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aBioengineering Division, Institute of Science, Hacettepe University, Ankara, Turkey; bDepartment of Chemistry, Faculty of Science, Ankara
University, Ankara, Turkey; cBioengineering Division and Advanced Technologies Application and Research Centre, Institute of Science,
Hacettepe University, Ankara, Turkey; dEnvironmental Engineering Department and Bioengineering Division and Centre for Bioengineering,
Hacettepe University, Ankara, Turkey

ABSTRACT
Cell sheet engineering is an emerging field based on the acquisition of cells together with their extra-
cellular matrix (ECM) and is used not only in vitro but also in regeneration studies of various tissues in
the clinic. Within this scope, wide variety of cell types have been investigated in terms of sheet forma-
tion and underlying mechanism. MC3T3-E1 is a mouse pre-osteoblast cell line that has greatly attracted
researchers’ attention for bone tissue engineering (BTE) applications thanks to its high proliferation and
differentiation properties. The potential of MC3T3-E1 cells on sheet formation and the effects of culture
conditions have not been investigated in detail. This study aims to examine the effects of growth and
osteogenic medium on cell sheet formation of MC3T3-E1. As a result of this study; intact, ECM-rich,
transferable cell sheets at the beginning of the mineralization phase of the differentiation process were
obtained by using osteogenic medium. Hereafter, 3D tissue model can be constructed by stacking
MC3T3 cell sheets in vitro. This 3D model can conveniently be used for the development of novel bio-
materials and in vitro drug screening applications to reduce the need for animal experiments.

ARTICLE HISTORY
Received 9 March 2018
Accepted 18 May 2018

KEYWORDS
Cell sheet; MC3T3-E1 pre-
osteoblast cells; osteogenic
medium; osteogenic
differentiation

Introduction

Tissue engineering and regenerative medicine have been an
emerging field that covers combinational therapies using
cells, biomolecules and 3D materials [1]. Cell loss after direct
cell injection and the failure of following direct therapeutic
effects lead the researchers to discover new therapeutic strat-
egies in regenerative medicine. After the launch of scaffold-
based approaches, a vast number of studies have been car-
ried out to create a cell-carrier. Several materials namely nat-
ural and synthetic polymers, metals, ceramics or
combinations thereof have been proposed for tissue engin-
eering applications [2]. In spite of being a tissue equivalent
and having great properties, scaffolds have some disadvan-
tages such as insufficient cell migration, host inflammatory
reactions, transport problems due to the absence of vascular
network, inability to harmonize with the architecture com-
plexity of native tissues and non-tunable mechanical or deg-
radation properties [3–5]. Therefore, bottom-up tissue
engineering approaches have been proposed to overcome
the limitations of scaffold-based therapies and to improve
the features of scaffolds [6].

Cell sheet engineering is one of the promising bottom-up
tissue engineering methods proposed by Okano et al. for the
first time in the literature in 1993 [7]. A cell sheet can be
defined as a monolayer, consisting of cells extracellular

matrix, ion channels, growth factor receptors and other
important cell surface proteins [8].

According to this technique, a temperature responsive
smart polymer, poly(N-isopropyl acrylamide) (PNIPAAm), was
coated on to the culture dishes at nanometre scale to obtain
cell sheets via the conformational changes based on tem-
perature differences. Hydrophobic nature of the polymer
exhibits hydrophilic character explicitly as the temperature
decreases below 32 �C [9]. In addition to temperature reduc-
tion method, various techniques have been proposed to fab-
ricate cell sheets up to date: enzymatic treatment, magnetic
force application, electrochemical polarization, U.V. induce-
ment, hexacyanoferrate (II)-induced dissolution, electrochem-
ically induced pH decrease, mechanical retrieval and Vitamin-
C treatment [10–17]. Various cell types, from primary cells to
mesenchymal stem cells have been examined since the dis-
covery of cell sheet engineering in terms of not only sheet
formation but also obtaining multi-layered cell sheets and 3D
tissues [18]. Obtained cell sheets have been successfully used
in clinic or have been suggested for repairing several tissues
in vitro or in vivo such as oesophagus [19], myocardium [20],
bone [21], cornea [22], blood vessels [23] and periodontal tis-
sue [24].

