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Abstract
Anabolic effects of low magnitude high frequency (LMHF) vibrations on bone tissue were consistently shown in the literature 
in vivo, however in vitro efforts to elucidate underlying mechanisms are generally limited to 2D cell culture studies. Three 
dimensional cell culture platforms better mimic the natural microenvironment and biological processes usually differ in 3D 
compared to 2D culture. In this study, we used laboratory grade filter paper as a scaffold material for studying the effects of 
LHMF vibrations on osteogenesis of bone marrow mesenchymal stem cells in a 3D system. LMHF vibrations were applied 
15 min/day at 0.1 g acceleration and 90 Hz frequency for 21 days to residing cells under quiescent and osteogenic condi-
tions. mRNA expression analysis was performed for alkaline phosphatase (ALP) and osteocalcin (OCN) genes, Alizarin 
red S staining was performed for mineral nodule formation and infrared spectroscopy was performed for determination of 
extracellular matrix composition. The highest osteocalcin expression, mineral nodule formation and the phosphate bands 
arising from the inorganic phase was observed for the cells incubated in osteogenic induction medium with vibration. Our 
results showed that filter paper can be used as a model scaffold system for studying the effects of mechanical loads on cells, 
and LMHF vibrations induced the osteogenic differentiation of stem cells.
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1 Introduction

Bone tissue is dynamically remodeled throughout an organ-
ism’s lifespan to meet mechanical demand with proper 
morphological adaptations [1] and to remove accumulating 
micro defects [2]. This process is very well integrated to the 
fracture healing phases, resulting in a scar tissue free regen-
erative process [3]. However, some insults on the bone tissue 
that occur as a result of trauma, surgery or diseases such as 
osteonecrosis might cause critical sized defects that can-
not be repaired without surgical procedures [4], signifying a 
need for functional bone substitutes. Though it is possible to 
augment critical sized defects using biomaterial based grafts 
[5], mechanical mismatch, poor biodegradability of many 
natural polymers, low cell attachment, acidic byproduct 

formation and alterations in mechanical properties of syn-
thetic polymers upon degradation limits applicability of bio-
materials [6]. Alternatively, bone tissue engineering aims to 
produce functional bone substitutes ex vivo by mimicking 
natural bone environment with scaffolds, autologous cells 
and relevant biochemical or physical signals [7].

For bone tissue engineering applications, scaffolds are 
needed to provide the structure for cells to invade and popu-
late. Various natural and synthetic materials are shown to be 
suitable as scaffolds for the bone tissue [8, 9]. Cellulose is 
one of these natural materials, which can be extracted from 
various organisms from plants to bacteria and can be used as 
a scaffold material because of its abundance, low cost, tuna-
ble mechanical properties and surface chemistry [10]. Paper 
is an industrialized product of cellulose and a wide range of 
paper types with different physical and mechanical proper-
ties are commercially available to be used for technological 
applications. Laboratory grade filter paper (Whatman) is an 
example of pure cellulose product that does not contain any 
additional binders in its structure [11]. Recent biotechno-
logical applications of the paper use include the produc-
tion of disposable high throughput analytical test systems, 
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biosensors, electronic devices, cell and tissue culture plat-
forms because of its biocompatibility, ease of modifications, 
low cost and availability [12–16]. Furthermore, filter paper 
is shown to be a promising scaffold material for tissue engi-
neering because of its formability which makes it possible to 
produce centimeter scale scaffolds by folding [11].

