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Abstract Recently, cell sheet engineering has

emerged as one of the most accentuated approaches

of tissue engineering and cardiac tissue is the

pioneering application area of cell sheets with clinical

use. In this study, we cultured rat cardiomyoblasts

(H9C2 cell line) to obtain cell sheets by using three

different approaches; using (1) thermo-responsive

tissue culture plates, (2) high cell seeding density/

high serum content and (3) ascorbic acid treatment. To

compare the outcomes of three methods, morphologic

examination, immunofluorescent stainings and live/

dead cell assay were performed and the effects of

serum concentration and ascorbic acid treatment on

cardiac gene expressions were examined. The results

showed that cardiomyoblast sheets were successfully

obtained in all approaches without losing their

integrity and viability. Also, the results of RT-PCR

analysis showed that the types of tissue culture

surface, cell seeding density, serum concentration

and ascorbic acid treatment affect cardiac gene

expressions of cells in cell sheets. Although three

methods were succeeded, ascorbic acid treatment was

found as the most rapid and effective method to obtain

cell sheets with cardiac characteristics.

Keywords H9C2 cell line � Cardiac tissue � Cell
sheet engineering �Ascorbic acid � Thermo-responsive

surface

Introduction

Cardiovascular diseases especially myocardial infarc-

tion are the leading cause of death in developed

countries. Mature cardiomyocytes have limited ability

to divide and the number of stem/progenitor cells are

not enough to regenerate the damaged tissue. Conse-

quently, adult heart cannot have a full functional

recovery making it one of the leading organ candidates

for regenerative medicine (Cui et al. 2018). Many

different approaches including cell therapy, tissue

engineering, angiogenic therapies and gene therapy,

have been used to repair the heart. In cell therapy that

directly injected isolated cells, poor survival was

observed and control of shape, size and location of

injection site was difficult (Matsuda et al. 2007;

Haraguchi et al. 2012). In order to overcome the

problems and fabricate functional tissue-engineered

organs ‘‘top-down’’ or ‘‘bottom-up’’ approaches have

been investigated.
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Cell sheet engineering technology, a bottom-up

approach, has been progressing rapidly without using

tissue scaffolds. Therefore, strong host inflammatory

reactions (fibrosis, macrophage and neutrophil activa-

tions), insufficient cell migration, oxygen, nutrients and

metabolic waste diffusion can be prevented. Also, cell

dense-tissues that can not be fabricated with biodegrad-

able scaffolds, are obtained with cell sheet technology

(Matsuda et al. 2007;Wei et al. 2012; Zhang et al. 2016).

Other than these, cell sheet technology has other

advantages: (1) cell-to-cell connections and surface

extracellular matrix (ECM) proteins secreted by the

cells are preserved, (2) cell sheets can be transplanted to

damaged area without any sutures, (3) cell sheets have

flexibility, they can be fragmented and then injected, so

cells keep their phenotype and localization of the cells

can be improved, (4) using multiple cell sources thick

and complex heterogeneous tissues can be reconstituted

in vitro by assembling sheets (Chen et al. 2007;

Haraguchi et al. 2012; Yu et al. 2014; Guo et al. 2015;

Zhang et al. 2016).

Cell sheets are mainly obtained by using commer-

cial thermo-responsive tissue culture plates. In these

plates, a temperature-responsive polymer, poly(N-

isopropylacrylamide) (PIPAAm), grafted surface is

used. PIPAAm and its copolymers show thermo-

responsive hydrophobicity in aqueous solutions (Mat-

suda et al. 2007). At 37 �C polymer shows hydropho-

bic character and cells can adhere, and spread on the

surface but by lowering the temperature below 32 �C,
hydrophilicity increases and grafted polymer starts to

swell thus cells detach from the surface in sheet form

bymechanical force generated by swelling (Haraguchi

et al. 2012). However, polymer grafting process is

complicated, time-consuming and relatively expen-

sive (Wei et al. 2012; Yu et al. 2014). Therefore,

researchers have developed different techniques for

cell sheet formation and harvesting; using magnetite

nanoparticles and magnetic force (Shimizu et al.

2007), light-induced cell detachment method (Hong

et al. 2013), ion-induced cell detachment method

(Zahn et al. 2012), fibrin coated dishes (Itabashi et al.

