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ABSTRACT: Topography of the scaffold is one of the most

important factors defining the quality of artificial bone. How-

ever, the production of precise micro- and nano-structured

scaffolds, which is known to enhance osteogenic differentia-

tion, is expensive and time-consuming. Meanwhile, little is

known about macro-patterns (larger than cell diameter) effect

on cell fate, while this kind of structures would significantly

facilitate the manufacturing of artificial skeleton. Therefore,

this research is focused on polylactic acid scaffold’s macro-

pattern impact on rat’s dental pulp stem cells (DPSCs) mor-

phology, proliferation, and osteogenic differentiation. For this

study, two types of scaffolds were 3D printed: wavy and

porous. Wavy scaffolds consisted of 188 μm wide joined

threads, meaning that cells might have been curved on the fila-

ment as well as compressed in the groove. Porous scaffolds

were designed to avoid groove formation and consisted of

500 μm threads, arranged in the woodpile manner, forming

300 μm diameter pores. We found that both macro-surfaces

influenced DPSC morphology compared to control. As a con-

sequence, enhanced DPSC proliferation and increased osteo-

genic differentiation potential was registered in cells grown on

these scaffolds. Finally, our results showed that the construc-

tion of an artificial bone did not necessarily require the precise

structuring of the scaffold, because both types of macro-

topographic PLA scaffolds were sufficient enough to induce

spontaneous DPSC osteogenic differentiation. © 2018 Wiley Peri-

odicals, Inc. J Biomed Mater Res Part A: 107A: 174–186, 2019.
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INTRODUCTION

There are many clinical situations where extensive injury, dis-
ease or malformation cause large bone defects. At such clini-
cal conditions, autologous bone grafts are used to promote
bone repair. However, limited volume of bone grafts, potential
donor site morbidity, and inability to contour delicate 3D
shapes require new alternatives1. Artificially engineered bone
could solve most of these problems.

One of the most important components for constructing
an artificial bone tissue is the morphology of the scaffold. It is
known that different materials and topography of the scaf-
folds have impact on cell focal adhesions (FA) formation
which in turns modifies cell shape and morphology, leading to
various signaling pathways activation and eventually influenc-
ing cells adhesion, proliferation, and differentiation into spe-
cific cell lineages2–8. For example, human MSC can be directed
to osteogenic or adipogenic differentiation just by varying

scaffold topography, without extra chemical inductors8–11,
however, optimal surface modifications for spontaneous oste-
ogenic differentiation has not been elucidated yet. The ability
to direct cell’s fate just by modifying mechanical and topo-
graphical properties of a scaffold is an important goal in tis-
sue engineering12.

Surface topographies based on micro- and nano-structures
of materials were widely studied in recent years. To date it
was accepted that scaffolds with interconnected 100–300 μm
pores together with micro- or/and nano-structured patterns
were the most appropriate for bone tissue engineering13–18.
Meanwhile, the production of precise micro- and nano-
structured porous scaffolds has several limitations, which
include a time-consuming and expensive manufacturing pro-
cess. Therefore, larger (macro-) surface pattern characteristics
would accelerate the production speed of the scaffolds and
reduce their manufacturing price. However, little is known
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about larger than cell diameter surface topography (macro-
structured) patterns impact on stem cells fate19.

One of the easiest ways to produce macro-structured
scaffolds is 3D printing. The use of 3D printers allows for
highly reproducible and uniform open-pore size production
and potential orthogonal geometry fabrication which can be
tailored to mimic the tissue extracellular matrix (ECM) archi-
tecture of choice19,20. 3D printed polymeric scaffolds are
very attractive due to a rapid and standardized manufactur-
ing procedure, as well as their chemical versatility and niche
imitating properties that can be easily modified to meet the
requirements for the specific type of tissue21,22. In this study,
biodegradable and biocompatible polylactic acid (PLA)23

polymer was chosen for solid scaffold fabrication. PLA and
PLA-polymer blends in combination with various substances
(composite scaffolds) have been shown to be effective scaf-
fold agents for cartilage and bone tissue engineering24,25.

To achieve only scaffold topographical properties-
determined osteogenic stem cell differentiation, it is very
important that cells selected for artificial bone tissue con-
struction demonstrate good osteogenic potential. The most
popular stem cell source for artificial bone construction is
mesenchymal stem cells (MSCs). These cells can be isolated
from different tissues, for example, bone marrow26, gin-
giva27, dental pulp28, adipose29, muscle tissue30, etc. Dental
pulp stem cells (DPSCs) located within a tooth is a rich
source of adult MSC, which are easily accessible and demon-
strate high proliferative, self-renewal, and multi-lineage dif-
ferentiation potential, thus have been used in the fields of
tissue engineering and regenerative medicine28,31–35. More-
over, it is known that MSC isolated from different sources
are prone to differentiate into site specific lineages36,37.
Thus, these cells are suitable for surrounding-dependent
osteogenic differentiation studies. The fact that DPSC demon-
strate great osteogenic differentiation potential32,38 suggests
to investigate, if the PLA surface macro-topography could be
sufficient enough to direct cells to osteogenic differentiation
commitment.

Consequently, the aim of this study was to evaluate the
impact of 3D PLA scaffolds macro-topography (surface pat-
tern formed by the filament in the scale of >100 μm, which
is larger than cell diameter) on rat’s DPSC orientation and
morphology, leading to a different cell behavior.

MATERIALS AND METHODS

Materials
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco); Is
cove’s Modified Dulbecco’s Medium (IMDM) (Gibco); Penici-
lin and streptomycin (Gibco); Phosphate-Buffered Saline
(PBS) (Gibco); Ethylenediaminetetraacetic acid (EDTA)
(Sigma-Aldrich Co.); Trypsin (Gibco); Dimethyl sulfoxide
(DMSO) (Sigma-Aldrich Co.); Hank’s Balanced Salt Solution
(HBSS) (Gibco); Dexamethasone (Sigma-Aldrich Co.);
β-Glycerophosphate (Sigma-Aldrich Co.); L-Ascorbic acid-
2-phosphate (Sigma-Aldrich Co.); Crystal violet (Sigma-Aldrich
Co.); Ethanol 96% (Vilniaus Degtin _e); 4% paraformaldehyde
solution (Carl Roth, GmbH); Alizarin Red S (Sigma-Aldrich
Co.); Ammonium hydroxide solution ~10% in H2O (Sigma-