Another important component of a tissue engineered con-
struct is the cell. For bone tissue, osteoblasts and osteocytes 
are responsible for the bone modeling and remodeling, so 
osteoblasts and precursor cells are considered as the pri-
mary cell sources for bone repair studies [17]. Stem cells, on 
the other hand, are capable of proliferation for a long time 
in vitro and differentiation into different lineages upon stim-
ulation. Bone marrow mesenchymal stem cells (BM MSCs) 
are the most abundantly utilized stem cell source because 
of their high osteogenic potential [18]. The last components 
for tissue engineering, the biochemical or physical signals, 
are required to mimic the in vivo microenvironment. Vari-
ous mechanical loads are exerted on all tissues in human 
body; such as the compression on bones and cartilages, 
tension on muscles and tendons, fluid shear in blood ves-
sels and hydrodynamic pressure in the heart valves [19]. 
Structural and functional adaptations occur in bone tissue 
upon application of mechanical forces. Adaptation of skel-
etal tissue to mechanical loads depends heavily on genetic 
and epigenetic factors [20–27]. Besides biological factors, 
the physical properties of the mechanical loads also influ-
ence the subsequent skeletal adaptations. Anabolic effects 
of mechanical forces on bone tissue are based on several 
parameters such as the magnitude [28], frequency [28–31], 
rate, cycle number [32] and distribution of the mechanical 
loads [33]. When applied within the physiological range, 
dynamic mechanical loading triggers in vivo bone formation 
in contrary to continuous static loading, which might cause 
tissue resorption [34, 35].

Many different tools to induce mechanotransduction 
events have been used up to now, such as micropipette aspi-
ration, fluid shear and hydrostatic pressure, but vibrations 
are utilized as mechanical stimulators lately as an alterna-
tive [36]. Low magnitude loads (usually < 1 g acceleration) 
with high frequencies (20–90 Hz) are commonly referred 
as vibrations and application of vibrations have anabolic 
effects on bone [31, 37–40]. Even though the magnitude of 
the mechanical loads differ depending on the daily activities 
and physical exercise, the bones are subjected to a continu-
ous low magnitude high frequency force arising from mus-
cle action in the resting state [34], which can be imitated 
through the use of vibrational forces [41].

The effects of vibrational forces are usually studied for 
monolayer cells and there is limited research about their 
application on 3D in vitro culture systems. In this research, 
we utilized vibrational forces as a stimulator for osteogenic 
differentiation of mouse bone marrow mesenchymal stem 

cells on filter paper-based scaffolds and differentiation of the 
cells was determined by gene expression analysis, mineral 
staining and infrared spectroscopy. To our knowledge, this 
report is the first description of paper-based tissue engineer-
ing scaffolds to be used for 3D in vitro mechanotransduc-
tion studies and our results indicate that these scaffolds are 
suitable candidates to be used for bone tissue engineering 
applications.

2  Materials and methods

2.1  Cell culture and osteogenic induction

D1 ORL UVA (mouse bone marrow) cell line was infected 
with EGFP (enhanced green fluorescent protein) and Puro-
mycin resistance gene carrying retroviruses in order to 
produce fluorescently labelled stable cell lines. EGFP gene 
was transferred by pMIG viral vector (Addgene #9044, 
USA). For infection D1 ORL UVA cells were first seeded 
at a density of 3 × 104 cells/cm2. Growth media of the cells 
(DMEM high glucose with 10% FBS and 1% Pen/Strep) 
were replaced with infection medium ((virus suspension in 
growth medium with Polybrene (1:1000 v/v)) on the next 
day after cell seeding. Normal growth medium with Poly-
brene and without the virus was used as the negative control. 
The next day, infection medium was replaced with normal 
growth medium and cells were incubated in this medium for 
2 days. Infected cells were selected with Puromycin (2 µg/
mL) containing medium (DMEM high glucose with 10% 
FBS and 1% Pen/Strep). EGFP carrying D1 ORL UVA 
(D1 ORL UVA-EGFP) cells were seeded on circular filter 
paper (Whatman® Grade 114, 190 µm thickness and 25 µm 
average pore size, Merck, Germany) constructs at a den-
sity of  102 or  104 cells in 20 µL directly in 12 well plates 
or on filter papers [42]. For osteogenic induction, on the 
next day of cell seeding the regular growth medium of cells 
was replaced with osteogenic induction medium (10 mM 
β-glycerophosphate, 50 µg/mL ascorbic acid and DMEM 
high glucose with 10% FBS and 1% Pen/Strep).

