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Abstract: Introduction The use of scaffolds in tissue engineering is becoming increasingly important
as solutions need to be found to preserve human tissues such as bone or cartilage. Various factors,
including cells, biomaterials, cell and tissue culture conditions, play a crucial role in tissue engineering.
The in vivo environment of the cells exerts complex stimuli on the cells, thereby directly influencing
cell behavior, including proliferation and differentiation. Therefore, to create suitable replacement or
regeneration procedures for human tissues, the conditions of the cells’ natural environment should
be well mimicked. Therefore, current research is trying to develop 3-dimensional scaffolds (scaffolds)
that can elicit appropriate cellular responses and thus help the body regenerate or replace tissues. In
this work, scaffolds were printed from the biomaterial polycaprolactone (PCL) on a 3D bioplotter.
Biocompatibility testing was used to determine whether the printed scaffolds were suitable for use
in tissue engineering. Material and Methods An Envisiontec 3D bioplotter was used to fabricate the
scaffolds. For better cell-scaffold interaction, the printed polycaprolactone scaffolds were coated
with type-I collagen. Three different cell types were then cultured on the scaffolds and various
tests were used to investigate the biocompatibility of the scaffolds. Results Reproducible scaffolds
could be printed from polycaprolactone. In addition, a coating process with collagen was developed,
which significantly improved the cell-scaffold interaction. Biocompatibility tests showed that the
PCL-collagen scaffolds are suitable for use with cells. The cells adhered to the surface of the scaffolds
and as a result extensive cell growth was observed on the scaffolds. The inner part of the scaffolds,
however, remained largely uninhabited. In the cytotoxicity studies, it was found that toxicity below
20% was present in some experimental runs. The determination of the compressive strength by
means of the universal testing machine Z005 by ZWICK according to DIN EN ISO 604 of the scaffolds
resulted in a value of 68.49 ± 0.47 MPa.

Keywords: bone tissue engineering; 3D printing; PCL; Collagen I; coating; biocompatibility; MG-63;
MLO-Y4; Human MSC

1. Introduction

Due to demographic change, the average age of the population will continue to rise.
According to the Federal Statistical Office of Germany, demographic change in Germany
is becoming increasingly acute. Every second person in Germany today is over the age
of 45 and every fifth person over the age of 66 [1]. The inhabitants of the EU are also not
younger, here one of five inhabitants is older than 65 years [2]. Coupled with this, the
number of cases of bone diseases and defects, such as osteoporosis, will also increase [3].
In 2019 alone, 239,204 arthroplasties were implanted in the hip and 190,427 in the knee [4].
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According to a Eurostat study for 2019, Switzerland, Austria, Belgium, and Finland are at
the same high level with 275 to 300 hip replacements per 100,000 inhabitants as Germany
with 311 [5]. Open reductions of multiple fragment fractures of long tubular bones in
the joint region with subsequent osteosynthesis also represent a large proportion of total
operations (225,974 operations; 16,974,415; as of 2019 in Germany) [4]. The mentioned
methods for the treatment of bone defects, however, have some weaknesses. In the case of
implants in the knee and hip area, the phenomenon of stress shielding occurs again and
again. It describes that due to a too high modulus of elasticity of the implant, the load that
is normally distributed to the bone is now mostly transferred to the implant and the bone
loses density due to lack of load. This greatly compromises the long-term stability of the
implants [6]. Another disadvantage exists with the previous osteosynthesis material. Metal
implants are often used in surgeries to fix fractures. Since these do not degrade on their own,
they are removed in another operation. In 2018, the number of such cases was 176,768 [4].
This is one of the main reasons why interest in biodegradable replacements for metal
implants continues to grow [7]. Another treatment method for bone defects is autogenous
bone grafting. In this procedure, bone is harvested from a healthy part of the patient’s
own body and placed in the defective site. This treatment has been the gold standard
for bone replacement for many years. In addition, there is the option of an allogeneic
bone graft in which the tissue is transplanted from one person to another [8,9]. While
these treatments have been revolutionary and life-saving, complications can come with
both allogeneic and autogenous bone grafting. Autogenous graft harvesting is expensive,
painful, limited by anatomic constraints, and associated with donor site morbidity due to
infection and hematoma. Similarly, allogeneic bone grafts have serious limitations because
access to sufficient tissue is problematic for affected patients and there is a risk of rejection
by the immune system. In addition, there is a possibility here of transmitting infection or
disease from the donor to the patient [10]. A solution to these problems may lie in tissue
engineering and 3D printing. Langer and Vacanti define tissue engineering as follows:
“Tissue engineering is an interdisciplinary field of research that applies the principles of
engineering and the life science toward the development of biological substitutes that
restore, maintain, or improve tissue function” [11]. Scaffolds are used in tissue engineering.
These are three-dimensional constructs with defined properties (e.g., porosity, mechanical
strength, degradation behavior). Three-dimensional printing has become an important
tool in the field of tissue engineering. The ability to print scaffolds of biomaterials with
controllable properties, such as internal structure, porosity, and interconnectivity (all
pores are interconnected), makes three-dimensional printing so superior to conventional
techniques [12,13]. For example, custom constructs can be made to fit the exact needs of
the patient and their injury [12,14]. The scaffolds provide a matrix for the cells to build
new tissue [15]. In addition, the interconnectivity of the pores provides nutrient and
metabolic waste transport. Therefore, the scaffolds have a suitable surface that is ideal for
cell attachment, cell growth, and cell differentiation [8]. Thus, tissue engineering does not
focus on the complete replacement of defective tissue, but rather on the regeneration of
damaged tissue [10]. The scaffolds can either be implanted directly into the defect or the
desired patient-specific cells are harvested by biopsy and cultured on the scaffold before
being used [16]. The difficulty in creating such scaffolds is to provide the cells with an
extracellular matrix in which they can proliferate and carry out their normal metabolic
activity. Only in this way can new tissue be established in the scaffolds [17]. In addition,
the mechanical properties of the scaffold should be similar to those of the recipient tissue so
that the stress-shielding factor is as low as possible [18]. These biological and mechanical
properties can be significantly influenced by means of a suitable scaffold geometry. The
pore size plays the most important role [19]. The minimum pore size is about 100 µm due
to cell size and transport and migration requirements [20]. Numerous studies have shown
that the pore size should be between 100 µm and 300 µm to allow good cell-penetration,
-migration and -growth properties [19]. Regarding the mechanical properties, there is still
no clear consensus in the scientific community. Our aim was to investigate the influence of
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collagen-I coating on 3D printed PCL scaffolds on the growth of three different cell types:
MG-63; MLO-Y4 and MSC. The geometries of the scaffolds were kept constant with strand
widths of 200 µm and strand spacing of 250 µm. Because PCL scaffolds are very difficult to
populate with cells and because the final constructs are to be used for bone regeneration,
our scaffolds have been coated with collagen-I (a major component of bone).