2005), appropriate cell density and serum content

(Yeh et al. 2014) and reactive oxygen species (ROS)-

induced strategy (Koo et al. 2018). Another commonly

used alternative approach is ascorbic acid (AA)

treatment. However, research on mechanism of action

is not satisfactory, so how ascorbic acid induce cell

sheet formation remain unknown (Guo et al. 2015).

Transplantation of cell sheet grafts onto damaged

hearts provides a significant healing in in vivo studies

and clinical trials. So far, cell sheet fabrication has been

applied to many types of cells for cardiac tissue

engineering including cardiomyocytes (Furuta et al.

2006;Haraguchi et al. 2006; Sekine et al. 2011), skeletal

myoblasts (Memonet al. 2005;Hata et al. 2006;Kondoh

et al. 2006; Hoashi et al. 2009), cardiac stem cells

(Dergilev et al. 2017, 2018), mesenchymal stem cells

(Miyahara et al. 2006; Chen et al. 2007; Bel et al. 2010),

embryonic stem cells (Bel et al. 2010), endothelial cells

(Sekine et al. 2008) and induced pluripotent stem (iPS)

cells (Kawamura et al. 2012). H9C2 cardiomyoblasts

were originally derived from embryonic rat ventricular

tissue. The cells do not have the beating ability but have

the contraction and expansion function (Zhou et al.

2016). Although they can not beat, they share similar-

ities with primary cardiomyocytes in terms of mem-

brane morphology, g-signalling protein expression and

electrophysiological properties (Watkins et al. 2011).

Also, they have some signalling pathways, taking in

differentiation into mature cardiac muscle cells (Witek

et al. 2016). Therefore, they are used in many studies

including cardiotoxicity (Feridooni et al. 2013; Law

et al. 2013;Witek et al. 2016), cardiac tissue engineering

(Martinez et al. 2010; Cui et al. 2014) and heart disease

(Jadaun et al. 2018; Tao et al. 2018) as an in vitromodel.

But H9C2 cells have not been used in cell sheet

engineering studies yet.

In the present study, for the first time H9C2

cardiomyoblast sheets were obtained. We used three

different techniques; (1) using thermo-responsive

tissue culture plates, (2) inoculation with high cell

density and serum content and (3) using ascorbic acid

treatment on H9C2 cell sheet formation and harvesting

of cell sheets. The characteristics of cell sheets were

determined by means of morphologic observations,

immunofluorescent staining, live/dead assay and Real-

Time Polymerase Chain Reaction (RT-PCR) analysis.

The results were evaluated by the need of the

development of cardiac patch or graft.

Materials and methods

Materials

H9C2 rat cardiomyoblast cell line was kindly provided

by Prof. Dr. Belma Turan (Ankara University, Faculty
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of Medicine, Department of Biophysics, Turkey).

Thermo-responsive tissue culture plates (35 mm in

diameter) were purchased from UpCell� Thermo

Fisher ScientificTM (USA). L-ascorbic acid was

obtained from Sigma (Germany). For cell culture

studies, Dulbecco’s modified Eagle medium (DMEM)

and fetal bovine serum (FBS) were obtained from

Biowest (France). Dulbecco’s phosphate buffer solu-

tion (DPBS) was purchased from Lonza (Switzerland).

Trypsin/EDTA (0.25%) solution, penicillin–strepto-

mycin and bovine serum albumin (BSA) were

obtained from Sigma (Germany). Ethidium homod-

imer I and calcein-AM were purchased from Sigma

(Germany). Alexa Fluor� phalloidin 488, a filamen-

tous actin (F-actin) probe and DAPI (diamidino-2-

phenylindole) were obtained from Invitrogen (USA)

and Thermo Scientific (USA), respectively. MTT [3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide], which is used for cell viability analysis, was

obtained from Sigma-Aldrich (Germany). Trizol used

for RNA isolation was obtained from Invitrogen

(USA).

