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Purpose: To investigate the feasibility of a polycaprolactone (PCL) scaffold fabricated by three-dimensional (3D) printing for tissue 

engineering applications for tunica albuginea.

Materials and Methods: PCL scaffolds were fabricated by use of a 3D printing system. Two scaffolds were fabricated that differed 

in the architecture of the lay-down pattern: a 90°PCL scaffold and a 45°PCL scaffold. Mechanical properties were measured to 

compare tensile strength between the two scaffold types. The scaffolds were characterized by scanning electron microscope 

(SEM) images. The scaffolds were seeded with fibroblast cells, and the ability of these scaffolds to support the cells was evaluated 

by immunofluorescence staining.

Results: The PCL scaffolds had well-structured shapes, regular arrays, and good interconnection in SEM images. The horizontal 

and vertical Young’s modulus coefficients were 13 and 12 MPa for the 90°PCL scaffold and 19 and 21 MPa for the 45°PCL 

scaffold, respectively. Microscopy images revealed that human fibroblast cells covered the entire scaffold surface. Immuno-

fluorescence staining of ER-TR7 confirmed that the fibroblast cells remained viable and proliferated throughout the time course 

of the culture.

Conclusions: This preliminary study provides experimental evidence for the feasibility of 3D printing of PCL scaffolds for tissue 

engineering applications of tunica albuginea.
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INTRODUCTION

Reconstructive surgery in the urologic field is per-
formed in patients with urinary tract dysfunction, urinary 

incontinence, neurogenic disorder, trauma, and pedia-
tric/congenital malformations [1]. Many different materi-
als are used for substitution of the urinary tract, such as oral 
mucosa for urethra and small or large intestine for ureter, 
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and urinary bladder [2-5]. However, these techniques 
have limitations regarding wound healing, complications 
in the gastrointestinal tract, and the invasiveness of the sur-
gery [3]. These limitations of autologous tissue have led ur-
ologists to investigate regenerative medicine and tissue 
engineering techniques [6].

Tissue engineering is an attractive technology for pro-
ducing alternative grafts that require only a small tissue 
sample to obtain cells, resulting in minimal scarring de-
fects at the sampling site. Penile reconstruction may be 
necessary in cases of trauma, penile carcinoma, and 
Peyronie’s disease [7]. A few studies of tissue engineering 
for tunica albuginea replacement have been performed 
[8-10]. In these studies, autologous tunica albuginea was 
produced in vitro and seeded with fibroblast cells on an 
acellular scaffold.

Polycaprolactone (PCL) is a highly biocompatible ali-
phatic polyester obtained by polymerization to an open- 
loop structure of ε-caprolactone. PCL can support the 
creation of a polymer-cell complex in vitro with sub-
sequent implantation in vivo [11]. There are some advan-
tages of PCL. It was approved by the Food and Drug 
Administration (FDA) for use in humans. It is biodegrad-
able, compatible, and has good processibility, which en-
ables fabrication of a variety of structures and forms. It is 
readily suitable for melt processing due to its high thermal 
stability and relatively low cost [12]. Nevertheless, there 
have been no investigations to make scaffolds fabricated 
by using three-dimensional (3D) printing for tissue en-
gineering applications for tunica albuginea.

We hypothesized that PCL scaffolds made by 3D print-
ing and seeded with fibroblast cells would be feasible for 
tissue engineering of tunica albuginea replacement and 
that a scaffold fabricated in an oblique pattern would have 
greater tensile strength. In this experimental study, we 
evaluated the biocompatibility and strength of two types 
of PCL scaffolds fabricated by use of a 3D printing 
technique.