2. Materials and Methods
2.1. Materials

PCL Mn 45,000 g/Mol, PBS, EDC (N-Ethyl-N′-(3dimethylaminopropyl) carbodi-
imide hydrochloride) and Triton X-100 were purchased by Sigma-Aldrich (now Merck,
Darmstadt, Germany). Trypsin—EDTA, DMEM-F12, DMEM-12 phenol red free, Peni-
cillin/Streptomycin, α-MEM Medium and Newborn Calf Serum were purchased by GIBCO
(Amarillo, TX, USA). The Live/Dead Cell Staining Kit (Calcein, Ethidium dimer III) was
purchased by PromoKine (Thermofisher Scientific, Waltham, MA, USA). Ethanol and
GIEMSA solution were purchased from Merck (Darmstadt, Germany). Collagen-I (rat) was
purchased from Corning (New York, NY, USA). The osteoblast-like cell line MG-63 (ATCC
CRL 1427) and the osteoclast-like cell line MLO-Y4 (EKC 002) were used for all cell culture
experiments. Additional MSC from human bone marrow were used (ethics vote FREEZE
of the ethics commission of Freiburg University Medical Center). The primary antibody:
anti-collagen I (ab6308) was purchased from abcam (Cambridge, UK) and the secondary
antibody: goat anti-Mouse IgG Alexa Flour 488 was purchased from ThermoFisher Scien-
tific (Waltham, MA, USA). LowCross Buffer was purchased from CANDOR (CANDOR
Bioscience GmbH, Wangen, Germany).

2.2. Methods
2.2.1. Manufacturing of the PCL Scaffolds

The PCL scaffolds were manufactured using a 3D bioplotter (ENVISIONTEC GmbH,
Gladbeck, Germany). The manufacturing principle is based on the melt extrusion process.
The PCL (Mn 45,000 g/mol) was heated to 80 ◦C in the printer cartridge and extruded
at a pressure of 4.0 bar and a speed of 1 mm/s through a 24 g needle (inner diameter
550 µm). The extruded material was deposited in a polystyrene Petri dish. To ensure
that the printed strands of the first layer had the optimum strand geometry, the platform
under the Petri dish was kept at a constant 18 ◦C. For a uniform strand geometry, the
parameters needle offset (Noff) and preflow or postflow were determined. The needle
offset indicates the distance between the printer needle and the Petri dish during the first
layer. The homogeneity of the first layer determines how evenly the overlying layers are
printed. The preflow or postflow parameter determines how long the material is extruded
before or after the ribbon is deposited. All printing parameters influence each other. The
optimal parameters for the scaffolds in this work are summarized in Table 1. It was printed
dynamically, with the resulting strand diameter smaller than the inner diameter of the
needle used. The scaffolds should have a strand diameter of 250 µm and the strand spacing
should also be 250 µm. A total of 12 layers were printed 90◦ layer-rotated on top of each
other.

Table 1. Parameters for 3D Printing.