Methods

Cell culture studies and fabrication of cell sheets

H9C2 cells were cultured in DMEM (4.5 g/L glucose)

supplemented with 4 mM L-glutamine, 1% (v/v)

penicillin/streptomycin and 10% (v/v) FBS under

standard culture conditions (37 �C, 5% CO2). Cells at

the 20th passage were morphologically characterized

by using crystal violet and immunofluorescence

stainings. On the specified days of culture, the medium

was removed and each well was washed with phos-

phate buffer saline (PBS, pH: 7.4). The cells were

fixed in acetone-methanol solution (1:1, v/v) for

20 min. Then, the solution was removed and cells

were treated with crystal violet solution for 30 min.

After properly washing, images were captured using

inverted microscope (Olympus IX71, USA). For

immunofluorescence imaging, cells were fixed with

4% paraformaldehyde solution for 20 min at room

temperature and permeabilized with 0.1% Triton-X-

100 for 10 min. Then, sheets were stained with Alexa

Fluor� phalloidin 488 (1:100) and DAPI (1:1000) in

1% BSA/PBS for 30 min at room temperature. After

washing with PBS, cells were examined under the

fluorescence microscope (Olympus IX71, USA). The

proliferation and mitochondrial activity of the cells

were determined using the MTT assay as described.

After the culture medium was removed, MTT mix

(600 lL culture medium and 60 lL MTT solution;

2.5 mg/mL in PBS) was added to each well and

incubated for 3 h at 37 �C. Then, the mix was removed

and precipitated formazan crystals were dissolved

with 400 lL isopropanol (containing 0.04 MHCl) and

optical density (OD) was measured using a microplate

spectrophotometer (ASYS Hitech UVM 340 Plate

Reader) at a wavelength of 570 nm with the reference

to 690 nm. MTT assay and cell counting were

performed on three samples (n = 3).

Cells were used at passage 26–28 in cell sheet

studies. Three different methods were used to obtain

cell sheets (Table 1). In the first method, thermo-

responsive tissue culture plates were used and cells

were seeded at 104 cells/cm2 seeding density with 10%

FBS containing medium. Culture medium was chan-

ged at 2–3 days intervals in all groups. At the 7th day

of culture, commercial plates were cooled to 20 �C for

30 min and then, confluent cell sheets detached

spontaneously. For second and third groups, 5 9 104

cells/cm2 were seeded on 6-well TCPS (tissue culture

polystyrene) plates with DMEM containing 20% (v/v)

FBS. In the second group (high cell density/high

serum content) cells were cultured for 9 days. After

the culture period, medium was discharged and cells

were washed with PBS twice. Then sheets were peeled

off from the edges of the surface by gently washing

with PBS. In the third method ascorbic acid was

applied to the cultures in the presence of normal serum

[10% (v/v), N-FBS] and high serum [20% (v/v),

H-FBS] contents (Table 1). The effect of ascorbic acid

on cell culture media pH was determined with pH

measurements. The day after cell seeding, medium

was changed with AA containing media in 3 different

concentrations (20, 50 and 100 lg/mL AA) and

cultures were continued until day 5. The AA concen-

trations were selected in accordance with the literature

(Wei et al. 2012; Guo et al. 2015). Sheets were

detached by using the same protocol that was used for

the 2nd group. All obtained sheets were transferred to

a new well by using simple pipetting as explained by

Haraguchi et al. (2012). In order to prevent the sheets

from drying completely, a few drops of medium were

added until sheets completely adhered. Then 2 mL

culture medium was added to each well and charac-

terization studies were carried out.
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Characterization of cell sheets

All groups of cell sheets were morphologically

observed under inverted microscope. Images were

taken before/after detaching and after re-adhesion to

new tissue culture plates. In order to view actin

cytoskeleton and nucleus, sheets were stained with

Alexa Fluor� 488 phalloidin and nuclei of the cells

were counterstained with DAPI. Live/dead staining

based on plasma membrane integrity and esterase

activity was performed to investigate cell viability.

After cultivation, sheets were submerged in a live/

dead staining solution (2 lM calcein-AM and 2 lM
ethidium homodimer-1) and incubated for 30 min at

room temperature. Then, sheets were washed with

PBS and images were acquired using a fluorescence

microscope.