Aldrich Co.); Sulfuric acid 98% (AnalaR BDH); Perchloric Acid
70% (AppliChem, GmbH); Horse serum (Life Technologies,
Inc.); γ-Linolenic acid (Sigma-Aldrich Co.); Oil Red O dye
(Sigma-Aldrich Co.); Collagenase, Type I (Sigma-Aldrich Co.);
Hyaluronidase (Sigma-Aldrich Co.); PNPP (Thermo Scientific);
Diethanolamine Substrate Buffer (5X) (Thermo Scientific);
NaOH (Merck Millipore); NaCl (EMSURE); tri-Sodium citrate
dehydrate (Sigma-Aldrich Co.); SDS (Sigma-Aldrich Co.); BSA
(AppliChem GmbH); Dulbecco’s phosphate-buffered saline
(DPBS) (10×) (Gibco); 40,6-Diamidino-2-Phenylindole (DAPI)
(Life Technologies, Inc.); Goat Anti-Mouse IgG coated Magnetic
Beads (New England Biolabs, Inc.); primary mouse antibodies
to: CD45, CD54, CD14, CD90 (Merck Millipore), CD44 (Cell
Signaling Technology), CD13 (Santa Cruz Biotechnology, Inc.),
CD31 (Abcam, Inc.); Goat anti-Mouse IgG Secondary Antibody,
RPE conjugated (Invitrogen); Mouse IgG2a Isotype Control
(Abcam, Inc.); PLA filament (Ultimaker Original); PureLink
RNA Mini Kit (Invitrogen, CA); RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific); Maxima SYBR Green/ROX
qPCR Master Mix (2X) (Thermo Scientific); DNase I (Thermo
Scientific); RiboRuler High Range RNA Ladder (Thermo Scien-
tific); 2× RNA Loading Dye (Thermo Scientific); TRIzol
Reagent (Ambion, Life Technologies, Inc.); Chloroform
(EMSURE); Rhodamine phalloidin (Merck Millipore); Triton X-
100 (AppliChem GmbH).

Scaffold preparation
For scaffold preparation a clear (pure) PLA material was
used. Scaffolds were printed using FFF 3D printer “Ulti-
maker” Original (Ultimaker B.V.) as described in21. Briefly,
the nozzle diameter was 400 μm. 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 tempera-
ture, and the cooling fan rate was set to 65 of its capacity
(default value). The CAD models were created in the STereo-
Lithography (STL) format. Two different scaffolds were man-
ufactured: with porous and wavy topography. The obtained
line width and height were: 500 μm and 188 μm; 188 μm
and 250 μm, respectively. SEM micrographs of a typical
attained scaffolds are shown in Figure 1A and B.

Cell culture
Rat’s DPSC were isolated from dental pulp of incisors of
3 months old Wistar rats (n = 4 pulp samples in each extrac-
tion). All procedures were approved by License of Animal
Research Ethics Committee (Lithuania) No G2-40,
2016-03-18. Briefly, dental pulp samples were washed sev-
eral times with IMDM with 100 μg/mL Primocin, and minced
into <1 mm3 fragments which were transferred to digestive
solution (0.5% collagenase, 0.3% hyaluronidase, 0.25% tryp-
sin, and 0.02% EDTA, diluted in ratio 2:3:3:3) for 30–45 min
at 37 �C. Later on, IMDM supplemented with 10% FBS and
antibiotics: penicillin – 100 U/mL, streptomycin 100 mg/mL,
referred as growth medium (GM), were added and centri-
fuged twice at 1500 rpm for 10 min (CL10 centrifuge
Thermo Scientific). Supernatant was removed, and the cells
were re-suspended in GM. When cells reached 70–80% con-
fluence CD44-positive cells were extracted using magnetic
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beads coated with antibodies against CD44 antigen. These
separation procedures were performed according to BioLabs
magnetic beads recommendations using KingFisher™ mL
(Thermo Scientific) purification system. The cells used in the
experiments were up to 12 passage.

Cell characterization
The DPSC immune phenotypic characterization was per-
formed in the third/sixth passage. Cells where detached
using 0.02% EDTA in PBS. Briefly, 3 × 105 cells were incu-
bated with monoclonal primary antibody for 30 min at 4�C.
After washing twice with 1% BSA in PBS, cells were incu-
bated with RPE conjugated secondary antibodies for 30 min
at 4�C in the dark. After additional washing step, cells were
re-suspended in 1% BSA in PBS and analyzed by the BD
FACSCanto™ II system (BD Biosciences) flow cytometer, in
10,000 events. The following antibodies were used: CD13,
CD14, CD31, CD44, CD45, CD54, CD90 and for determination
of background fluorescence DPSC samples were labeled with
mouse isotopic control. Data were analyzed using BD
FACSDiva™ software.

Cellular morphology
Cell morphology and orientation on porous and wavy PLA
scaffolds were qualitatively evaluated by F-actin staining.
For that purpose, DPSC were grown on PLA scaffolds for
24 h. Samples were fixed with 4% paraformaldehyde at
room temperature for 15 min with gentle agitation
(25 rpm). Then samples were rinsed three times for 5 min
with 0.2% Triton X-100 in PBS and stained with 5 U/mL
rhodamine phalloidin and 12.5 μg/mL DAPI working solu-
tion in PBS in a dark for 60 min at room temperature. Sam-
ples were visualized by fluorescence inverted microscope
(Olympus IX51). 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 ImageJ (ImageJ 1.8.0_112) as
shown in Figure 1(C,D).

Cell proliferation
Two different scaffolds (porous and wavy) and 24-well plate
surface (as a control; TCSP) were used in cell proliferation
experiments. DPSC were grown on different surfaces for
24, 48, 72, 96, and 120 h (porous – 4�104 cell/cm2; wavy –
3�104 cell/cm2; 24-well plate surface – 2�104 cell/cm2).
Three hours after seeding, scaffolds were transferred to a
new plate wells containing GM, except cells grown on the
TCSP surface, whose GM was changed. After predetermined
time points, GM was removed, wells were rinsed twice with
DPBS solution and plates were transferred to −20�C freezer
at least for 1 h. After that, cells were lysed with 0.04% SDS
solution prepared in the saline-sodium citrate SSC buffer by
shaking (300 rpm) for 30 min at 37�C. Obtained lysates were
diluted twice with SSC and mixed (1:1) with 4 μg/mL DAPI
solution in 1xSSC; after 1 h of incubation in the dark by
shaking (300 rpm), the DAPI-DNA fluorescence was mea-
sured (λexcitation = 360 nm, λemission = 460 nm) using a micro-
plate reader Varioskan Flash (Thermo Scientific). Cell
number was evaluated by comparing fluorescence intensity
to calibration curve values which has been prepared earlier.

Adipogenic differentiation
For adipogenic differentiation, DPSC at the density of 4�104
cells/cm2 were seeded in 24-well plate. Adipogenic differen-
tiation was performed as described in39. Briefly, 24 h after
cell seeding GM was change to adipogenic medium (AM).
The AM consisted of IMDM medium supplemented with
200 μM γ-linoleic acid, 10% FBS and antibiotics: penicillin –
100 U/mL, streptomycin 100 mg/mL. Half of the AM was
changed every second/third day for 4 days. To visualize lipid
droplets, adipogenic culture plates were fixed with 4% para-
formaldehyde and stained with 0.17% Oil Red O solution in
isopropanol.