2.2  Application of low magnitude high frequency 
(LMHF) signals

D1 ORL UVA-EGFP cells seeded in 12 well plates and on 
filter paper scaffolds were exposed to LMHF vibrations daily 
at 90 Hz and 0.1 g (1 g = Earth’s gravitational pull), for 15 
min/day, 5 days/week at ambient conditions for 21 days. 
LMHF was generated and delivered to cells by a custom-
made platform in vertical direction (Fig. 1), similar to our 
previous studies on monolayer cultures [43, 44].
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2.3  Determination of cell viability on Whatman 
paper

The effect of LMHF on the viability of cells was determined 
by MTT assay on days 1, 3, 7 and 10 after seeding. Reg-
ular growth media of the samples were replaced by 10% 
MTT solution containing medium, incubated for 4 h at 37 
°C and 5%  CO2. Tetrazolium salts were solubilized with 
DMSO and the absorbance was measured at 570 and 650 
nm wavelengths with a spectrophotometer (Thermo Fisher 
Scientific, Multiscan Spectrum, USA). Empty filter paper 
that was incubated with the same amount of MTT contain-
ing medium for the same duration was used as blank and its 
absorbance value was subtracted from absorbance values 
collected from experimental samples.

2.4   Total RNA isolation from paper scaffolds 
and RT‑PCR

Total RNA isolation was done from D1 ORL UVA cells 
(passage no < 20) that were seeded on filter paper scaffolds 
at a density of  105 cells/paper on the 14th day of incubation. 
PureLink RNA Mini Kit (Invitrogen, USA) was used for 
RNA isolation. Paper samples were washed with PBS once 
and then transferred into separate microcentrifuge tubes. The 
samples were homogenized with a tissue grinder within the 
lysis buffer (Isolab, Germany). The cells were suspended 

by passing the suspension through insulin needles several 
times and then 70% ethanol was added to each sample and 
RNA purification was done according to the manufacturer’s 
instructions. The concentration and purity of isolated RNAs 
were measured by NanoDrop spectrophotometer.

Reverse transcription was done by using RevertAid First 
Strand cDNA Synthesis Kit (ThermoFisher Scientific, USA), 
according to the manufacturer’s instructions with 220 ng 
template RNA. For RT-PCR 55 ng cDNA was used with the 
primers listed below. PCR was conducted at 95 °C for 30 s, 
60 °C for 30 s and 72 °C for 30 s for 45 cycles. The anneal-
ing temperatures are given in (Table 1). Quantitative RT-
PCR was done by Light Cycler 96 thermal cycler (Roche, 
Switzerland) with FastStart Essential DNA Green Master 
Kit (Roche, Switzerland).

The relative expression levels of the target genes were 
calculated by threshold cycle (∆∆Ct) method with GAPDH 
as a reference gene and reported as  2−∆∆Ct, as relative fold-
ing changes to samples under static and growth medium 
conditions.

2.5   Determination of mineralization in tissue 
culture plates and on filter paper scaffolds

Cell seeded filter paper constructs and tissue culture plates 
were washed with 10 mM PBS and fixed with 4% para-
formaldehyde (PFA) (Sigma-Aldrich, USA). Alizarin red 

Fig. 1  The schematic representation a and photography b of the vibration platform utilized in the study

Table 1  Forward and reverse primers used for RT-qPCR reactions

Gene Forward primer (5′–3′) Reverse primer (5′–3′) Annealing 
temperature 
(°C)

