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Abstract 

Reconstruction of the urethra represents a challenge for urologists, because treatment techniques for a diseased 
urethra are limited. These limitations include in particular a lack of substitute tissues (substitution of unhealthy 
tissue from the urinary tract with tissue of other origin, such as skin, urinary bladder or buccal mucosa, for 
example, has certain limitations related to further destruction of tissues).  The theme of replacement tissues and 
organs, with implementation and the combination of knowledge from the biological but also engineering 
sciences and research of new approaches for replacement of organs, is the subject of tissue engineering. 
Traditional tissue engineering in the scope of reconstruction of tissues or organs includes the design of scaffolds 
– load-bearing structures, their production and the processing of several types of cells. One part of this summary 
article focuses on technologies founded on the principle of the 3D printing of scaffolds, which serve as external 
bearers providing the overall shape of an implant in its macro-, micro- and even nano- measure. Among these 
newest technologies is not only the area of acellular 3D printing but also 3D bioprinting, which is based on the 
formation of tissues by direct printing of cellular structures. 
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1. Introduction 
 
Medical applications of 3D printing extend a great deal farther than only the printing of orthopaedic devices or 
dental replacements. Among the trends of 3D printing in medicine are also 3D printing of living structures or the 
creation of scaffolds with the implementation of living structures – cells – for the purpose of replacing tissues or 
organs. It is this application of creating tissues that the field of tissue engineering deals with. 

The technology of tissue engineering is currently used in clinical applications, creating effective therapies for 
skin, blood vessels and liver. An important part of tissue engineering is the use of new techniques and 
technologies, such as microfabrication and additive manufacturing. The great success of organ transplantation 
has led to an increasing deficiency of transplanted organs as well as donors themselves. Although the number of 
donors and transplantations has doubled over the past two decades, the growth in patients with a need for 
transplantation has grown so fast that it has led to a lack of organs around the world. 

Aside from the dexterity of the physician, the successful result of any process depends on the availability of 
suitable tissue for reconstruction of the urethra. For repair of the urethra a broad scale of tissues is used, such as 
segments of small intestine, (vascularised) skin grafts, tissue of the urinary bladder and buccal mucosa. 
However, all of these replacements have limitations, which can lead to complications (for example, the 
formation of strictures, breakdown of the transplant) in comparison with the use of autologous urethral tissues. In 
the case of greater damage to the urethra the amount of donor tissue which it is possible to obtain without 
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endangering the donor is also limited. For overcoming these problems, a variety of alternative materials for 
reconstruction of the urethra have been studied [1]. 

The first steps were taken for cultivation of urothelial cells in the 1980s [2]. At the start these cultures were used 
as in vitro systems for the study of the effects of exogenic substances on tissue. When tissue implants (TI) began 
to develop, the goal of cultivating tissues changed to the replacement of damaged or missing organs. The 
advantage of this strategy is that with a limited amount of material (for example, a small biopsy) it is possible to 
create a larger graft of autologous cells. Because the cells are autologous, problems with rejection are lower, and 
if they are implanted in vivo, the implanted tissue has similar properties as the surrounding tissue. 

2. The use of autologous cells for urethra replacement 

Tissues from the urethra are at present taken invasively, even though an effort exists for the non-invasive 
obtaining of cells, namely by spontaneously loosening or catheterized urine or flushing of the urinary bladder. 
Several studies have demonstrated growth of urothelial cell cultures obtained from the flushing of the urinary 
bladder [3][4][8]. Stem cells are located in urine, and they may be used in reconstruction of the urethra. These 
stem cell present stem cell markers, are capable of extensive expansion and may be differentiated in additional 
germinal lines [9][10][11][12][13]. 

Another possibility of obtaining urological tissue is the differentiation of stem cells from another tissue into the 
desired phenotype. Two studies demonstrated that stem cells from fat tissue can be differentiated to a phenotype 
similar to urothelia [14][15]. 

Studies exist which deal with factors for increasing and easing cellular adhesion and proliferation. Hudson et al. 
and Marcovich et al. demonstrated that immobilization of proteins of the extracellular matrix (ECM) on the 
surface of cultivation dishes lead to a strengthening of cellular suspension and an increased degree of 
proliferation of the urothelial cells [16][17]. An increased measure of migration of implanted cells was also 
recorded, if they were placed in conditions of common cultivation with other cell types [18].  