The effects of tissue culture surface material (TCPS

or PIPAAm grafted surface), high (5 9 104 cells/cm2)

or low (1 9 104 cells/cm2) cell seeding density and

FBS concentration (10% or 20%) with ascorbic acid

treatment on specific gene transcripts (collagen type I

(Col1a1), cardiac type troponin T2 (Tnnt2), calcium

voltage-gated channel subunit alpha1 C (cardiac type;

Cacna1c) and alpha1 S (skeletal type; Cacna1s) and

solute carrier family 29 member 1 (equilibrative

nucleoside transporter-1; ENT-1; Slc29a1) were

investigated with real time reverse transcriptase poly-

merase chain reaction (RT-PCR). Primer sequences

were shown in supplementary Table I. In order to

investigate the influence of seeding density (low or

high), cells were cultured at 104 cells/cm2 seeding

density on a TCPS dish with 40 mm diameter. This

was evaluated as both TCPS-surface control group

versus thermo-responsive surface group and low cell

seeding density group versus high cell density group.

For RT-PCR, cells were first trypsinized, cen-

trifuged in Eppendorf tube and stored at - 80 �C

until analysis. For RNA extraction, 500 lL Trizol

was added to each sample and RNeasy Mini kit

(Qiagen, Valencia, CA) was used. RNA concentra-

tion was determined by measuring optical density at

260 nm using Nanodrop 2000c (Thermo Scientific,

USA). Then, cDNA was synthesized using a high-

capacity cDNA kit (Applied Biosystems, USA) and

RT-PCR reactions were performed with 5xHot Fire

Pol� Eva Green� qPCR Mix Plus solution (Solis

BioDyne, Estonia) and LightCycler� Nano Instru-

ment (Roche, Germany). Glyceraldehyde 3-phos-

phate dehydrogenase (Gapdh) was used as a

housekeeping gene and expressions were determined

using the 2(-DDCt) method. The results were given as

fold change relative to control group.

Statistical analysis

All the experiments were performed four times and

data were expressed as mean ± standart deviation.

Statistical analyses were performed using GraphPad

InStat software and two tailed t test or One-way

ANOVA was used to determine the significant differ-

ences among the groups and a statistical significance

was assigned with p values.

Results

Rat cardiomyoblasts, H9C2, cells were cultured for

characterization until day 14. Crystal violet and

fluorescence staining images, indicating cells’ myo-

blast morphology, were shown in Fig. 1a–f. Mito-

chondrial activity of the cells increased during the

subsequent culture as seen in MTT graph (Fig. 1g).

Doubling time and specific growth rate of cells were

calculated as 54 h and 0.0128 h -1, respectively.

Table 1 Three different methods used for obtaining H9C2 cell sheets

Methods Cell seeding density

(cells/cm2)

FBS concentration

(v/v %)

Detachment

period (Day)

Ascorbic acid

concentration (lg/mL)

Thermo-responsive plate 1 9 104 10 7 –

High cell density/FBS concentration 5 9 104 20 9 –

Ascorbic acid treatment 5 9 104 10 5 20; 50; 100

20
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General observation

In the first group we cultured H9C2 cells on temper-

ature-responsive dishes for 7 days. Upon confluence, a

continuous monolayer sheet was formed on the surface

(Fig. 2a) and as the temperature decreased sheets

started to detach within 15 min and floated up into the

culture medium at the end of 30 min. In the second

group, using high cell density/high serum content, we

obtained a complete cell sheet without using any

special equipment, but in longer time. In AA-treated

group, we used 2 different FBS and 3 different AA

concentrations and were able to obtain cell sheets

within 5 days. Before treatment, pH values of the

media were measured and it was seen that statistically

there were not much changes between growth medium

and ascorbic acid addedmedia (*p\ 0.05) in different

ascorbic acid concentrations. After detachment, cells

rounded up as seen in Figs. 2b, f and 3d–f. All sheets

were easily transferred into new 6-well plates. After

the re-adhesion, cells spreaded well again (Figs. 2c, g,

d, h, 3g–i, 4f–h).

Immunofluorescent stainings

Before attachment and after re-adhesion, cell sheets

were stained with fluorescence dyes to investigate the

changes in cytoskeleton structure and nuclear

Fig. 1 H9C2 cells characterization studies. Crystal violet staining (a, b, c; 32X), immunofluorescence staining (d, e, f; 32X), MTT

results (g), cell growth curve (h) of H9C2 cells (scale bars: 50 lm). (Color figure online)
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morphology. Actin flaments (green) and nuclei (bright

blue) were clearly observed in all sheets (Fig. 5).