OCN CTG ACA AAG CCT TCA TGT CCA A GCG CCG GAG TCT GTT CAC TA 55.9
ALP TTT AGT ACT GGC CAT CGG CA ATT GCC CTG AGT GGT GTT GCA 57.9
GAPDH GAC ATG CCG CCT GGA GAA AC AGC CCA GGA TGC CCT TTA GT 58
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S (ARS) dye solution (2% w/v) was prepared and samples 
were stained with ARS dye, by incubating them at 37 °C 
for 30 min. Then the samples in tissue culture plates were 
washed with distilled water. For the cells on filter paper scaf-
folds, a blank empty paper was used as a reference to under-
stand whether the non-specifically bound dye was removed 
or not. Additional rinsing was done by adding PBS and leav-
ing the samples on a shaker overnight. The following day 
samples were washed with distilled water by leaving them 
in water for a total of 3 h on the shaker and renewing the 
water at every hour. After aspiration of the water, the sam-
ples were stored at −20 °C before extraction of the dye with 
Cetylpyridinium Chloride (CPC) [45]. For extraction, CPC 
solution with 10% (w/v) concentration in 10 mM sodium 
phosphate (pH 7.0) was prepared. ARS stained samples were 
incubated in CPC solution in a 24 well plate for 1 h at room 
temperature on a shaker. 100 µL aliquots from each sam-
ple was transferred as triplicate to a 96-well plate and the 
absorbance was measured at 550 nm. ARS concentration 
per sample was calculated and the values were normalized 
to total protein amount.

2.5.1   Total protein isolation and determination 
of the amount from cells on paper scaffolds

Lysis buffer (10 mM Tris-HCl pH = 7.5, 1 mM EDTA, 0.1% 
Triton X, protease inhibitor 1% (v/v) and dithiothreitol 
(DTT, 0.1% v/v)) was prepared. Tissue culture plates and 
paper scaffolds with cells were washed with PBS. Tissue 
culture plates were put on ice directly and paper samples 
were transferred to microcentrifuge tubes in ice. Complete 
lysis buffer was added to each sample and the samples were 
vortexed 10 s with 5 min intervals during a total of 30 min. 
Lysates were centrifuged at 15000 rpm for 3 min and super-
natants were transferred to fresh tubes. Total protein contents 
were measured by Bradford assay. Bradford reagent (20%, 
v/v) was diluted with distilled water (80%, v/v). Diluted 
Bradford reagent was aliquoted in separate microcentrifuge 
tubes and 10% (v/v) isolated protein was added to tubes, and 
100 µL from each sample was transferred to a 96-well plate 
as triplicate and the absorbance was read at 595 nm.

2.5.2   FTIR analyses for detection of mineralization

The composition of organic and inorganic components of 
ECM was detected by Fourier-transform infrared spectros-
copy (FTIR) (Perkin Elmer Spectrum Version 10.4.3, USA). 
The samples were fixed with 4% PFA and washed with dis-
tilled water. Water has a strong infrared absorbance [46], 
thus samples were dried in the vacuum oven to remove water 
prior to FTIR analysis. FTIR spectrometer with ATR attach-
ment was used and the spectra were recorded in the range of 
4000–400  cm−1 wavenumber with 4  cm−1 resolution. FTIR 

spectra of the samples were compared with empty paper that 
was treated with the same procedures for cell fixation and 
washing steps. Since the fingerprint peaks of bone originat-
ing from collagen and hydroxyapatite are within 400–1700 
 cm−1 region of the spectrum, the comparison between spec-
tra of different samples was done by narrowing the wave-
number interval. Analyses were done by using Spectragryph 
1.2 spectroscopy software.

2.6   Statistical analyses

All the experiments were repeated in triplicates, and all 
results are displayed as the mean ± standard deviation. Sta-
tistical analyses for comparison between the groups were 
performed using ANOVA. In order to detect significant dif-
ference in growth, Student’s t-test was performed between 
control and vibration groups of each condition. To demon-
strate the differences between groups for gene expression 
and quantification of mineralization ANOVA followed by 
S-N-K post hoc test was done. Levels of significance were 
reported for 5%, 1%, and 0.1%.

