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PBS — Phosphate-buffered saline

FFF — Fused Filament Fabrication
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sICAM-1 —Soluble intercellular adhesion molecule-1
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1. INTRODUCTION

To ensure basic physiological processes of the organism, cells in
tissues should interact with each other and with the extracellular
environment (i.e. extracellular matrix - ECM). Moreover, to maintain
homeostasis in the organism, they should respond to the behaviour of
neighbouring cells and feel the changes of the ECM. Stem cells,
harbouring in the tissues, play a special role in the organism’s
regeneration processes. By sensing alterations in the ECM, stem cells
are able to differentiate in the required direction to repair damaged
tissue.

To understand the mechanisms of all these processes, various in
vitro models that mimic many biological phenomena, such as cell-
cell or cell-ECM interactions, are being developed. Knowledge of
such biological contacts and their impact on cell fate is important
both theoretically and practically. Thus, findings about cell-ECM
interplay can be applied for artificial tissue construction in practice.

Loss of organs/tissues or disruption of their functions, which can
largely depend on "inappropriate” cell interactions, is one of the
biggest problems in medicine. Currently, such diseases are treated by
organ/tissue transplantation. Although this procedure has helped
hundreds of thousands of patients, doctors are still unable to
guarantee successful tissue or organ integration after the
transplantation. Therefore, tissue or organ transplantation is usually
carried out only in cases when there is no other way to save human
life. Moreover, the most common problem of transplantation is the
lack of donor tissues or organs. According to the National Transplant
Bureau under the Ministry of Health, 475 patients, 19 of whom are
children, were waiting for a transplant in Lithuania on December 16,
2019. Meanwhile, there have been only 51 effective donors this year.

Although bone tissue is capable to regenerate naturally, its need
in transplant surgery is no exception. Millions of people annually
worldwide are affected by a loss of bone tissue because of the bone
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defects and deficiencies that are formed due to trauma, inflammation,
tumours or genetic diseases, when bone is no longer capable of self-
repair. To treat these bone defects, bone grafts are considered the
“gold standard”. There are three major categories of materials which
are commonly used in bone grafting surgical procedures: autografts,
allografts and xenografts. Yet, the use of auto-, allo- and xeno-grafts
has some disadvantages. Autografts suffer from limited resource and
donor-site morbidity due to potential infection and haematoma;
moreover, harvesting requires an additional surgical procedure.
While problems associated with allografts and xenografts can be
pathogen transmission to the patient and immunological rejection by
the recipient's body. Therefore, using the latest tissue engineering
achievements, scientists are seeking to create patient-specific,
biocompatible, osteoconductive, and osteo- and angio-inductive
artificial stem cells and scaffold derivatives (constructs) which
ensure effective diseased bone tissue regeneration. Moreover, it is
desired that constructs manufacture process would be inexpensive
and high in production speed.

Bone tissue constructs that meet these criteria can be
manufactured by combining polymeric (such as polylactic acid
(PLA), etc.) and bioceramic (hydroxyapatite (HA), bioglass (BG),
etc.) materials with one of the most promising technologies — fused
filament fabrication (FFF) 3D printing. 3D printing technology is
becoming more and more inexpensive and adaptable in tissue
engineering applications, thus selecting proper materials and
awareness of their biological properties, as well as impact on cell
fate, is becoming a significantly important topic.

To produce osteoconductive, osteo- and angio-inductive artificial
bone, it is not enough to select right materials combinations and
optimal scaffold production method. To facilitate artificial bone
construct integration into patient's organism, the scaffold should be
also enriched with active biological molecules and/or pre-seeded
with autologous patient‘s stem cells.
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One of the most promising method for scaffold surface decoration
is autologous cell-derived extracellular matrix (ECM) coating. Such
ECM network enriches scaffold with a variety of signalling and
structural protein molecules, making its surface more attractive for
cell attachment, migration, or even differentiation. Scaffold coating
with cell-derived ECM is a rapidly growing field of research, but
until now the role of such ECM in bone tissue regeneration has been
investigated using only a few types of cell cultures and scaffolds.

For personalized artificial bone construction and cell-scaffold
interaction studies the most widely used cell type is mesenchymal
stem cells (MSC). Dental pulp stem cells (DPSC) are an adult
mesenchymal stem cell source that possesses high proliferative, self-
renewal, and multipotency capabilities. Importantly, DPSCs tend to
spontaneously differentiate into osteogenic lineage. All these
properties make DPSCs a perfect autologous MSC choice for this
kind of studies.

In this work we analysed various FFF 3D-printed PLA scaffold
modifications’ impact on cell fate. Rat DPSCs were selected as a
model, which helped to understand the cellular responses to different
substrate modifications. PLA scaffolds were modified by altering
their topography, chemical composition, and surface coating with
proteins in order to determine the impact of each substrate
modification on cell functions and properties, focusing on cell
osteogenesis processes.

1.1 Aim of the study

To determine the influence of different substrate modifications on
the fate of stem cells for construction of functional artificial bone
tissue.



1.2 Study objectives

1. To investigate the role of surface macrotopography (> 100 um)
in the fate of dental pulp stem cells (DPSC).

2. To evaluate the impact of substrate chemical composition on
DPSC vital processes.

3. To analyze the role of chemical composition of the material in
cell osteogenesis.

4. To determine the effect of substrate bio-decoration on DPSC cell
motility, attachment and proliferation.

5. To evaluate the impact of surface decoration on cell osteogenic
differentiation.

6. To model and evaluate the signal sent by the construct to the
recipient tissues under in vitro conditions.

1.3 Novelty of the study

Until now it was known that only nano- and microsurface
topographies can regulate cell fate. In this work, it was demonstrated
that FFF 3D printed macrosurface topographies (> 100 um) are
sufficient enough to initiate spontaneous stem cells osteogenic
differentiation. This proves that FFF 3D printing can be successfully
applied for cheaper, faster and personalised production of scaffolds
for artificial bone tissue.

Furthermore, for the first time physical and osteoinductive
properties of FFF 3D printed PLA+HA and PLA+BG scaffolds were
compared. It was determined that PLA+BG composite is more
suitable for artificial bone tissue construction. These results will
contribute to optimizing artificial bone tissue construct production.

Promising scaffold decoration technology — surface coating with
cell-derived ECM- was also investigated in this work. Here, for the
the first time this technology was applied using primary DPSCs and
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FFF 3D printed PLA scaffold. It was observed that DPSC-derived
ECM significantly improves osteoinductivity of the scaffold in vitro.

Moreover, using in vitro methods, evaluating the potential of
different constructs’ (cell-scaffold) signals to the organism was
attempted. This was the first time then this kind of study was
performed to compare constructs made from primary DPSCs and
PLA+HA, PLA+BG, PLA+ECM scaffolds. It was shown that DPSC-
PLA+BG and DPSC-PLA+ECM constructs should ensure the best
bone regeneration. Therefore, we believe that by combining DPSCs,
macroporous PLA+BG scaffold and DPSC-derived ECM, successful
bone tissue regeneration can be expected in vivo.

This scientific work significantly contributes to bone regenerative
medicine progress which would lead to a breakthrough in new
generation medicine.

2. MATERIALS AND METHODS

2.1 Materials

Sigma-Aldrich Co.: Ethylenediaminetetraacetic acid (EDTA);
dimethylsulfoxide (DMSO); L- ascorbic acid 2-phosphate; trisodium
citrate dihydrate; sodium dodecyl sulfate (SDS); 50 wt. %
glutaraldehyde; TWEEN 20; 1,3 % picric acid; 99, % isopropanol;
polybrene; Crystal violet; alizarin red S (ARS); oil red O; Direct Red
80.

Thermo Scientific: 50 MM EDTA; DNaze | (#EN0521); RNaze A,
10 mg/ml (#ENO0531); Phosphatase Substrate Kit (#37620); Maxima
SYBR Green/ROX ¢gPCR Master Mix (2X) (#K0221);
Lipofectamine 3000 Reagent.

Invitrogen: UltraPure Glycine; PureLink RNA Mini Kit
(12183018A); goat ant-mouse secondary 1gG (H+L) antibody, Alexa
Fluor 488 conjugated.

Applied Biosystems: High capacity cDNA Reverse Transcription
Kit (00506262).
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AppliChem GmbH: 70 % perchloric acid; Triton X-100; bovine
serum albumins (BSA); 96% acetic acid; 37 % hydrochloric acid
(HCI).

Life  Technologies:  TRIzol;  4',6-Diamidino-2-phenylindole
dihydrochloride (DAPI).

Gibco: Phosphate-buffered saline (PBS) tablets; Iscove's Modified
Dulbecco's Medium (IMDM); Dulbecco's Modified Eagle Medium
(DMEM); fetal bovine serum (FBS); penicillin-streptomycin (10,000
units/ml and 10,000 pg/ml, respectively) solution.

Carl Roth, GmbH: 4 % paraformaldehyde solution.

Valentis: 10 % ammonia (NH40H).

R&D Systems: Proteome Profiler Rat Cytokine Array Kit, Panel A
(ARYO008).

Addgene: lentiviral vectors - pLIJM1-mCherry, pCMV-dR8.9,
pCMV-VSV-G.

Nanodiagnostika: gPCR primers.

Decon Laboratories Limited: Decon-90.

Vilniaus degtiné: 96 % ethanol (EtOH).

Merck Millipore: rhodamine phalloidin; primary anti-Vinculin
mouse antibody.

ATCC: HEK293T cell line.

Ultimaker Original: PLA filament.

STP chem solutions co.: Ltd. PLA beads.

Riga Technical University: HA powder.

XL Sci-Tech, Inc: BG 45S5 beads.

2.1.1 Solutions

DPSC and PKEL growth medium: IMDM, 10 % FBS, 100
units/ml penicillin and 100 pg/ml streptomycin.

HEK293T growth medium: DMEM, 10 % FBS, 100 units/ml
penicillin and 100 pg/ml streptomycin.

PKEL-R selection medium: DMEM, 10 % FBS, 100 units/ml
penicillin and 100 pg/ml streptomycin and 5 pug/ml puromycin.
EDTA/trypsin solution: 0.02 M EDTA and 0.025 % trypsin
solution; prepared in a ratio 4:1.
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Crystal violet dye: 0.1 % crystal violet solution, prepared in 20 %
EtOH.

Elution buffer: 0.1 % acetic acid, diluted in 50 % EtOH.

ARS dye solution: 2 % ARS, diluted in deionized water pH = 4.1
4.3. Required pH was adjusted with NH,OH or H,SO,.

Ascorbic acid solution: 5 mg/ml L- ascorbic acid 2-phosphate,
diluted in PBS.

