepper driver requires a slight adjustment. The maximum amount of 
current needs to be limited to ensure that it is not over- or underpowering the motor, in other 
words it is preferred to prevent exceeding the motor’s rated current. To provide enough amount 
of torque, over- or underpowering is important to run without overheating. For example, with 5Ω 
coil resistance and a maximum current rating of 1A, reveals a maximum stepper motor supply of 
5V, when this motor is used with 12V it permits higher step rates, however, to prevent damage to 
the stepper motor the current must be limited under 1A actively. On the DRV8825 driver, there 
is a small trimmer potentiometer that is used to set the current limit at or lower than the current 
rating of the stepper motor. There are two methods to make this adjustment: 

 

    3.5.1.  First method 
 

Heatsink 

Figure 23: Cooling system 
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Here, the current is limited by measuring the voltage or Vref on the “ref” pin. Then, by leaving 
the three micro-step pins disconnected, the driver is put into full step and the motor is kept at a 
fixed position without clocking the STEP input. The voltage or Vref is measured while we adjust 
it on the metal trimmer pot. The Vref is adjusted by using the following formula: 

Current limit = Vref × 2 → Vref = Imax/2 

For example, for the motor rated 1.58A, Vref = 1.58/2 → Vref = 0.79 

To not run the motor at the maximum rated current, a 10% safety margin needs to be 
implemented: 

0.79 × 10/100 = 0.079 → Vref = 0.79 – 0.079 = 0.711V 

A multi-meter is needed to work out what the current Vref is, 2V DC option must be selected as 
we are dealing with DC voltage. To have a correct reading, the board should be fully powered by 
the power supply. The red probe is used on the potentiometer and the black probe is used on the 
Ground pin. In our case the stepper motor is set to 1.3, By rotating the potentiometer clockwise, 
it is possible to decrease the Vref. As it is not easy to get the value spot on, setting the Vref 
slightly lower would be better than being set higher. 

 

 

 

 

 

 

                                        

                

    3.5.2. Second method 
 

In the second method, the current limit is set by measuring it through the coils. Like the first 
method, after looking on the datasheet for the rated current of the stepper motor, the driver is set 
into full-step mode. The motor is held fixed by not clocking the STEP mode, the actual current 
flowing is measured while the ammeter is placed in series with one of the coils of the motor. 
Until the rated current is reached the current limited potentiometer will be adjusted by a small 
ceramic screwdriver. If ever the logic voltage or VDD changes, this adjustment needs to be 
repeated. 

 

Figure 24: Measuring points 
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    3.6. Mechanical end stop V1.2 
 

Mechanical end stop limit switches used for the cell seeding device are the simplest and the most 
common adopted for 3D printers. They are contact-based manual switches that detect when an 
object has reached the end of its axis path. The mechanical end stop uses a single touch sensor. 
When the sensor is touched, it sends the signal to the board that the object is at the end of the 
path. In addition, it prevents the hardware from damage. 

 

  

 

 

 

                                                (A)                                                            (B) 

                  

 

On the MKS the pins for plugging the stepper motors are determined in different colors, the red 
one stands for the movement in the X-axis, blue stands for the movement in the Y-axis and the 
green stands for the Z-axis or for the syringes in this study. To make the connection, the green 
line connects to the signal, the black cable connects to GND and the red line connects VCC. The 
three end stops that are used in this study are positioned at the limits of the X, Y, and Z 
movement to find the zero coordinate of the X, Y, and Z-axis. The stepper motor is switched off 
when the object hits the end stop and sets the current coordinate of the end stop that has been 
activated to zero. 

 

    3.7. Graphic smart display  
 

A full graphic smart display controller (Kingprint LCD 12864) has been used to control the 
seeding. It contains a rotary encoder that will be used for calibration and axes movement, a large 
screen 128 × 64 (3.2-inch) matrix display, and a SD card reader on the back, which supports 8 
GB. To add support in the Marlin, the basic requirement is to define 
REPRAP_DISCOUNT_FULL_GRAPHIC_SMART_CONTROLLER in the "Configuration. h”. 
EXP1 and EXP2 are the two fourteen pin pitch box connectors on the mainboard and display. 