Needle Inner Diameter Temperature Pressure Speed Noff Pre-/Postflow Platform Temperature

550 µm 80 ◦C 4.0 bar 1.0 mm/s 0.17 mm 0.7 mm/s 18 ◦C

2.2.2. Collagen-I Coating of the PCL Scaffolds

The first step of the coating process is the cleaning of the scaffolds. For this purpose,
the scaffolds were immersed in an ascending ethanol series (30%, 50%, 70% 80%, 96%,
100%) five times per concentration. In the next step, the scaffold surface was modified
with the piezobrush PZ3 (relyon plasma GmbH, Regensburg, Germany). For this purpose,
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the scaffold was placed on a glass petri dish and the piezobrush was passed over the
scaffold for 60 s (30 s, 10 s pause, 20 s) with uniform movements (please see Figure A1a
in Appendix A). It should be noted that without the pause, the PCL will be re-melted
by the laser. In advance, a 24-well plate was already prepared with 600 µL collagen I
solution ([c] = 3.77 mg/mL) so that the scaffolds could be placed in the collagen bath
immediately after treatment with the piezobrush. The corrugated plate was then placed
in the refrigerator (approximately 5 ◦C) on a rocker table shaker (Rocker 2D Digital) for
72 h to ensure even distribution of collagen. After 72 h, the scaffolds were transferred to a
new 24-well plate and dried for 24 h at approximately 37 ◦C. After drying, there is a layer
of Collagen I on the scaffolds. This is cross-linked in a cross-linking solution in the final
step. For this purpose, 1 mL of EDC (N-ethyl-N′-(3dimethylaminopropyl) carbodiimide
hydrochloride) solution was added per well. For 100 mL of EDC solution, 958.5 mg of EDC
powder was dissolved in 100 mL of 95% ethanol. After incubation in the EDC solution for
16 h (at room temperature), the scaffolds were cleaned with deionized water and sterilized
with 70% ethanol.

2.2.3. Characterization of the Coated Scaffolds

The PCL scaffolds were measured and weighed for characterization. The strand
width, strand height and pore size were determined using a VKX-210 3D laser scanning
microscope (KEYENCE, Osaka, Japan). Scaffold dimensions were measured using a digital
caliper (Burg-Wächter, Wetter-Volmarstein, Germany). The weight was determined using a
Practum analytical balance from Satorius. A minimum of five scaffolds were measured by
the different characterization methods. The surface roughness was measured for coated
and pure PCL scaffolds. The 3D laser scanning microscope VKX-210 from KEYENCE was
also used for this purpose. The images for evaluation were taken 400x magnification. The
surface roughness was evaluated and calculated using the VK Analysis Module (V3.5.0.0).
In order to be able to make a statistically significant statement, at least five scaffolds
per group (coated/uncoated) were measured at five different locations. To analyze the
microstructure of the PCL scaffolds, images were taken with an ESEM (FEI Quanta 250 FEG,
Thermofisher Scientific, Waltham, MA, USA). For this purpose, the scaffolds were glued
with a carbon conductive pad to the sample pin holder and examined with an excitation
voltage of 10–20 kV. The magnifications HFW (Horizontal Field Width) were 746 µm and
373 µm.

To determine the integrity of the collagen coating, the collagen-I coated scaffolds were
first washed with Phosphate Buffered Saline (PBS). After washing, they were incubated for
45 min at room temperature in a so-called blocking solution. The blocking solution consists
of PBS, 1% BSA and 0.1% Triton X-100. Subsequently, the scaffolds are washed again
3 times with PBS. The primary antibody was then added, this was previously dissolved
1:1000 in a buffer (lowcross buffer). For the detection of collagen, the antibody “Mouse anti-
human collagen 1 (ab6308)” at a concentration of 1.5 mg/mL was used as primary antibody.
After addition of the primary antibody, the scaffolds are incubated at 4 ◦C overnight.
Subsequently, the scaffolds were washed again 3 times with PBS. Now the scaffolds were
incubated in the secondary antibody (dissolved 1:500 in lowcross buffer) for 60 min at
room temperature. The secondary antibody is “Goat anti mouse Alexa 488” antibody from
ThermoFisher Scientific. These antibodies are labeled with a fluoreschrome, allowing them
to be examined later with a fluorescence microscope (Olympus BX-53, Olympus, Shinjuku,
Japan) with 100–500 ms illumination time (excitation at 495 nm (blue), emission 519 nm
(green)) [21]. The thickness of the collagen-I coating was examined with ESEM and image
analysis with ImageJ (FIJI modification).

2.2.4. Biocompatibility Tests

In this work, the biocompatibility tests were performed with three different cell types
(MG-63, MLO-Y4 and MSC). Each of these cell types required individual cultivation.
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All three cell types were cultivated in 75 cm2 cell culture flasks from CELLSTAR in an
incubator (37 ◦C, CO2 saturation 5%). The cell culture flasks for MLO-Y4 were coated with
Rat Tail Collagen type I (0.15 mg/mL) in advance. The culture solutions for the cell types
are listed below:

• MG-63: DMEM-F12 medium with L-glutamine and 15 mM HEPES (2-(4-(2-hydroxyethyl)
-1-piperazinyl)-ethanesulfonic acid) and the additions of 1% penicillin/streptomycin
(P/S) and 10% fetal bovine serum (FBS).

• MLO-Y4: Alpha-Mem medium with L-glutamine and deoxyribonucleosides and the
additions 1% P/S, 2.5% FBS inactivated and 2.5% Newborn Calf Serum.

• MSC: bmMSC expansion medium (GMP+); DMEM medium (500 mL), 1 M HEPES
(12.5 mL), L-glutamine (5.0 mL), P/S (5.0 mL), heparin (1 mL), Human Plasma cen-
trifuged, filtered (25 mL), Human Platelet Lysate (25 mL).