20x sodium citrate buffer (SSC): 3M NaCl and 0.3 M trisodium
citrate solution; prepared in deionized water, pH = 7.0. Required pH
was adjusted with 10 M NaOH.

Lysis solution: 0.02 % SDS solution, prepared in 1x SSC solution
Decellularization solution: 0.5 % Triton X-100 and 20 mM
NH4OH; prepared in PBS.

Blocking solution: 3 % BSA and 10 % FBS solution; prepared in
PBS.

Sirius Red dye: 1 mg/ml Direct Red 80, diluted in 1.3 % picric acid
Nuclease solution: 0.5 % Triton X-100 and 20 mM NH40H,
prepared in PBS

2.2 Methods

221 Cell culture isolation and cultivation

Rat DPSCs and PKELs were used for this study. The use of rat
DPSCs and PKELs as well as their extraction procedure was
approved by license of Animal research ethics committee (Lithuania)
No. G2-40, 2016-03-18. Cell isolation and characterisation protocols
are described in (Alksne et al., 2019). Isolated DPSCs and PKELs
were maintained in growth medium at 37 °C in a humidified
atmosphere containing 5 % CO,. The cells used in the experiments
were up to 20 passages.
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2.2.2  Genetic modification of cells

2.2.2.1 Lentivirus production

Lentivirus production was performed using the HEK293T (human
embryonic Kidney cell line, that expresses a mutant version of the
SV40 large T antigen) cell line. The packaging (pPCMV-dR8.91),
envelope (pCMV-VSV-G) and target (pLIJM1-mCherry) protein
coding lentivirus vectors were used for lentivirus production.

Briefly, HEK293T lentivirus packaging cells (7-10* cell/cm?)
were seeded into cell culture plate and cultured overnight at 37 °C in
a humidified 5 % CO2 atmosphere. After predetermined time, when
cells reached 70-80% confluence, HEK293T transfection was
performed using Lipofectamine 3000 reagent. The transfection
procedure was performed according to the manufacturer's protocol.
A mixture of lentiviral vectors was prepared at a mass ratio of
2:1.2:0.8 (pLIM1-mCherry:pCMV-dR8.91:pCMV-VSV-G). After
18 h, the media was replaced with a growth media modified to
contain 20% FBS, and the virus was harvested at 24 h after the media
switch. Harvested media with virus was transferred to a glass tube
with polybrene (8 pg / ml). The resulting mixture was filtered
through a 0.22 pm filter. The filtered suspension was stored at -80 °
C until use.

2.2.2.2 Lentiviral transduction

Red fluorescent PKELs (PKEL-R) were generated by transducing
produced lentivirus into PKELS.

PKELs were plated at a density of 1-10* cell/cm?. The next day,
prepared lentivirus-polybrene mixture was transferred to PKELs at
volume ratio 1:2 (lentivirus-polybrene mixture:GM). After 24 h, the
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media was replaced with normal GM and cells were cultured for
another 24 h. After predetermined time, the GM was replaced with
selection media (containing puromycin), where cells were grown for
3-5 days. During these days, successfully transduced cells formed
red (PKEL-R) fluorescent cell culture.

2.2.3 Scaffold production and analysis of their characteristics

2.2.3.13D printing of scaffolds with differently macro-
structured surface

For distinctly macro-structured scaffold preparation a clear (pure)
PLA material was used. Scaffolds were printed using FFF 3D printer
“Ultimaker” Original (Ultimaker B.V.).

Briefly, the nozzle diameter was 400 pum. The operating
temperature was set to 180-190°C, and the pinpoint scanning
velocity was set to 30 mm/s. The printing bed was of room
temperature, and the cooling fan rate was set to 65 of its capacity
(default value). Scaffold structures were created using the AutoCAD
2017 software package and the resulting models were saved in STL
format. STL format models were converted to g-code by the 3D
printer software.

Two different scaffolds were manufactured: with porous and
wavy topography. The obtained line width and height were: 500 um
and 188 pum; 188 um and 250 um, respectively. The dimensions of
3D printed scaffolds were 3 cm x 3 cm x 1.6 mm. For in vitro
studies, scaffolds were cut into 1 cm x 1 cm x 1.6 mm pieces.

Before use, scaffolds were immersed in Decon-90 for 24 h,
washed 30x with distilled water and immersed in 96 % EtOH for
another 24 h. After predetermined time, scaffolds were maintained
under UV light for 1 h.
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2.2.3.2 Composite filament preparation

Raw materials used for composite filament preparation were PLA
(racemic polymer composed of D and L isoforms) beads — particle
size 100 — 800 um, molecular weight 42 700 (g/mol); HA powder -
particle size 50 um; and BG 45S5 - particle size 38-75 pm.

Composite materials were prepared by thoroughly mixing the
PLA and HA or PLA and BG powders at mass ratio of 9:1; in the
case of pure PLA filament, only PLA pellets were used. Before
extrusion, the mixture was stored in a sealed bag with silica gel
pellets to absorb all the moisture from the material, as otherwise, the
extrusion process was hard to control due to bubble formation in the
filament. A desktop extruder (Filabot Original, Filabot HQ) equipped
with a 1.75 mm nozzle was used to fabricate the filament. The
extruder was pre-heated to 145 °C. A self-made spooler with
adjustable spooling speed was used to wind the filament onto the
reel. During the extrusion process, the temperature of the extruder
was manually adjusted in the range of 140 — 145°C when needed.
The diameter of the prepared composite filament varied from 1.28 to
1.6 mm.

2.2.3.3 Composite scaffold production

Composite scaffolds were fabricated using an FDM 3D printer 2
(Pharaoh XD 20, Mass Portal). The printing head was computer-
controlled in three axes of delta mode (X, y, z with a xyz speed of 35
mm/s). The nozzle diameter was 400 um. Scaffolds were designed
with a pore size of 450 um and a total porosity of 48 %. The scaffold
geometry was a 3D macro-structured woodpile with threads rotated
at an angle of 60° in respect to the ones of the previous layer. Each
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scaffold layer consists of two 400 um width and 200 um height
threads moulded together, which formed a 400 um height layer. All
scaffolds had eight layers (Fig. 1A). The dimensions of 3D printed
scaffolds were 3 cm x 3 cm x 1.6 mm. For in vitro studies, scaffolds
were cut into 1 cm x 1 cm x 1.6 mm pieces.

Before use, scaffolds were immersed in Decon-90 for 24 h,
washed 30x with distilled water and immersed in 96 % EtOH for
another 24 h. After predetermined time, scaffolds were maintained
under UV light for 1 h.

2.2.3.4 Decellularized PLA scaffolds production

To produce PLA scaffolds coated with cell-derived ECM, DPSCs
suspension (3:10* cell/cm?) were seeded on pure PLA scaffolds.
Cells-scaffold constructs were cultivated for 7 days in GM
containing 100 pg/ml ascorbic acid solution, half of media was
changed every second/third day. After 7 days, scaffolds were washed
2x with PBS and transferred to -20 °C freezer for 30 min. After that,
decellularization solution was added onto the samples, incubated for
1 h with gentle shaking (25 rpm, with Biometra WT 17) at 37 °C.
After that, decellularization solution was aspirated, specimens were
rinsed 2x with PBS and nuclease solution was added, incubated for 1
h with gentle shaking (25 rpm) at 37 °C. After predetermined time,
nuclease solution was aspirated and samples were washed 2x with
PBS. After washing step, the 0.1 % glutaraldehyde solution
(prepared in PBS) was added, incubated 4-6 h at 4 °C. After
incubation, specimens were rinsed with PBS and immersed in 0.1 M
glycine solution (prepared in PBS), incubated over night at 4 °C. The
next day, samples were washed again 2x with PBS and stored in PBS
at 4 ° C until use.
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2.2.35SEM imaging

A scanning electron microscope (Hitachi TM-1000) was used to
analyse the surface and morphology of the scaffolds. The sides of the
prepared scaffolds were prepared by cutting specimens with laser
light filament fabrication technology, 10 mm from the sides.
Scaffolds were scanned edgewise (15 images in total for each group).
Thread height, width and distance between threads were measured
using ImageJ (1.8.0_112).

2.24  Analysis of cell-scaffold interaction

2.2.4.1 Evaluation of cell morphology and adhesion

In order to determine DPSCs behaviour on tested scaffolds the
gualitative and quantitative evaluation of cell morphology and
adhesion was performed by seeding DPSCs (5-10* cell/cm?) on
scaffolds and visualizing the F-actin filaments presented within the
cells. For that purpose, DPSC were grown on PLA scaffolds for 2
and 24 h. After predetermined time points, samples were fixed with
4% paraformaldehyde at room temperature for 15 min with gentle
agitation (25 rpm). Then samples were rinsed 3x for 5 min with 0.2%
Triton X-100 in PBS and stained with 5 U/mL rhodamine phalloidin
and 12.5 pg/mL DAPI working solution in PBS in a dark for 60 min
at room temperature. After incubation, samples were rinsed 3x for 5
min with PBS. Specimens were visualized by fluorescence inverted
microscope (Olympus 1X51).

Differences in cells' morphology and shape were evaluated by
measuring cells and their nucleus aspect ratios (relationship between
the width and height) using image processing program Imagel
(ImageJ 1.8.0_112).
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Quantitative differences in cells’ adhesion efficiency were
calculated by measuring the DPSCs surface area on different
scaffolds at predetermined time points using an image processing
program ImageJ (1.8.0_112).

2.2.4.2 Cellular adhesion strength

DPSCs adhesion strength on tested scaffolds was qualitatively and
quantitatively evaluated by visualising focal adhesions (FA) within
the cells 24 h after seeding (5x10* cell/cm?) on different scaffolds.
Cultured cells were fixed with 4 % paraformaldehyde solution for 15
min at room temperature with 25 rpm shaking. Then samples were
washed 3x with 0.2 % Triton X-100 in PBS for 5 min at room
temperature and blocked for 1 h with blocking solution. After
blocking procedure, specimens were incubated with primary mouse
anti-vinculin antibody (1:50) for 1 h at room temperature with 25
rpm shaking. Then, samples were washed 3x with 0.05 % Tween-20
in PBS for 5 min and incubated with secondary goat anti-mouse
antibodies conjugated with Alexa Flour 488 (1:500) and 12.5 pg/mL
DAPI solution in PBS for 1 h at room temperature in the dark with
25 rpm agitation. The samples were washed 3x with PBS for 5 min at
room temperature and visualised by fluorescence inverted
microscope (Olympus 1X51). Quantitative differences in cell
adhesion strength were determined by counting FA within the cells
using image processing program ImageJ (1.8.0_112).