The two EXP1 and EXP2 are connected by a ribbon cable, which offer polarity-proof plugs that 
can be connected only in one direction. 

 

Figure 25: (A) Connection of the end stop switch. (B) Mechanical end stop 



30 
 

 

 

 

 

 

 

 

 

 

 

        3.8. Power supply  
 

High quality 12V 10A LEDMO switching power supply has been used in this study. The power 
supply transforms 110V to220 V Alternative Current (AC) found in a home to a Direct Current 
(DC) which is appropriate for the electronics and the components. 

 

 

                                                 

 

 

 

 

  

Figure 27: MKS Gen V1.4, all the details 

Figure 26: Kingprint LCD 12864, 
graphic smart display controller 
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     4. Programs  
 
To communicate between the hardware and software, a firmware is needed. When the software 
sends G-codes to the hardware of the cell seeding device, it automatically translates and 
interprets the G-codes into a specific form of electrical signals that are recognized by the motors 
and the other components of the device. Repetier Host has been used as the software and Marlin 
as the firmware in this study. 

 

    4.1. Firmware installation 
 

As a first step, the Arduino IDE has to be downloaded (https://www.arduino.cc/en/software). As 
figure 28 illustrates, Arduino Mega 2560 is selected from the tools in Arduino IDE. 
Subsequently, also the 12864 LCD Marlin firmware is downloaded. 

 

 

 

 

 

 

 

           

          

 

After setting the changes for X, Y, and Z DIR, the firmware will be converted by the Arduino 
IDE into Mega2560 board. Since our device possess an additional DOF, which allows for graft 
rotation, the downloaded software is not able to automatically generate the necessary G-codes. 
Therefore all the G-codes have been specifically written for the seeding device (see paragraph 
4.2). One sample of G-codes for 20 degree of rotation angle and 1mm/s velocity are reported in 
the appendix. In this sample the device seeds 18 strips line of the human dermal fibroblast cells 
directly onto the scaffold, while the velocity is 1mm/s.  

 

Figure 28: Firmware installation 
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    4.2. G-codes 
 

G-code is the most common programming language that has been used for computer numerical 
control (CNC) and it dictates the movement speed, the direction, and the path to the motor. 48 G-
codes with different rotation angles of the graft and operation velocities have been written for 
this study (see appendix). 

 

                                                                

 

As it can be seen in table 2, to find the best way of cell seeding, 8 different velocities have been 
considered for each angle to be tested in this study. For example, when the rotation angle is 120 
degree, it divides the graft into three parts, consequently there will be three strip lines with 8 
different velocities for axial movement. Eventually the device will be set to its initial place when 
the seeding is done. The dictionary of the codes can be found on https://reprap.org/wiki/G-code. 

For instance, G00 is for rapid movement to a specific coordinate position, which is followed by a 
geometric location. For example, the code G0 X20 Y20 means moving to 20 mm on the X-axis, 
and 20 mm on the Y-axis, whereas G04 indicates the period of time which pauses the machine. 
On Marlin the "P" parameter will wait in milliseconds (ms) while the "S" will wait for seconds, 
therefore, G04 P2000 is equivalent to G04 S2. In this case the device will not move and will 
pause for 2000 ms. The state of the machine will be preserved and controlled during delays. G28 
or move to the home (origin) is another important command that can be used without any 
additional parameters. For instance, when the firmware receives the G28 X Y Z command, it 
immediately moves all the specified axes to the end stop. If no axes are given, it moves all the 
axes to the endstops. 

The other letters of the code have additional functions. The M-code, like the G-code, is a set for 
auxiliary commands, and is referred to the miscellaneous codes and functions. All the machine’s 

Rotation angle (degree) Velocity (mm/s) 

20  degree 1mm/s 3mm/s 5mm/s 7mm/s 9mm/s 11mm/s 15mm/s 20mm/s 

30 degree 1mm/s 3mm/s 5mm/s 7mm/s 9mm/s 11mm/s 15mm/s 20mm/s 

45 degree 1mm/s 3mm/s 5mm/s 7mm/s 9mm/s 11mm/s 15mm/s 20mm/s 

60 degree 1mm/s 3mm/s 5mm/s 7mm/s 9mm/s 11mm/s 15mm/s 20mm/s 

90 degree 1mm/s 3mm/s 5mm/s 7mm/s 9mm/s 11mm/s 15mm/s 20mm/s 

120 degree 1mm/s 3mm/s 5mm/s 7mm/s 9mm/s 11mm/s 15mm/s 20mm/s 

Table 2: Rotation angles and velocities 
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non-geometric actions, such as stopping programs, are controlled by the M commands. The 
variable A describes the absolute or incremental position of the A-axis, and it directs the tool 
around the X-axis. The definition of the positive rotation is a counterclockwise rotation looking 
from X positive towards negative.  