Myogenic differentiation
For myogenic differentiation, DPSC at the density of 7�103
cells/cm2 were plated in 24 well plates and the differentia-
tion was performed as described in39. In short, 24 h after
cell seeding GM was change to myogenic medium (MM). The
MM consisted of IMDM medium supplemented with 2%
horse serum and antibiotics: penicillin – 100 U/mL, strepto-
mycin 100 mg/mL. Half of the MM was changed every sec-
ond/third day for 4 days. To evaluate multinuclear cells,
myogenic cultures were stained with 0.1% crystal violet
solution in 20% ethanol for 30 min.

Osteogenic differentiation
To evaluate induced osteogenic differentiation DPSC were
grown on tested surfaces. After 12 h, GM was changed to
osteogenic medium (OM). The OM consisted of DMEM
medium supplemented with 10% FBS and antibiotics: peni-
cillin – 100 U/mL, streptomycin 100 mg/mL, 5 × 10−8M
dexamethasone, 25 μg/mL ascorbic acid and 10−2M

FIGURE 1. The SEM images of the 3D printed PLA scaffolds and DPSC

aspect ratio measurements Scheme. (A) 2.5D full-filled wavy scaffold;

diameter of PLA filament is about 188 μm. (B) 3D porous PLA scaffold;

diameter of the filament – 500 μm; pore size is about 300 μm. (C) Cell

aspect ratio measurement Scheme. (D) Examples of possible cell

aspect ratio which depicts cell shape.
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β-glycerophosphate. The cell counts seeded on tested sur-
faces is specified in Table 1. Induced differentiation was ana-
lyzed throw-out the period of 21 days: 0 (12 h after seeding,
before OM substitution), 7, 14, and 21 after the addition of
OM. OM was changed every second/third day.

For spontaneous differentiation, DPSC were grown on
different surfaces for 0 (12 h after seeding), 7 and 10 days.
The cell counts which were seeded on different PLA scaf-
folds are depicted in TABLE I. Cells were grown in GM,
changing half of it every second/third day.

Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was detected using
PNPP reagent. After predetermined time points, OM/GM was
removed and samples were rinsed twice with PBS. Further,
1 mg/mL PNPP solution in 1× diethanolamine substrate
buffer was added to each sample and incubate at room tem-
perature for 1 h with gentle shaking (25 rpm). Reaction was
stopped by adding 2M NaOH solution. The absorbance was
measured at 405 nm using a microplate spectrophotometer
Varioskan Flash (Thermo Scientific).

Osteogenesis-related gene expression
qPCR assay was performed to analyze the expression of
Runx2, Osteopontin (OPN) and Osteocalcin (OCN) genes in
differentiated DPSC. The qPCR assay was performed after
induced and spontaneous osteogenic differentiations at pre-
determined time points. At each time interval, cells-PLA con-
structs were rinsed once with PBS and afterwards lysed
with TRIzol Reagent. For successful removal of lysate, PLA
scaffolds were centrifuged at 200g for 5 min (centrifuge
HERMLE, Labortechnik GmbH). Total RNA from each time
interval was isolated using a PureLink RNA Mini Kit accord-
ing to product 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 qPCR
Master Mix (2×). Total volume of reaction was reduced to
10 μL, thus 1 μL of prepared cDNA was used and a final con-
centration of primers in the reaction was 0.2 μM. Each
primer was designed with NCBI/ Primer-BLAST (TABLE II)
and synthesized by Nanodiagnostika (Lithuania). qPCR reac-
tions were run on the Rotor Gene Q (Qiagen). After initial
denaturation for 3 min at 95�C, qPCR 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 analyzed genes’ expres-
sion levels were calculated using 2−ΔΔCt method. Results
were normalized according to expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene and undifferen-
tiated cells, seeded on standard tissue culture plate surface
(TCSP) at initial time point, genes expression.

Mineralization assay
Alizarin red S (ARS) staining was performed in order to eval-
uate calcium-rich deposits in cell cultures. Briefly, after pre-
determined time points OM/GM was removed; afterwards,
cells were rinsed twice with PBS and fixed with 4% parafor-
maldehyde at room temperature for 15 min with gentle
shaking (25 rpm). Fixative residues were removed and cells
were washed with PBS. 2% ARS solution in deionized water
(pH = 4.1–4.3) was added and incubated at room tempera-
ture for 20 min with gentle shaking (25 rpm). Thereafter,
ARS solution was discarded, samples were rinsed three
times with deionized water and centrifuged at 100g for 30 s
(centrifuge HERMLE Labortechnik GmbH). For qualitative
differentiation evaluation, samples were analyzed microscop-
ically (Olympus IX51). Monolayer appeared red/brownish
when stained. For quantitative evaluation, ARS were dis-
solved in 5% perchloric acid; after 10 min, absorbance was
measured at 490 nm using a microplate spectrophotometer
Varioskan Flash (Thermo Scientific).

Statistical analysis
All statistical analyses were performed using R program
package (RStudio v1.1.442). Data are presented as
median � IQR of at least three independent experiments
using at least three samples per group, except imunohisto-
chemical analysis, data are presented as mean. Shapiro–Wilk
test was used to ascertain the data normality (when n ≥ 5).
For not normally distributed results, statistically significant
differences between two groups were determined using Wil-
coxon signed-rank test, for three and more groups, data sig-
nificance was assessed by Kruskal–Wallis one-way analysis
of variance test; and post hoc Tukey test was used to assess
statistically significant differences in data. For normally dis-
tributed results (also, when n < 5) statistically significant dif-
ferences between two groups were determined using t-test,
for three and more groups – one-way analysis of variance
(ANOVA) was performed and post hoc Tukey test was used

TABLE I. The cell counts which were used in osteogenic

differentiation experiments

Induced Osteogenic

Differentiation

Spontaneous Osteogenic

Differentiation

Time points Cell count Time points Cell count

0 d 50,000 cell/cm2 0 d 50,000 cell/cm2

7 d 20,000 cell/cm2 7 d 1000 cell/cm2

14 d 20,000 cell/cm2 10 d 1000 cell/cm2

21 d 10,000 cell/cm2

TABLE II. Sequences of analyzed genes primers pairs, used

for qPCR

Gene Primer

OPN FW: 50-CCAGCCAAGGACCAACTACA-30

RV: 50-TGGCTACAGCATCTGAGTGTTT-30

OCN FW: 50-TGCATTCTGCCTCTCTGACC-30

RV: 50-CTGGGGCTCCAAGTCCATTG-30 0

Runx2 FW: 50-TGAGATTTGTAGGCCGGAGC-30

RV: 5“0-GCTTCTGTCTGTGCCTTCTTG-3”0

GAPDH FW: 50-AGTGCCAGCCTCGTCTCATA-30

RV: 50-ATGAAGGGGTCGTTGATGGC-30 0
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to assess statistically significant data differences. p <0.05
were considered to be statistically significant.

RESULTS

Cell characterization
The immunophenotypic characterization of CD44-sorted
DPCS revealed that cells were also positive for CD54 and
CD90 which are considered to be MSC markers (Fig. 2(A,B)).
The absence of hematopoietic & endothelial markers CD13,
CD14, and CD31 were detected. Herewith, immunophenoty-
pic analysis showed weak expression of CD45, which is con-
sidered to be a hematopoietic stem cell marker.