2.2.4.3 Cell migration

For evaluation of cell migration on tested scaffolds, vertical cell
migration assay was performed. For this reason, DPSCs or PKELs
(5x10* cell/cm?) were seeded in tissue culture plate wells. After 24 h,
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tested scaffolds were placed on the formed cell monolayer and
incubated for 72 h. Then, specimens were transferred to the new
plate wells and washed with PBS. The numbers of cells which have
migrated on each scaffold were determined by Crystal Violet assay.
Briefly, samples were stained with crystal violet dye for 30 min with
25 rpm shaking. Then, the specimens were washed 3x with deionized
water and the crystal violet was dissolved in the elution buffer and
incubated for 10 min. Dissolved crystal violet absorbance was
measured using a microplate spectrophotometer Varioskan Flash
(Thermo Scientific) at 590 nm. In order to evaluate scaffolds
background, samples were placed on the cell monolayer for 3 h and
then processed as described above.

A gualitative assessment of PKEL migration on scaffolds covered
with DPSCs was also performed. Transfected red fluorescing cells,
PKEL-R, and unmodified DPSC were used in this study.

In parallel, PKEL-R (5-10° cell/cm?) and DPSC (1-10* cell/cm?)
were seeded into cell culture plate wells and on the tested scaffolds,
respectively. 48 h after seeding, scaffolds with DPSCs were
transferred to plate wells where the PKEL-Rs was growing. After 3
and 72 h, scaffolds were transferred to the new plate wells and
washed 2x with PBS. Obtained samples were visualised by
fluorescence inverted microscope (Olympus [X51).

2.2.4.4 Cell proliferation

In proliferation experiments, DPSCs (3-10* cell/cm?) were grown on
tested scaffolds for 24, 48, 72, 96 and 120 h. Three hours after
seeding, scaffolds were transferred to new plate wells containing
GM, except cells grown on the cell culture plate surface, whose GM
was changed. After predetermined time points, GM was removed,
wells were rinsed 2x with PBS solution and plates were transferred
to —20°C freezer at least for 1 h. After that, cells were lysed with
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0.04% SDS solution prepared in the SSC buffer by shaking (300
rpm) for 30 min at 37°C. Obtained lysates were diluted 2x with SSC
and mixed (1:1) with 4 pg/mL DAPI solution in 1xSSC; after 1 h of
incubation in the dark by shaking (300 rpm), the DAPI-DNA
fluorescence was measured (Aexcitation = 360 nm, Aemission = 460 nm)
using a microplate reader Varioskan Flash (Thermo Scientific). Cell
number was evaluated by comparing fluorescence intensity to
calibration curve values which has been prepared earlier (Figure S1).
Results were standardized according to cell number determined on
the appropriate scaffolds after 24 h of incubation.

2.2.4.5Evaluation of cytokines presented in secretomes

In order to evaluate cytokines which were secreted by DPSCs
cultivated on tested scaffolds the cytokine expression assay were
performed. For this reason, DPSCs (1-10° cell/cm?) were grown on
tested scaffolds for 7 days. After that, scaffolds were rinsed 2x with
PBS and transferred to new plate wells containing GM without FBS.
After 48 h, GM, with DPSCs secreted cytokines, was collected and
centrifuged for 4 min. at 1000 g (HERMLE, Labortechnik GmbH).
Supernatants were transferred to new tubes and stored at -20 ° C
until use.

Analysis of cytokines presented in collected secretomes was
performed using Rat Cytokine Array Kit. All the procedures were
performed according to the manufacturer's protocol.
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2.2.5 Investigation of cell osteogenesis

2.2.5.1 Induction of osteogenic differentiation

For DPSCs spontaneous osteogenic differentiation evaluation, cells
(seeded cell number noted in Table 2.1) were grown on different
composite scaffolds for 1, 7 and 10 days. Specimens were
maintained in basic GM at 37 °C in a humidified atmosphere
containing 5 % CO.; half of GM was changed every second/third
day.

Table 2.1. The amount of cells which were seeded on the scaffolds
for analysis of osteogenic differentiation at the corresponding time
points.

Day Cell count

1 1x10° cell/cm?
7 3x102 cell/cm?
10 3x10? cell/cm?

2.2.5.2 Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity was detected using Phosphatase
Substrate Kit. Cells grown on tested scaffolds were immersed in 1
mg/ml p-Nitrophenyl phosphate (PNPP) solution and after 1 h of
incubation 2 M NaOH (Merck Millipore) was added to stop ALP
reaction. The reaction product was measured with spectrophotometer
Varioskan Flash (Thermo Scientific) at 405 nm.
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As a background value, scaffolds without cells were attributed.
Obtained data was normalised according to cell numbers which were
determined on each type of scaffold after predetermined time points.

2.2.5.3 Collagen amount

The amount of collagen in the ECM was determined using Sirius red
assay. At 1, 7 and 10 spontaneous differentiation days’ time points,
GM was discarded; specimens were washed 2x with PBS. Then,
Sirius Red dye was added to each sample and incubated for 1 h at
room temperature with 25 rpm shaking. Afterwards, Sirius Red
solution was removed; the samples were washed with 0.01 N HCI in
PBS and centrifuged at 100 g for 30 s (centrifuge HERMLE
Labortechnik GmbH). Sirius Red residues on the scaffolds were
dissolved in 0.1 N NaOH in PBS, by incubating for 30 min at room
temperature with 25 rpm shaking. The absorbance was measured
using a microplate spectrophotometer Varioskan Flash (Thermo
Scientific) at 550 nm. As a background value, scaffolds without cells
were used.

2.2.5.4 Osteogenesis-related gene expression

gPCR assay was performed to analyse the expression of Runx2,
Osteopontin (OPN) and Osteocalcin (OCN) genes in differentiated
DPSC. The gPCR assay was performed after induced and
spontaneous osteogenic differentiations at predetermined time points.
At each time interval, cells-PLA constructs were rinsed with PBS
and afterwards lysed with TRIzol Reagent. For successful removal of
lysate, PLA scaffolds were centrifuged at 200g for 5 min (HERMLE,
Labortechnik GmbH). Total RNA from each time interval was
isolated using a PureLink RNA Mini Kit according to product
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manual. For each sample, extracted RNA was transcribed into cDNA
using a RevertAid First Strand cDNA Synthesis Kit according to
manufacturer's instructions. qPCR was performed by using Maxima
SYBR Green/ROX gPCR Master Mix (2x). Total volume of reaction
was reduced to 10 pL, thus 1 puL of prepared cDNA was used and a
final concentration of primers in the reaction was 0.2 pM. Each
primer was designed with NCBI/ Primer-BLAST (Table 2.2). gPCR
reactions were run on the Rotor Gene Q (Qiagen). After initial
denaturation for 3 min at 95°C, gPCR amplifications were carried
out for 30 s at 95°C, 30 s at 57°C and 30 s at 72°C for 40 cycles.
Reaction was ended by samples incubation for 10 min at 72°C.
Presented relative analysed genes' expression levels were
calculated using 224t method. Results were normalized according
to expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene and undifferentiated cells, seeded on standard tissue
culture plate surface (TCPS) at initial time point, genes expression.

Table 2.2. Sequences of analysed genes primers pairs, used for

gPCR.

Gene Primer

OPN FW: 5‘-CCAGCCAAGGACCAACTACA-3¢
RV: 5--“TGGCTACAGCATCTGAGTGTTT-3¢

OCN FW: 5*-TGCATTCTGCCTCTCTGACC-3¢
RV: 5‘-CTGGGGCTCCAAGTCCATTG-3*

Runx2 FW: 5--TGAGATTTGTAGGCCGGAGC-3¢
RV: 5-GCTTCTGTCTGTGCCTTCTTG-3’

GAPDH FW: 5‘-AGTGCCAGCCTCGTCTCATA-3¢

RV: 5*-ATGAAGGGGTCGTTGATGGC-3°
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2.2.5.5 Mineralization assay

ARS staining was performed in order to evaluate calcium-rich
deposits in cell cultures. Briefly, after predetermined time points
OM/GM was removed. Afterwards, cells were rinsed 2x with PBS
and fixed with 4% paraformaldehyde at room temperature for 15 min
with gentle shaking (25 rpm). Fixative residues were removed and
cells were washed with PBS. ARS dye solution (pH = 4,1-4,3) was
added and incubated at room temperature for 20 min with shaking
(25 rpm). Thereafter, ARS solution was discarded; samples were
rinsed three times with deionized water and centrifuged at 100g for
30 s (HERMLE Labortechnik GmbH).

For qualitative differentiation evaluation, samples were analysed
microscopically (Olympus IX51). Monolayer appeared red/brownish
when stained.

For quantitative evaluation, ARS were dissolved in 5% perchloric
acid; after 10 min, absorbance was measured at 490 nm using a
microplate spectrophotometer Varioskan Flash (Thermo Scientific).
As a background value, scaffolds without cells were used.

2.2.5.6 Statistical analysis

R program package (RStudio v1.1.442) was used to perform
statistical analysis. The qPCR results were analysed with Rotor-Gene
6000 Series Software 1.7 and R.

Data were reported as median = IQR (of at least 3 independent
experiments, N > 3 samples per group). The number of FA within
cells is presented with distribution density function. Data normality
was evaluated using Shapiro-Wilk test (when n >5). Significant
differences of not normally distributed results, between three and
more groups were evaluated by Kruskal-Wallis one-way analysis of
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variance test; post hoc Tukey test was used to highlight differences
in data. Normally distributed data (also, when n < 5) with three and
more groups was evaluated using a one-way analysis of variance
(ANOVA) and subsequently analysed with the post hoc Tukey test.
p-values < 0.05 were considered to be statistically significant.

3. RESULTS AND DISCUSSION

Tissue engineering is an interdisciplinary branch of science
combining principles of engineering and life sciences to create
artificial constructs which could repair and reinforce functions of
damaged or deseased tissue (Castells-Sala Cristina, Alemany-Ribes
Mireia, 2015; Howard et al., 2008). In the construction of artificial
tissue it is important to ensure interaction between three main
components of tissue engineering — cells, scaffolds and bioactive
molecules. Only properly selected cells, scaffolds, and bioactive
molecules are able to produce a construct capable of efficiently
regenerate damaged tissue (Murphy et al., 2013). It is known that the
substrate a cell interacts with has a major impact on cell fate (Urrutia
et al., 2017). Therefore, in artificial tissue construct production, there
is an aim to create scaffolds that only by their structure and
composition would ensure optimal stem cell proliferation, migration,
and differentiation (Krishna et al., 2016).