3  Results

The viability of D1 ORL UVA stem cells on filter paper 
scaffolds was determined via MTT assay for both standard 
growth and osteogenic induction conditions with or without 
exposure to vibration. The viability signal on paper scaffolds 
increased during 10 days for all conditions (Fig. 2), and at 
day 10, growth control (GC), growth vibration (GV), osteo-
genic control (OC) and osteogenic vibration (OV) cells had 
14.7-fold, 14.8-fold, 14.5-fold and 23.5-fold (all p < 0.001) 
increase compared to the day 1 signal of corresponding 
group, respectively. At day 10, daily vibrations showed effect 
on the MTT signal of cells cultured on growth conditions 
(−23%, p < 0.05), but not for osteogenic conditions. On the 
other hand, presence of osteogenic conditions induced 49% 
and 79% (both p < 0.001) increase in MTT signals for con-
trol and vibrated cells at day 10, respectively. Continued 
proliferation and viability of D1 ORL UVA cells were vali-
dated on paper based scaffolds for 3 weeks via fluorescent 
signals for cells that were kept in growth conditions (Fig. 3).

In order to determine the effect of osteogenic condi-
tions and the vibrational loading on the osteogenic dif-
ferentiation of D1 ORL UVA mesenchymal stem cells, 
Alizarin red S (ARS) staining on the 14th day was 
assessed for GC, GV, OC and OV groups for cells cul-
tured on 2D plates (Fig. 4). As expected, mineral for-
mation was not evident for GC and GV groups, but OC 
and OV groups were stained densely on the 14th day of 
incubation (Fig. 4a). Quantification of ARS staining by 
CPC extraction demonstrated that OV group deposited 
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15, 92 and 1.3-fold more calcium than GC, GV and OC 
groups (p < 0.001 for all), respectively (Fig. 4b). Subse-
quently, mineral formation was tested for D1 ORL UVA 
cells on 3D paper scaffolds (Fig. 5). Similar to 2D condi-
tions, calcium deposition was only observed under osteo-
genic treatment condition on both the 14th and 21st days 
(Fig. 5a). The density of the extracted dye was almost 
2-fold higher on day 21 compared to day 14 within both 
OC (p < 0.01) and OV (p < 0.05) groups (Fig. 5b). Similar 
to 2D culture results, calcium deposition in OV group 
was 1.5- and 1.4-fold higher than OC group for 14th 
(p < 0.001) and 21st (p < 0.05) days, respectively. Molecu-
lar indicators of osteogenesis were also tested at the 14th 
day of culture on paper scaffolds by semi-quantitative 
RT-PCR using the housekeeping gene GAPDH and fur-
ther normalized to GC group (Fig. 6). Osteogenic medium 
treatment on D1 ORL UVA cells without the application 
of vibration caused 1.8-fold increase in OCN expression. 
The OCN expression of OV was 2.8 and 1.5-fold higher 
than GC (p < 0.001) and OC (p < 0.01), respectively. 
Induction of osteogenesis decreased ALP expression of 
OC and OV 2.7- and 2.9-fold, respectively compared to 
GC (p < 0.01) at 14th day and daily exposure to LMHF 

Fig. 2  The viability of D1 ORL UVA cells on filter paper scaffolds 
was determined via MTT assay. Cell viability was assessed under 
normal growth and ostogenic induction conditions for 10 days. *: 
p ≤ 0.05 between day 1 and day 10; §: p ≤ 0.05 between control and 
vibration at day 10; ¥: p ≤ 0.05 between growth and osteogenic condi-
tion at day 10; calculated by ANOVA followed by S-N-K post-hoc 
test. GC growth control, GV: growth vibration, OC: osteogenic con-
trol, OV osteogenic vibration