Especially in the high cell density/high serum content

and AA-treated groups, F-actin, filaments appeared

highly cross-linked because of high cell density and

overlaping of cells within the sheets. Also, there was a

significant increment in spindle-shape cell morphol-

ogy with the use of AA and its increasing concentra-

tions (Fig. 5d, e, f, j, k, l). Cell nuclei in all sheets

exhibited round shape in bright blue colour but some

fragmented nuclear residuals were seen in sheets

having high cell density.

Live/dead stainings

Live/dead staining was performed to investigate

whether the methods used for obtaining cell sheets

have a negative effect on the cell viability. Live

(green) and dead (red) cells were determined from the

merged version of the fluorescence microscopy

images (Fig. 6). The assay showed that in all groups

cells have high vitality before detachment (Fig. 6a, c,

d, e, f, j, k, l) and most of them survived after cell sheet

detachment and re-adhesion (Fig. 6b, g, h, i, m, n, o).

RT-PCR analysis

The results of RT-PCR analysis were given in Fig. 7

and showed that PIPAAm surface modification

increased only Cacna1s expressions (Fig. 7a). Seed-

ing density affected gene expressions as well at low

cell seeding density Col1a1 increased but Tnnt2 and

Cacna1s expressions decreased (Fig. 7b). It was also

shown that FBS concentrations and AA treatment had

an important effect on ECM, skeletal and cardiac

specific genes (Fig. 7c). Collagen type-1 expressions

significantly increased in all AA treatment groups.

Increased serum concentration enhanced the collagen

expressions only in control and 100 lg/mL AA

groups. In general, AA treated cell sheets showed

decreased Tnnt2 expressions. This decrease was more

distinct in the H-FBS group. In addition, increased

FBS concentration in 20 and 50 lg/mL AA groups

negatively affected Tnnt2 expression negatively. It

was observed that AA addition did not make a

significant difference in the expression of Slc29a1

gene. Significant increase was observed only in the

100 lg/mL AA group with high FBS. High FBS

concentration increased Cacna1c expressions in all

groups and Cacna1s expressions in all AA addition

Fig. 2 The morphology of cell sheets obtained by thermo-

responsive surface and high cell density/high serum content

methods. a, e Before detachment (20X); b, f after detachment

(20X); c g 3 days and 1 day after re-adhesion (20X); d, h 3 days

and 1 day after re-adhesion (4X) (scale bars: 20X 100 lm; 4X

500 lm). Black arrows show sprouting of cells from cell sheets
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groups. Also AA treatment stimulate Cacna1s expres-

sions in both N-FBS and H-FBS groups.

Discussion

Cell seeded scaffolds are usually used in conventional

tissue engineering although their numerious limita-

tions. As an alternative approach, cell sheet

engineering has been investigated. Natural cellular

junctions and microenvironments will be provided.

Although cell sheet applications have been investi-

gated in cardiac tissue engineering, H9C2 cell line,

have never been used in that application. We choose

H9C2 cell line instead of primary cardiomyocytes

because of their similarity to cardiomyocytes. Also

primary cells have limited proliferation capacity and

you do not need to sacrifice animals for each study

Fig. 3 Morphologies of AA-treated cell sheets with high serum content (20X, scale bars: 100 lm). Black arrows show sprouting of

cells from cell sheets
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when you use the cell line. In this study, we compared

three different procedures to obtain usable cardiomy-

oblast sheets by a simple, fast and efficient method.

The results of H9C2 cells characterization studies

are in accordance with literature. As seen in Fig. 1

H9C2 cells have typical morphology of mononucle-

ated and small spindle shaped myoblasts. At low

densities the cells were randomly oriented, but in

confluency they mostly organize themselves into

linear configuration. MTT graph in Fig. 1g is in

conformity with cell growth curve in Fig. 1h in terms

of cell growth phases. Following exponential growth

phase cells continued to proliferate at a slower speed

until the end of the culture. As seen in Fig. 1b–c and e–

f, cells coated culture surface completely on the 7th

and 14th day. They started to squeeze after confluency,

also they produce their own ECM and some cells can

grow on this ECM. Thus, cells can proliferate a little

more after they reached confluency. As the culture

progress there will be no free space, therefore cells

will enter the stationary and death phases, respec-

tively. Doubling time of H9C2 cells was found

compatible with the result which was indicated in

the literature, approximately 54 h (Dott et al. 2014).