This work was dedicated to the development of artificial bone
tissue. Here we analysed adult stem cells, extracted from dental pulp,
interaction with different substrates. Changes in the properties of
cells depending on substrate surface geometry, chemical composition
and protein coating were analyzed. Also, using in vitro assays,
evaluating the potential response of the organism to the different
constructs which could be used in damaged bone treatment was
attempted.
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Mesenchymal DPSC extracted from rat dental pulp was selected
as the study model. These cells are easily accessible, multipotential,
and therefore excellent for tissue engineering applications and
research (Mori et al., 2011; Pierdomenico et al., 2005). Our results
confirmed their ability to easily differentiate into adipocytes,
myocytes, and osteoblasts. Therefore their multipotencity capabilities
are the same as bone marrow-derived mesenchymal stem cells,
which are extensively used in tissue engineering studies (Tamaki et
al., 2013). It is known that mesenchymal stem cells isolated from
different tissues might demonstrate tendency to spontaneously
differentiate into the same tissue cells (Naruse et al., 2004). Thus,
growing DPSC on specific substrates their spontaneous osteogenic
differentiation could be achieved (Du et al., 2019). Considering the
good characteristics of DPSCs and their relatively easy extraction
procedure, which does not require additional intervention into the
patient's organism, it can be stated that these cells might be
successfully used for artificial bone tissue construction.

3.1 Influence of substrate topography on cell
behaviour

It is well known, that cell-surrounding environment plays an
important role in various cell processes (Murphy et al., 2013;
Tavakol et al., 2013; Kajita et al., 2010). It was shown that scaffold
micro- and nano- topographies alter cellular cytoskeletal
remodelling, focal adhesion formation, and various signalling
pathways activation, which in turn affects cell fate (proliferation,
migration, differentiation etc.) (Zhang et al., 2018; Zhu et al., 2018;
Niu et al., 2017; Yao et al., 2017; Kim et al., 2016; Abagnale et al.,
2015; Chaubey et al., 2008; Hamilton et al., 2008; Deligianni et al.,
2001). However, the manufacture of micro- and nano-structured
surfaces is time-consuming, expensive and requires high precision.
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These production problems could be solved with 3D printing, which
ensures fast and inexpensive manufacture of highly reproducible,
controlled geometry, interconnected porosity and patient specific
scaffolds for bone tissue engineering. Despite these 3D printing
advantages, only macrosurface (> 100 um) topographies could be
produced using this technology (Shanjani et al., 2011; Klammert et
al., 2010; Leukers et al., 2005; Lam et al., 2002). However, little is
known about macrostructured pattern impact on stem cell fate. For
this purpose, we evaluated the impact of 3D PLA surface
macrotopography on rat's DPSC orientation and morphology, leading
to a different cell behavior.

3.1.1 Manufacture of PLA scaffolds with different surface
topographies

In surface topography studies, two different scaffolds with wavy and
woodpile porous macrostructures (>100 um) were designed and 3D
printed. Produced wavy scaffolds’ structure was composed of 188
pum PLA filaments moulded together and forming a plain wavy
macro-structure (Fig. 3.1 A). Meanwhile, in porous scaffolds, 500
pum threads formed 300 um size holes, which taken together formed
50 % porosity (Fig. 3.1 B). In addition, specified pore size is the
most appropriate for bone tissue regeneration in vivo (Hannink and
Arts, 2011; Karageorgiou and Kaplan, 2005) probably because same
or even higher porosity facilitates the nutrition metabolism in the
tissue and, as a consequence, it is typical for a natural bone ECM
(Wall and Board, 2014).

The tissue culture plate surface (TCPS) was used as the control
for this part of experiments.

27



Figure 3.1. The SEM images of the 3D printed PLA scaffolds. A -
2.5D full-filled wavy scaffold; diameter of PLA filament is
approximately 188 um; B — 3D porous PLA scaffold; diameter of the
filament — 500 um; pore size is approx. 300 pm.

3.1.2 Effect of PLA scaffold topography on DPSC
morphology and proliferation

Results revealed that tested PLA macrotopographies influenced
different DPSC orientation and morphology: wavy surface
determined more straightened morphology of cells, meanwhile,
DPSC seeded on porous scaffold were flatter and bent over on the
PLA filament (Fig. 3.2). The influence of such topography on DPSC
morphology was confirmed by determining aspect ratio of cell
dimensions (Fig. 3.3 A). Evidently, cells on wavy scaffolds were
much more straightened, extended and stretched out compared to
cells which were grown on porous and TCSP surfaces (p<0.001).
Furthermore, DPSC nucleus morphology was evaluated by
measuring its aspect ratios (Fig. 3.3 B). It was revealed that cells
grown on all tested macrostructured surfaces had differently shaped
nucleus (p<0.001): nucleus of DPSC grown on porous scaffolds had
the roundest shape, while plate surface promoted the largest nucleus
elongation.
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TCPS surface Wavy surface Porous surface

Figure 3.2. Differently structured porous and wavy PLA
scaffolds dependent DPSC morphology. Immunocytochemical
visualization of cell F-actin filaments (red color, stained with
Rhodamine Phalloidin) and nuclei (blue color, stained with DAPI)
Surface of tissue culture plate (TCSP) was used as a control.

Previously it was thought that only micro- and nano- structures
can influence cell morphology (Zhang et al., 2018; Zhu et al., 2018;
Abagnale et al., 2015; 2017; Niu et al., 2017; Yao et al., 2017; Kim
et al., 2016; Yim et al., 2007). Therefore, our results imply that
surface pattern in the scale of >100 um still alters cell shape and
induces different ECM tensions which undoubtedly affect cell fate.
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Figure 3.3. DPSC and their nucleus morphology changes. A -
aspect ratio of cells; B — aspect ratio of cell nucleus. Surface of tissue
culture plate (TCSP) was used as a control. Results are presented as
median + IQR (of at least 3 independent experiments, N > 3 samples
per group). Statistically significant data are indicated as *** (p
<0.001).

After DPSC proliferation analysis differences between cell counts
determined on porous and wavy scaffolds were not registered (Fig.
3.4). Even so, obtained results showed greater DPSC proliferation on
both studied PLA scaffolds versus control TCPS surface: within 120
h, number of cells on TCPS surface increased about 8 times, which is
lower than cell number on wavy (about 12 times, p < 0.05) and on
porous PLA scaffolds (about 14 times, p < 0.01). These differences
could have appeared due to surface spatial structure (2,5- 3D) which
tends to increase the proliferation of various cell lines (Zhu et al.,
2015; Bhat and Kumar, 2012; Sasmazel et al., 2008).

Apart from apparent difference in surface area that occurs in 3D
structures versus 2D, other aspects, such as surface roughness, shape,
and diameter, should also be considered. Different components of the
surrounding environment of the cell preferentially interact with
certain integrin family members which are able to feel and react to
the surface transmitting signals to the nucleus. In our study, DPSCs
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grown on woodpile macrosurfaces of porous scaffolds and in
macrogrooves of wavy scaffolds displayed different cytoskeletal
arrangement, which revealed as different cell stretching and
compression, likely enhanced DPSC proliferation compared to planar
surface. Literature data implies that curved cell bears greater in-plane
tensile forces, linking membrane curvature to increased cytoskeletal
contractility, which results in activation of YAP signalling pathway.
This signalling cascade plays a role in cell migration, proliferation
and survival (Mascharak et al., 2017; Abagnale et al., 2015).
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Figure 3.4. Differently structured porous and wavy PLA
scaffolds dependent DPSC proliferation. Results were
standardized according to the cell numbers determined on the
appropriate surface after 24 h of incubation. Results are presented as
median £ IQR (of at least 3 independent experiments, N > 3 samples
per group). Statistically significant data are indicated as ,,*”” when
p<0.05 and ,,**”, kai p < 0.01.
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3.1.3 Effect of surface macrotopography on DPSC osteogenic
differentiation

To evaluate whether PLA scaffold’s macrotopography is sufficient
enough to induce DPSC spontaneous osteogenesis, cells were seeded
on tested substrates and the early (Runx2 and OPN protein gene
expression) and late (ALP activity, ECM mineralization and OCN
protein gene expression) bone formation markers were analysed
(Chen et al., 2018b; Xu et al., 2015; Mihaila et al., 2014; Roberts et
al., 2011; Huang et al., 2007; Lian et al., 1993). Since osteogenesis is
a stepwise process, therefore, the obtained results were discussed
according to this process order in the organism.

Runx2 and OPN proteins’ genes expression levels were evaluated
by gPCR (Fig. 3.5). Data were normalized according to expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene and
expression of genes in undifferentiated cells, grown on the TCPS at
initial time point. Results showed that both wavy and porous PLA
macrostructured  surfaces  stimulated  spontaneous  DPSC
differentiation towards osteogenic lineage by upregulating Runx2
and OPN genes expression. The highest Runx2 gene expression was
detected at the beginning of spontaneous differentiation; in DPSC
grown on wavy scaffolds it increased greater (p < 0.01) compared to
porous scaffolds. In subsequent differentiation days, significant
downregulation in Runx2 gene expression was observed on both
PLA surfaces, however, statistically significant changes in Runx2
gene expression between different tested scaffolds were not
observed. OPN gene expression during spontaneous differentiation
statistically significantly increased in time-dependent manner
throughout predetermined time points on both, wavy and porous,
macrostructured PLA scaffolds. In addition, after 1 and 7 days of
spontaneous differentiation, differences in OPN gene expression
levels (p < 0.05) between wavy and porous scaffolds were observed.
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Figure 3.5. Osteogenic-related proteins (Runx2, OPN, OCN)
genes expression levels in DPSC seeded on wavy and porous PLA
scaffolds after spontaneous osteogenic differentiation. Results are
presented as median + IQR. Statistically significant differences
between cells grown on porous and wavy scaffolds are marked with
* (p < 0.05) and ** (p < 0.01), while # shows statistically significant
differences compared to day 0 within the same scaffold group (wavy
or porous) — # (p < 0.05), ## (p < 0.01), ### (p < 0.001) and A
demonstrates a significant differences compared to day 7 within the
same scaffold group — A (p < 0.05).
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ALP activity results indicated that after 10 days of differentiation,
ALP activity in DPSC grown on both PLA macro-structured
scaffolds was statistically significantly increased compared to DPSC
at 0" and 7™ days of differentiation (Fig. 3.6 C). Not to mention,
after the 10 days of differentiation the highest (p < 0.07) ALP
activity was detected in cells grown on porous PLA scaffolds
compared to DPSC grown on the wavy ones.

Spontaneous osteogenic differentiation was also evaluated by
ARS staining. It was observed that cells formed groups on PLA
scaffolds macrogrooves and macrocavities, where the ECM
mineralization was extremely pronounced (Fig. 3.6 A). Quantitative
evaluation of ECM mineralization (Fig. 3.6 B) showed that even
after 7 days of spontaneous differentiation calcium accumulation was
significantly increased on both macrostructured PLA scaffolds. In
addition, a higher calcium deposition in ECM was elucidated on
porous scaffolds (p < 0.05) at day 7"; furthermore, this difference
remained in later differentiation days (p < 0.05).