MATERIALS AND METHODS
1. Scaffold fabrication

The scaffolds were fabricated by using a 3D bioprinter 
(Korea Institute of Machinery & Materials, Daejeon, Korea) 

that consisted of a heating jacket, nozzle, pressure pump, 
x-y-z stage, and computer. The resolution of the 3D printer 
was ±5 m and the scaffold pattern was designed by 
lab-made software. A computer system controlled the 
pressure, nozzle size, and plotting velocity over the stage. 
PCL pellets were melted at 80°C in a cylinder by using the 
heating jacket of the bioprinter. By applying a computer 
model to control manufacturing, the bioprinter allows for 
layer-by-layer construction of complex 3D scaffolds. The 
scaffold was plotted by converting a CAD model to a CAM 
model. Each layer was filled with the designed scaffold 
pattern at 90° and 45°orientation to generate the porous 
structure [13]. Strand thickness and strand period were 
both 300 μm.

2. Mechanical characterization of the scaffolds

Two types of scaffolds were produced according to the 
angle between strands: 90° and 45°. A total of 8 samples, 
4 of the 90° scaffolds and 4 of the 45°scaffolds, were test-
ed with a tensile machine (Shimadzu EZ-test 500N; 
SHIMADZU Corp, Kyoto, Japan) to evaluate tensile stress, 
tensile strain, and Young’s modulus.

3. Cell culture

Fibroblast cells (ATCC, Rockville, MD, USA) were cul-
tured with Fibroblast Basal Medium containing 2% fetal 
bovine serum and 1% antibiotics (ATCC). The fibroblast 
cells were maintained up to passage 3 and were collected 
by trypsin-ethylenediaminetetraacetic acid treatment. 
PCL scaffolds were sterilized by using 70% EtOH, and 
washed twice with phosphate buffer saline (PBS). The scaf-
folds were put in culture medium overnight. Fibroblast 
cells were then seeded on scaffolds at a density of 5×105 
cells/sample. The cell-scaffolds were incubated in 5% 
CO2 at 37°C and cultured for a period of 2 weeks.

To inspect the attachment and detailed morphologies of 
cells on the scaffolds, scanning electron microscope (SEM, 
SNE-1500M; SEC Co., Ltd., Suwon, Korea) was used at 2 
weeks after seeding. The scaffolds were washed twice 
with PBS, fixed with 2.5% glutaraldehyde (Sigma-Aldrich, 
St. Louis, MO,USA) for 2 hours, rinsed in PBS, and dehy-
drated through a graded series of ethanol (30%, 40%, 
50%, 60%, 70%, 80%, 90%, and 100%) at 5-minute 
intervals. After air drying, the scaffolds were coated with 
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Fig. 1. Scanning electron micrograph images of 90° plotted polycaprolactone (PCL) 300/300 scaffold (A) and 45° plotted PCL 300/300 
scaffold (B).

platinum and scanned at an accelerating voltage of 15 kV.

4. Immunofluorescence analysis

Proliferation and viability of human fibroblast cells on 
the scaffold was evaluated after immunofluorescence 
staining. The fibroblast cell-seeded scaffolds were washed 
with PBS. After several washes, the scaffolds were fixed in 
3.7% paraformaldehyde solution. The scaffolds were first 
blocked with 0.5% (v/v) normal chicken serum for 30 mi-
nutes at room temperature and then stained with fluo-
rescein isothiocyanate-conjugated ER-TR7 antibodies (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) for 2 hours at 
room temperature. Immunoreactivity for ER-TR7 was de-
tected using Alexa Fluor 594-conjugated chicken anti-rab-
bit-IgG (H+L) (Molecular Probes Inc., Eugene, OR, USA). 
Finally, 4’,6-diamino-2-phenylindole dihydrochloride (DAPI; 
Sigma-Aldrich) was added to stain the cell nuclei. The con-
focal images were acquired by use of a model LSM 510 
confocal microscope (Carl Zeiss, Jena, Germany) with an 
excitation wavelength appropriate for Alexa Fluor (405 or 
594 nm). Final images were constructed with the use of 
LSM Image Examiner software.