Dental pulp stem cells also were evaluated for their dif-
ferentiation capacity into myocytes, adipocytes and osteo-
cytes of mesodermal lineage, as shown in Figure 2(C).
Respectively, multivacuolar neutral lipid droplets, multinuc-
lear cells and mineralized matrix were observed during

multi-lineage differentiation. Taking together, all above
results verified that isolated DPSC are mesenchymal origin.

Morphology and proliferation of the cells grown on
different topography surfaces
In order to evaluate the influence of tested scaffolds’ macro-
topography on DPSC morphology, cells were seeded on wavy
and porous PLA scaffolds; cell orientation was analyzed by
visualizing F-actin filaments within a cell (Fig. 3(A)).
Obtained fluorescent microscope images showed that cells
on both PLA macro-structured surfaces (wavy and porous)
were orientated along PLA filaments. The influence of such a
topography on DPSC morphology was confirmed by deter-
mining aspect ratio of cell dimensions (Fig. 3(B)). Obviously
that 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). Further-
more, DPSC nucleus morphology was evaluated by

FIGURE 2. DPSC immunophenotipic characterization and multi-lineage differentiation. Flow cytometry data (A) and (B) depicts DPSC CD13, CD14,

CD31, CD44, CD45, CD54, and CD90 surface markers expression levels. Intracellular accumulation of neutral lipids, the appearance of multinuclear

cells and formation of a mineralized ECM identifies multi-lineage differentiation capability of DPSC (C).
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measuring its aspect ratios (Fig. 3(C)). It was revealed that
cells grown on all tested macro-structured surfaces had dif-
ferently shaped nucleus (p < 0.001): nucleus of DPSC grown
on porous scaffolds had the roundest shape, while plate sur-
face promoted the largest nucleus elongation. Results indi-
cate, that cells grown on different macro-topography
surfaces experience diverse ECM tensions.

In order to evaluate the influence of macro-structures of
surface on proliferative activity of DPSC, cell number was
registered at 24, 48, 72, 96, and 120 h after cell seeding.
Results were normalized according to the cell numbers
determined on the appropriate surfaces after 24 h of incuba-
tion (Fig. 3(D)). Assessment of DPSC proliferation activity
indicated that within 120 h, number of cells on TCSP surface
increased about eight times, which is lower than cell number

on wavy (about 12 times, p < 0.05) and on porous PLA scaf-
folds (about 14 times, p < 0.01). Significant differences
between the TCSP and macro-structured PLA scaffolds sur-
face were registered even after 48 h of cell seeding.

Induced osteogenic differentiation
To evaluate the role of scaffolds’ macro-topography in induc-
tion of DPSC osteogenic differentiation, ALP activity,
osteogenic-related genes expression and ECM mineralization
was analyzed. Obtained results indicated that in DPSC,
grown on both investigated scaffolds, ALP enzymatic activity
increased from 0 to 21 days compared to control (Fig. 4(C)).
An initial increase in ALP activity was observed after 14 days,
but significant differences were registered in the cells grown

FIGURE 3. DPSC morphology (A), proliferation (D) and aspect ratio of cells (B) and their nucleus (C) on differently structured porous and wavy

PLA scaffolds; Surface of tissue culture plate (TCSP) was used as a control. Statistically significant data are indicated as *(p < 0.05), **(p < 0.01) and

*** (p < 0.001).
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on both tested scaffolds at day 21 compared to 0, 7, and
14 days.

To determine osteogenic differentiation potential,
osteogenesis-related genes (Runx2, OPN, and OCN) expres-
sion levels were evaluated by qPCR (Fig. 5). Results were
normalized according to expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene and expression
of genes in undifferentiated cells, grown on the TCSP at ini-
tial time point. Gene expression analysis revealed that both
wavy and porous PLA macro-structured scaffolds supported
osteogenic differentiation of DPSC, as evidenced by upregula-
tion of osteogenic markers Runx2 and OPN throughout cul-
ture period. Furthermore, upregulation of the Runx2 gene
was detected at the beginning of differentiation. At this time
point Runx2 gene expression in DPSC seeded on wavy scaf-
folds reached a statistically significant value (p = 0.0017)
compared to porous scaffolds, however, since the seventh
day of differentiation there was no statistically significant
difference in Runx2 gene expression levels between cells

grown on wavy and porous surfaces. In case of an OPN gene,
in cells on both tested PLA scaffolds its expression levels
were over basal levels throughout all predetermined time
points. Moreover, the upregulation of OPN gene in cells on
wavy PLA scaffolds (p < 0.05) was observed at the day
7, while on porous surface peak (p < 0.001) was detected at
day 14 (starting from differentiation induction) followed by
downregulation of its expression on the day 21. However,
during induced osteogenic differentiation no statistically sig-
nificant changes in expression levels of OCN gene were
observed.

To evaluate ECM mineralization, cells were stained with
ARS. It was observed that the highest calcium depositions on
wavy scaffolds were determined in PLA macro-grooves,
where DPSC formed groups and networks (Fig. 4(A)). Simi-
larly, on porous scaffolds, the most noticeable matrix miner-
alization was determined in PLA macro-threads interaction
points were DPSC clustered into groups. Additionally, ECM
mineralization efficiency was evaluated quantitatively.

FIGURE 4. Induced osteogenic differentiation in DPSC. (A) Qualitative and (B) quantitative extracellular matrix mineralization analyzed at 0, 7,

14 and 21 day during induced osteogenic differentiation. (C) The ALP activity evaluation. 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 scaf-

fold group (wavy or porous) – #(p < 0.05), ##(p < 0.01), ###(p < 0.001), Δ demonstrates a significant differences compared to day 7 within the same

scaffold group – Δ (p < 0.05), ΔΔ (p < 0.01) and □ corresponds to significant differences compared to day 14 within the same scaffold group –

□ (p < 0.05).
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Results were standardized according to absorption of appro-
priate scaffolds at initial time point (day 0) of incubation
(Fig. 4(B)). Data indicated that even after 7 days of DPSC dif-
ferentiation, ECM mineralization slightly increased on both
investigated macro-structured surfaces, however statistically
significant differences were elucidated on both PLA scaffolds
after 14 and 21 days of differentiation compared to the
beginning of the experiment. Moreover, determined calcium
accumulation on porous scaffolds after 21-day of differentia-
tion were higher (p < 0.05) compared to wavy macro-
surfaces.

Spontaneous osteogenic differentiation
To evaluate whether PLA scaffold’s macro-topography is
sufficient enough to induce DPSC spontaneous osteogenic
differentiation, ALP activity, osteogenic related genes expres-
sion levels and ECM mineralization were analyzed.

Obtained results of ALP activity were normalized and
standardized in the same way as in induced osteogenic dif-
ferentiation experiments (Fig. 6(C)). After 10 days of dif-
ferentiation, ALP activity in DPSC grown on both PLA
macro-structured scaffolds was statistically significantly
increased compared to DPSC at 0 and 7 days of differentia-
tion. 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.