In contrast to other analysed osteogenesis markers, OCN showed
a slightly continuous decrease in gene expression levels from the
very beginning of differentiation on both surfaces (Fig. 3.5). OCN is
an ECM protein that is a specific marker for mature osteoblasts.
Most likely, during our experiment, DPSC did not have enough time
to reach the late stage of osteogenic differentiation, to completely
differentiate into osteoblasts (Huang et al., 2007).
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Figure 3.6. Spontaneous osteogenic differentiation assessment. A
- qualitative ECM mineralization analysis by ARS staining; B -
quantification of ECM mineralization by measuring the absorption of
dissolved ARS; C — ALP activity evaluated by p-nitro phenol assay;
obtained results were standardized according to the cell numbers
determined on the appropriate surface after predetermined time
points. Results are presented as median + IQR. Statistically
significant differences between cells grown on porous and wavy
scaffolds are marked with * (p < 0.05), while # shows statistically
significant differences compared to day 0 within the same scaffold
group (wavy or porous) —# (p < 0.05), ## (p < 0.01), ### (p < 0.001)
and A demonstrates a significant differences compared to day 7
within the same scaffold group — A (p < 0.05), AA (p <0.01), AAA (p
<0.001).
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Thus, both surface macrotopographies had almost similar positive
impact on DPSC osteogenic differentiation potential and one of the
main factors determining cell osteogenic commitment could be cell
shape and cytoskeletal arrangement generated by the contact of cell
and surface macrostructures. Current knowledge states that only
micro- or nano- grooves and woodpile shapes elevate cytoskeletal
tension which, in turn, tends to activate signalling pathways, which
are important in osteogenesis (Kilian et al., 2010; McBeath et al.,
2004).

In addition, spontaneous osteogenic differentiation results
revealed that even without additional osteogenic inducers
(dexamethasone, ascorbic acid and R-glycerophosphate) the
osteogenic-related genes expression (Runx2 and OPN), ALP activity
and ECM mineralization were increasing during experimental time in
DPSC grown on macrostructured PLA scaffolds. Accordingly, it can
be stated that supplementing factors for DPSC osteogenic
differentiation is unnecessary, and osteogenic differentiation does not
require the precise micro- or nano-structured scaffold.

3.2 Influence of substrate chemical composition
on cell behavior

Composite PLA+HA and PLA+BG scaffolds (Fig. 3.7) were used to
evaluate the influence of substrate chemical composition on DPSC
fate. Composites made of PLA polymer and HA or BG bioceramics
were not chosen randomly, in order to apply obtained results in
artificial bone tissue creation.

One of the promising artificial bone graft manufacture techniques
is 3D printing and, considering potential chemical constitution,
composite material (Burgio et al., 2018; Huang et al., 2018a; Kuss et
al., 2018; Qi et al., 2018; Kim et al., 2017; Zhang et al., 2016). 3D
printing suitable composites are commonly developed by mixing HA
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and BG bioceramics with PLA or PCL polymers. Addition of
bioceramics to the polymer improves its biocompatibility,
osteoconductivity and even osteo- or angio-inductivity (Motealleh et
al., 2017; Zhang et al., 2016). However, there are no studies in which
osteoconductive and osteoinductive properties of HA or BG and
PLA composites scaffolds fabricated using 3D printing technique
would be compared to each other. Thus, to determine, which
composite material (PLA+HA or PLA+BG) is the most suitable for
the use in artificial bone grafts production by 3D printing
technology, their effect on DPSCs adhesion, migration, proliferation
and osteogenesis were compared.

Based on surface topography results, which revealed that both
investigated macrogeometries had similar positive effect on DPSC
osteogenesis, we developed an improved macrostructured
interconnected porosity scaffold model, which was used for the
production of composite scaffolds. In order to maintain the positive
osteoinductive properties of waves and pores, each scaffold layer
consists of two 400 pm width and 200 pm height threads moulded
together, which formed a 400 um height layer. All scaffolds had
eight layers. Scaffold geometry was retained, the same as in the case
of macrotopographic samples, except that threads were rotated at an
angle of 60° in respect to the ones of the previous layer.
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Figure 3.7. The SEM images of the 3D printed composite
scaffolds. Diameter of the filament is approx. 400 um; pore size is
approx. 400 pm.

Top view

Front view

3.2.1 Effect of composite PLA scaffolds on cell adhesion

Attachment to the substrate is essential for successful cell
proliferation and differentiation (Di Benedetto et al., 2015). To
compare the impact of bioceramic-polymer composites on DPSCs
adhesion efficiency, the cells were seeded on the tested composite
scaffolds and cell surface area (0.5, 2 and 24 h post-seeding) was
analysed by visualising DPSC F-actin filaments.

Obtained cell surface area measurements (Fig. 3.8 B) showed that
DPSCs were capable to adhere to all the tested surfaces. However,
after 0.5 h, the cells adhere better to composite PLA+HA and
PLA+BG scaffolds compared with pure PLA (p<0.01 and p<0.05
respectively). Although, after 24 h the best DPSCs adhesion
efficiency was observed on PLA scaffolds and the worst adhesion
was determined on PLA+BG, compared with pure PLA (p<0.01) and
PLA+HA (p<0.001).
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To understand better the cell adhesion process, focal adhesion
spots (24 h post-seeding) within the cell were visualised (Fig. 3.8 A)
and quantified (Fig. 3.8 C). The results showed that the minimum
number of FA were formed in the cells grown on composite
PLA+BG scaffolds, which means that DPSCs adhesion strength on
PLA+BG scaffolds was the weakest compared with PLA+HA
(p<0.05) and pure PLA (p<0.05). It is known that cells can only
attach to surfaces containing deposited proteins from the medium or
body fluids. The interaction between proteins and PLA+HA or
PLA+BG surface is primarily facilitated by coordinate covalent and
electrostatic bonds. For example, electrostatic interactions could
occur between the negatively charged ions (in BG) or phosphorus
groups (in HA) surface and protonated amine groups (—NH:) of
proteins, thus high surface charge density of the ions or phosphorus
of BG and HA surfaces induce strong protein adsorption (Srinivasan
et al., 2012; Lobel and Hench, 1996; Gorbunoff and Timasheff,
1984). Thus, BG containing scaffolds should have better or at least
the same interaction with cells as pure PLA scaffolds. However, in
our study, the BG beads had a negative effect on cell attachment in
the first 24 hours of cell incubation onto the surfaces.
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Figure 3.8. DPSC adhesion on 3D printed composite scaffolds. A
— immunofluorescence staining of nucleus (blue color, DAPI) and
FA spots (green color, vinculin) in DPSCs, 24 h post-seeding; B —
cell surface area after culturing for 0.5, 2 and 24 h on the scaffolds; C
— guantitative FA evaluation within the cells after culturing for 24 h.
Statistically significant data between different scaffold groups are
indicated as * (p <0.05), ** (p <0.01) and *** (p <0.001), while #
shows statistically significant differences compared to 0.5 h within
the same scaffold group — # (p < 0.05), ### (p < 0.001), A
demonstrates significant differences compared to 2 h within the same
scaffold group —AAA (p <0.001).
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3.2.2  Influence of composites on cell migration and
proliferation

Substrate chemical composition can act as a chemoattractant for cell
migration as well as initiate their proliferation (Tamburaci and
Tihminlioglu, 2018; Anselme, 2000). These surface features are very
important in tissue engineering. In order to achieve successful tissue
regeneration, after construct implantation, the stem cells surrounding
the damaged tissue area must migrate there. In the damaged area
stem cells should proliferate, differentiate and synthesise tissue
specific ECM. This would gradually replace the artificial construct
with a fully functional, newly formed tissue (Su et al., 2018).
Therefore, a scaffold developed for bone regeneration must also be
attractive for cell migration and proliferation (Su et al., 2018; Ohashi
etal., 2017).

To evaluate the impact of the different chemical composition of
scaffold filaments on cell attraction, vertical migration of DPSCs
onto tested scaffolds was assessed (Fig. 3.9 A). The results indicated
that among the tested scaffolds the most attractive for cells was
composite PLA+BG surface, in this case, DPSCs demonstrated the
highest migration potential compared to PLA (p < 0.01) and
PLA+HA (p < 0.01). These results can be caused by dissolved ions
from 45S5 BG, which stimulate cell migration (Li et al., 2016; Yu et
al., 2016). The better DPSC migration onto PLA+BG scaffolds could
also explain the worst cell adhesion on this type of surface.
Intermediate level of attachment strength produces maximal
migration rates (DiMilla et al., 1991). At low adhesive strength
sufficient traction cannot be generated for cell migration to proceed,
whereas, at higher adhesive strength, the cells do not release their
adhesions efficiently (Huttenlocher et al., 1995). Thus, this explains
why DPSCs have formed a smaller amount of FAs compared to
PLA+HA scaffolds.
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Figure 3.9. DPSC migration and proliferation on composite
scaffolds. A — evaluation of vertical cell migration onto the
composite scaffolds using crystal violet assay; B — relative DPSC
proliferation rate; data is standardized according to the number of
cells maintained on appropriate scaffolds for 24 h. Results are
presented as median £ IQR. Statistically significant results indicated
as * (p<0.05), ** (p<0.01) and *** (p<0.001).

The assessment of cell proliferation activity indicated that, almost
after all time measurements, DPSCs showed significantly better
proliferative activity on pure PLA scaffolds compared to composite
ones (Fig. 3.9 B). The worst DPSC proliferation was registered on
the composite PLA+BG scaffolds. However, after 96 and 120 h,
significant differences between PLA and PLA+HA or PLA+BG
scaffolds were not detected. Such slower cell proliferation could be
associated with the onset of DPSC osteogenic differentiation on
these composite scaffolds. It is well known that stem cells committed
to differentiate into the specific lineage exit the cell cycle and start
the differentiation process within the cell (Rutkovskiy et al., 2016; Li
and Kirschner, 2014; Cooper, 2000; Janners and Searls, 1970).
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3.2.3 Effects of composites on osteogenic cell differentiation

To prove that slower DPSCs proliferation on composite scaffolds
was determined by induction of osteogenic processes within the
cells, the effect of scaffolds’ chemical composition on DPSC
osteogenesis was evaluated. In order to compare which of the
bioceramics (HA or BG) demonstrates better osteoinductivity
properties, ALP activity, osteogenesis-related gene expression and
bone tissue specific ECM were analysed in DPSCs cultivated on
PLA+HA as well as PLA+BG composite scaffolds. The obtained
results were discussed sequentially, according to osteogenesis
process order in the organism (Burr and Allen, 2014).