MC3T3-E1 mouse pre-osteoblast cell line is a widely used
cell type for bone tissue engineering (BTE). Representation of
the pre-osteoblastic phenotype during culture period, high

CONTACT Halil Murat Aydin hmaydin@hacettepe.edu.tr Environmental Engineering Department and Bioengineering Division and Centre for
Bioengineering, Hacettepe University, Ankara 06800, Turkey
� 2018 Informa UK Limited, trading as Taylor & Francis Group

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY
2018, VOL. 46, NO. S2, S1145–S1153
https://doi.org/10.1080/21691401.2018.1481081

http://crossmark.crossref.org/dialog/?doi=10.1080/21691401.2018.1481081&domain=pdf
https://orcid.org/0000-0003-0601-8642
http://orcid.org/0000-0002-7844-7019
http://www.tandfonline.com


proliferation and differentiation capacity, Type-I collagen syn-
thesis and ALP enzyme activity from day 3 in culture period,
demonstration of mineralization in the presence of ascorbic
acid and inorganic phosphate etc. are among the attractive
properties of these cells [25–27]. Even though these proper-
ties have paved the way for these cells to become one of the
ideal candidate in respect of cell source for in vitro BTE stud-
ies, MC3T3-E1 cells have not investigated effectively in cell
sheet engineering studies.

In this study, whether MC3T3-E1 cells formed into an
intact, transferable cell layers under different culture condi-
tions were investigated. Briefly, equal amount of cells were
seeded on Nunc UpcellTM Petri dishes and cultured for 10 d
by using growth and osteogenic medium. Attachment and
detachment success of the obtained sheets were examined.
Also, extracellular matrix (ECM) formation was studied related
to differentiation capacity of the cells at pre-determined time
points and cell sheet qualities were discussed with regard to
the ECM synthesis. Differentiation was confirmed by using
Real-Time PCR analyses. Besides, Alizarin Red staining, colla-
gen and GAG quantification studies were conducted in order
to reveal the Ca2þ and ECM quantity in the cell sheets.

Materials and methods

Cell line and maintenance

MC3T3-E1 mouse pre-osteoblast cell line Sub clone 4 (ATCCVR

CRL-2593TM, Manassas, VA) was obtained and expanded in
Alpha Minimum Essential Medium (MEM-a) supplemented
with 10% FBS (v/v), 2mM L-glutamine, penicillin/streptomycin
(100 unit/mL penicillin-100 L/mL streptomycin). Passage
19–20 cells were used during the cell culture study. 1� 106

cells/Nunc Up cell Petri dish (8.8 cm2 surface area, 35mm
petri dish) was determined as seeding density to obtain cell
sheets. Cells were cultured in both growth medium and
osteogenic differentiation medium for 10 d until they reach
over-confluency. For differentiation group, culture medium
replaced after 24 h with differentiation medium containing
10mM b-glycerol phosphate and 50 mg/mL L-ascorbic acid.
For each group, culture medium was replenished with the
preheated fresh one in every 3–4 d.

Preparation of cell sheets

According to the manufacturer guidelines, detachment and
attachment processes were followed respectively. After 10 d
of incubation process, culture media was removed from the
wells. Then, wells were washed with 1mL Dulbecco’s phos-
phate buffer saline (D-PBS) pre-heated to 37 �C to remove the
dead cells. After aspirating the D-PBS, 50 mL fresh medium
pre-heated to room temperature was added to prevent the
cells from drying. Afterwards, transfer membranes were
placed on top of the cell layer with the help of forceps and
border of the cell sheet was interrupted with a sharped-
tipped surgical blade. Subsequently, well plates were kept in
an incubator set to 20 �C for 20min. At the end of the incu-
bation period, cell sheets were detached from the Nunc UpTM

cell surface. The transfer membranes including cell sheets

were transferred to a six-well plate’s surface incubated with
1mL FBS through overnight.