In the cell sheet studies, firstly we used commercial

thermo-responsive dishes and obtained sheets without

treating with any enzymes at the end of the 7th days of

culture period. In the secondmethod, we used high cell

seeding density (5 9 104 cells/cm2) and high serum

content (20%) and cells were able to develop into sheet

in 9 days since serum has stimulating effect on both

cell growth and collagen synthesis (Narayanan et al.

1989). Also, its increasing concentrations enhance cell

growth (Choi et al. 1980) and collagen synthesis (Kato

et al. 1996). Therefore, using high FBS concentration

induces proliferation and collagen synthesis to support

cell sheet formation. Yeh et al., obtained adipose-

derived stem cell sheet by a similar method and brief

trypsinization (Yeh et al. 2014). Here we detached the

sheets with only PBS washing, so sheets could be

obtained without losing their integrity.

Recently, ascorbic acid (AA) treatment has been

investigated for harvesting cell sheets. Adding AA to

cell culture medium, increases collagen and ECM

secretion of cells in a short time and ECM provides

integrity and mechanical strength to the cell sheets.

(Grinnell et al. 1989; L’Heureux et al. 1998; Zhang

et al. 2016). Also, ECM includes various signals and

arranges the interactions between soluble factors and

cells. So, it plays an important role in tissue regener-

ation. Wei et al. used AA-treatment to induce the cell

sheet formation of periodontal ligament stem cells,

umbilical cord and bone marrow mesenchymal stem

cells. They indicated that cells preserved not only tight

cell-to-cell junctions and ECM, but also microfila-

ments and exocytotic vesicles near the plasma mem-

brane, which implies high cellular activity by this

method (Wei et al. 2012). Otherwise, AA induces

cardiac differentiation of embryonic stem cells or

iPSCs (Yu et al. 2014; Ivanyuk et al. 2015). AA has

also been used as cell culture supplement to stimulate

collagen production, DNA synthesis and suppress

Fig. 4 Morphologies of AA-treated cell sheets with normal serum content (20X, scale bars: 100 lm). Black arrows show sprouting of

cells from cell sheets
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intracellular reactive oxygen species (ROS) levels.

Martinez et al., added AA into the culture medium of

H9C2 cells and they emphasized that AA enhanced

cells survival through inhibition of cell apoptosis.

They also showed that viability and angiogenic

potential of the engineered tissues in vivo are better

with AA enrichment (Martinez et al. 2010). Huang

et al. (2009), used AA as an antioxidant and showed its

Fig. 5 Fluorescence staining of cell sheets obtained by thermo-

responsive surface (a, b), high cell density/high serum content

(c) and AA treatment (high serum content: d, e, f, g, h, i; normal

serum content: j, k, l, m, n, o). Actin filaments and nuclei are

green and bright blue coloured, respectively (20X, scale bars:

100 lm). (Color figure online)
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diminishing effect of hypothermia-induced apoptosis.

On the other hand, there are several studies on

cytotoxic effects of AA with showing different

concentrations have toxicity to different cell types

such as 300 lg/mL AA or more on hyalocytes, 1 mM

or more on human cell lines and tenocytes (Hakimi

Fig. 6 Live/dead staining of cell sheets obtained by thermo-

responsive surface (a, b), high cell density/high serum content

(c) and AA treatment (high serum content: d, e, f, g, h, i; normal

serum content: j, k, l, m, n, o). Live and dead cells are green and
red coloured, respectively (10X, scale bars: 200 lm). (Color

figure online)
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et al. 2014). Also, AA addition decreases the pH of the

medium and this can affect cell viability, but in our

study we used maximum * 0.5 mM AA concentra-

tion and pH reduction was not so high and cells were

not adversely affected.