Runx2 and OPN proteins gene expression measurement results
showed that all tested scaffolds stimulated DPSC differentiation
towards osteogenic lineage by upregulation of proteins Runx2 and
OPN gene expression (Fig. 3.10) (data were normalized as in case of
surface topography experiments). Moreover, the highest Runx2
protein gene expression was determined in cells maintained on all
tested scaffolds at 10th day of differentiation. In DPSCs grown on
PLA+BG, it tended to increase greater compared to cells grown on
pure PLA (p<0.27) and PLA+HA (p<0.09) scaffolds. However, in
this case, differences in Runx2 gene expression did not reach
statistically significant levels. In the case of OPN gene expression, it
remained almost unchanged at 1% and 7" differentiation evaluation
days in cells grown on all investigated scaffolds. Enhanced OPN
expression after 10 days of culture was observed in cells maintained
on PLA+BG scaffolds (p<0.01) compared to PLA and PLA+HA
groups (Fig. 3.10).

ALP activity results indicated that in DPSCs grown on composite
PLA+BG scaffolds enzyme activity was increased even after 1st
cultivation day, compared to pure PLA (p<0.01) and PLA+HA
(p<0.01) (Fig. 3.11 A). Later on, ALP activity in DPSCs grown on
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PLA+BG scaffolds gradually decreased. However, the highest
enzyme activity, in the cells maintained on PLA and PLA+HA
scaffolds, was detected only after 10 days of differentiation (Fig.
3.11A).
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Figure 3.10. Osteogenesis-related proteins (Runx2, OPN, OCN)
genes expression levels in DPSC grown on 3D printed composite
scaffolds. Results are presented as median + IQR Statistically
significant differences between cells grown on different scaffolds
groups are marked with ** (p<0.01), while # shows statistically
significant differences compared to day 1 within the same scaffold
group — # (p<0.05), ## (p<0.01), A demonstrates a significant
differences compared to day 7 within the same scaffold group — AA
(p<0.01).
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Bone tissue specific ECM analysis revealed that DPSCs grown on
all surfaces tended to accumulate collagen in their ECM, however,
significant differences between scaffold impact on collagen
accumulation were not observed (Fig. 3.11 B). In contrast, ECM
mineralisation results indicated that even at the 1% day of DPSC
cultivation on tested scaffolds, higher calcium depositions were
observed on both composite scaffolds (PLA+HA (p<0.001) and
PLA+BG (p<0.001)) compared to pure PLA (Fig. 3.14 C).
Moreover, at 7" and 10" day of the differentiation, the greatest and
statistically significant increase of ECM mineralisation was
registered in cell cultures maintained on composite PLA+BG
scaffolds.

Unlike other bone formation markers, differences in OCN gene
expression were not observed at any time point in cells grown on
tested scaffolds (Fig. 3.10). Most likely, as in case of substrate
topography experiments, DPSCs did not have enough time to reach
the late stage of osteogenic differentiation and thus completely
differentiate into osteoblasts (Huang et al., 2007).

Both PLA+HA and PLA+BS composites initiate spontaneous
DPSC osteogenesis. However, PLA+BG scaffolds demonstrated the
strongest osteoinductivity. We believe that these results may be
determined by chemical composition of the BG particles. Studies
have shown that during BG degradation, the calcium, phosphorus,
and silicon ions are released, which further stimulate stem cell
metabolic activity, proliferation, and osteogenesis (Qi et al., 2018;
Valerio et al., 2004; Silver et al., 2001; Xynos et al., 2001).
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Figure 3.11. Osteogenic differentiation assessment. A — ALP
activity evaluated by p-nitrophenol assay; B — DPSCs collagen
production evaluated by Sirius Red staining; C - ECM
mineralization analysis by ARS staining. Results are presented as
median £ IQR. Statistically significant differences between different
scaffolds groups are marked with * (p<0.05), ** (p<0.01) and ***
(p<0.001), while # shows statistically significant differences
compared to day 1 within the same scaffold group — ## (p<0.01), ###
(p<0.001), A demonstrates significant differences compared to day 7
within the same scaffold group - AA (p<0.01), AAA (p<0.001).
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3.3 Influence of ECM proteins on cell fate

Protein-coated surfaces modulate cell fate (Li et al., 2019; Salvay et
al.,, 2008). Therefore, scaffolds produced for artificial tissue
construction are usually supplemented by decoration with various
proteins (collagen, elastin etc.) and signalling molecules (melatonin,
RGD sequences etc.) (Miao et al., 2019; Soriente et al., 2018; Vila et
al., 2016). A new method of scaffold decoration was tested in this
work — surface coating with cell-derived ECM. Such ECM has more
complex structure compared to single proteins or signalling
molecules, thus it is able to provide more effective regeneration of
damaged tissue (Kim et al., 2018; 2019).

Scaffold coating with cell derived ECM is a rapidly growing field
of research. In the production of artificial bone tissue constructs,
such ECM is used to decorate various polymer (PCL, PLGA),
composites (PCL+PLGA+TCP etc.) or bioceramic (HA, biphasic
calcium phosphate etc.) scaffolds, which are produced by FFF 3D
printing, electrospinning or similar methods (Burgio et al., 2018;
Kim et al., 2018; Kumar et al., 2016; Noh et al., 2016; Pati et al.,
2015; Liao et al., 2010b; 2010a). 3D printing is considered to be one
of the most promising artificial bone graft manufacture techniques
where potential scaffold chemical constitution is PLA-bioceramic
composite material. (Burgio et al., 2018; Huang et al., 2018a; Kuss et
al., 2018; Scaffaro et al., 2016). Therefore, constructs made of 3D
printed composite material and decorated with cell-derived ECM, are
expected to be relatively inexpensive scaffolds for bone regeneration,
demonstrating good osteo- and angio- induction properties. Despite
that much research has been done in this field, PLA scaffolds,
produced with FFF method and coated with cell derived ECM,
impact on cell fate is still not elucidated. Moreover, in previous
studies, only primary BMSC or osteoblast cell line-formed ECM
effect on cell behaviour was evaluated. (Burgio et al., 2018; Kim et
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al., 2018; Liao et al., 2010b; 2010a). However, BMSC extraction
procedure is complicated and painful for the patient (Tamaki et al.,
2013), thus attempts are being made to proceed to clinical trials using
other types of adult stem cells, such as DPSC (Mori et al., 2011,
Pierdomenico et al., 2005). Therefore, to apply DPSC-formed-ECM-
coated scaffolds for bone regeneration, it is important to elucidate the
effect of such ECM on cell fate. For this reason, DPSCs were grown
on FFF 3D printed porous PLA scaffolds for 7 days. After
predetermined time, samples were decellularized, then DPSC were
re-seeded on freshly obtained decellularized scaffolds (PLA+ECM)
and cell behaviour as well as their osteogenesis were analysed.

3.3.1 Effect of cell-derived ECM coated scaffolds on cell
adhesion

As mentioned earlier, attachment of the cell to the surface is a very
important process that can determine cell fate (Di Benedetto et al.,
2015). Therefore, the impact of ECM proteins on DPSC adhesion
efficiency was evaluated. Thus, the DPSCs were seeded on PLA and
PLA+ECM scaffolds and cell surface area (0.5, 2 and 24 h post-
seeding) was analysed by visualising DPSC F-actin filaments.
Obtained F-actin filaments fluorescent microscope images (Fig. S3)
and cell surface area measurements (Fig. 3.12 B) showed that after
all analysed time intervals (0.5, 2 and 24h post-seeding) cells
attached better to ECM coated scaffolds, correspondingly larger
DPSC surface areas were determined on PLA+ECM samples
compared to pure PLA scaffolds (p <0.001).
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Figure 3.12. DPSC adhesion on ECM coated scaffolds. A —
immunofluorescence staining of nucleus (blue color, DAPI) and FA
spots (green color, vinculin) in DPSCs, 24 h post-seeding; B — cell
surface area after culturing for 0.5, 2 and 24 h on the scaffolds; C —
quantitative FA evaluation within the cells after culturing for 24 h.
Statistically significant data between different scaffold groups are
indicated as *** (p <0.001), while # shows statistically significant
differences compared to 0.5 h within the same scaffold group — ###
(p < 0.001), A demonstrates significant differences compared to 2 h
within the same scaffold group — AAA (p <0.001).

To understand DPSC-formed ECM influence on cell attachment
process better, focal adhesions formed in DPSC (24 h post-seeding)
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were qualitatively and quantitatively evaluated (Fig. 3.12 A and C).
Obtained results indicated that compared to pure PLA samples, the
PLA+ECM surface (p <0.001) resulted a higher number of focal
adhesions within the cells, i.e. ECM coated scaffolds were more
attractive for DPSC attachment.

All in all, results revealed that cell derived ECM proteins
significantly improve DPSC adhesion.

3.3.2 Impact of cell-derived ECM coated scaffolds on cell
migration and proliferation

To determine whether ECM proteins stimulate and initiate cellular
motility and proliferation, DPSC migration and proliferation assays
were performed.

For cell migration testing, scaffolds were incubated on a
monolayer of DPSCs for 72 h, and then the number of cells that have
migrated onto these specimens was determined (Fig. 3.13 A).
Obtained results showed that for DPSCs migration, ECM coated
surface was more attractive. Compared to pure PLA samples, higher
cell count was determined on PLA+ECM scaffolds (p <0.05).

The assessment of cell proliferation activity (Fig. 3.13 B)
indicated that, cell numbers registered 24, 48 and 72 h post-seeding
were almost the same on both scaffolds (PLA and PLA+ECM), i.e.,
DPSC proliferated equally well on both groups of specimens.
However, differences between PLA and PLA+ECM groups appeared
96 and 120 h post-seeding. During these time intervals, DPSCs
showed significantly better proliferative activity on PLA+ECM
scaffolds compared to PLA ones

Obtained results of DPSC migration and proliferation showed that
ECM proteins had a positive impact on both cell migration and
proliferation.
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Figure 3.13. DPSC migration and proliferation on ECM coated
scaffolds. A — evaluation of vertical cell migration onto the scaffolds
using crystal violet assay; B — relative DPSC proliferation rate; data
is standardized according to the number of cells maintained on
appropriate scaffolds for 24 h. Results are presented as median *
IQR. Statistically significant results indicated as * (p<0.05) and ***
(p<0.001).