Structures consisting of one later of urothelial cells were too vulnerable to handle surgical manipulation. 
Therefore, the concept of using a multilayer structure consisting of different types of cells for making a 
construction sufficiently strong for surgical manipulation without the need of a scaffold was examined. Fossum 
et al. created a three-layer structure consisting of autologous urothelia, fibroblasts and smooth-muscle cells using 
a system of support cells [19]. In two studies from a Canadian centre a tubular graft of human fibroblasts and 
urothelia was created, which was placed into dynamic cultivation conditions (for example intra-tubular flow and 
pressure), which indicated the terminal differentiation of the urothelia [20].  

Among other cell sources used for reconstruction of the urethra are tissue from buccal mucosa. Oral 
keratinocytes were isolated from epidermis and perioral fibroblasts from dermis, and these cells were cultivated 
on de-epidermized dermis (DED). The structure obtained from this cultivation was suitable for urethroplasty 
[21]. Another study investigated the isolation and cultivation of endothelial cells, smooth-muscle cells and 
fibroblasts from cavernous tissue [22]. In another study, despite the extreme purity of the endothelial cultures, it 
was not possible to fully differentiate into cavernosa fibroblasts, namely due to the presence of smooth-muscle 
cells (in which fibroblasts were present). The authors stated that it is difficult morphologically and 
immunologically to differentiate between smooth-muscle cells and cavernosa fibroblasts [22]. 

Tab. 1 A depiction of the cells most used for reconstruction of the urethra  

Type of cells Source Studies 
Urothelial cells Urinary bladder [23][24][25][26] 

Urethra 
Epidermal cells Epidermis [27] 
Oral 
keratinocytes 

Buccal mucosa [28][29] 
Tongue 

Smooth muscle 
cells 

Urinary bladder [38] 
Cavernous tissue 
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Stem cells 
 

Bone marrow [39][40] 
Fat tissue [39][41][42] 
Hair follicles [43] 
Amniotic fluid [44][45][46] 
Embryonal stem 
cells 

Cells isolated 
from urine 

Urine [45][46] 
Flushing of the 
urinary bladder 

[3][4][8] 

 

3. Approach to urethra replacement based on scaffolds 

Existing studies on urethra replacements tell of the use of biological materials, or about replacements made from 
polymer materials. The concept of biological materials are most commonly understood to mean parts from 
another area of the urinary tract or excretory system, such as submucosa of the small intestine [40][47], 
submucosa layer of the urinary bladder [48][49]  or skin from genitalia or the buccal mucosa [28][29]. 

In general, artificially created tissues, so-called biofabrication, must be biocompatible, biologically degradable 
and well vascularized [30][31]. Regenerated tissues of the urinary system should satisfy unique physical and 
biological characteristics, which are responsible for the physiological functions of storing and eliminating urine 
[32][33]. Previous studies demonstrated that the process of biodegradation reflects the remodelling of the tissue. 
Eventually, if the process of degradation is the relative to the speed of regeneration, the result will be 
differentiated functional urothelium [34]. In addition to this, the material must support adequate regeneration of 
smooth muscle, which is possible to achieve by implanting smooth-muscle cells on the scaffold created [35]. 
Achieving an adequately strong smooth muscle layer enables the regenerated tissue to increase resistance to 
cracking if it is overfilled with urine and has the same importance for effective contraction of tissue. General and 
specific characteristics of ideal biomaterial for urethra reconstruction are shown in Tab. 2. 

Tab. 2 General and specific characteristics of ideal biomaterial for urethra reconstruction 

General characteristics Specific characteristics 
Biokompatibility  Expansivity 
Biodegradability Elastic memory 
Enabling of vacular and nerve 
regeneration 

Delicacy of structures 

Enabling of cell 
differentiation 

Water impermeability 

Non-toxicity for cells Resistance to biofilm 
formation 

Unlimited supply of nutrients  
Adaptation by physical and 
mechanical characteristics 

 

 

Structural integrity and mechanical stability are essential for surgical manipulation with tissues. Despite the fact 
that firmness is essential, the material must also meet the requirement for flexibility and elasticity, which is with 
reconstruction of the urinary bladder essential for increasing the volume in it as well as with reconstruction of 
the urethra, so that anastomosis can freely occur with native tissues and thus ensure the supplying with blood. 