Fig. 3  Fluorescent microscope images of D1 ORL UVA-EGFP cells 
showing proliferation of cells on filter paper scaffolds; a day 1, b day 
7, c day 14 and d day 21 after cell seeding. Scale bar: 200 µm. GC 

growth control, GV growth vibration, OC osteogenic control and OV 
osteogenic vibration
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Fig. 4  a Phase contrast micrographs of D1 ORL UVA cells in tissue 
culture plates, stained with Alizarin red on day 14. Scale bar: 100 µm. 
Red color indicates calcium deposits. b Quantification of Alizarin 
red S (ARS) staining by CPC extraction normalized to total protein. 

a–c Differences in dissolved ARS dye concentration between groups 
calculated by ANOVA followed by S-N-K post hoc test for p ≤ 0.05. 
GC growth control, GV growth vibration, OC osteogenic control, OV 
osteogenic vibration

Fig. 5  a Stereomicroscope images of D1 ORL UVA cells seeded on 
paper scaffolds, incubated in regular growth medium or osteogenic 
induction medium and stained with Alizarin red on days 14 and 21. 
Red color indicates calcium deposits. b Quantification of Alizarin red 
S (ARS) staining by CPC extraction normalized to total protein. a, 

b, c: differences in dissolved ARS dye concentration between groups 
calculated by ANOVA followed by S-N-K post hoc test for p ≤ 0.05. 
GC growth control, GV growth vibration, OC osteogenic control, OV 
osteogenic vibration, EP empty paper

Fig. 6  Gene expression levels 
of D1 ORL UVA stem cells 
that were induced either with 
application of vibration or with 
osteogenic induction medium 
treatment after 14 days. a, b, c: 
differences in gene expression 
level between groups calculated 
by ANOVA followed by S-N-K 
post hoc test for p ≤ 0.05. GC 
growth control, OC osteogenic 
control, GV growth vibration, 
OV osteogenic vibration
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vibrations did not further affect ALP levels of D1 ORL 
UVA cells.

To determine the extracellular matrix (ECM) composi-
tion generated by D1 ORL UVA cells cultured on paper 
based scaffolds, FTIR spectra of the specimens that were 
incubated in regular growth medium (Fig. 7a) and in oste-
ogenic induction medium (Fig. 7b) were obtained. ECM 
composition of the samples at each condition was further 
analyzed by subtracting the spectrum of non-cell seeded 
empty paper (EP) from each sample spectrum on the 14th 
and 21st days of culture for both the samples in growth 
medium (Fig. 7c) and in osteogenic induction medium 
(Fig. 7d). It was observed that both GV and OV samples 
had peaks in Amide I and Amide II regions, as well as 
peaks in  v3 phosphate region after 21 days of incubation 
(Fig. 7c, d), indicating the production of collagen and 
mineral phases. At the 14th day, OV group (Fig. 7d), but 
not the GV group (Fig. 7c), had both amide and phosphate 
peaks, indicating that ECM formation and mineralization. 
OC group, on the other hand, had peaks only in Amide I 
and II regions without a phosphate peak after 21 days of 
cell culture (Fig. 7d).

4   Discussion

Mechanical loading of cells with low magnitude high 
frequency vibrations in 2D cell culture and translational 
in vivo studies were frequently studied [38, 47–50], how-
ever research on the application of vibrational forces for 3D 
in vitro systems in the literature is extremely limited [51]. 
The aim of this study was to design a 3D in vitro model 
system for studying the effects of mechanical signals on 
osteogenesis. According to our results, low magnitude high 
frequency vibrations applied for 15 min/day triggered the 
osteogenic differentiation of stem cells on paper scaffolds 
more than chemical osteogenic induction alone, which was 
determined by gene expression analyses, ECM formation 
and mineralization.

