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Comparison of the Biological Behaviour of Human Dermal Fibroblasts seeded on 3D Printed
Polylactic acid, Polycaprolactone and Polyethylene Terephthalate Scaffolds in vitro
insan Dermal Fibroblastlarin 3B Baskili Polilaktik asit, Polikaprolakton ve Polietilen Tereftalat
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Abstract: Regenerative medicine is a scientific field that improves and repairs diseased and injured tissues. Three-dimensional (3D) printing is an
innovative technology that provides a new application field for regenerative medicine. 3D printed scaffolds by programming pore sizes and shapes
serve as a temporary basis for cells until the natural extracellular matrix (ECM) is reconstructed. Dermal fibroblasts are mesenchymal cells located
in the dermal skin layer that produce and organize ECM components. They play an essential role in skin wound healing and fibrosis. The aim of this
study is to analyze the viability, adhesion, distribution, and collagen IV expression of human dermal fibroblasts (HDFs) seeded on 3D printed polylactic
acid (PLA), polyethylene terephthalate (PET), and poly-g-caprolactone (PCL) scaffolds in vitro. HDFs were seeded on scaffolds or tissue culture plastic
plates as control and were cultured for 1 and 3 days. 3D PLA, PCL, and PET scaffolds were prepared using a custom made fused deposition modeling
printer. The cell viability was measured by WST-1 assay on days 1 and 3. The cell adhesion was evaluated by scanning electron microscopy (SEM).
The distribution was analyzed by hematoxylin and eosin (H&E) staining. Collagen IV expression was analyzed by immunohistochemical (IHC) staining.
On day 1, the viability of HDFs on the 3D PLA scaffolds was significantly higher than PCL scaffolds. On day 3, the viability of HDFs on 3D PLA and PET
scaffolds was significantly higher than PCL scaffolds. SEM images showed that HDFs on 3D PLA scaffolds attached the surfaces, filled the interfiber
gaps and maintained their tissue specific morphology on day 3 compared to PCL and PET scaffolds. Histological images stained with H&E demonstrated
that the distribution of HDFs on 3D PLA scaffolds was uniform on days 1 and 3. Collagen IV staining was more intense in HDFs on 3D PLA scaffolds
on days 1 and 3. This study shows that 3D PLA scaffolds create a appropriate environment for cell viability, adhesion, distribution and may provide a
high advantage in skin tissue regeneration.
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Ozet: Rejeneratif tip, hastalikli ve yarali dokulari iyilestiren ve onaran bir bilimsel alandir. 3 boyutlu (3B) baski, rejeneratif tibba yeni bir uygulama alani
saglayan yenilikgi bir teknolojidir. Gozenek boyutlari ve sekilleri programlanarak 3B baski ile iiretilen doku iskeleleri, dogal hiicre digi matriks (ECM)
yeniden yapilandirilincaya kadar hiicreler igin gecici bir destek gorevi gormektedir. Dermal fibroblastlar, ECM bilesenlerinin tiretimi ve diizenlenmesinde
rol oynayan dermal deri tabakasinda bulunan mezenkimal hiicrelerdir. Dermal fibroblastlar yara iyilesmesi ve deri fibrozisinde temel rol oynayan
hiicrelerdir. Bu caligmanin amaci, 3B baskili polilaktik asit (PLA), polietilen tereftalat (PET) ve poli-e-kaprolakton (PCL) doku iskelelerine ekilen
insan dermal fibroblastlarinin (HDF) canliligi, adezyonu, dagilimi ve kollajen IV ekspresyonlarinin in vitro analiz edilmesidir. Doku iskelelerine ve
kontrol grubu olarak doku kiltir plastik plakalara ekilen HDF'ler 1 ve 3 giin boyunca kiiltiire edilmistir. Doku iskeleleri 6zel tasarim birlestirmeli
yigma modellemesi (FDM) ile 3B yazici kullanilarak hazirlanmigtir. Hiicre canliigi WST-1 ile, hiicre adezyonu taramali elektron mikroskobisi (SEM)
ile, hiicre dagilimi hematoksilen & eozin (H&E) ve kollajen IV ekspresyonu immiinohistokimyasal (IHC) boyamalar ile analiz edilmistir. 1. giinde 3B
PLA iskelelerindeki HDF'lerin canliligi, PCL iskelelerindeki HDF'lerden istatiksel olarak anlamli yiiksek bulunmustur. 3. giinde ise, 3B PLA ve PET
iskelelerdeki HDF'lerin canliigi PCL iskelelerindeki HDF'lerden istatiksel olarak anlamli yiiksek tespit edilmistir. SEM goriintiileri, 3B PLA iskelelerdeki
HDF'lerin yiizeylere baglandigini, fiberler arasi bosluklari doldurdugunu, PCL ve PET iskelelerine kiyasla 6zellikle 3. giinde dokuya 6zgti morfolojilerini
korudugunu gostermistir. HDF'lerin 3B PLA iskelelerindeki dagilimi 1. ve 3. glinlerde genig yayilim gostermistir. 3B PLA iskelelerindeki HDF'lerde
kollajen IV boyamasinin 1. ve 3. giinlerde daha siddetli oldugu gozlenmistir. Sonuglarimiz, 3B PLA iskelelerinin hiicre canliigi, adhezyonu, dagilimi igin
uygun bir ortam olusturdugunu ve deri rejenerasyonunda avantaj saglayabilecegini gostermektedir.