Characterization studies

Imaging techniques
Detachment and attachment efficacy of the cell sheets were
investigated by an inverted microscope (Leica, Wetzlar,
Germany). The remnant cells on the Nunc UpcellTM surface
after detachment were stained with 10% EverBriteTM hardset
mounting medium with DAPI (40,6-diamidino-2-phenylindole)
(Biotium, Fremont, CA) for 1 h in an incubator at 37 �C while
the attached cell sheets were displayed with bright field
imaging technique.

Sulphated glycosaminoglycan (sGAG) quantification
Dimethyl methylene blue (DMMB) (Sigma-Aldrich, Munich,
Germany) assay was performed to quantify sulphated glyco-
saminoglycan (sGAG) content related to formed ECM of the
cultured cells in both growth medium and osteogenic
medium. Samples were digested with 1mg/mL Proteinase K
(Sigma-Aldrich, Munich, Germany) in 100mM ammonium
acetate (Merck, Darmstadt, Germany) solution at 60 �C for
15min. Cell lysate was mixed with DMMB reagent solution
(40mmol/L sodium chloride, 40mmol/L glycine, 46 mmol/L
DMMB and 0.1 M hydrochloride) and absorbance of the mix-
ture was recorded at 525 nm immediately by using a spectro-
photometer (Spectrostar Nano, BMG Labtech, Ortenberg,
Germany). An aliquot of 0–50 mg/mL standards were pre-
pared by dissolving chondroitin sulphate from bovine cartil-
age (Sigma-Aldrich, Gillingham, UK) in PBS to calculate the
quantity of GAG.

Calcium quantification and Alizarin Red staining
Calcium quantities of the sheets were studied by cetylpyridi-
nium chloride (CPC) and formed calcium particles were
stained with Alizarin Red-S (Sigma-Aldrich, Munich, Germany).
Briefly, medium was discarded from each well and the wells
were washed with PBS twice. Then, cells were fixed with 70%
(v/v) EtOH for 1 h. Following the fixation, cell sheets were
rinsed with distilled water twice. Afterwards, 1% (w/v) Alizarin
Red aqueous solution at pH 4.2 was applied to each sample
for 20min at room temperature on an orbital shaker. At the
end of the incubation time, samples were washed with dis-
tilled water five times. Lastly, PBS washing was applied for
20min to remove nonspecific staining. The stained cell sheets
were observed under a phase contrast microscope with a
digital camera (Leica, Wetzlar, Germany). After imaging, cells
were de-stained with 1mL of 10% (w/v) CPC (Sigma-Aldrich,
Munich, Germany) prepared in 10mL of sodium phosphate
(10mM and pH 7) for 15min with gentle rotation at room
temperature. Afterwards, 200 mL of samples were collected
from the wells as three parallels and were read at 562 nm by
using a microplate reader (BioTek, Potton, UK). A standard
curve was prepared by combining different amount of
Alizarin Red stock solution with 10% (w/v) CPC solution. The
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concentration of Alizarin Red staining was determined by
comparing the absorbance values with standard curve.

Collagen quantification
Collagen quantities of the cell sheets were examined with
Hydroxyproline Colorimetric Assay Kit (BioVision, Milpitas, CA).
Briefly, culture medium was discarded from each well. Then,
samples were washed with PBS twice. To extract the hydroxy-
proline amino acid, 100 mL ultrapure water and 12 N hydro-
chloric acid (HCl) were added to the petri dishes an
incubated at 120 �C for 3 h to homogenize the cell sheets. At
the end of the incubation period cell lysates were centrifuged
at 10,000 rpm for 3min to obtain the supernatant and the
precipitate. Overall, 50 mL supernatants were added to 96 well
plate as three parallel and dried under the fume hood for
overnight. An aliquot of 100mL chloramine T was added onto
the dried samples and incubated at room temperature for
5min. Then, 100 mL p-dimethylaminobenzaldehyde (DMAB)
was added and incubated at 60 �C for 90min. Absorbance of
hydroxyproline was recorded by using a microplate reader
(BioTek, Potton, UK) at 560 nm.