It was previously reported that the application of vibra-
tions on cells cultured in 3D in vitro cell culture systems, 
especially scaffolds derived from natural polymers, might 
not be suitable for understanding the isolated effects of 
vibrations because of the scaffold’s promoting effect on 
osteogenesis [52]. However, in our research, osteogenic dif-
ferentiation was not observed for the non-vibrated cells on 
scaffolds without chemical inducers suggesting that paper 
scaffolds can be used as model systems for studying the 
effects of vibrational forces in 3D cell cultures.

During osteogenic differentiation of stem cells, expres-
sion of osteoblast specific markers and mineralization related 
genes such as osteocalcin (OCN), osteopontin (OPN), oste-
onectin and bone sialoprotein (BSP) is upregulated [53]. 

OCN secretion might not be at a detectable level in the 
medium at the proliferation phase, but its expression rate is 
elevated with progression of nodule formation and reaches 
the maximum level after initiation of nodule mineralization 
[54]. According to our RT-PCR results, the highest amount 
of OCN expression was observed in OV group. This result 
demonstrates that application of vibrational forces induced 
osteogenic differentiation of MSCs on filter paper scaffolds 
more than the cells incubated under static conditions in 
osteogenic induction media. In a previous research that was 
performed by our research group, it was demonstrated that 
the effect of vibration on the expression of OCN gene was 
not significant in a 2D cell culture system [43]. However, 
in the present research, the vibrational forces with the same 
magnitude and frequency stimulated a significant increase 
in the expression of OCN gene for the same D1 ORL UVA 
bone marrow stem cells on 3D paper scaffolds compared 
to static conditions. Contrarily, a decrease in the ALP gene 
expression was observed upon incubation of the constructs 
with osteogenic induction medium on the 14th day. ALP is 
an early and transient marker of osteogenesis and after the 
mineral nodules start to form, ALP expression decreases 
over time [55]. Our results were also in consistence with the 
previous reports showing a decrease in the ALP gene expres-
sion in long term osteogenic induced samples that were 
stained positively for mineral deposition, suggesting that 
D1 ORL UVA stem cells were successfully differentiated 
into mineral forming osteoblasts on paper-based scaffolds.

Mineralization of the ECM initiates with the binding of 
calcium and phosphate ions to charged amino acid residues of 
collagen matrix [56–58]. Various forms of calcium phosphate 
crystals such as amorphous calcium phosphate, octacalcium 
phosphate, β-tricalcium phosphate and dicalcium phosphate 
dehydrate can be found in the medium during the formation 
and maturation of the hydroxyapatite (HAP) crystals in the 
ECM [57, 59–61]. ARS dye stains calcium and all types of 
calcium phosphates [62, 63] and it binds approximately 2 
moles of  Ca2+ per mole of dye in solution [64]. According 
to the FTIR scanning results of the samples, peaks arising 
from phosphate moieties were not observed for OC group, 
which was stained positively for deposited calcium. Before 
maturation of HAP crystals, the initial amorphous calcium 
phosphate precipitates formed can also be detected with ARS 
staining. Detection of mineral formation by ARS staining, 
but not through FTIR scanning might be a result of imma-
ture calcium phosphate deposits that could not be determined 
through phosphate stretching in HAP region through FTIR. 
In addition to that, OCN is a calcium binding protein and it 
is responsible for the nucleation and propagation of HAP 
crystal formation [65]. It was previously shown that knock-
down of OCN gene causes a delay in the maturation of HAP 
crystals [57]. The higher OCN expression, the denser ARS 
staining and phosphate peaks obtained via FTIR scanning for 
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OV group samples in our study indicate that the application 
of vibrational forces triggered the formation of more mature 
mineral crystals than non-vibrated group.