5. Statistical analysis

Data were expressed as measured and average values. 
The significance of differences among the groups was de-
termined using the Mann-Whitney U-test, with differences 
considered significant at p＜0.05.

6. Ethics statement

This study was approved by the Ethics Committee of 
the Chonnam National University Medical School 
(CNUIACUC- H-2016-41).

RESULTS
1. Morphology of three-dimensional printed scaffolds

SEM was used to visualize the fabricated scaffolds. Both 
types of 3D printed scaffolds composed with 90° and 45° 
angles (strand thickness/strand period, 300/300 μm) had 
well-structured shapes, regular arrays, and good inter-
connection, resulting in highly regular pores and strands 
(Fig. 1).
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Fig. 3. Scanning electron microscopic images of fibroblasts on 90° polycaprolactone (PCL) scaffold (A) and 45°PCL scaffold cultured 
for 2 weeks in vitro (B).

Fig. 2. Mechanical properties of three-dimensional printed polycaprolactone (PCL) scaffolds. Mean tensile stress, strain, and Young’s
modulus values of two different types of PCL scaffolds.

2. Mechanical characteristics of the scaffolds

The tensile ranges of the 90° and 45°PCL scaffolds 

were 16% to 20% and 20% to 25%, respectively. The hor-
izontal and vertical Young’s moduli were 19 MPa and 21 
MPa for the 90° scaffold and 13 MPa and 12 MPa for the 
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Fig. 4. Immunofluorescence staining of fibroblast cells with DAPI (4‘,6-diamidino-2-phenylindole) and ER-TR7 on 90° (A) and 45° (A, 
B) polycaprolactone (PCL) scaffolds. Confocal microscopic images of 45°PCL scaffolds (B).

45° scaffold, respectively. Average Young’s moduli were 
significantly lower in 45°PCL scaffolds (12.5 MPa) than in 
90°PCL scaffolds (20.7 MPa) (Fig. 2).

3. Scanning electron microscope images of cultured 
fibroblast cells

After 2 weeks of seeding and culture, SEM images 
showed that fibroblast cells were well attached and cov-
ered the entire surface of the 3D printed scaffolds. Cellular 
bridge formations were seen throughout the intercon-
nected adjacent strands of the scaffolds. There was no sig-
nificant difference in cell sheet formation between the 
45°PCL scaffolds and the 90°PCL scaffolds after 2 weeks 
(Fig. 3). 

4. Immunofluorescence images of cultured fibroblast 
cells

Viable and proliferating human fibroblast cells were 

found with immunofluorescence staining with DAPI and 
ER-TR7 on both types of scaffolds (Fig. 4).

DISCUSSION

The human tunica albuginea is a bilayered structure 
with multiple collagen bundle sublayers. The finer, circu-
larly oriented bundles that constitute the inner layer sur-
round and penetrate the cavernous tissue, and the out-
er-layer bundles are coarser and are directed in a longi-
tudinal manner [14].

The architecture of scaffolds is important and in tissue 
engineering should take the macro-, micro-, and nano-lev-
els into consideration [15]. The macroarchitecture reflects 
organ specificity and anatomical features, whereas the mi-
croarchitecture reflects the shape, pore size, porosity, and 
pore interconnections. The nanoarchitecture has rele-
vance to biomolecule attachment for cell adhesion, pro-
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liferation, and differentiation [16]. The 3D printing tech-
nology can be used to fabricate 3D scaffolds using various 
biomaterials for tissue engineering. The 3D printing scaf-
fold has an interconnected structure for cell ingrowth and 
tissue regeneration. It also has good mechanical proper-
ties to control custom-made scaffold fabrication. 

The present study was conducted to demonstrate the 
feasibility of using fibroblast cells seeded onto 3D printed 
PCL scaffolds for the creation of cell sheets in vitro. 
Positive immunofluorescence staining revealed well-at-
tached fibroblast cells throughout the PCL scaffolds. These 
results showed that the 3D printed PCL scaffold had the 
proper macro-, micro-, and nano-architecture.