Quantitative-PCR studies
Obtained cell sheets were stored at �80 �C until the day that
RT-PCR studies perform. Samples were homogenized in lysis
buffer (Next Advance Homogenizer, Troy, NY) for a minute
prior to RNA extraction that was performed according to the
manufacturer’s instructions (Quick RNA MiniPrep RNA
Isolation Kit, Zymo Research, Irvine, CA). Isolated RNAs were
then transcribed by using High Capacity Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA) with
the specific primers at 25 �C for 10min, at 37 �C for 120min
and 85 �C for 5min in 20 mL, respectively. Gene expression
studies were performed by using Viia7 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA) with PowerUp SYBR
Green Master Mix and the specific primers. Collagen Type I
(Coll1), Runt-related transcription factor 2 (Runx2), alkaline
phosphatase (ALP), Osteocalcin (Ocn) and Osteopontin (Opn)
genes were examined and b-Actin (b-Act) was used as
“Housekeeping Gene” (Oligomer, Ankara, Turkey). Genes and
related primers are listed in Table 1. Subsequently, compara-
tive Ct (ddCT) values were recorded. Efficiency of primers
used in this study was checked via OligoAnalyzer Tool (IDT,

Newark, New Jersey). Primers were used in 10 nM concentra-
tions in 20 mL that contains 4mL sample.

Statistical analyses

The number of samples for each method was set to three.
Student T-test was performed to determine the statistical dif-
ferences between the groups by using GraphPad Prism soft-
ware version 6 (GraphPad Software, La Jolla, CA). p values at
least less than .05 were considered significant in each experi-
ment. Different p values and their level of significance are
represented in detail in each figure.

Results

Effects of culture conditions on obtaining cell sheet

Cell morphology changes were observed by the end of third
day of culture (data not shown) and representative images of
cells at day-10 incubated with growth media and osteogenic
media are given in Figure 1. Both cuboidal and star-shaped
morphology were observed in growth medium (Figure 1(A))
while elongated spindle-shaped cell morphology was
observed in osteogenic medium (Figure 1(B)). These morpho-
logical changes are consequences of the presence of ascorbic
acid and b-glycerol phosphate supplemented to the culture
medium and were deemed as the first indicator of cell
differentiation.

Detachment and attachment efficacy of cell sheets

Detachment and attachment success of the cell sheets were
observed by using DAPI staining and light microscopy obser-
vation and the representative images are given in Figure 2.
For this purpose, all images were recorded from the middle
of the well plates to discuss the sheet integrity. The detach-
ment of the cells from the plate surface was found inad-
equate in the group of growth medium at the optimized
circumstances. A large quantity of cells adhered to the sur-
face that deteriorate the sheet integrity was observed. On the
other hand, it was observed that the cells that stuck on the
surface were in clusters and caused the undesirable sheet for-
mation (Figure 2). It was inevitable that the cell sheets
obtained through only growth medium application were curl-
ing and folded on themselves. As a result, this application did
not meet the major expectations such as being easy to be
carried, seamlessly transferrable from well plate to another
surface and applied practically. The resulting macroscopic
images from the wells after cell sheet attachment can be
seen as evidence to this situation (Figure 3).

When it comes to evaluate the effects of osteogenic
medium application on cell sheet formation, detachment suc-
cess was remarkable as understood from the images obtained
with DAPI staining (Figure 2). Only a few cells in spherical
form, indicative of metabolically inactive or dead cells, were
observed on the thermo-responsive surface. Both microscopic
and macroscopic images regarding the attached cell sheets
on a well of six well-plate (Figures 2 and 3(B), respectively)
were confirmed the success of osteogenic medium

Table 1. Genes and related primers used within
the study.