As it can be seen in table 2, to find the most efficient cell seeding, 8 different operation velocities 
have been considered for each angle. For example, when the rotation angle is 120 degrees, it 
divides the graft into three parts, consequently, there will be three strip lines with 8 different 
operation velocities for axial movement. The device will be set to its initial place when the 
seeding is done.  
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   5. Proof-of-concept results 
 
     5.1. Scaffold preparation  
 

The TEVG was produced with non-woven PGA meshes (thickness 1.0 mm; specific gravity 70 
mg/𝑚3; Cellon) coated with 1% poly-4-hydroxybutyrate (P4HB, MW 1x106 TEPHA Inc.) in 
tetrahydrofuran (Fluka, Sigma-Aldrich). The PGA/P4HB scaffold was sutured to a stainless-steel 
mandrel with 6 cm length and 1.6 cm diameter. The scaffolds were sterilized one day before cell 
seeding with a 30 min incubation in 70% ethanol followed by 30 min incubation in PBS 
supplemented with 10% penicillin-streptomycin (Sigma) and 1% antibiotic-antimycotic solution 
(Sigma). 

 

     5.2. Cell Expansion and seeding 
 

After expansion in standard medium (Advanced DMEM (Gibco), supplemented with 10% fetal 
bovine serum (FBS, Gibco), 1% GlutaMax (Gibco), and 1% penicillin-streptomycin (Lonza)), 
neonatal human dermal fibroblasts (hDFBs, CellSystems Biotechnologie Vertrieb Gmbg) were 
seeded onto the TEVG scaffolds (1x106 cells/cm3, n=2) using fibrin as a cell carrier. Fibrin and 
thrombin with cells were loaded into the device syringes, gradually injected in the tubing system, 
and homogeneously distributed on top the polymeric conduit. The solutions were injected 
through a 10 ml syringe in consecutive strips of 60 mm length, ejected at a velocity of 3 mm/s, 
and with a resting time between strips of 1 s. After overnight incubation at 37 °C under static 
conditions in standard medium, the TEVGs were fixed in 4% PFA and further analyzed via 
histological assessment. 

 

    5.3. Efficiency, uniformity and viability of automated cell seeding device 
 

To evaluate the seeding efficiency and uniformity of the device on the TEVGs, each scaffold 
(n=2) was cut into five serial equal-sized rings (Figure 29) and qualitatively analyzed via 
histology. 

 

 



35 
 

 

    5.4. Histological evaluation  
 

After cutting the seeded scaffold into the rings, they were rinsed in PBS, and fixed in 4% PFA 
for 24 hours. Briefly, samples were then rinsed in PBS and dehydrated through graded ethanol 
washes and embedded in paraffin. The samples were cut with a slice thickness of 5 μm and 
stained with hematoxylin and eosin (H&E) to assess the tissue morphology and presence of cells. 
The stained samples were imaged with the brightfield microscopy (Mirax Midi Microscope, Carl 
Zeiss Gmhb) and viewed with the Pannoramic Viewer software. 

 

     5.5. Proof-of-concept results  
 

The cell seeding has shown high uniformity along the longitudinal axis of the scaffold, and no 
significant differences in the number of cells was observed in the five consecutive scaffold rings. 
An overview of the histology staining of the TEVG is presented in Figure 30. The H&E staining 
shows a clear presence of cells on the surface and throughout the thickness of the TEVG, 
proving the efficacy of the device. Examination of the seeded cells at higher magnification (10X 
and 20X) showed that a large number of individual cells attached to the fibers of the scaffold and 
infiltrated through the polymeric scaffold. 