A few experimental studies have shown that bio-
engineered material can achieve adequate structure and 
function in substitution of tunica albuginea [9,10,17]. For 
example, Ferretti et al [17] compared noncellular and 
cell-seeded synthetic grafts for tunica albuginea replace-
ment in a rat model. Less retraction and better erectile re-
sponses were observed in the group with a fibro-
blast-seeded polyglycolic acid (PGA) scaffold than in the 
noncellular PGA scaffold group. However, the PGA scaf-
fold partially degraded in vitro during 2 weeks of cell 
culture. Some amount of acid is produced during local 
PGA hydrolysis, which may result in partial degradation of 
the scaffold. PCL hydrolysis produces less acid than does 
PGA hydrolysis.

In the present study, we used PCL in manufacturing 
scaffolds and compared the tensile strength of 2 types of 
3D printed PCL scaffolds. Tunica albuginea is a bilayered 
structure with multiple sublayers. Inner-layer bundles are 
oriented circularly and contain the cavernous tissue. 
Outer-layer bundles are oriented longitudinally, extend-
ing from the glans penis to the proximal crura. Less abun-
dant are oblique-oriented fibers that connect the two main 
layers [18]. So, we hypothesized that scaffolds with 45° 
angles may have more similarity to the structure of human 
tunica albuginea and more physiologic characteristics in 
common than scaffolds with 90° angles.

The 45°PCL scaffolds had a higher tensile range than 
the 90°PCL scaffolds. The horizontal and vertical Young’s 
modulus values of the 45°PCL scaffolds (13 and 12 MPa, 
respectively) were lower than those of the 90°PCL 
scaffolds. Young’s modulus, which is also known as the 

elastic modulus, is the most commonly used mechanical 
property of linear solid materials and is defined as the ratio 
of stress to strain. Our result showed that the PCL scaffold 
with a 45° angle between strands had less stress at the 
same tensile strain and greater elasticity. PCL, a synthetic 
biodegradable polymer, has excellent mechanical proper-
ties and has been used in many biotechnology fields since 
its approval by the FDA. It has a lower melting point (58°C∼

63°C), lower glass transition temperature (−65°C), high-
er degradation time (＞24 months), and lower tensile 
module than other biodegradable polymers, such as poly 
lactic-co-glycolic acid (PLGA) and PGA [9].

In this study, we evaluated the feasibility of fibroblast 
cells seeded onto 3D printed PCL scaffolds as tunica albu-
ginea graft material. The PCL scaffolds manufactured by 
3D printing had regular arrays with interconnected pores, 
resulting in highly regular pores and strands. Cultured fi-
broblast cells were well spread and covered the PCL scaf-
fold surface and formed cell sheets with cellular bridge for-
mation throughout the interconnected adjacent strands.

This preliminary study provides evidence of the feasi-
bility of using cultured and proliferated fibroblast cells in 
conjunction with 3D printed PCL scaffolds. However, our 
study had several limitations. The sample size was small 
and the bioavailability of this fibroblast-seeded PCL scaf-
fold in an in vivo animal model has not been investigated. 
Thus, future studies to test the 2 types of PCL scaffolds in 
an animal model and to evaluate the deformation or de-
gradability of the scaffold during a longer culture period 
are warranted.

CONCLUSIONS

In this investigation, we fabricated 3D printed PCL 
scaffolds. All scaffolds showed well-defined architecture 
and a uniform porous structure. Fibroblast cells were well 
attached, proliferated, and differentiated on the PCL 
scaffolds. The scaffold composed with a 45° angle be-
tween strands had more tensile strength than the 90° 
scaffold. This is a preliminary study showing that 3D print-
ed PCL scaffolds can be used for tissue engineering appli-
cations in the field of sexual medicine. A 45°PCL scaffold 
may allow for better reconstructive tissue engineering 
technique for tunica albuginea replacement.
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