Genes Primers

B-Actin F-GTGCTATGTTGCCCTAGACTTCG
R-GATGCCACAGGATTCCATACCC

Col1A1 F-CAAGATGTGCCACTCTGACT
R-TCTGACCTGTCTCCATGTTG

Runx2 F-GCATGGCCAAGAAGACATCC
R-CCTCGGGTTTCCACGTCTC

ALPL F- GGAGATGGTATGGGCGTCTC
R- GGACCTGAGCGTTGGTGTTA

Ocn F-CTTTCTGCTCACTCTGCTG
R-TATTGCCCTCCTGCTTGG

Opn F-CACTTTCACTCCAATCGTCCCTAC
R-ACTCCTTAGACTCACCGCTCTTC
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application on sheet integrity. Additionally, the differences of
cell morphology can be clearly seen from the microscopic
images of different transferred cell sheets obtained through
growth medium and osteogenic medium (Figure 2). This con-
firms the variation of cell morphology due to cell differenti-
ation seen in Figure 1.

Sulphated-glycosaminoglycan (GAG) quantification

GAG quantity of the cell sheets was measured by DMMB
assay to reveal the ECM formation of cultured cells with
growth and osteogenic medium. Results are given as mg/cell
sheet by using a standard curve derived from chondroitin sul-
phate solution in PBS. Results are shown that the cell sheets

obtained through the osteogenic medium application have
25.97 ± 1.48 mg, while other cell sheets resulting from the
addition of growth medium have 18.86 ± 1.54 mg GAG con-
tent. The cell sheets obtained through osteogenic medium
has approximately 1.4 times higher GAG content than the for-
mer (Figure 4).

Collagen quantification

Collagen depositions in the cell sheets quantified by hydroxy-
proline assay are given in Figure 5. The increase in secreted
collagen was remarkable in the cell sheets obtained by osteo-
genic medium application (p< .0001). The collagen accumula-
tion in the cell sheets formed by the cells cultured with the
growth medium was measured as 0.022 ± 0.011 mg while the
collagen deposition in the cell sheets formed by the cells

Figure 2. Detachment and attachment success of the cell sheets obtained by
using growth medium and osteogenic medium.

Figure 3. Macroscopic comparison of cell sheet integrity: (A) Growth medium
and (B) Osteogenic medium.

Figure 1. Morphology of the cells at day-10 cultured with different conditions: (A) Growth Medium and (B) Osteogenic Medium.

Figure 4. GAG quantification of cell sheets obtained through growth and osteo-
genic medium application.
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cultured with the osteogenic medium was measured as
0.215± 0.022 mg. It was observed that the use of osteogenic
medium increases the collagen deposition by around 10-fold.

Real time-PCR studies

The results of real-time quantitative gene expression analysis
are given in Figure 6. The expression level of Col1A1, ALPL,
Runx2, Ocn and Opn were analyzed and their effects on sheet
formation were discussed in detail.

Two different time points were studied to understand the
mechanism of sheet formation with osteogenic medium. The
main purpose of the different time point selection is to com-
pare the results with the previous studies in the literature
with regards to b-glycerol phosphate and L-ascorbic acid
addition. It was revealed that Col1A1, ALPL and Ocn genes
were upregulated in the presence of b-glycerol phosphate
and L-ascorbic acid (p< .001 for all) at 10th day of the culture

period. On the fifth day of culture, there was no significant
difference between the two groups in terms of Col1A1
expression. At later stages of culture, upregulation of Col1A1
was observed when comparing with the fifth day of culture
in osteogenic medium group (p< .5). The decrease in Col1A1
expression in the growth medium group was due to most
probably the high amount of cell loss during the cell sheet
preparation stage as stated in Figures 2 and 3. The same situ-
ation was encountered when the expression levels of other
genes were examined, reinforcing our hypothesis. On the fifth
day of culture; there was no difference between the two
groups in terms of ALPL expression (Figure 6). But on the last
day of the culture period, ALPL expression of the cell sheet
obtained through osteogenic medium was found approxi-
mately 1.5 times greater than the cell sheets incubated with
growth medium for 5 d (Figure 6).