Anahtar kelimeler: Dermal fibroblast, 3B Baskili iskeleler, Deri rejenerasyonu
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l.Introduction

Dermal fibroblasts are mesenchymal cells that play a role
in the regulation of the extracellular matrix (ECM) in the
connective tissue by producing collagen and elastic fibres
(1). They play a major role in wound healing and fibro-
sis (2). Following tissue injury, fibroblasts migrate to the
wound site and are activated into proto-myofibroblasts by
various chemokines and cytokines. These cells are then
differentiated into myofibroblasts and deposite abundant
ECM. During tissue repair, myofibroblasts undergo apop-
tosis due to lack of signals (3). However, tissue repair may
progress insufficiently in diabetic wounds, pressure ulcers,
burns, and wounds of autoimmune diseases. In this regard,
patients with these type of diseases may need to be treated
with cellular therapy. Advances in tissue engineering has
led to be produced customized implants in many medical
fields. However, the host response to implanted biomate-
rials can cause immune rejection. Therefore, biomaterials
used as implants must be biocompatible, non-toxic and
biodegradable. With the introduction of three-dimensional
(3D) printed tissue scaffolds in the medical applications,
patient-specific materials can be designed to mimic and
improve the damaged tissue microenvironment.

Dermal fibroblasts are commonly used in 3D printed
tissue scaffolds. Different biomaterials were used for
tissue engineering applications, such as polylactic acid
(PLA) (4), polyethylene terephthalate (PET) (5), and
poly-g-caprolactone (PCL) (6). PLA is a biocompatible,
biodegradable, non-toxic, hydrophobic aliphatic polyester
used in many biomedical and clinical applications (7). PET
is a non-toxic and non-degradable polymer and can be
used to keep cells and scaffolds stable due to its ability
to remain without degrading for a long time (8). PCL is a
biocompatible, biodegradable, slow degradation rate, and
spinnability hydrophobic poly (a-ester) material (9). There
is a lack of data comparing the adhesion properties of der-
mal fibroblasts seeded on 3D printed PLA, PET and, PCL
scaffolds. The aim of this study is to analyze the viability,
adhesion, distribution and collagen IV expression of human
dermal fibroblasts (HDFs) seeded on 3D printed PLA, PCL,
and PET scaffolds in vitro.

2.Materials and Methods
HDF culture

Adult HDFs were purchased from ATTC (USA). Cells were
cultured in fibroblast growth medium (FGM) at 37°C in a
humidified atmosphere containing 5% CO,. The culture
medium was changed every 3 days. Cells were used at
passage 5.
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3D Printing of Scaffolds

Scaffolds template (0 = 4 mm, thickness = 2 mm) were
designed using SolidWorks 2019 software and subsequently
filled and sliced using and Slic3r 1.2.9 software to obtain
cylindrical STL models. Briefy, clump generator software
was used to create squared pores into a 3D object in a
“stl” file format. 3D-printed scaffolds were prepared from
PLA (eSun Filament, Shenzhen, China), PCL (Ideaformer,
Shenzhen, China) and the PET (eSun Filament, Shenzhen,
China). The 3D printer was a customized system working
by the mechanism of fused deposition modeling (FDM).
Printing was performed by the custom made FDM printer,
using a nozzle diameter of 0.3 mm, a layer thickness of 0.2
mm, a nozzle temperature of 210 °C (PLA), 140 °C (PCL), 210
°C (PET), and a printing bed temperature of 60°C. All scaf-
folds had a thickness of 0.3 mm. Both layers were printed
with three perimeter lines and rectilinear filling under an
angle of 0-90°, applying a flow rate of 100%. Printing speed
was set to be 25 mm/s for all materials. Prior to biological
evaluations, printed scaffolds were sterilized by ethylene
oxide.

Cell Seeding on 3D Scaffolds

Sterile scaffolds were immersed in FGM in the 96-well
plate and incubated overnight in a humidified incubator
(37°C, 5% CO,) prior to cell seeding. Then, suspension of
HDFs in FGM were seeded on the scaffolds at 4x10%cells
per well and incubated in the same incubator for 4 h to
allow cell attachment. Each well was completed to 150 pL
FGM in total volume. In order to eliminate the cells that
do not attach to scaffolds, 16-24 hours after seeding the
scaffolds were placed in another 96-well plate. HDFs with
equivalent numbers were also seeded on tissue culture
plastic plates without scaffolds as controls. All of 3D scaf-
folds were cultured for 1 and 3 days.