Live/Dead Assay

On each scaffold 100 µL of cell specific medium were pipetted with the following
cell concentrations: MG-63: 25,000 cells/100 µL; MLO-Y4: 50,000 cells/100 µL; MSC:
50,000 cells/100 µL. The well plates were then incubated for 2 h at 37 ◦C and a CO2
saturation of 5% in an incubator. After two hours, 1 mL of the specific cell medium
described previously was added to each well before incubating the well plates in the
incubator for 3, 7 and 10 days. The staining solution was prepared by adding 2 mL
DPBS (art. no. 14190-094, Gibco, Grand Island, NE, USA) to a Falcon tube (Greiner
Bio-One International GmbH, Kremsmünster, Austria) and 4 µL ethidium homodimer
III (Eth D-III) solution (together with calcein part of the Live/Dead Cell Staining Kit II
(PromoCell, Heidelberg, Germany)) according to the manufacturer’s protocol (PromoCell).
An amount of 1 µL of calcein dye was added after mixing the staining solution. All steps
were performed in the dark to avoid photobleaching of staining solution and samples. To
eliminate serum esterase activity, all samples at a time point had the medium removed
and the cells washed. Staining was then performed according to a previously published
protocol [19]. Evaluation was performed using an Olympus fluorescence microscope
(BX51, Olympus, Osaka, Japan) at five different positions on the samples at 5× and 10×
magnification.

LDH Assay

LDH measurements were performed after 24, 48 and 72 h. In addition to the scaffolds,
positive control (Triton X, 100% toxicity) and negative controls (cells only, 0% toxicity) were
used for the measurements at the different times. Both coated and uncoated scaffolds were
also used. Cells were seeded onto the scaffolds and membranes in 100 µL of their medium
(MG-63: 25,000 cells/100 µL, MLO-Y4: 50,000 cells/100 µL, MSC: 50,000 cells/100 µL).
These were then incubated for 2 h in an incubator at 37 ◦C and 5% CO2 saturation. Fol-
lowing this, 1 mL of DMEM-F12 medium without phenol red was added to all wells
with the additions of 1% P/S and 1% FBS. Since FBS in higher concentrations may induce
background absorption, only 1% FBS was used. In the positive controls (C+), an additional
1% Triton X 100 was added to kill 100% of the cells. After 24 h incubation in the incubator,
100 µL from each well was transferred to three new wells of a 96-well plate. Thus, from one
well, three wells of 100 µL each were obtained. To ensure that the “blank” had the same
concentration of phenol red, 100 µL of DMEM-F12 medium containing phenol red was
added to this well, prior to transfer. To evaluate the cytotoxicity, the Cytotoxity Detection
Kit solution was prepared. For this, 111.1 µL of catalyst solution was mixed with 5 mL of
staining solution. Of this, 100 µL was pipetted into each well before incubating the well
plate in darkness for 30 min. At the end of the 30 min, the absorbance at 490 nm could be
measured using a spectrometer. The experiment was performed a total of four times.
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WST-I

Cells were again seeded on the scaffolds and as control on Thermanox cover slips in
the same number and concentration as in the previous biocompatibility tests. After two
hours of incubation in the incubator at 37 ◦C and 5% CO2 saturation, the cells adhered to
the scaffolds and Thermanox cover slips (as control) so that the respective medium (1 mL)
could be added. Plates were then incubated in the incubator for 3, 7 and 10 days. For this
purpose, all medium was aspirated, and all wells were washed three times with PBS. Then,
the scaffolds and Thermanox cover slips were transferred to a new 24-well plate. In the old
well plate, 300 µL of DMEM medium without phenol red (additives: 1% FBP and 1% P/S)
was added to each of the wells where the scaffolds and membranes were previously. In
the new well plate, 600 µL of the same medium was added to each of the wells containing
the scaffolds and membranes. The blank contains only DMEM medium without phenol
red (same additives) and was measured to account for background absorbance. Finally,
10% WST was added to all samples of the respective measurement time point (3, 7, 10d)
and incubated for 2 h in the incubator. After 2 h, the absorbance was measured using a
spectrometer at 450 nm.

GIEMSA

Since Live/Dead staining could only visualize the cells on the surface of the scaffolds,
Giemsa staining was applied to analyze the cell growth behavior inside the scaffolds. For
this purpose, the cells were first fixed on the scaffolds after each live/dead experiment. For
this purpose, the scaffolds were washed once with PBS in the first step and then incubated
in a buffered 4% formaldehyde solution for ten minutes at room temperature. After ten
minutes, the scaffolds were washed three times with PBS. Following this, Giemsa staining
was performed. For the staining, the scaffolds were placed in a 1:10 Giemsa solution
(azure-eosin-methylene blue solution) for ten minutes. The scaffolds were then washed
with distilled water until no more purple dye came out. Before the scaffolds could be
evaluated under a light microscope, they were cut in half with a sharp blade and air dried.
Under the light microscope (Olympus SZ61 stereomicroscope), the nuclei were stained
purple due to complexation of the dye with deoxyribonucleic acid.