Scaffolds work as the load-bearing spine for regeneration of tissues, which preserves its structural stability and 
enables their growth in 3D space. In addition to this, it should foment cellular interaction and differentiation. 
Biomaterials in the history of urology began with the development of urethral catheters [36]. Scaffolds are 
generally classified according to the source of their origin into biological, synthetic and hybrids of both. They 
may be classified according to their degradation character into biodegradable and non-degradable. And in the 
end, they may be either with implanted cells or without cells [37]. 
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Some studies describe the interaction of urothelial cells with a synthetic polymer scaffold. These scaffolds differ 
depending on the type and origin of the polymer but also from its processing and forms, e.g. scaffolds in the 
form of membranes, folios or grates. In general, it applies that if the distance between the individual fibres of the 
polymer is too big, the cells only pass through the grate and adhere very weakly [50]. Urothelial cells do not 
proliferate on non-degradable polyethylene terephthalate (PET); however, after modification of the surface and 
after the addition of collagen, adhesion and proliferation of the urothelial cell is increased [51]. These cells 
proliferate well even on membranes of the copolymer poly(L-lactic acid)-co-poly-(ε-caprolactone) (PLLCL) 
without changes to the cell phenotypes [52]. A composite scaffold made from polylactic acid (PLA) and PLLCL 
expressed a lower capability of capturing cells and their uneven expansion in comparison with PLLCL alone 
[53]. Another study investigated the principles of a composite scaffold consisting of a thin layer of poly-L-
lactide (PLLA), with a polycaprolactone layer on the surface created by electrospinning. Proliferation of 
embedded urothelial cells was higher with the composite scaffolds than in scaffolds made only from PCL [54]. 
In two studies [52][54] the proliferation of cells on synthetic scaffolds were compared with biological ECM 
scaffolds. The scaffold from PLLCL showed better properties than human decellularized amniotic membrane, 
which was demonstrated as an unsuitable carrier for urothelial cells [52]. Composite material from a thin layer of 
PLLA and PCL had better results in the area of proliferation and differentiation of cells in comparison with 
submucosa of the small intestine [54]. 

Several studies have dealt with the use of urothelial cells for biological materials. Cells from a monolayer culture 
may form a layered epithelium when suspended and reassembled on a deep tissue sample of the urinary tract 
[55]. A spongy structure created from type I and III collagen promotes the growth and layering of cells [56]. The 
decellularized ECM of the urinary bladder is more suited for the formation of a urethra replacement than 
submucosa of the small intestine in terms of proliferation [57]. 

In 2018, Algarrahi et al. reported use of the scaffold, bi-layer silk fibroin scaffold for urethroplasty using rabbit 
model [5]. In that study, in contrast to Chung et al. [6], urethroplasty was carried out on a 5 mm × 10 mm of 
urethra, which was purposely damaged by electrocoagulation, which was used to stimulate scar tissue formation 
and imitate the pathology of  patients, which are suffering from urethral stricture. Findings showed that 1 month 
post-operation, regeneration of pseudostratified columnar epithelium in new formed urethra was evident and was 
similar to control animal. But, only 50% of newly formed tissue shows smooth muscle formation up to 3 months 
of post-operation in comparison to the control animal. These finding indicate that even though using of  bi-layer 
silk fibroin scaffold can be promising, but aslo is necessary to count with a prior damage in the area of treatment 
[5]. 

In different study that combine of mesenchymal stem cells with silk fibroin alleviate the inflammatory reaction 
caused by the biomaterial and shows improving of smooth muscle growth and epithelium in the urethral defect 
[7]. 

A physiologically more important situation is the cultivation of several types of cells on one scaffold. Most often 
studies deal with the cultivation of urothelial cells and smooth-muscle cells. For example, decellularized pig 
dermis was used [58]. In another study, submucosa of the small intestine was used, and it was found that samples 
showed better formation of multiple layer of urothelial cells and better penetration of smooth muscle cells where 
these cells were deployed simultaneously than those where they were deployed separately [59]. In the same type 
of tissue good differentiation of urothelial stem cells between the urothelial layer and the layer of smooth muscle 
cells was found [60]. Dynamic conditions of cultivation reduce the submucosa of the small intestine for smooth-
muscle cells, but increase the number of layers of urothelial and smooth-muscle cells [61]. 