The infrared spectrum of bone consists of bands both 
from native hydroxyapatite (at 500–700  cm− 1 and 900–1200 
 cm− 1) and collagen (at 1200–1700  cm− 1) because of its 
composite structure [66]. It also contains a band around 870 
 cm− 1 which is characteristic to type B apatite and arises 
from carbonate moieties [66]. FTIR data lead to important 
information on composition including mineral to matrix 
ratio, the mineral and collagen maturity and crystallinity 
[67]. The changes in the secondary structure of collagen also 
give information about the maturity of ECM which can be 
detected around 1650 (Amide I) and 1550 (Amide II) wave-
numbers  (cm− 1) [67]. Important information can be gath-
ered from infrared spectroscopy scans of the mineral phase 
obtained from homogenized in vitro cultures about the local-
ization of ions with asymmetric vibrations [68]. As an exam-
ple, mineral phase deposition was characterized by FTIR in a 
research about the potential use of Runx 2 expressing dermal 
fibroblast cells for bone tissue engineering applications, and 
Amide I/II bands at 1655 and 1550  cm− 1, together with an 
enhanced phosphate peak at 1100  cm− 1 were reported for 
the cells that have osteogenic capacity [69]. Furthermore, the 
composition of bone nodules formed by BMSCs on chitosan/
PMMA scaffolds was analyzed by FTIR and compared to 
murine calvariae and it was reported that the structure of tis-
sue engineered nodules was almost identical to the mineral 
phase obtained from the mice [70]. Similarly, the in vitro 
mineralized ECM of MC3T3-E1 cells had absorption bands 
at 1200–900  cm− 1 range arising from phosphate group of the 
mineral in the ECM and amide I/II/III bands at 1650–1635 
 cm− 1, 1550–1535  cm− 1 and 1240  cm− 1, respectively [71]. 
In our research, characterization of the chemical composi-
tion of ECM formed by MSCs via FTIR demonstrated that 
the formation of phosphate peak from mineral phase and 
amide I/II peaks from the organic component collagen was 
triggered upon application of vibration for 21 days even 
without chemical inducers in the culture media. The peaks 
in the amide regions demonstrated that chemical osteogenic 
induction for both 14 and 21 days caused collagen deposition 
in the ECM, but the application of vibration together with 
osteogenic induction triggered mineral deposition in addi-
tion to protein. However, phosphate peak was not observed 
in the FTIR scans of the samples incubated for a shorter 
duration (14 days), which shows that vibration alone was not 
enough for mineral formation. Amide and phosphate bands 
was only observed for the samples that were incubated in 
osteogenic induction media and stimulated with vibrational 
forces for shorter incubation duration. Our results show that 
in order to form a mature mineralized ECM, cells should 
be stimulated by both chemical and mechanical induction. 
Aside from the presence of the amide and phosphate bands, 

the lack of carbonate bands in our samples that were cultured 
in osteogenic conditions might be the result of shorter incu-
bation durations and due to this, less mature hydroxyapatite 
formation compared to similar studies in the literature [69].

Briefly, the results obtained from this study demon-
strated the importance of the application of mechanical 
forces for the stimulation of in vitro osteogenic differen-
tiation as well as the use of a 3D cell culture platform. 
Additionally, our study confirmed the suitability of the 
filter paper as a scaffold material for studying the effects of 
mechanical loads on in vitro differentiation. Paper-based 
scaffolds can further be used as model systems to mimic 
the 3D structure of especially cancellous bone and these 
scaffolds can serve as important platforms for 3D bone-
related mechanotransduction studies. Besides, the foldable 
nature of paper allows flexibility for constructing scaffolds 
with different geometries. Finally, standard size and poros-
ity, as well as low cost, make paper scaffolds desirable 
candidates for bone tissue engineering studies. Our study, 
in this instance, describes that a 3D standardized study 
is possible for low magnitude vibrations for bone tissue 
engineering applications. The proposed scaffold systems 
have the potential to be translated especially for non-load 
bearing bone defect applications such as the facial bones 
because of the mechanical mismatch between bone and 
paper. However, paper allows a certain degree of com-
pression through folding, suggesting that its mechanical 
properties can be further attenuated for load-bearing bones 
as well.
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