2.3. Mechanical Tests

The compressive strength of the scaffolds was investigated using the Zwick Universal
Testing Machine Z005 (Zwick/Roell, Ulm, Germany). First, a pre-load of 1 N was set to
reach the surface of the specimen. The actual measurement was then carried out with
a maximum force of 2000 N. The stop criterion was reaching the maximum force or a
deformation of 80%. According to the DIN EN ISO 604-2003, at least 5 samples have been
tested. The compressive strength was recorded by Test Xpert III v. 3.31 (Zwick/Roell).

2.4. Statistics

All values in this paper are expressed as mean ± standard deviation. The associated
calculations were performed using Origin 2020 Professional SR1. ANOVA was used for
significance testing (p < 0.05).

3. Results
3.1. Characterization of the Coated Scaffolds
3.1.1. Size and Weight

For characterization, the PCL scaffolds were weighed and measured. The length,
width and height of the scaffold were measured, as well as the strand width and strand
height (see Figure 1). At least five scaffolds were used in each case. The samples were ap-
proximately square with 8.55 × 8.53 mm base area. The scaffolds averaged 2.08 ± 0.02 mm
in height and weighed approximately 75 mg. The strand widths were 234.7 ± 13.91 µm
and the strand spacing 258.75 ± 9.62 (see Table 2).
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Figure 1. Overview of the 3D printed Scaffolds; (a): CAD model; (b): two layers of the 3D printed scaffold, image taken
directly while printing from the Envisiontec 3D Bioplotter; (c): 3D Laserscan Image of the scaffolds; (d): 3D reconstruction
of the 3D lasaerscanning microscopy data.

Table 2. Size, weight and strand width of the 3D printed PCL scaffolds (n = 15).

Length [mm] Width [mm] Height [mm] Weight [mg] Strand Width [µm] Strand Spacing [µm]

8.53 ± 0.03 8.55 ± 0.03 2.08 ± 0.02 74.27 ± 3.39 234.7 ± 13.91 258.75 ± 9.62

3.1.2. Surface Roughness

The surface roughness was determined for the coated collagen scaffolds and the
pure PCL scaffolds. For this purpose, five scaffolds each were examined at five different
locations. The PCL scaffolds without coating showed a roughness of 4.11 ± 0.27 µm and
the collagen-coated samples a roughness of 3.35 ± 0.3 µm (see Figure 2).

3.1.3. Microstructure by ESEM

For the detection of the collagen coating of the PCL scaffolds, they were cryo-broken
before the ESEM investigations. Thus, cross-bracing from the center of the scaffold could
be investigated. The collagen coating of the PCL scaffolds was made visible by the ESEM
investigations.
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Figure 2. Comparison of surface roughness of (a): uncoated (b): collagen coated PCL scaffolds; images taken with KEYENCE
VK-X210 3D Laserscanning microscope.

The second goal of the ESEM investigations was to visualize the different cell types
on the surface of the scaffolds.

Figure 3c shows the MG-63 cells on the surface of the PCL scaffold. It can be seen
that the cells arrange themselves relatively regularly. Whereas the MLO-Y4 cells show a
different behavior (especially on the right side of Figure 3d). The distance between the
cells is larger and the cells partly migrate under the collagen coating. The MSCs also
adhere well to the surface and even interact with the collagen coating (see Figure 3e white
arrow). Using ESEM and image analysis with ImageJ (FIJI modification), a thickness of
2.088 + 0.39 µm was determined for the Collagen I coating. In addition, it was determined
that the Collagen I coating has a uniform thickness over the entire scaffold.

Figure 3. Cont.
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Figure 3. ESEM Images of the PCL scaffolds; (a): uncoated PCL; (b): collagen coated PCL (arrow); (c): MG-63 cells (blue
arrows) on collagen coated PCL scaffolds; (d): MLO cells (red arrows) on collagen coated PCL scaffolds and (e): MSC (white
arrows) on collagen coated PCL scaffolds; the cells were cultivated for 3 days on the scaffolds prior to ESEM measurements;
Images taken with ESEM FEI Quanta 250 FEG, Large Field Detector, 20 kV acceleration voltage; 130 Pa; HFW 373 µm
(Figure 3a 746 µm).

3.1.4. Characterization of the Collagen-I Coating

For the detection of the collagen layer on the scaffolds, an immunoassay was per-
formed on randomly selected scaffolds. Collagen-coated scaffolds and untreated scaffolds
were stained using immunofluorescence and observed under the fluorescence microscope
(Olympus BX53, Olympus, Shinjuku, Japan). As shown in Figure 4 below, the uncoated
scaffold does not fluoresce at all, whereas the collagen-I coated scaffold fluoresces bright
green (Figure A1b in Appendix A shows another position). The exposure time for the
image of the uncoated sample was 5x longer at 500 ms than for the collagen-I coated sample
at 100 ms. Additionally, the characterization of the collagen-I coatings was also carried out
by means of ESEM (FEI Quanta 250 FEG).
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Figure 4. Fluorescense Images of (a): uncoated PCL scaffolds; (b): collagen-I coated PCL scaffolds; immunoassay with Alexa
Fluor 488 (excitation at 495 nm (blue), emission 519 nm (green); Images taken with Olympus BX 53 Fluorescense Microscope,
10x magnification; (c): ESEM image of collagen-I coated scaffold Magnification 6400x (HFW 46.6 µm); (d):enlargement of a
specific area of the ESEM image (red square in Figure 4c) of the collagen-I coating 12800x (HFW 23.3 µm), ESEM images
taken with FEI Quanta 250 FEG with Large Field Detector, 10 kV acceleration voltage; 130 Pa.