Buccal mucosa as well as other sources of epithelia were also studied for the needs of urethra reconstruction. 
Studies were recorded where a scaffold from PLGA was created by electrospinning and embedded with 
keratinocytes and fibroblasts from buccal mucosa. The cells grew well, but the methodology of the sterilization 
processes appeared to be insufficient [62]. 

With the combination of synthetic and biological biomaterials it is possible to create a hybrid material with the 
properties of each of the materials. Biological scaffolds, like tissue from the urinary bladder, increase its ability 
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to stretch due to the content of collagen IV. Synthetic polymers, on the other hand, provide tissue support. A 
general limitation lies in the joining of various materials, due to their varying chemical structure. With the use of 
electrospinning mechanically stabilized hybrid polymers were successful, which supported the growth of various 
cell types.  PLGA fibres created using electrospinning were combined with decellularized tissue of the urinary 
bladder for the support of growth and differentiation of smooth-muscle cells [63]. 

4. Influence of production technology of the scaffold on its properties 

Several of the basic conventional techniques are used for the production of scaffolds with the aim of modifying 
the synthetic polymer fibres for optimal anchoring of the cells. Among these techniques are electrospinning (ES), 
thermal induced phase separation, self-fibrillation and wet fibrillation. ES is the most used technique, but it has 
certain disadvantages. During ES delicate fibres are created with randomly arranged pores, which makes the 
penetration of the cells more difficult. This, however, may be optimized by the combination of ES with other 
technologies, such as, for example, additive manufacturing (AM) [63][64]. 

In opposition to conventional techniques, additive manufacturing, also labelled as “3D printingˮ, controls the 
microarchitecture with much higher precision [65]. During additive manufacturing the scaffold is created layer 
after layer into the final form. It is possible to use a varied scale of materials for adaptation of the scaffold do 
requirements. The entire process is supported by computer software (computer aided design [CAD]) for the 
prototyping of models with the aim of mimicking the original structure of the tissue or organ. Implementation of 
CAD models into direct production of scaffolds is presented as computer-aided tissue engineering. Among the 
most important technologies of additive production are technologies such as fused deposition modelling (FDM), 
selective laser sintering (SLS), stereolithography (SLA) and 3D printing technologies [66][67]. 

Hybrid additive manufacturing combines the techniques of additive manufacturing with conventional methods, 
most often with ES. Hierarchical structures with high porosity have been created using hybrid AV in the 
replacement of bones and cartilage [68][69][70][71]. 

For the creation of scaffolds using additive manufacturing one of the most important factors important for 
embedding the cells is the size of the pores and the porosity of the scaffold. The optimal size of the pores, the 
number and mutual interconnection, are necessary for the regeneration of tissues. The presence of pores provides 
diffusion of nutrients into the cells as well as the washing away of unnecessary products of metabolism [72][73]. 
Cell suspension and proliferation require the size of the pores in the range from 100 to 400 μm, and they should 
include at least 75% of the surface areas of the scaffold [73][74]. 

5. 3D bioprinting 

3D bioprinting includes the direct printing of living tissues by using additive manufacturing for the purpose of 
creating a complex structure simulating the original organ [75]. Unlike other AM methods, 3D bioprinting at the 
same time includes the incorporation of cells [76], growth factors and biomaterial, such as the so-called one-step 
approach; that is, it simultaneously incorporates these elements in the scope of the 3D printing itself [77]. 
Bioprinting is based on bio-inks (biomaterials in form of ink) such as collagen [78] or alginate [79] in fabrication 
of a scaffold.Kang et al. [77] presented a new 3D printing system capable of producing human tissue structures 
of any shape. An Integrated Tissue and Organ Printer (ITOP) is an intelligent technology which includes the 
integration of medically depicted data from CT or a magnetic resonance into computer software. The software 
analyses anatomical defects and translates them into a 3D CAD model. A visualization movement program 
manages the jet bioprinter, which doses the hydrogels with cells onto the specific area of the biodegradable 
polymers, such as PCL. Such precise management leads to a balanced geometry of the pores. The ITOP system 
has successfully printed out a cranial bone, ear cartilage and skeletal muscles. Tests of the surviving cells 
demonstrated that the viability of the cells were not influenced by the process of printing. It is expected that this 
technology will be soon used for printing out of more complex tissues and organs[79]. 