 

Figure 29: Schematic representation of the sample preparation procedure. The TEVG (A) is 
divided into five serial equal-sized rings (B). 

Figure 30: Histological evaluation of the seeding efficiency of the automated device. A) Full 
section of a TEVG ring stained with H&E (scale bar 5000 m). B) 2X magnification picture of 
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the TEVG marked by the dotted rectangle in panel A (scale bar 500 m). C) 5X magnification 
picture of the TEVG marked by the dotted rectangle in panel B (scale bar 200 m). D) 10X 
magnification picture of the TEVG marked by the dotted rectangle in panel C (scale bar 100 
m). E) 20X magnification picture of the TEVG marked by the dotted rectangle in panel D 
(scale bar 50 m). Cell nuclei are stained in blue, ECM and polymeric scaffold are stained in 
pink. 

Application of post-rotation (4 rpm) to the seeded constructs for 30 min in an incubator 
significantly improved circumferential cell uniformity, without affecting the longitudinal 
uniformity. 

 

     5.6. Discussion 
 

Cell seeding for vascular application on tubular structures (e.g. TEVGs) is a challenging and 
complex process, which homogeneity has to be granted to allow consistency and reproducibility. 
Manual cell seeding techniques have proven successful, in both the preclinical and clinical 
settings. However, they might introduce inter- and intra-operator variability, and therefore 
provide heterogeneous results and variability in the seeded grafts. This laborious step needs 
training, sufficient operator skills and, if working in a Good Manufacturing Practice (GMP) 
environment, a strict standard operating procedure guideline to ensure a homogeneous outcome. 
An automated cell seeding system, would therefore simplify the procedure, reduce time and 
costs, eliminate the risk of potential variability, and ensure reproducibility. Over the past years, 
several seeding methods have been developed, including centrifugal, rotational, electrostatic, and 
magnetic, that are capable of achieving significantly higher cell attachment to the scaffolds than 
manual seeding methods (76,85,91,104). However, also these methods present several 
drawbacks and are less user-friendly. 

To evaluate the potential of automatization in the field of cardiovascular tissue engineering, we 
developed an operator-independent method for seeding hDFB on TEVGs. This study was 
designed to assess the seeding uniformity, efficiency, and reproducibility of a novel and 
automated seeding device that takes advantage of direct seeding of the cell, onto a rotating 
tubular scaffold.  

To achieve uniform cell distribution along the graft and promote homogeneous tissue-like 
formation, the seeding process have to be controlled. Heterogeneous cells distributed within the 
scaffold result in the formation of naked areas and the migration of surrounding cells towards 
these areas, and late deposition of ECM, resulting in a spot-dependent tissue formation and 
potentially impaired functionality of the graft. Therefore, the seeding process must be carefully 
controlled to accomplish uniform cell distribution and promote homogenous tissue formation 
along the construct. 

The method used in this study is a strip-based patterning seeding with the number of strips 
between 3 and 18 and distance (angle separation 120-20) can be changed by the G-codes 
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available on the screen. This technique permits the seeding of scaffolds with different diameters 
from 2 to 20 mm and lengths from 6 to 10 cm. Furthermore, the direct positioning of the cells in 
the longitudinal strips ensures a homogenous distribution along the total length of the scaffold of 
the cells. In this study, the automated seeding device was assessed on 60 mm length scaffolds 
with 4 strips (90 degrees angle separation) that were found to be optimal for seeding the 
construct. With this setup, long time periods of cell suspension are avoided, thereby improving 
cell viability. At the end of the seeding process, cell distribution demonstrated longitudinal 
uniformity. Immunostaining of the grafts confirmed the uniform distribution of the cells and the 
high-seeding efficiency in this method. 

The seeding device reported in this study has been optimized for vascular tissue engineering 
applications, however, the device can potentially be extended to other tissue engineering fields 
(e.g. bone tissue engineering). Moreover, this seeding technique can be coupled to other methods 
to improve cell penetration in thick-walled scaffolds, for instance, the application of controlled 
vacuum. Additionally, this device would fasten the development of scaling-up technologies. 