3.2. Biocompatibility
3.2.1. Live/Dead Assay

Figure 5 shows an increase in cell number for the MG-63 cells over the study period.
On day 3, there are areas on the scaffold surface where only isolated cells can be seen, while
on day 7 the surface is already confluently covered. In addition, by day 7, cells begin to
colonize the pores by bridging the corners of the pores. By day 10, some of the pores are
fully colonized and bridged. The number of dead cells also increases over the course of
the experiment. However, the number of dead cells is significantly lower compared to
the live cells. Table 3 shows the cell numbers per mm2 for the three different cell lines,
sorted according to total cells, dead cells and percentage of dead cells (%). A continuous
increase in cell number/mm2 can be seen during the course of the experiment. In addition,
the proportion of dead cells is very low compared to the total number of cells. While the
total number of cells increases fivefold from day 3 to day 10, the number of dead cells only
increases by a factor of two. The proportion of dead cells was still about 17% on day 3 of
the experiment, about 7% on day 7 and only about 6% on day 10.
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Figure 5. Cont.
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Figure 5. Comparison of total, living and dead cells of three different cell types (MG-63, MLO-4 and MSC) on the surface of
the collagen coated PCL scaffolds at 3 different time points, images taken with Olympus BX-53 flourescense microscope.

The MLO-Y4 cells, like the MG-63 cells, showed an increase in live cells over the
experimental days (Figure 5). However, a striking feature of the MLO-Y4 cells is that the
live cells were difficult to identify under the microscope. Some cells were only slightly
green in color and were barely distinguishable from the background. Therefore, it was
difficult to quantify the percentage of live cells versus dead cells. DAPI staining was
essential in this case. In contrast, the dead cells were easy to recognize. Their proportion
also increased over the experimental days. Particularly from day 7 to day 10, there was a
strong increase in dead cells. Table 3 illustrates the cell number progression on the scaffold
surface over the experimental period of 10 days. It can be observed that the number of all
cells per mm2 increases sharply from day 3 to day 7, before it starts to decrease from day 7
to day 10. The number of dead cells increases continuously throughout the experimental
days. This increase is particularly strong from day 3 to day 7. In percentage terms, the
percentage of dead cells on day 3 is about 10%. It also increases continuously with 16% on
day 7 and 23% on day 10.
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Table 3. Number of all cells or dead cells, and percentage of dead cells for three different cell lines
(MG-63, MLO-Y4, MSC).

MG-63 Cells

Analysis Time [d] Total [Cells/mm2] Dead [Cells/mm2] Percentage Dead
Cells [%]

3 263 ± 219 44 ± 29 17
7 881 ± 118 63 ± 31 7
10 1518 ± 258 90 ± 35 6

MLO-Y4 Cells
3 354 ± 169 37 ± 10 10
7 1174 ± 754 192 ± 146 16
10 984 ± 546 223 ± 189 23

MSC
3 398 ± 140 27 ± 6 7
7 744 ± 89 58 ± 18 8
10 630 ± 80 61 ± 7 10

The number of living MSC increases rapidly from day 3 to day 7, so that already on
day 7 the pores of the scaffolds are populated over a large area. On day 10, it can be seen
how the cells span the pores. The number of dead cells also increases with the days, but
their proportion is significantly lower (see Figure 5). The number of all cells increases
from day 3 to day 7 and then starts to decrease. Compared to this, the number of dead
cells is significantly lower, but increases steadily over the test days. After three days, their
percentage is about 7%, after 7 days 8% and after 10 days 10% (see Table 3)

3.2.2. Cytotoxicity

After 24 h, no significant cytotoxicity is seen for all cell types. For the MG-63 and
the MLO-Y4 this changes with the duration of the experiment, while for the MSC no
cytotoxicity worth mentioning is seen even after 72 h. The cytotoxicity of the MG-63 and
MLO increases somewhat after 24 h. For the MLO, the value decreases again after 48 h,
while for the MG-63 it increases even more (Figure 6).

Figure 6. Cytotoxicity of the collagen-coated PCL scaffolds at defined times for the 3 different cell
lines; neg. control = cells only; pos. control = Triton X.

3.2.3. Cell Proliferation Assay

Figure 7 shows the course of proliferation during the ten days of the experiment. In
the cell culture plate with the remaining cells (C + R), hardly any proliferation can be
seen in all three cell types at any time. Consequently, all cells adhere to the Thermanox
membrane (C+). The number of cells remaining in the cell culture plate with the scaffolds
(Scaff + R) increases over the experimental period of 10 days. The proliferation rates of the
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cells on the scaffolds (Scaff) differ. In MG-63 (Figure 7a), proliferation increases steadily
over the days, whereas in MLO-Y4 (Figure 7b) it hardly increases from day 7 onwards and
even decreases in MSC (Figure 7c). With regard to proliferation on the scaffolds, it can
be summarized that proliferation increases for all three cell types in both wells (Scaff and
Scaff + R) during the course of the experiment. However, a higher number of cells seem to
migrate through the scaffolds in MG-63 and MLO-Y4 than in MSC. Cell proliferation on
the scaffolds is highest in the MSC, followed by the MLO-Y4 and the MG-63.