Likewise, in induced DPSC osteogenic differentiation,
Runx2, OPN, and OCN genes expression levels were evalu-
ated by qPCR (Fig. 5). Data were normalized as in case of
induced differentiation. Results showed that both wavy and
porous PLA macro-structured surfaces stimulated spontane-
ous DPSC differentiation toward osteogenic lineage by upre-
gulating Runx2 and OPN genes expression. Similarly, to
induce osteogenic differentiation, the highest Runx2 gene
expression was detected at the beginning of spontaneous dif-
ferentiation; in DPSC grown on wavy scaffolds it increased
greater (p < 0.01) compared to porous scaffolds. In subse-
quent 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 differen-
tiation statistically significantly increased in time-dependent
manner throughout predetermined time points on both –
wavy and porous macro-structured PLA scaffolds. In
addition, after 0 and 7 days of spontaneous differentiation,
differences in OPN gene expression levels (p < 0.05)
between wavy and porous scaffolds were observed. In con-
trast to other genes, OCN showed a slightly continuous

FIGURE 5. Osteogenic-related genes (Runx2, OPN, and OCN) expression levels in DPSC seeded on wavy and porous PLA scaffolds after induced

and spontaneous osteogenic differentiations. 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), Δ demonstrates a significant differences compared to day 7 within the same scaffold group – Δ
(p < 0.05) and □ corresponds to significant differences compared to day 14 within the same scaffold group – □ (p < 0.05).
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decrease in gene expression levels from the very beginning
of differentiation on both surfaces.

Spontaneous osteogenic differentiation was also evalu-
ated by ARS staining, similarly as in induced differentiation,
cells formed groups on PLA scaffolds macro-grooves and
macro-cavities, where the ECM mineralization were
extremely pronounced (Fig. 6(A)). Normalized and standard-
ized results of quantitative evaluation of ECM mineralization
are depicted in Figure 6(B). It was observed that even after
7 days of spontaneous differentiation calcium accumulation
was significantly increased on both macro-structured PLA
scaffolds. In addition, a higher calcium deposition in ECM
was elucidated on porous scaffolds (p < 0.05) at day 7, fur-
thermore, this difference remained in later differentiation
days (p < 0.05).

DISCUSSION

Artificial bone engineering aims to create functional bone tis-
sue via combination of stem cells (the most suitable are
autologous cells) and artificial cell environment or scaffold40.
Applicability of fabricated bone is determined by many fac-
tors, including the ease and price of scaffold production and
cell availability. One of the relatively easily accessible cellu-
lar sources could be dental pulp located within the tooth. It
is a rich reservoir of adult MSC which could be a suitable

autologous cell source for personal needs as MSC demon-
strate good osteogenic differentiation potential38,41.

It is known that by modulating artificial environment,
the cells can be directed to a specific lineage. Different struc-
tural micro- and nano-compositions affect orientation and
shape of cells and thereby their behavior9–11. However, there
is no information about surface patterns which are larger
than cell diameter (macro-structures) effect on stem cell fate.
Thus, this study is focused on the macro-topography (macro-
threads and macro-grooves) impact on cell proliferation and
osteogenic differentiation (Figure 7).

In our study, two different topography scaffolds with
wavy and woodpile porous macrostructures (>100 μm) were
designed and 3D printed. In porous scaffolds, 500 μm
threads formed 300 μm size holes, which taken together
formed 50% porosity. The arrangement of the filaments
allowed avoiding long continuous grooves in which cells
would have been compressed while letting them gain curved
morphology on the top of the thread. In addition, specified
pore size is the most appropriate for bone tissue regenera-
tion in vivo13,14 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 ECM42.
Meanwhile, our tested wavy scaffolds’ structure was com-
posed of 188 μm PLA filaments molded together and form-
ing a plain wavy macro-structure, which lets to evaluate

FIGURE 6. Evaluation of spontaneous osteogenic differentiation of DPSC grown on PLA scaffolds (A) Qualitative and (B) quantitative extracellular

matrix mineralization. (A) DPSC light microscopy images taken at 0, 7, and 10 day of spontaneous osteogenic differentiation experiment. (C) ALP

activity evaluation. 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 Δ demonstrates a significant differences compared to day 7 within the same scaffold group – Δ (p < 0.05), ΔΔ (p < 0.01).
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filament and, more important, grooves depended cell orien-
tation and they impact on cell fate.

As mentioned above, it is well known, that cell-
surrounding environment plays an important role in
various cell processes12,43,44. It was shown that scaffold
micro- and nano-topographies affect cell FA formation, which
in turns modifies cell shape and morphology5–8,15–18,45.
Hereinafter, our results revealed that tested PLA macro-
topographies similarly influenced different DPSC orientation
and morphology: wavy surface determined more straightened
morphology of cells, meanwhile, DPSC seeded on porous scaf-
fold were flatter and bent over on the PLA filament. More-
over, scaffold’s macro-topographies also influenced
DPSC nuclei shape, although previously it was thought that
only micro- and nano-structures can influence cell
morphology3,8,15–18,45,46. Therefore, our results imply that sur-
face pattern in the scale of >100 μm still alters cell shape and
induces different ECM tensions which undoubtedly affect
cell fate.

Stem cells ability to proliferate in damaged tissue is
highly important feature in tissue engineering applications47.
Diverse environmental conditions, scaffold chemical compo-
sition and topography have a significant influence to cell
proliferation processes48,49. Moreover, most of the literature
analyses the effect of micro- and nano-structures, while
there is just a little of information about macro-structured
scaffold impact on cell growth19. For this reason we evalu-
ated the proliferation of DPSC grown on both tested PLA
macro-structured surfaces. However, differences in cell pro-
liferation between porous and wavy scaffolds were not regis-
tered. Even so, obtained results showed a significantly
greater DPSC proliferation on both studied PLA scaffolds
versus control TCSP surface. These differences could have
appeared due to surface spatial structure (2,5-3D) which
tends to increase the proliferation of various cell lines50–52.
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, DPSC
grown on woodpile macro-surfaces of porous scaffolds and
in macro-grooves of wavy scaffolds displayed different cyto-
skeletal arrangement, which revealed as a different cell
stretching and compression, likely enhanced DPSC prolifera-
tion 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 signaling pathway. This
signaling cascade plays a role in cell migration, proliferation
and survival8,53.