In conclusion, it can be stated that DPSC-derived ECM initiated
enhanced cell adhesion, migration, and proliferation. Natural tissue
ECM is composed of dense network of various proteins (collagens,
fibronectin, vitronectin, etc.) and proteoglycans (versican, decorin,
biglycan etc.) that provide the environment which is required for
tissue cell vitality (Kim et al., 2018). Similar ECM network can also
be synthesised by in vitro cell culture (Thibault et al., 2011).
Therefore, MSCs seeded on decellularized surfaces, via integrin
receptors interact with the amino acid sequences presented in ECM
proteins and proteoglycans. Respectively, proteins involved in cell
adhesion (e.g., vinculin) and cytoskeleton formation (e.g., actin)
processes will be attracted to these interaction sites (Kumar et al.,
2016; Humphries et al.,, 2007). These proteins further activate
signalling pathways involved in MSC survival, proliferation or
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differentiation (Holle et al., 2016; Kumar et al., 2016; Provenzano
and Keely, 2011).

3.3.3 Influence of cell-derived ECM coated scaffolds on cell
osteogenesis

To determine the cell-derived ECM effect on the induction of DPSC
osteogenic differentiation, ALP activity, osteogenic-related gene
expression and bone tissue specific ECM were analysed. The
obtained results will be discussed sequentially, according to the order
of osteogenesis process in the organism (Burr and Allen, 2014).

Runx2 and OPN proteins gene expression analysis results showed
that both tested scaffolds stimulated DPSC differentiation towards
osteogenic lineage by upregulation of Runx2 and OPN gene
expression (Fig. 3.14). Moreover, the highest Runx2 protein gene
expression was determined in cells maintained on both tested
scaffolds at 10" day of differentiation (Fig. 3.14). However, already
after 1st day of differentiation in DPSCs grown on PLA+ECM, gene
expression level of this protein showed greater increase compared to
cells grown on pure PLA (p<0.05). In the case of OPN protein gene
expression, it remained almost unchanged at 1% and 7"
differentiation evaluation days (Fig. 3.14), whereas the highest level
of expression was observed only at 10th day of differentiation in
cells grown on both investigated scaffolds. However, statistically
significant difference of OPN protein gene expression induction in
DPSCs cultivated on PLA and PLA+ECM scaffolds was not
detected.

Results of ALP activity indicated (Fig. 3.15 A) that after 1st and
7th differentiation days PLA and PLA+ECM scaffolds did not cause
differences in the activity of this protein within the cells. The highest
ALP activity, in the cells maintained on PLA and PLA+ECM
scaffolds, was detected after 10 days of differentiation. However,
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stronger ALP activity was registered in DPSCs grown on ECM
coated scaffolds (p <0.05) compared to pure PLA samples.
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Figure 3.14 Osteogenesis-related proteins (Runx2, OPN, OCN)
genes expression levels in DPSC grown on cell-derived ECM
coated scaffolds. Results are presented as median = IQR.
Statistically significant differences between cells grown on different
scaffolds groups are marked with * (p<0.05), while # shows
statistically significant differences compared to day 1 within the
same scaffold group — ## (p<0.01), A demonstrates a significant
differences compared to day 7 within the same scaffold group — A

(p<0.05), AAA (p<0.001).
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Bone tissue-specific ECM formation results showed, that DPSCs
grown on both surfaces tended to accumulate collagen in their ECM,
however, significant differences between PLA and PLA+ECM
scaffolds impact on collagen accumulation were not observed (Fig.
3.15 B). In contrast, ECM mineralisation results indicated that after 7
and 10 days of DPSC cultivation on scaffolds, the greatest and
statistically significant increase of ECM mineralisation was
registered in cell cultures maintained on PLA+ECM specimens
compared to pure PLA samples (respectively — 7™ day p<0.001, 1%
day p<0.05) (Fig. 3.15 C).

Differences in OCN protein gene expression were not observed at
any time point in cells grown on both tested scaffold groups (Fig.
3.14). Most likely, as in case of substrate topography and composite
scaffolds experiments, DPSCs did not have enough time to reach the
late stage of osteogenic differentiation, to completely differentiate
into osteoblasts (Huang et al., 2007).

Obtained results indicated that both scaffolds groups (PLA and
PLA+ECM) initiated spontaneous DPSC osteogenic differentiation.
However, PLA+ECM scaffolds demonstrated stronger
osteoinductive properties. Better PLA+ECM osteoinductivity can be
explained by DPSC derived ECM. Decellularized surfaces were rich
in calcium deposits, which serves as nucleation sites for new HA
crystal formation (Liao et al., 2010b). As a consequence, in order to
form new HA crystals in ECM, cells have to enhance ALP
phosphatase activity (Mitton-Fitzgerald et al., 2016; Rosen, 2013;
Orimo, 2010). Therefore, higher ECM mineralisation and ALP
activity were observed in DPSCs grown on PLA+ECM scaffolds.
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Figure 3.15. Osteogenic differentiation assessment. A — ALP
activity evaluated by p-nitrophenol assay; B — DPSCs collagen
production evaluated by Sirius Red staining; C - ECM
mineralization analysis by ARS staining. Results are presented as
median * IQR. Statistically significant differences between different
scaffolds groups are marked with * (p<0.05) and *** (p<0.001),
while # shows statistically significant differences compared to day 1
within the same scaffold group — ### (p<0.001), A demonstrates
significant differences compared to day 7 within the same scaffold
group — AA (p<0.01).
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3.4 Potential response of organism to different
artificial bone tissue constructs

One of the strategies used to regenerate diseased tissues are stem
cell-scaffold constructs. Such in vitro-created construct of stem cells
and scaffold is not a fully functional artificial tissue yet. However,
studies have shown that it can still provide efficient regeneration of
damaged tissue areas (Diomede et al., 2016; El-Backly et al., 2008).
It was observed that even after a detailed analysis of scaffold and
stem cells interaction in vitro, the construct still produces
inflammation after implantation to organism (Lock et al., 2019).
Therefore, in this work, using different in vitro assays we tried to
evaluate a potential response of patient's organism to different
(DPSC-PLA, DPSC-PLA+HA, DPSC-PLA+BG, and DPSC-
PLA+ECM) artificial bone constructs.

34.1 Construct (DPSC-scaffold) signal to the organism

To determine whether scaffold chemical composition and its surface
decoration with ECM initiate different cell signalling, DPSCs were
grown on different scaffolds (PLA, PLA+HA, PLA+BG,
PLA+ECM) and their expressed cytokines, chemokines, and growth
factors were analysed.

The signalling molecule analysis was performed after 7 days of
DPSC cultivation on tested scaffolds. The 7-day interval was chosen
according to previous results, which showed that after 7 days of
DPSC cultivation on scaffolds the osteogenesis process was already
active. Therefore, after implantation to the organism, the 7 days
construct would interact with recipient tissue cells, thereby
stimulating new bone tissue formation in the damaged area.
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The expression of 29 molecules was analysed by Dot Blot (Fig.
S4), 11 of which were detected. In secretomes collected from all four
constructs (DPSC-PLA, DPSC-PLA+HA, DPSC-PLA+BG and
DPSC-PLA+ECM) the expression of the following cytokines,
chemokines and growth factors was observed: cytokine-inducible
neutrophil chemoattractant family proteins (CINC) (CINC-1, CINC-
200 / B, CINC-3), chemokine (CXC motif) ligand 1 (CXCL1),
interleukin 1ra (IL-1ra), interleukin 6 (IL-6), soluble intercellular
adhesion molecule 1 (SICAM-1), CXC motif chemokine 1
(CXCL10), chemokine (CC motif) ligand 5 (CCL5), TIMP
metallopeptidase inhibitor 1 (TIMP-1), and VEGF (Fig. 3.16).
However, significant differences between constructs” impact on the
amount of detected signalling molecules were not observed. Usually,
most of the determined molecules are associated with activation
(e.g., IL-6, CINC family proteins, etc.) or inhibition (e.g., interleukin
10, interleukin 13, etc.) of inflammatory processes (Su et al., 2012;
Cavaillon, 2001). Still, depending on the cell type which synthesizes
them, they may initiate processes unrelated with the immune
response. For example, studies have shown that pro-inflammatory
cytokines, 1L-6 and CINC family proteins, can activate osteogenic
differentiation signalling pathways in MSCs (Huang et al., 2018b;
Xie et al., 2018; Yang et al., 2018; Chung et al., 2006). Such
osteogenesis-inducing effect was demonstrated by other molecules
which were found in secretomes (Liu et al., 2014; Egea et al., 2012;
Koizumi et al., 2009; Xiao et al., 2009; Fernandes et al., 2008;
Lisignoli et al., 2003). Therefore, it can be stated, that according to in
vitro results, all tested constructs after implantation would initiate
bone tissue regeneration without causing inflammation.
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Figure 3.16. Cytokines, chemokines and growth factors detected
in secretomes of DPSC-PLA, DPSC-PLA+HA, DPSC-PLA+BG
or DPSC-PLA+ECM constructs. Signalling molecules were
analysed by Dot Blot. Data were normalized according to the mean
values of positive control. Results are presented as median + IQR.

Moreover, it was noticed that DPSCs, which grew on all four
tested scaffolds (PLA, PLA+HA, PLA+BG, or PLA+ECM) most
actively synthesized the growth factor VEGF. Identified amount of
VEGF in secretomes was highest compared to other molecules (Fig.
3.16). This factor is closely associated with the induction of
angiogenesis (McColl et al., 2004), thus it can be stated that all
investigated constructs after implantation would initiate vascular
network formation in newly formed bone.
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3.4.2 Construct (DPSC-scaffold) impact on induction of
angiogenesis

Acrtificial construct will not ensure successful tissue regeneration
unless a new vascular network is formed in and around damaged
tissue area. For this reason, constructs should not only exhibit
excellent biocompatibility, as well as, stimulation of stem cell
differentiation, but they also should initiate the angiogenesis process
(Chen et al.,, 2018a; Krishnan et al.,, 2014). Therefore, the
angioinductive properties of different artificial bone tissue constructs
(DPSC-PLA, DPSC-PLA+HA, DPSC-PLA+BG or DPSC-
PLA+ECM) were analysed in this work. Transfected cell culture (red
fluorescent PKEL-R) was created and used for angiogenesis analysis.

In order to ensure endothelial cells migration to the damaged
tissue area, it is important that the construct would initiate this
process. Therefore, scaffolds alone (PLA, PLA+HA, PLA+BG,
PLA+ECM) and their combinations with DPSCs (constructs) impact
on PKEL migration was analysed.

To assess PKEL migration on the scaffolds, a quantitative,
vertical migration test was performed. Scaffolds were incubated on a
monolayer of PKELs for 72 h, and then the number of cells migrated
onto these specimens was determined (Fig. 3.17 A). Results showed
that the most attractive for PKELs were PLA+BG and PLA+ECM
samples. These types of scaffolds initiated the best cell migration

compared to pure PLA (PLA:PLA+BG - p<0.01, and
PLA:PLA+ECM - p<0.001) and composite PLA+HA
(PLA:PLA+BG — p<0.05, and PLA:PLA+ECM - p<0.01)
specimens.