Figure 7. Overview over the cell proliferation assays for the 3 different cell types; (a): MG-63; (b): MLO-Y4; (c): MSC;
C + = Positive control/cells on Thermanox, Scaff = Cells on scaffold; C + R = remaining cells in the control cell culture plate,
Scaff + R = Remaining cells in the TCP sample cell culture plate.

3.3. Mechanical Testings

The determination of the compressive strength of the PCL Scaffolds by means of the
ZWICK universal testing machine Z005 according to DIN EN ISO 604 resulted in a value
of 68.49 ± 0.47 MPa. As expected, the collagen-I coating had no effect on the compressive
strength of the specimens.

4. Discussion
4.1. Sample Characterization
4.1.1. Dimensions

When measuring the strand width of different scaffolds, it was noticed that the width
is not always constant (strand width: 234.7± 13.91 µm). As a result, there are always minor
deviations in the pore size of the scaffolds. The deviations can have a variety of causes,
such as the ambient temperature of the printer, an uneven printing substrate (Petri dish)
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or even a different temperature of the PCL during extrusion. The printer indicates when
the printing temperature has been reached, but not whether the PCL has reached the set
temperature everywhere in the cartridge. In this work, the minimum waiting time after the
start of the heating process was at least 30 min.

4.1.2. Surface Roughness

When measuring the surface roughness, it was found that the crystal size of the cured
PCL could have an influence on the roughness. When comparing the crystal sizes, it is
noticeable that they are very different. This depends on the crystallization conditions. Ac-
cording to the classical crystallization theory, Koltzenburg et al. [22] describe crystallization
in two stages: via nucleation and subsequent growth. The amount of nuclei formed deter-
mines how many crystals are formed. Since the polymer chains in the melt are interlocked,
crystallization proceeds relatively slowly and can therefore be controlled primarily by the
cooling rate. In the case of rapid cooling, a large number of crystallization nuclei form in
the material, resulting in many small crystals. In addition, the amount of nuclei can be
controlled by so-called nucleating agents. Nucleating agents are substances that can drive
the formation of nuclei. The different crystal size in this work could therefore either be due
to temperature changes (in the environment, cartridge or platform), or with the cleaning of
the printing instruments with chloroform. Smallest residues in the cartridge could change
the crystal formation.

4.1.3. Microstructure Analysis via ESEM

In the ESEM images, it became clear that the cells not only adhere to the collagen-PCL
surface, but also interact with it. Thus, the MLO-Y4 cells were able to migrate under the
collagen coating, while the other cell types remained on the collagen coating.

4.2. Biocompatibility
4.2.1. Live/Dead Assay

All three cell types (MG-63, MLO-Y4 and MSC) were able to adhere well to the
scaffolds and proliferate. The proportion of dead cells was at all times significantly lower
than the proportion of live cells. On closer inspection, it was noticeable in the MG-63 cells
that the proportion of dead cells was highest at 17% on day 3 of the experiment. The days
after that, the percentage decreased to about 6% (day 10) and the cells proliferated by leaps
and bounds (day 3: 263 cells/mm2, day 10: 1518 cells/mm2). One reason for this could be
that the switch (culture flask to scaffold) initially caused a negative reaction for the MG-63
cells [23]. However, after a few days, the cells adapted to the new environment and were
thus able to proliferate strongly. The MLO-Y4 cells showed an opposite development. Here,
the percentage of dead cells increased from 10% on day 3 to 23% on day 10. The number of
MLO-Y4 first increased sharply from day 3 (354 cells/mm2) to day 7 (1174 cells/mm2), but
then decreased to 984 cells on day 10. One possible explanation for this could be images
of the MLO-Y4 displayed on the ESEM. Moreover, since the MLO-Y4 are able to migrate
under the collagen, the area of the scaffold is limited and already completely colonized after
7 d. Fournier et al. [24] also reported MLO-Y4 cells in collagen scaffolds. They could not
demonstrate a negative effect of collagen on MLO-Y4 cell number, but an influence of the
initial cell number. Overall, the MSC show a similar cell growth behavior to the MLO-Y4.
The number of MSC also increases from day 3 (398 cells/mm2) to day 7 (744 cells/mm2)
and subsequently decreases to 630 cells/mm2 on day 10. Compared with MLO-Y4, the
number of MSC does not increase as much from day 3 to day 7. The proportion of dead
cells is very low in MSCs compared to the other two cell types. At day 3, the percentage of
dead cells was only 7%, at day 7, 8%, and at day 10, 10%. The decreasing number of MSC
may be based on the same cause as for MLO-Y4. Somaiah et al. [25] also report an increase
in the MSC cell numbers on collagen coatings.
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4.2.2. Cytotoxicity

The LDH test showed that the cells showed a very low LDH activity below 20%.
Mondal et al. [26] also reported a low cytotoxicity of less than 5% with collagen hydrox-
yapatite scaffolds and MG-63 cells. However, they only used an MTT test for their work.
Compared to their work, our value is significantly higher, but this may be due to the PCL
used. In preliminary tests it was shown that both MG-63 and MLO-Y4 do not grow well on
pure PCL. Kim et al. [27] combined PCL with PLGA. No significant cytotoxicity could be
determined for them either. However, they were only examined over 48 h using a CCK-8
proliferation kit.