Proximate environment also has an effect on cell
differentiation54. For example, in case of osteogenic differenti-
ation, scaffolds with porous environment and micro−/nano-
structured threads increase mesenchymal cell differentiation
potential17,55. However, again, there is no data showing the
macro-structures impact on osteogenic cell differentiation
in vitro. It is well-accepted that in MSC osteogenic differentia-
tion, ALP activity and Runx2 expression are early markers for
osteogenesis, representing stem cell commitment to osteo-
genic lineage56–59, while OPN, OCN expression and ECM min-
eralization are later bone formation markers56,57,60,61. Results
obtained from our study in vitro indicated that, in the cells
grown on both types of macro-structured PLA scaffolds, the
expression of Runx2 was upregulated at early days of differ-
entiation, while ALP activity, OPN expression and ECM miner-
alization increased during the whole experiment.
Interestingly, ARS staining results showed, that ECM minerali-
zation was more intensive in PLA threads interaction points
(grooves and cavities), where cells were more compressed.
Though, according to our data, there was no significant
increase in OCN gene expression in DPSC maintained on wavy
and porous scaffolds during induced and spontaneous differ-
entiations. Most likely, during our experiment, DPSC did not
have enough time to reach the late stage of osteogenic differ-
entiation, to completely differentiate into osteoblasts56. More-
over, the lack of OCN expression indicates that after 21 days
of induced and 10 days of spontaneous differentiations ECM
mineralization occurs but it is not fully matured yet. Even so,

FIGURE 7. Schematic illustration of DPSC behavior on macro-structured wavy and porous PLA scaffolds.
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both surface macro-topographies had almost similar positive
impact on DPSC osteogenic differentiation potential and
one of the main factors determining cell osteogenic commit-
ment could be cell shape and cytoskeletal arrangement gen-
erated by the contact of cell and surface macrostructures.
Currently is known that only micro- or nano-grooves and
woodpile shapes elevate cytoskeletal tension which in turn
tends to activate signaling pathways, which are important
in osteogenesis62,63.

Additionally, induced and spontaneous osteogenic differ-
entiation results revealed that even without additional osteo-
genic inducers (dexamethasone, ascorbic acid and
β-glycerophosphate) the ALP activity, osteogenic-related
genes expression (Runx2 and OPN) and ECM mineralization
were increasing during experimental time in DPSC grown on
macro-structured PLA scaffolds. Accordingly, it can be stated
that additional factors for the DPSC osteogenic differentia-
tion are unnecessary, and osteogenic differentiation does not
require the precise micro- or nano-structured scaffold. It is
known that MSC isolated from different sources might dem-
onstrate tendency to spontaneously differentiate into specific
cell lines64, thus, observed characteristics of DPSC makes
them perfect candidates for bone tissue regeneration con-
trary to extensively used bone marrow MSC which requires
inducers to increase osteogenic potential65.

CONCLUSIONS

The results showed that the PLA surface macro-topography
influenced different DPSC orientation and morphology:
grooves of the wavy scaffold significantly induced the cell
elongation and changed the morphology of the nucleus,
while the cells grown on the porous scaffolds were more
flattened and bent over on PLA threads. It is likely that our
fabricated scaffolds, acting as artificial ECM, preferentially
interacted with integrins, which in a scaffold-dependent
manner participated in the cell fate determination: enhanced
DPSC proliferation compared to the control surface. Mean-
while, the changes in nucleus morphology probably contrib-
uted to cell fate modulation through the nucleus envelope
proteins, which interacted with a variety of transcription fac-
tors in many signaling pathways, some of which could
directed cells to differentiation. Therefore, the results of
osteogenic differentiation revealed that both wavy and
porous PLA scaffolds induced ALP activity, expression of
osteogenesis-related genes (Runx2 and OPN) and ECM min-
eralization in DPSC, even without additional factors. The
mineralization tended to be more effective in the groves of
wavy scaffolds. Thus, tested PLA scaffolds macro-
topographies could be promising approach for cheaper and
faster production of scaffolds for artificial bone tissue. More-
over, our results revealed that these two macro-topographies
might be combine with each other to reach the maximum
potential.

ACKNOWLEDGMENT

This work was supported by the grant from the Research
Council of Lithuania, No MIP – 046/2015.

REFERENCES
1. Meinel L, Karageorgiou V, Fajardo R, Snyder B, Shinde-Patil V,

Zichner L, Kaplan D, Langer R, Vunjak-Novakovic G. Bone tissue

engineering using human mesenchymal stem cells: Effects of scaf-

fold material and medium flow. Ann Biomed Eng 2004;32(1):

112–122. https://doi.org/10.1023/B:ABME.0000007796.48329.b4.

2. Dulgar-Tulloch AJ, Bizios R, Siegel RW. Human mesenchymal stem

cell adhesion and proliferation in response to ceramic chemistry

and nanoscale topography. J Biomed Mater Res A 2009;90A(2):

586–594. https://doi.org/10.1002/jbm.a.32116.

3. Yim EKF, Pang SW, Leong KW. Synthetic nanostructures inducing

differentiation of human mesenchymal stem cells into neuronal lin-

eage. Exp Cell Res 2007;313(9):1820–1829. https://doi.org/10.1016/j.

yexcr.2007.02.031.

4. Koroleva A, Deiwick A, Nguyen A, Schlie-Wolter S, Narayan R,

Timashev P, Popov V, Bagratashvili V, Chichkov B. Osteogenic dif-

ferentiation of human mesenchymal stem cells in 3-D Zr-Si

organic-inorganic scaffolds produced by two-photon polymerization

technique. PLOS ONE 2015;10(2):e0118164. https://doi.org/10.1371/

journal.pone.0118164.

5. Chaubey A, Ross KJ, Leadbetter RM, Burg KJL. Surface patterning:

Tool to modulate stem cell differentiation in an adipose system. J

Biomed Mater Res Part B: Appl Biomater 2008;84:70–78.

6. Deligianni DD, Katsala ND, Koutsoukos PG, Missirlis YF. Effect of

surface roughness of hydroxyapatite on human bone marrow cell

adhesion, proliferation, differentiation and detachment strength.

Biomaterials 2001;22(1):87–96. https://doi.org/10.1016/S0142-9612

(00)00174-5.

7. Hamilton D, Ghrebi S, Kim H, Chehroudi B, Brunette D. Surface

topography and cell behavior. Encyclopedia of Biomaterials and

Biomedical Engineering, Second Edition - Four Volume Set. Boca

Raton, FL: CRC Press; 2008. p 2551–2561.

8. Abagnale G, Steger M, Nguyen VH, Hersch N, Sechi A, Joussen S,

Denecke B, Merkel R, Hoffmann B, Dreser A, Schnakenberg U,

Gillner A, Wagner W. Surface topography enhances differentiation

of mesenchymal stem cells towards osteogenic and adipogenic lin-

eages. Biomaterials 2015;61:316–326. https://doi.org/10.1016/j.

biomaterials.2015.05.030.

9. Watari S, Hayashi K, Wood JA, Russell P, Nealey PF, Murphy CJ,

Genetos DC. Modulation of osteogenic differentiation in hMSCs

cells by submicron topographically-patterned ridges and grooves.

2012, DOI: https://doi.org/10.2169/naika.101.3233.

10. Kim MS, Kim AY, Jang KJ, Kim JH, Kim JB, Suh KY. Effect of nano-

groove geometry on adipogenic differentiation. Nanotechnology

2011;22(49):494017. https://doi.org/10.1088/0957-4484/22/49/494017.