 

     5.7. Limitations 
 

This study has several limitations. First the number of samples used in this study was limited, but 
sufficient to prove the feasibility of the new approach. Second, the limited amount of time was 
sufficient to design and build the device, and provide a first proof-of-concept feasibility and 
functionality study with a relative analysis. Further in-depth analyses were out of the scope of 
this thesis, but will be addressed in the future. 
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    6. Conclusion  
 
To summarize, the optimal cell seeding technique requires a reliable method to increase the 
seeding efficiency, maximize homogeneous cell attachment, prevent excessive laboratory 
processing, and finally be time- and cost-effective. In this study, we designed and developed an 
automated cell seeding device for the direct deposition of vascular cells onto the tubular 
scaffolds. This technique avoids long periods of cells suspension as happens with rotational 
methods, and permits fast cell attachments to the grafts, this is particularly essential to prevent 
cell death. Furthermore, the direct deposition of cells onto the grafts reduces the detrimental 
effect on cell survival and cell morphology due to the high turbulence, high shear centrifugal 
methods. The automated cell seeding device in this study, allows optimal cell seeding on porous 
tubular scaffolds, the seeding in this method is done within minutes. Furthermore, the use of this 
automated cell seeding device provides a novel method for automated seeding of tubular 
scaffolds, moreover, it will avoid user-dependent errors and achieve controlled, homogeneous, 
and reproducible cell distribution on TEVGs, leading to a potential application in the GMP 
setting. Moreover, this seeding technique can be coupled to other methods to improve cell 
penetration in thick-walled scaffolds, for instance, the application of controlled vacuum. This 
study has several limitations, for instance, the number of samples used in this study was limited. 
However further in-depth analyses were out of the scope of this thesis but will be addressed in 
the future. Therefore, the weakness of this project would be the lack of quantitative evaluation to 
assess which parameters worked best and compare the tangible numbers to other seeding 
approaches.  

 

        6.1. Future work 
 

Cell infiltration and device design can be further improved by coupling with other techniques. In 
particular, controlled vacuum model for thicker scaffolds could be applied. Furthermore, the 
software can be developed in a way that it automatically determines how many cells need to be 
seeded based on the geometry of different vessels. Finally, the device can be optimized and be 
combined with 3D bioprinting technologies. 
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  10. Appendix 
 
    10.1. G-codes 
 

    10.1.1. G-codes for 20 degree of rotation angle and 1mm/s velocity  
 

In this G-code cells will be seeded in 18 strip lines, while the operation velocity is considered 
1mm/s for axial movement 

M203 X50 Y50 Z50 

G28  

G04 P5000 

G0 X5 Y20 

G04 P2000 

G0 A0 F60 

G0 X72 Z1.2778 F60 

G04 P2000 

G0 A0.2 F60 

G0 X5 Z2.5556 F60 

G04 P2000 

G0 A0.4 F60 

G0 X72 Z3.8333 F60 

G04 P2000 

G0 A0.6 F60 

G0 X5 Z5.1111 F60 

G04 P2000 

G0 A0.8 F60 

G0 X72 Z6.3889 F60 
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G04 P2000 

G0 A1 F60 

G0 X5 Z7.6667 F60 

G04 P2000 

G0 A1.2 F60 

G0 X72 Z8.9444 F60 

G04 P2000 

G0 A1.4 F60 

G0 X5 Z10.2222 F60 

G04 P2000 

G0 A1.6 F60 

G0 X72 Z11.5 F60 

G04 P2000 

G0 A1.8 F60 

G0 X5 Z12.7778 F60 

G04 P2000 

G0 A2 F60 

G0 X72 Z14.0556 F60 

G04 P2000 

G0 A2.2 F60 

G0 X5 Z15.3333 F60 

G04 P2000 

G0 A2.4 F60 

G0 X72 Z16.6111 F60 

G04 P2000 

G0 A2.6 F60 

G0 X5 Z17.8889 F60 

G04 P2000 
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G0 A2.8 F60 

G0 X72 Z19.1667 F60 

G04 P2000 

G0 A3 F60 

G0 X5 Z20.4444 F60 

G04 P2000 

G0 A3.2 F60 

G0 X72 Z21.7222 F60 

G04 P2000 

G0 A3.4 F60 

G0 X5 Z23 F60 

G04 P2000 

G28 X Y Z 

M84 