4.2.3. Cell Proliferation

The proliferation rate of the three cell types, with few exceptions, increases steadily
over the experimental days. For MG-63, the proliferation rate on the scaffolds increases
by approximately 447% from day 3 to day 10. This value correlates with the results from
the Live/Dead experiment. Here, a strong increase in cell number was also observed.
The proliferation rate on the scaffolds of MLO-Y4 also increased during the course of the
experiment. The increase here is approximately 148% from day 3 to day 10. The MSCs have
the smallest increase with a proliferation increase of about 130%. This is due to the fact that
the proliferation rate, compared to the two other cell types, is already very high on day
3 (see Figure 7). The results from the wells in which the cells were allowed to proliferate
under optimal conditions (C+) also correlate with the results from the Live/Dead assay
(see Figure 5). A very strong increase in proliferation rate can be seen in MG-63. At day 3,
the value was still about 0.3, at day 7 about 1, and at day 10 about 1.5. In comparison, the
proliferation rate of MLO-Y4 at day 3 is already high at the beginning with about 0.6 and
experiences a stagnation at about 1 from day 7. For MSCs, proliferation is highest at day 3
at 0.76. In the further course, the value increases to approx. 1 (day 7) and subsequently
falls to approx. 0.8 on day 10. This trend is similar in the live/dead assay: From day 7
on, the total number of MSC and MLO-Y4 decreases. To provide an indication of whether
most of the cells adhered to the scaffolds or “slipped” through the pores, the scaffolds
were transferred to a new well after 3, 7 and 10 days. Thus, proliferation of cells on the
scaffolds and at the bottom of the well could be measured. For MG-63, it was found that the
proliferation rate at the bottom of the well was higher than on the scaffolds. Accordingly,
the majority of MG-63s appear to “slip” through the scaffolds. The situation is similar for
the MLO-Y4. Again, the proliferation rate at the bottom of the well is higher than on the
scaffolds. However, the difference is not as large as in the MG-63 (see Figure 7). The MSC
show the best result in the experiment. Here, proliferation on day 3 at the bottom of the
well is only minimally higher than on the scaffolds. From day 7 onwards, the proliferation
rate on the scaffolds is in some cases significantly higher than on the bottom. In comparison
with the other two cell types, the proliferation rate of the MSC is also higher on the scaffolds
and thus the adhesion of the MSC to the scaffolds is better (see Figure 7).

4.3. Mechanical Testings

Our scaffold, with a compressive strength of 68.49 ± 0.47 MPa, is slightly below the
values for cortical bone obtained by Evans and Vincentelli [28] in regional dependence
in Caucasian males in 1974 with values of 89–124 MPa. Auer et al. [29] even discuss
a compressive strength of 150 MPa in regard to cortical bone. In an older paper, Evan
et al. [30] reported a compressive strength of spongy bone of 11–40 MPa and cortical bone
of 85–323 MPa. Compared to these values, the PCL scaffold is right in between—more
compressive than cancellous bone, but not quite as compressive as cortical bone.

5. Conclusions

It was shown in this work that it is possible to print scaffolds from the biomaterial PCL
using a 3D printer. In addition, it was shown that the scaffolds with a collagen coating are
well suited for use in tissue engineering. The cell experiments proved that the cells adhere
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and proliferate very well to the scaffolds. In the MSC and MG-63, it was also observed
that the cells colonize the entire available scaffold surface by spanning the pores. Cell
growth within the scaffolds was also investigated. It was clear that the majority of cells
colonize the scaffold surface. ESEM images also showed that MLO-Y4 in particular is able
to interact with and migrate through the collagen coating. Biocompatibility testing also
showed successful results. The cells of all three cell types were able to show an increasing
proliferation rate on the scaffolds. For the MSC, the proliferation rate on the scaffolds was
mostly higher than next to the scaffolds. Thus, it could be proven that the seeded MSC
adhere excellently to the scaffolds. In the further course, the scaffolds were examined for
their cytotoxicity. Little to no cytotoxicity was measured for the MLO-Y4 and MSC. For the
MG-63, it needs to be clarified in the future what caused the cytotoxicity in the experiment.
Despite this, the live/dead and WST experiments showed that the scaffolds are well suited
for all three cell types. In conclusion, the collagen-PCL scaffolds are biocompatible and 3D
printing with a bio plotter is a suitable method for use in tissue engineering.
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Appendix A

Figure A1. Additional Images: (a): Plasma treatment with Relyon Piezobrush PZ3; (b): fluores-
cence image of immunoassay on a different position of the scaffold, image taken with fluorescence
microscope Olympus BX-53, 100 ms exposure time.
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