Measurement of HDFs viability on 3D Scaffolds

Cell proliferation activity on the scaffolds was measured by
ready-to-use colorimetric WST-1 assay (Biovision, Milpitas,
CA, USA) on days 1 and 3 after seeding of the cells. The
assay principle is based upon the cleavage of the tetra-
zolium salt WST-1 to formazan by cellular mitochondrial
dehydrogenases. The generation of the dark yellow col-
oured formazan is measured at 450 nm and is directly
correlated to cell number. The measurement was per-
formed according to the manufacturer’s instructions by
using a microplate reader (Biotek Synergy HTX, USA).
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Cell vizualisation on 3D scaffolds

HDFs on the 3D scaffolds cultured 1 and 3 days after seed-
ing were fixed to evaluate the adhesion properties by
scanning electron microscopy (SEM). The cell-scaffolds
constructs were transferred to the 24-well plate, fixed in
4% paraformaldehyde, dehydrated with a graded series
of ethanol concentrations of 60%, 70%, 80% and 99% (v/v).
Then the scaffolds were wrapped in aluminum foil and
dried in desiccator for 2 days (10). The scaffolds placed on
the platform were plated with 5 nm gold for 20 minutes
by the Q150R S (Quorum) instrument. Copper banding was
then applied to the platform to eliminate charging effect.
Images were taken by ZEISS Sigma 500 VP FE-SEM.

Histological examination

Cell-scaffold constructs were removed from the media,
washed three times in PBS and fixed in 4% paraform-
aldehyde at 4 °C for 24 h. This was followed by a tissue
processing procedure and embedded in paraffin and cut
into 5 um thick sections. The sections were then stained
with hematoxylin & eosin (H&E). The morphology, distribu-
tion, and ECM production of HDFs cultured on 3D printed
PLA, PCL and PET scaffolds were examined under light
microscope (Olympus, BX51 microscope) (11). In immuno-
histochemical (IHC) evaluation, 5 um thick sections were
treated with type IV collagen primary antibody (bs 10423R,
Bioss) and incubated at 4°C for overnight. Antigenic sites
were visualised by diaminobenzidine solution and coun-
terstained with hematoxylin. The images were taken with
a light microscope (Olympus BX51 microscope) with X20
magnification (12, 13).

Statistical analysis

Statistical analyses were performed using SPSS 24 soft-
ware program. The results were expressed as mean = SD.
Two groups were compared using Mann Whitney U test. A
value of p< 0.05 was considered significant.

3.Results
The viability of HDFs on 3D Scaffolds

A higher viability of HDFs was observed on 3D PLA scaf-
folds with respect to 3D PCL scaffolds on day 1. The viability
of HDFs on 3D PLA scaffolds was significantly higher than
3D PCL scaffolds on day 1 (p=0,05) (Figure 1A). Also, a
higher viability of HDFs was observed on 3D PLA and 3D
PET scaffolds with respect to 3D PCL scaffolds on day 3.
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The viability of HDFs on 3D PLA and 3D PET scaffolds was
significantly higher than 3D PCL scaffolds on day 3 (p=0,05)
(Figure 1B).
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Figure 1. The viability of HDFs on 3D printed PLA, PET and
PCL scaffolds on day 1 (A) and day 3 (B).

The morphology of HDFs on 3D scaffolds

The morphology of HDFs on 3D printed PLA, PET and PCL
scaffolds was examined on days 1 and 3 and SEM images
were taken to observe the attachment of HDFs to the scaf-
folds. SEM images showed that HDFs on 3D PLA scaffolds
attached to the surfaces, filled the interfiber gaps, main-
tained their tissue specific spindle shape morphology, and
exhibited cell-cell and cell-scaffold interactions on day 3
compared to 3D PCL and 3D PET scaffolds. However, HDFs
could not be detected on 3D PCL scaffolds on days 1and 3
(Figure 2).

PLA PET

*l.
i

Figure 2. SEM images of 3D printed PLA, PET, and PCL
scaffolds seeded with HDFs for 1 and 3 days.

Histological analysis

H&E staining showed that spindle shape morphology was
more prominent on 3D PLA scaffolds on days 1 and 3. 3D
PLA scaffolds were with uniform distribution of HDFs com-
pared to 3D PCL and 3D PET scaffolds on days 1 and 3. It
was observed that HDFs on the 3D PET scaffolds clustered
on days 1 and 3. HDFs on 3D PCL scaffolds demonstrated
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lower cell viability and round cell morphology on days 1 and
3 compared to other scaffolds. Moreover, HDFs on 3D PCL
scaffolds showed individual distribution (Figure 3).