11. Kim J, Kim HN, Lim K-T, Kim Y, Pandey S, Garg P, Choung Y-H,

Choung P-H, Suh K-Y, Chung JH. Synergistic effects of nanotopo-

graphy and co-culture with endothelial cells on osteogenesis of

mesenchymal stem cells. Biomaterials 2013;34:7257–7268. https://

doi.org/10.1016/j.biomaterials.2013.06.029.

12. Murphy CM, O’Brien FJ, Little DG, Schindeler A. Cell-scaffold inter-

actions in the bone tissue engineering triad. Eur Cell Mater 2013;26:

120–132. https://doi.org/10.22203/eCM.v026a09.

13. Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds and

osteogenesis. Biomaterials 2005;26(27):5474–5491. https://doi.

org/10.1016/j.biomaterials.2005.02.002.

14. Hannink G, Arts JJC. Bioresorbability, porosity and mechanical

strength of bone substitutes: What is optimal for bone regenera-

tion? Injury 2011;42:S22–S25. https://doi.org/10.1016/j.injury.2011.

06.008.

15. Yao Q, Cosme JGL, Xu T, Miszuk JM, Picciani PHS, Fong H, Sun H.

Three dimensional electrospun PCL/PLA blend nanofibrous scaf-

folds with significantly improved stem cells osteogenic differentia-

tion and cranial bone formation. Biomaterials 2017;115:115–127.

https://doi.org/10.1016/j.biomaterials.2016.11.018.

16. Zhang S, Ma B, Liu F, Duan J, Wang S, Qiu J, Li D, Sang Y, Liu C,

Liu D, Liu H. Polylactic acid Nanopillar Array-driven osteogenic dif-

ferentiation of human adipose-derived stem cells determined by pil-

lar diameter. Nano Lett 2018;18(4):2243–2253. https://doi.org/10.

1021/acs.nanolett.7b04747.

17. Niu H, Lin D, Tang W, Ma Y, Duan B, Yuan Y, Liu C. Surface topog-

raphy regulates osteogenic differentiation of MSCs via crosstalk

between FAK/MAPK and ILK/β-catenin pathways in a hierarchically

184 ALKSNE ET AL. EFFECT OF SURFACE PATTERNS ON DPSC OSTEOGENIC DIFFERENTIATION

https://doi.org/10.1023/B:ABME.0000007796.48329.b4
https://doi.org/10.1002/jbm.a.32116
https://doi.org/10.1016/j.yexcr.2007.02.031
https://doi.org/10.1016/j.yexcr.2007.02.031
https://doi.org/10.1371/journal.pone.0118164
https://doi.org/10.1371/journal.pone.0118164
https://doi.org/10.1016/S0142-9612(00)00174-5
https://doi.org/10.1016/S0142-9612(00)00174-5
https://doi.org/10.1016/j.biomaterials.2015.05.030
https://doi.org/10.1016/j.biomaterials.2015.05.030
https://doi.org/10.2169/naika.101.3233
https://doi.org/10.1088/0957-4484/22/49/494017
https://doi.org/10.1016/j.biomaterials.2013.06.029
https://doi.org/10.1016/j.biomaterials.2013.06.029
https://doi.org/10.22203/eCM.v026a09
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1016/j.injury.2011.06.008
https://doi.org/10.1016/j.injury.2011.06.008
https://doi.org/10.1016/j.biomaterials.2016.11.018
https://doi.org/10.1021/acs.nanolett.7b04747
https://doi.org/10.1021/acs.nanolett.7b04747


porous environment. ACS Biomater Sci Eng 2017;3(12):3161–3175.

https://doi.org/10.1021/acsbiomaterials.7b00315.

18. Kim SE, Yun Y-P, Shim K-S, Kim H-J, Park K, Song H-R. 3D printed

alendronate-releasing poly(caprolactone) porous scaffolds enhance

osteogenic differentiation and bone formation in rat tibial defects.

Biomed Mater 2016;11(5):55005.

19. Gregor A, Filová E, Novák M, Kronek J, Chlup H, Buzgo M,

Blahnová V, Lukášová V, Bartoš M, Ne�cas A, Hošek J. Designing of

PLA scaffolds for bone tissue replacement fabricated by ordinary

commercial 3D printer. J Biol Eng 2017;11:31.

20. Rosenzweig D, Carelli E, Steffen T, Jarzem P, Haglund L. 3D-printed

ABS and PLA scaffolds for cartilage and nucleus pulposus tissue

regeneration. Int J Mol Sci 2015;16(12):15118–15135. https://doi.

org/10.3390/ijms160715118.

21. Malinauskas M, Rekštyt _e S, Lukoševi�cius L, Butkus S, Bal�ci�unas E,

Pe�ciukaityt _e M, Baltriukien _e D, Bukelskien _e V, Butkevi�cius A,

Kucevi�cius P, Rutk�unas V, Juodkazis S. 3D microporous scaffolds

manufactured via combination of fused filament fabrication and

direct laser writing ablation. Micromachines 2014;5(4):839–858.

https://doi.org/10.3390/mi5040839.

22. Dhandayuthapani B, Yoshida Y, Maekawa T, Kumar DS. Polymeric

scaffolds in tissue engineering application: A review. Int J Polym

Sci 2011;2011:1–19. https://doi.org/10.1155/2011/290602.

23. Rezwan K, Chen QZ, Blaker JJ, Boccaccini AR. Biodegradable and

bioactive porous polymer/inorganic composite scaffolds for bone

tissue engineering. Biomaterials 2006;27(18):3413–3431. https://doi.

org/10.1016/j.biomaterials.2006.01.039.

24. Narayanan G, Vernekar VN, Kuyinu EL, Laurencin CT. Poly (lactic

acid)-based biomaterials for orthopaedic regenerative engineering.

Adv Drug Deliv Rev 2016;107:247–276. https://doi.org/10.1016/j.

addr.2016.04.015.

25. Di Luca A, Longoni A, Criscenti G, Lorenzo-Moldero I,

Klein-Gunnewiek M, Vancso J, van Blitterswijk C, Mota C, Moroni L.

Surface energy and stiffness discrete gradients in additive manu-

factured scaffolds for osteochondral regeneration. Biofabrication

2016;8(1):15014. https://doi.org/10.1088/1758-5090/8/1/015014.

26. Caplan AI. Adult mesenchymal stem cells for tissue engineering

versus regenerative medicine. J Cell Physiol 2007;213(2):341–347.

https://doi.org/10.1002/jcp.21200.

27. Tomar GB, Srivastava RK, Gupta N, Barhanpurkar AP, Pote ST,

Jhaveri HM, Mishra GC, Wani MR. Human gingiva-derived mesen-

chymal stem cells are superior to bone marrow-derived mesenchy-

mal stem cells for cell therapy in regenerative medicine. Biochem

Biophys Res Commun 2010;393(3):377–383. https://doi.org/10.1016/

j.bbrc.2010.01.126.