Another group [80] used a computer-supported four-headed 3D printing system for the design and printing of 
heterogenic tissue/organ constructions. This system used hydrogels with the content of cells and thermoplastic 
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polymers, such as PCL, PLA and PLGA. An algorithm using a multiple-head tissue/organ building system 
(MtoBS) is a process of printing layers upon layers of material, which is capable of placing two or more cells on 
a gel solution. The printed structures well simulate the original tissues, namely internally and externally. It was 
possible to print the exterior of an ear, kidney and teeth with various elements of tissues [81]. In other studies, 
decellularized ECM was inserted into the 3D printer as the contents. Different tissues, such as cartilage, heart 
tissue and fat, were successfully printed. The tissue structures demonstrated stability and cell compatibility in all 
experimental tests [82]. 

The first applications of 3D printing in the area of urology served for tissue simulation as an instrument of 
surgical education. 3D printing was also used for prototyping cancerous models for depicting the correlation 
between depiction and histology with cancer of the prostate and the kidneys [83][84][85][86]. Recently, the 
study of Zhang et al. originated, which is the first which used 3D bioprinting for printing a urethra. In this study 
the already mentioned ITOP system was successfully used for bioprinting of a composite of a urethral scaffold.  
This consisted of a spiral skeleton from a mixture of PCL / PLCL together with two types of autologous cells 
(rabbit urothelia from the urinary bladder and smooth-muscle cells), which were printed in fibrin hydrogels. 
Tests were conducted in vitro for evaluation of biomimetic and mechanical properties and cell growth. The 
results of the study showed that the mechanical properties of the biomaterial were equivalent to the native rabbit 
urethra.  The viability and the proliferation of cells in the hydrogels was sufficiently sustained. This study 
provided a strong foundation for future studies on 3D bioprinting of a urethra, which will soon be subject to 
animal clinical tests [87]. 

Rashidbenam et al. think that combination with autologous cells seeded on a synthetic and biodegradable 
scaffold with proper porosity and mechanical strength, and in vitro mimicking of the urethral environment can be 
said to be the best combinatory strategy in engineering of human urethra [89]. 

Even though bioprinting is an ideal technology for reconstruction of tissues and organs, its use is still 
experimental. Limited sources of materials, unoptimized mechanical properties, infrequent clinical studies, time 
demands and high costs limit its current use [77][88]. 

Conclusion 

3D bioprinting is a new technology for replacing tissues and organs, which has several advantages versus the 
existing transplantation of organs. The main advantage is that there is no need for an organ donor. In today’s era, 
scientists and doctors are attempting to replace all organs or tissues for the purpose of improving the life of an 
individual, whether this involves heart muscle, hard tissues, soft tissues or tissues and organs of the urinary tract. 
Several basic approaches exist with the reconstruction and replacement of the urinary tract. The first approach is 
reconstruction by biological replacements, when reconstruction itself is done with native tissues from another 
part of the urinary tract or other tissue of the individual. The second approach is the creation of replacement from 
synthetic materials, most often polymers. A newer method is reconstruction of the urinary tract on the basis of 
creation of 3D scaffolds, on which cells, most often urothelial and of smooth-muscle, are implanted. These 
scaffolds may be created either by conventional methods or by additive manufacturing. The foundation of this 
additive manufacturing is to find a material which would satisfy the mechanical and biological properties for 
replacement of the given tissues. In the scope of urethra reconstruction, in terms of shape, this is a simple 
construction, which from the external side is most often implanted with cells of smooth muscle and on the inside 
urothelial cells. The aim is to create such a material for scaffolds which is biodegradable and with time replaced 
by newly created tissue. Most often synthetic or natural polymers or polymer mixes are used as the scaffold 
foundation. Existing studies mention high progress and useful results, which may serve as an additional basis in 
research and the creation of replacement urethras.  

The newest strategy with urethra reconstruction is the method of 3D bioprinting. This method is very 
sophisticated and includes direct printing of cells with the aim of creating tissues or organs. This technology is 
only in its infancy regarding 3D printing. This overview study, focused on the issue of replacement of the 
urethra, provides a strong foundation for future studies of 3D bioprinting of the urethra, where mechanical 
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properties and the growth of cells may be optimized in vitro for implantation later into animal models and in the 
future also into human patients. 
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