PLA
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Figure 3. H&E staining in HDFs seeded on 3D printed PLA,
PET, and PCL scaffolds on days 1 and 3.

Immunoreactivity for type IV collagen was observed in
HDFs on all 3D printed PLA, PET and PCL scaffolds on days
1 and 3. Type IV collagen expression in HDFs on 3D PLA
scaffolds was stronger than in HDFs on 3D PET and 3D
PCL scaffolds. Type IV collagen expression was similar for
HDFs on 3D PLA on days 1 and 3. Immunoreactivity for type
IV collagen was also similar in HDFs on 3D PET scaffolds
on days 1and 3. However, type IV collagen immunoreactivity
was lower on day 3 in HDFs on 3D PCL scaffolds compared
to day 1 (Figure 4).
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Figure 4. Type IV collagen staining in HDFs seeded on 3D
printed PLA, PET, and PCL scaffolds on days 1 and 3.

4.Discussion

In the present study, we investigated the viability, adhesion.
distribution and collagen IV expression of HDFs seeded on
3D printed PLA, PCL, and PET scaffolds in vitro. Our results
showed that HDFs attached to 3D PLA scaffolds with a
higher viability compared to 3D PCL scaffolds on day 1.
Also, the viability of HDFs on 3D PLA and 3D PET scaffolds
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was significantly higher than 3D PCL scaffolds on day 3.

PLA is a biodegradable aliphatic polyester, and has hydro-
philic properties (14). It has extensively been used as a
biomaterial for the human body because of its adsorbabil-
ity and non-toxicity after degradation (15). In our previous
study, we reported that HDFs continued to proliferate and
attach to 3D PLA scaffolds on days 12 and 18 after seeding
(16). Both our current and previous results show that PLA
is biocompatible and safe in the short and long periods. PET
has been used successfully in the medical field, for exam-
ple for prosthetic vascular grafts, due to its high strength,
biocompatibility, and long-term performance (17). Aladdad
et al reported that 3D PET scaffolds were able to support
human corneal stromal stem cell adhesion and prolifera-
tion (5). Our 3D PET results are consistent with this study.
PCL is a biocompatible, biodegradable, and good elastic
polymer with a low degradation rate when used alone (18).
It has poor cell adhesion properties due to its hydrophobic
properties. (18). Previous studies reported a low cell viabil-
ity for 3D PCL scaffolds and suggested that this could be
related to the hydrophobic characteristic of the PCL surface
(19, 20). Our low cell viability results for PCL are consist-
ent with these studies. However, another study showed a
higher viability for HDFs seeded on 3D PCL scaffolds (21).
These contradicting results might be due to the differences
in scaffold manufacture. A recent study showed that there
was no difference in the viability of MCF-7 breast cancer
cells seeded on 3D PET and 3D PCL scaffolds (22).

HDFs on 3D PLA scaffolds show their specific spindle
shape morphology on day 3 compared to 3D PCL and 3D
PET scaffolds. HDFs on 3D PLA scaffolds also show cell-
cell and cell-scaffold interactions as observed by SEM.
H&E staining demonstrated that spindle shape morphol-
ogy was more prominent on 3D PLA scaffolds on days 1
and 3. 3D PLA scaffolds were with uniform distribution of
HDFs compared to 3D PCL and 3D PET scaffolds on days 1
and 3. This might be due to the hydrophilic characteristic
of PLA which induces a more uniform distribution of cell
attachment. Type IV collagen is a type of collagen found
primarily in the skin within the basement membrane zone
(23). Olsen et al showed the expression of type IV collagen
in HDFs (24). A previous study emphasized the importance
of type IV collagen expression in wound healing (25). In our
study, immunoreactivity for type IV collagen was observed
in HDFs on all 3D printed PLA, PET and PCL scaffolds. Type
IV collagen expression in HDFs on 3D PLA scaffolds was
stronger than in HDFs on 3D PET and 3D PCL scaffolds on
days 1 and 3.

Currently, there is no information comparing the viability,
adhesion and distribution of HDFs on 3D printed PLA, PET
and PCL scaffolds. Our study provides data for the bio-
logical behaviour of HDFs on these 3D scaffolds. Further
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studies are needed to design composite scaffolds and
investigate the characteristics of these composite scaf-
folds in HDFs.

5. Conclusion

We demonstrate that 3D PLA scaffolds create a suitable
environment for HDFs and may provide a high advantage
for skin tissue engineering applications. Moreover, the
higher viability, adhesion and the uniform distribution of
HDFs on 3D PLA scaffolds suggest that they would have
a promising potential in skin tissue regeneration.
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