For the Runx2 expression, there was no difference
between the two groups in the presence of b-glycerol phos-
phate and L-ascorbic acid when compared with the initial
phase of the culture period (Figure 6). It was thought that
the differences in the expression level of Runx2 of the
obtained cell sheets were occurred due to the cell loss. The
absence of Runx2 expressions could have stemmed from the
special organization of the genes during the osteogenic dif-
ferentiation and was evaluated in the discussion session. On
the contrary of Runx2, Ocn was found upregulated in the
group that used osteogenic medium (p< .001). It was found
that Ocn expression was approximately 1.2 times greater than
the resulting cell sheets that incubated 5 d with growth
medium (Figure 6). Unlike all other genes, Opn was observed
to be upregulated in the cell sheets formed by the growth
medium surprisingly when all the time points were consid-
ered (p< .001). Even, the expression of Opn was found
approximately two folds higher in the sheets incubated

Figure 5. Collagen quantification of cell sheets obtained through growth and
osteogenic medium application.

Figure 6. Comparison of osteogenic gene expression between the resulting cell sheets.
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with growth medium at day 10 when compared to osteo-
genic medium.

Calcium quantification and Alizarin Red staining

Alizarin Red staining studies were performed to investigate
calcium deposition and CPC assay was used to interpret the
Ca2þ quantity by using optic density values at 562 nm with
the help of CPC standard curve. Relevant images and
obtained data are presented in Figure 7.

Use of osteogenic medium was provided Ca2þ accumula-
tion between the cells as understood from the images in
Figure 7(B). The calcium nucleation among the cells is clearly
visible with red staining. The same staining was not observed
in the cell sheets obtained with the growth medium.
Differences in the formation of calcium in cell sheets are
shown not only in Alizarin Red staining but also quantita-
tively (Figure 7). According to these findings,
0.760± 0.032mmol/L Ca2þ was detected from the sheets that
formed with osteogenic group while the sheets obtained
from growth medium was exhibited 0.613± 0.06mmol/L Ca2þ

accumulation. Although there was a difference between the
groups in terms of Ca2þ accumulation (p< .5), the values
obtained were close to each other indicating the beginning
of the mineralization phase. On the other hand, it was
thought that the red scattered dots observed in microscopic
images of cell sheets obtained through growth medium were
dye residues and not related to calcium particles.

Discussion

The effects of ascorbic acid and b-glycerol phosphate on
MC3T3-E1 cell line have been widely investigated since
Quarles et al.’s first publication in 1992. Mineralized matrix
formation via the addition of 25–50 lg/mL ascorbic acid and
5–10mM b-glycerol phosphate to the culture medium has
been reported by several researchers [25,28,29]. Within the
scope of this research study, the effect of culture medium

containing ascorbic acid and b-glycerol phosphate on cell
sheet formation was investigated in detail.

Twenty-four hours after the addition of ascorbic acid to
the culture medium, increased Type-I pro-collagen mRNA and
collagen synthesis have been reported previously [30]. This
situation is one of the mainstay of our hypothesis in order to
obtain intact cell sheet with the help of collagen accumula-
tion in the ECM. However, Col1A1 expressions were found
similar in both groups on the fifth day of culture indicating
that the cells were still in the proliferation stage, despite the
addition of osteogenic medium (Figure 6). On the other
hand, a time-dependent increase was observed in the osteo-
genic group (p< .5) as opposed to the growth medium in
terms of Col1A1 expressions. The time-dependent decrease of
Col1A1 expressions in the growth medium group is thought
to be due to cell death resulting from confluency.