28. Gronthos S, Brahim J, Li W, Fisher LW, Cherman N, Boyde A,

DenBesten P, Robey PG, Shi S. Stem cell properties of human den-

tal pulp stem cells. J Dent Res 2002;81(8):531–535.

29. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H,

Alfonso ZC, Fraser JK, Benhaim P, Hedrick MH. Human adipose tis-

sue is a source of multipotent stem cells. Mol Biol Cell 2002;13(12):

4279–4295. https://doi.org/10.1091/mbc.e02-02-0105.

30. Bojic S, Volarevic V, Ljujic B, Stojkovic M. Dental stem cells – char-

acteristics and potential. Histol Histopathol 2014;29(6):699–706.

31. Khanna-Jain R, Vanhatupa S, Vuorinen A, S GKB. Or, Suuronen R,

Mannerstrom B, Miettinen S. growth and differentiation of human

dental pulp stem cells maintained in fetal bovine serum, human

serum and serum-free/Xeno-free culture media. J Stem Cell Res

Ther 2012;2(4). 10.4172/2157-7633.1000126.

32. Tatullo M, Marrelli M, Shakesheff KM, White LJ. Dental pulp stem

cells: Function, isolation and applications in regenerative medicine.

J Tissue Eng Regen Med 2015;9(11):1205–1216. https://doi.org/10.

1002/term.1899.

33. Potdar PD, Jethmalani YD. Human dental pulp stem cells: Applica-

tions in future regenerative medicine. World J Stem Cells 2015;7(5):

839–851. https://doi.org/10.4252/wjsc.v7.i5.839.

34. Verma K, Bains R, Bains VK, Rawtiya M, Loomba K, Srivastava SC.

Therapeutic potential of dental pulp stem cells in regenerative med-

icine: An overview. Dental Res J 2014;11(3):302–308.

35. Chun SY, Soker S, Jang Y-J, Kwon TG, Yoo ES. Differentiation of

human dental pulp stem cells into dopaminergic neuron-like cells

in vitro. J Korean Med Sci 2016;31(2):171–177. https://doi.org/10.

3346/jkms.2016.31.2.171.

36. Sacchetti B, Funari A, Remoli C, Giannicola G, Kogler G, Liedtke S,

Cossu G, Serafini M, Sampaolesi M, Tagliafico E, Tenedini E,

Saggio I, Robey PG, Riminucci M, Bianco P. No identical “mesen-

chymal stem cells” at different times and sites: Human committed

progenitors of distinct origin and differentiation potential are incor-

porated as adventitial cells in microvessels. Stem Cell Rep 2016;

6(6):897–913. https://doi.org/10.1016/j.stemcr.2016.05.011.

37. Musina RA, Bekchanova ES, Sukhikh GT. Comparison of mesenchy-

mal stem cells obtained from different human tissues. Bull Exp Biol

Med 2005;139(4):504–509. https://doi.org/10.1007/s10517-005-0331-1.

38. Mori G, Brunetti G, Oranger A, Carbone C, Ballini A, Lo ML,

Colucci S, Mori C, Grassi FR, Grano M. Dental pulp stem cells: Oste-

ogenic differentiation and gene expression. Ann N Y Acad Sci 2011;

1237(1):47–52. https://doi.org/10.1111/j.1749-6632.2011.06234.x.

39. Kalvelyte A, Krestnikova N, Stulpinas A, Bukelskiene V, Bironaite D,

Baltriukiene D, Imbrasaite A. Long-term muscle-derived cell culture:

Multipotency and susceptibility to cell death stimuli. Cell Biol Int

2013;37(4):292–304.

40. Ma PX, Langer R. Degradation, structure and properties of fibrous

nonwoven poly(glycolic acid) scaffolds for tissue engineering. MRS

Online Proceedings Library Archive 1995;394:99–104.

41. Pierdomenico L, Bonsi L, Calvitti M, Rondelli D, Arpinati M,

Chirumbolo G, Becchetti E, Marchionni C, Alviano F, Fossati V,

Staffolani N, Franchina M, Grossi A, Bagnara GP. Multipotent mes-

enchymal stem cells with immunosuppressive activity can be easily

isolated from dental pulp. Transplantation 2005;80(6):836–842.

https://doi.org/10.1097/01.tp.0000173794.72151.88.

42. Wall A, Board T. The compressive behavior of bone as a two-phase

porous structure. Classic Papers in Orthopaedics. London: Springer

London; 2014. p 457–460.

43. Kajita M, Hogan C, Harris AR, Dupre-Crochet S, Itasaki N,

Kawakami K, Charras G, Tada M, Fujita Y. Interaction with sur-

rounding normal epithelial cells influences signalling pathways and

behaviour of Src-transformed cells. J Cell Sci 2010;123(2):171–180.

https://doi.org/10.1242/jcs.057976.

44. Tavakol S, Azami M, Khoshzaban A, Ragerdi Kashani I, Tavakol B,

Hoveizi E, Rezayat Sorkhabadi SM. Effect of laminated hydroxyapa-

tite/gelatin nanocomposite scaffold structure on osteogenesis using

unrestricted somatic stem cells in rat. Cell Biol Int 2013;37(11):n/a.

45. Zhu C, Rodda AE, Truong VX, Shi Y, Zhou K, Haynes JM, Wang B,

Cook WD, Forsythe JS. Increased cardiomyocyte alignment and intra-

cellular calcium transients using micropatterned and drug-releasing

poly(glycerol Sebacate) elastomers. ACS Biomater Sci Eng 2018;4(7):

2494–2504. https://doi.org/10.1021/acsbiomaterials.8b00084.

46. Abagnale G, Sechi A, Steger M, Zhou Q, Kuo C-C, Aydin G,

Schalla C, Müller-Newen G, Zenke M, Costa IG, van Rijn P,

Gillner A, Wagner W. Surface topography guides morphology and

spatial patterning of induced pluripotent stem cell colonies. Stem

cell reports 2017;9(2):654–666. https://doi.org/10.1016/j.stemcr.2017.

06.016.

47. Baksh D, Song L, Tuan RS. Adult mesenchymal stem cells: Charac-

terization, differentiation, and application in cell and gene therapy.

J Cell Mol Med 2004;8(3):301–316.

48. Janvikul W, Uppanan P, Thavornyutikarn B, Kosorn W,

Kaewkong P. Effects of surface topography, hydrophilicity and

chemistry of surface-treated PCL scaffolds on chondrocyte infiltra-

tion and ECM production. Proc Eng 2013;59:158–165. https://doi.

org/10.1016/j.proeng.2013.05.106.

49. Loh QL, Choong C. Three-dimensional scaffolds for tissue engineer-

ing applications: Role of porosity and pore size. Tissue Eng Part B

Rev 2013;19(6):485–502. https://doi.org/10.1089/ten.teb.2012.0437.

50. Bhat S, Kumar A. Cell proliferation on three-dimensional chitosan–

agarose–gelatin cryogel scaffolds for tissue engineering applica-

tions. J Biosci Bioeng 2012;114(6):663–670. https://doi.org/10.1016/j.

jbiosc.2012.07.005.
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