PKEL migration on constructs (DPSC-PLA, DPSC-PLA+HA,
DPSC-PLA+BG and DPSC-PLA+ECM) was evaluated qualitatively.
Constructs were incubated on a monolayer of PKEL-Rs for 3 and 72
h, and then the cells migrated onto the specimens was visualized
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using fluorescence microscope. It was observed that within the first 3
hours cell migration did not occur on any construct type (Fig. 3.17
B). However, after 72 hours, vessel-like structures formed by PKEL-
R were observed on all tested specimens.
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Fig 3.17. Evaluation of PKEL migration on scaffolds and
constructs. A - quantitative evaluation of PKEL migration on PLA,
PLA+HA, PLA+BG, and PLA+ECM scaffolds using crystal violet
assay. Results are presented as median + IQR. Statistically
significant differences between different scaffolds groups were
marked as "*" when p <0.05, "**" when p <0.01, and "***" when p
<0.001; B — qualitative assessment of PKEL migration on constructs
(DPSC-scaffold). Red colour, PKEL (PKEL-R) transfected with
lentiviral vector pLIM1-mCherry; blue colour, DAPI staining.
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The assessment of PKEL migration on scaffolds and constructs
confirmed the hypothesis that tested samples demonstrate
angioinductive properties. We believe that the best cell migration
onto PLA+BG and PLA+ECM samples was determined by the
scaffold chemical composition or surface coating with ECM,
respectively. In the case of PLA+BG scaffolds, such improved PKEL
migration was initiated by 45S5 BG particles. Studies have shown
that during BG degradation, various ions are released into growth
medium, which stimulate cell migration and angiogenesis (Li et al.,
2016; Yu et al., 2016; Day, 2005). For PLA+ECM scaffolds, PKEL
migration was mediated by the DPSC-derived ECM network which
covered the scaffold surface. Proteins presented in ECM are capable
to initiate cell migration and angiogenesis (Noh et al., 2016; Moore
et al., 2015; Pati et al., 2015; Cheng et al., 2014; Chen, 2010).
Whereas, after construct implantation into the body, the vascular
network formation is stimulated by both - construct forming scaffold
and cells (Liu et al.,, 2011), thus DPSC-PLA+BG and DPSC-
PLA+ECM constructs should initiate the most effective angiogenesis
in the organism.

Results application for artificial bone tissue development

Analysis of substrate macrophotography (>100 um) impact on
the fate of DPSCs revealed that for spontaneous cell osteogenesis
induction the precise structuring of the scaffold (nano- and micro-
surface patterns) is not necessarily required. To induce spontaneous
DPSCs osteogenic differentiation, it is sufficient enough to produce
FFF-derived, 3D printed, interconnected porosity scaffold, in which
each layer is formed of two threads moulded together. After
evaluating the impact of surface chemical composition on cell
behavior, it was observed that stem cell osteogenesis is stimulated
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most efficiently by PLA and BG composite. Moreover, it was
demonstrated that PLA surface coating with DPSC-derived ECM
network significantly improves the osteoinductive properties of the
surface. The in vitro assay of constructs (made of scaffolds (PLA,
PLA+HA, PLA+BG and PLA+ECM) and DPSCs) ability to initiate
angiogenesis revealed that DPSC-PLA+BG and DPSC-PLA+ECM
constructs would be most suitable for this process induction in the
organism. Therefore, we think that by combining DPSCs, composite
PLA+BG macrostructured scaffold and DPSC-derived ECM network
it can be expected to reach successful bone tissue regeneration in
vivo. The results of this work significantly contribute to successful
artificial bone construction, which would lead to a breakthrough in
modern medicine.
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CONCLUSIONS

It was shown that surface macrotopography (>100 um) alters the
morphology of dental pulp stem cells (DPSC); shape change-
induced cytoskeletal tension initiate proliferation and
spontaneous osteogenic differentiation of these cells.

It was determined that composite of polylactic acid and 10%
45S5 Bioglass (PLA+BG) was more attractive for DPSC
migration compared to PLA and 10% hydroxyapatite
(PLA+HA) surface, but PLA+HA substrate was more suitable
for cell attachment and proliferation.

Results showed that both types of investigated composite
scaffolds initiated osteogenesis processes in the cells, however,
PLA+BG composite promoted the earliest and the strongest
alkaline  phosphatase  activity,  extracellular ~ matrix
mineralization and osteogenic-related proteins Runx2 and OPN
genes expression levels.

It was demonstrated that PLA scaffold surface coating with
extracellular matrix (ECM) proteins improves DPSC
attachment, moreover, compared to uncoated polymer, this
substrate is more attractive for cell migration and proliferation.
It was determined that cell-derived ECM protein network
increases the osteoinductivity of the polymer scaffold; as cells
grow on such substrate, higher alkaline phosphatase activity and
ECM mineralization was observed.

Only cytokines, chemokines, and growth factors (CINC-1,
CINC-2a / B, CINC- 3, CXCL1, IL-1ra, IL-6, sSICAM-1,
CXCL10, CCL5, TIMP-1 and VEGF), promoting
osteoregenerative process, were secreted by cells on all
examined composites (DPSC-PLA, DPSC-PLA+HA, DPSC-
PLA+BG and DPSC-PLA+ECM); pro-inflammatory molecules
have not been identified. Evaluation of construct-initiated
angiogenesis showed that this process was most intensely
induced by DPSC-PLA+BG and DPSC-PLA+ECM samples.
Obtained results suggest that DPSC-PLA+BG and DPSC-
PLA+ECM constructs are most suitable for bone regeneration in
the organism.

63



SUMMARY IN LITHUANIAN

Temos aktualumas

Kasmet milijonai Zmoniy visame pasaulyje, dél genetiniy ligy,
véziniy susirgimy, kaulo rezorbcijy ar infekcijy, patiria kaulinio
audinio pazeidimus kurie patys savaime regeneruoti nebegali. Tokie
pazeidimai klinikoje yra gydomi naudojant kaulinio audinio
transplantatus arba tam tikras sintetines medziagas. Taciau
pastarosios dar negeba pilnai atkurti ir prisitaikyti prie specifiniy
kaulinio audinio funkcijy, o naudojami transplantatai paciento
organizmo yra daznai atmetami. Todél siekiama sukurti dirbtinius
kaulinio audinio konstruktus, kurie eliminuoty dabar medicinoje
naudojamy technologijy trilkumus, biity personalizuoti bei santykinai
nebrangiai pagaminami. Nors §ioje srityje jau pasiekta daug, taciau
vis dar néra iki galo priimta kokios pavirSiaus geometrijos yra
tinkamiausios tokio konstrukto gamybai, neapsisprendziama kokias
medziagas ir gamybos biidg tam reikéty naudoti, bei kokias lasteles ir
bioaktyvias molekulias pasirinkti.

Darbo tikslas ir uzdaviniai

Tikslas: nustatyti skirtingy substrato modifikacijy jtaka kamieniniy
lgsteliy likimui siekiant sukonstruoti funkcionaly dirbtinj kaulinj
audinj.

Uzdaviniai:

1. Istirti pavirSiaus makrotopografijos (>100 um) vaidmen] danty
pulpos kamieniniy lasteliy (DPSC) likimui.

2. Ivertinti substrato cheminés sudéties jtaka DPSC gyvybiniams
procesams.
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3. Atlikti  medziagos cheminés sudéties vaidmens lasteliy
osteogenezei analizg.

4. Nustatyti substrato biodekoravimo poveiki DPSC judrumui,
prisitvirtinimui bei dauginimuisi.

5. Jvertinti pavirSiaus dekoravimo jtaka Iasteliy diferenciacijai
osteogenine kryptimi.

6. In vitro salygomis modeliuoti ir jvertinti Iasteliy-karkaso
konstrukto siun¢iamg signalg recipientiniams audiniams.

Pagrindiniai darbo rezultatai ir mokslinis naujumas

Iki $iol buvo zinoma, kad tik nano- ir mikro- pavirSiaus topografijos
gali reguliuoti lastelés lemtj. Siame darbe pademonstruota, kad ir
FFF 3D spausdinimo metodu pagaminty makro- pavirSiaus
topografijy (>100 pum) pilnai pakanka tam jog substratas inicijuoty
spontainius osteogenezés procesus lastelése. Tai rodo, kad FFF 3D
spausdinimas gali buti sékmingai taikomas pigiai, naSiai ir
personalizuotai konstrukty skirty kaulinio audinio regeneracijai
gamybai.

Darbe pirmg kartg palygintos i§ PLA+HA ir PLA+BG kompozity
FFF 3D spausdinimo buidu pagaminty karkasy biofizikinés bei osteo-
ir angio- indukcinés savybés. Nustatyta, kad PLA+BG kompozitas in
vitro salygomis yra tinkamesnis dirbtinio kaulinio audinio
konstravimui. Sie rezultatai naudingi dirbtiniy kaulinio audinio
konstrukty gamybos optimizacijai.

Taipogi, darbe tirta daug zadanti karkasy dekoravimo
technologija — pavir§iaus padengimas lasteliy kilmés TU. Cia ji
pirmg kartg taikyta naudojant pirmines DPSC bei FFF 3D
spausdinimo metodu pagamintg PLA karkasg. Pastebéta, kad DPSC
suformuotas TU pastebimai pagerina konstrukto osteo- ir
angioinduktyvuma in vitro.

Todél manome, kad tarpusavyje apjungus DPSC lgsteles,
kompozitinj PLA+BG porétos makrostruktiros karkasa bei DPSC
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susintetinta TU tinklag galima tikétis pasiekti sékmingos kaulinio
audinio regeneracijos in vivo.

Sis mokslinis darbas svariai prisideda prie audiniy inZinerijos
progreso kuriant dirbtinj kaulinj audinj, kuris taptu proverziu
Siuolaikinéje medicinoje.
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S1 Figure. DAPI correlation to cell number calibration curve.
Calibration curves (n = 3) mean values are plotted in the graph. Error
bars represent + SD.
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S2 Figure. DPSC morphology changes on different surfaces after
cultivation for 0.5, 2 and 24 h on tested scaffolds.

Immunofluorescently stained cell nuclei (DAPI, blue) and F-actin
filaments (rhodamine phalloidin, red).
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PLA
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S3 Figure. DPSC morphology changes on different surfaces after
cultivation for 0.5, 2 and 24 h on ECM coated and pure PLA
scaffolds. Immunofluorescently stained cell nuclei (DAPI, blue) and
F-actin filaments (rhodamine phalloidin, red).
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Figure S4. Analysis of cytokines, chemokines and growth factors
present in constructs’ secretomes. A — qualitative images of tested
molecules, obtained by Dot Blot assay; B — coordinates of
investigated molecules and controls.
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