Similarly, it has been reported that ALP and osteocalcin
mRNAs were sequentially induced following collagen expres-
sion after 48–72 h and 96–144 h following the addition of
ascorbic acid [30]. Choi et al. described the osteogenic dif-
ferentiation in three main steps: proliferation phase that
covers 4–10 d of the culture period, bone matrix formation/
maturation that covers 10–16 d of the culture period and
mineralization phase between the 16th and 30th days of
culture period [31]. It was concluded that our quantitative
PCR results were found consistent with this classification
and thus a cell sheet composed of cells at the beginning of
the mineralization stage was obtained and more details are
given below.

While the expression of Runx2 was evaluated, it was
understood that there was no significant difference between
the groups at day-10. Moreover, there was no time-depend-
ent change in the expression of Runx2 in any of the experi-
mental groups. Runx2 is a multifunctional transcription factor
that is responsible for not only differentiation of osteoblasts
but also expression of a good many ECM protein [32]. Runx2
induces the expression of bone matrix protein genes of pre-
osteoblasts and allows cells to acquire an osteoblastic pheno-
type. On the other hand, it allows the cells to remain in

Figure 7. Alizarin Red staining and Ca2þ quantification of cell sheets: (A) Growth Medium and (B) Osteogenic Medium.
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custody at the immature stage [33]. Especially, it plays a cru-
cial role on regulation of various bone matrix genes including
Col1A1. Hence, there is a strong correlation between these
two genes. The decreased Runx2 expression in mature osteo-
blasts may nevertheless be necessary for the supply of
expression of Col1A1 [34]. Accordingly, the possible cause of
the absence of Runx2 up-regulation in our results can be
explained by the maintenance of active collagen expression
in the osteogenic medium group.

Ocn is the most common protein found in the bone
matrix after collagen [35]. Mature osteocalcin undergoes a
conformational change after it was secreted into the bone
microenvironment and regulates mainly the mineralization
phase in differentiation process [36]. Up-regulation of osteo-
calcin is an indication of the transition of cells to the min-
eralization phase during the differentiation process. The 1.2-
fold increase in Ocn expression observed in the osteogenic
medium group (Figure 6) was interpreted as proof of osteo-
genic differentiation and matrix maturation. On the other
hand, red stained Ca2þ particles and increased Ca2þ content
in cell sheets (p< .5) obtained by osteogenic medium were
an indication of the initiation of mineralization in the ECM.
On the basis of these findings, in the group of osteogenic
medium, it was predicted that when the culture period is
extended, accumulation of more calcium particles in the cell
layers would occur and that these calcium particles deterior-
ate the sheet integrity. Hence, a 10-day of culture period
was found to be sufficient in order to acquire an intact cell
sheet containing the cells at the beginning of the mineral-
ization process.

On the other hand, it was noteworthy that the cell sheets
obtained by using osteogenic medium in our study exhibited
ALP expression 1.5 times higher (p< .001) than the growth
medium (Figure 6). Also, there was a time-dependent
increase in terms of ALP expression in the osteogenic
medium group (p< .01). ALP is a ubiquitous cellular protein
that has wide variety of responsibilities in the tissues and
cannot be accepted as bone specific [37]. But, in bone tissue
development process it undertakes an important task as a dif-
ferentiation marker and plays a crucial role on ECM formation
together with collagen expression [38]. ALP facilitates the
mineralization process forming phosphate ions thanks to its
phosphatase property and these phosphates bind to the cal-
cium to form calcium-phosphate compound [39]. The high
ALP expression in addition to the increased Ocn expression in
the osteogenic group in our study was thought to play an
important role in the mineralization process.

Opn is one of the non-collagenous ECM protein of miner-
alized tissues in a highly phosphorylated and glycosylated
form and on the other hand it is found in kidneys, epithelial
lining tissues, blood plasma and breast milk [40,41].
Specifically, in bone tissue, it regulates cell adhesion, cell
migration and cell survival in harmony with others generally
but as a late stage differentiation marker it is responsible for
the regulation of mineralization. The expression of Opn, that
can be seen either in early or late stages of osteogenic differ-
entiation, should be interpreted differently. Huang et al.
reported that Opn is responsible for inhibiting proliferation
and differentiation of MC3T3-E1 cells [42]. Accordingly, the

observation of increased Opn expression in the cell sheets
obtained by using growth medium (p< .001) within this
study was associated with inhibition of proliferation, depend-
ing on over-confluency (Figure 6). On the other hand, there
was no significant difference between Opn expressions of the
osteogenic medium group on the different time points of cul-
ture period. The increase in Opn expression in the late stages
of osteogenic differentiation leads to a decrease in the
expression of osteocalcin and bone sialoproteins, which
means that the mineralization phase is terminated [43]. Thus,
it was confirmed again that the cell sheets obtained with the
osteogenic medium were still composed of cells that were in
the mineralization stage.

The amount of ECM contained in the cell sheets obtained
in this study was determined both by collagen quantifica-
tion analysis and by measuring the amounts of GAG – the
non-collagenous components of the ECM. It was observed
that the osteogenic medium used in the study increased
collagen synthesis and collagen was detected in the cell
sheets obtained by using osteogenic medium approximately
10 times higher (p< .0001) (Figure 5). Likewise, it was found
that the amount of glycosaminoglycans increased in the
presence of osteogenic medium and that the cell sheets
obtained by using osteogenic medium contained 1.4 times
more GAG than those obtained by using growth medium
(p< .001) (Figure 4). Promoted collagen synthesis and GAG
accumulation by ascorbic acid administration have been pre-
viously demonstrated in the literature by Hata and Senoo
[44] and Kao et al. [45], respectively. The results obtained in
our study related to collagen and GAG quantification also
confirm above-mentioned previous literature studies.

Similarly to our study, Wei et al. [46] investigated the
effects of Vitamin C treatment on human periodontal liga-
ment mesenchymal stem cell (hPDLSCs) sheet formation.
They reported increased ECM synthesis and induced tel-
omerase activity by using Vitamin C and proposed this
technique as an easy and practical application on cell sheet
formation. On the other hand, Pirraco et al. [12] reported a
study based on obtaining cell sheet from rat bone marrow
mesenchymal stem cells by using osteogenic medium
including 10�8 M dexamethasone, 50mg/mL ascorbic acid
and 10mM b-glycerol phosphate. Wong-In et al. [47]
reported a new temperature responsive tissue culture sur-
face containing poly (N-isopropylacrylamide-co-acrylamide)
(PNIPAM-co-AM) and tested this surface with MC3T3-E1 cells
in terms of thermo-responsive behaviour. When the macro-
scopic images of their cell sheet were compared with the
cell sheet obtained via growth medium used in this study,
weak sheet integrity and the presence of holes and curlings
were found common.

In the above-mentioned studies, either osteogenic differ-
entiation agents were used to obtain a cell sheet in the cul-
ture of different cell types or a new thermo-responsive
surface was tested with MC3T3-E1 cells. Previously, no study
to date examined the potential of MC3T3-E1 cells on sheet
formation together with its underlying mechanisms in the
presence of osteogenic medium. Therefore, it was considered
that the findings obtained in this study will shed light on
future studies related to cell sheet engineering.
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Conclusion

This study offers intact MC3T3-E1 cell sheets obtained by
using thermo-responsive commercial tissue culture plates
(Nunc UpCellTM). The effects of culture conditions on cell
sheet formation and sheet quality were discussed. Thus,
MC3T3-E1 cell sheet preparation together with underlying
mechanism is reported. The obtained intact, ECM-rich, trans-
ferable, MC3T3-E1 cell sheets at the beginning of the mineral-
ization phase of differentiation process can be used for
further applications such as constructing into a 3D tissue
model both stacking cell sheets or combination with the bio-
materials. Moreover, these structures can be also used in bio-
material development, in vitro drug monitoring and in vitro
models to reduce animal studies.
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