Cells in thermo-responsive plate group showed the

typical morphology of cultured H9C2 cardiomy-

oblasts (Fig. 2). But in other groups cells were more

fusiform-shaped before detachment because of high

seeding density (Figs. 2, 3 and 4). After detachment

there was no substantial difference among three

methods with regard to cell integrity. After transfer

to the new plates the cells started to migrate in a couple

of days. Sprouting of cells from cell sheets was shown

with black arrows in the figures. So, these results

demonstrated that H9C2 cells composing the sheets

were still alive and healthy. Cell sheets created by AA-

treatment were obtained in a shorter time period

without any defect. There was no distinct difference

among cells treated with different AA or FBS

concentrations in morphologically and the sheets were

of similar quality as the cell sheets derived from other

two methods. Besides, sheets in AA-treatment groups

especially in high serum content were more resistant to

manipulation and had higher mechanical strength due

to ascorbic acid addition.

H9C2 cells were stained with immunofluores-

cent dyes to investigate the nucleus and F-actin

cytoskeleton (Fig. 5). There was not any significant

difference in F-actin organizations and nuclear

Fig. 7 RT-PCR analyses forCol1a1, Tnnt2,Cacna1c,Cacna1s

and Slc29a1 genes. Comparison of thermo-responsive and

TCPS surface (a), high and low cell seeding density at TCPS

(b) and AA treatment groups in two different FBS content (c).
TCPS surface and low cell seeding density groups are the same.

Statistically significant differences are denoted by symbols; a,

b n = 4; *p\ 0.05, **p\ 0.01 and ***p\ 0.001; c n = 5;

N-FBS and H-FBS groups were compared according to control

among themselves *p\ 0.05, **p\ 0.01 and ***p\ 0.001,

20 lg/mL AA served as control #p\ 0.05; N-FBS groups

served as control versus H-FBS groups ?p\ 0.05, ??p\ 0.01,
???p\ 0.001

123

Cytotechnology (2019) 71:819–833 829



morphology between cells that migrated from sheets

to the culture plate and H9C2 cells cultured in standart

culture conditions. There was not any fracture or

change in the organization of the actin cytoskeleton of

cells migrating from sheets after detachment and re-

adhesion despite the centre section of the cell sheets

were not observed clearly. In thermo-responsive plate

group, cells were monolayer so nucleus of the cells

were observed individually in contrast to imbricated

nuclei in other groups. Condensation and apoptotic

bodies were observed in some cells that undergoing

apoptosis. Brighter and smaller DAPI stained nucleus

fragments are indicator of apoptotic bodies and

demonstrated with black arrows.

In addition, multinucleated cells were seen fre-

quently in high cell density/high serum content and

more in AA-treated sheets (shown in eliptical)

(Fig. 5d, e, f, j, k, l). In thermo-responsive plate

group, cells were mostly mononucleated in contrast to

others (Fig. 5a, b). Increased spindle-shape cell mor-

phology of AA-treatment group may be due to the

boost effect of ascorbic acid on cell proliferation and

collagen synthesis. So, crowded cells in AA treatment

group fused and joined together to form myotube-like

structure indicated in Fig. 5d, e, f and Ricotti et al.

(2012) also showed myotube formation by nuclei and

cytoskeletal actin fluorescence staining as we did.

Optical microscope of H9C2 cells photograph of

myotubes in high cell density/high serum content and

AA-treated sheet (H-FBS, 20 lg/mL) were given in

supplementary data (Fig. S1). Similar fused and

multinucleated structures were seen in other AA-

treated groups. The morphology of H9C2 cells

switched from myoblast-like to elongated-like was

also consistent with inverted microscope images.

In live/dead cell staining assay, it was shown that

no. of dead cells increased with high cell seeding

density and rising AA concentration due to cell

compaction (Fig. 6). Additionally, more fused, elon-

gated and acicular-shaped cells were seen in AA-

treated cell sheets (Fig. 6d, e, f, j, k, l). Also, a great

majority of cells migrated from sheets were healthy

and alive. The results were compatible with

immunofluorescent stainings.

In addition to these assays, RT-PCR analysis was

performed to detect the influence of surface material of

plate, high or low cell seeding density and different

FBS concentrations with AA treatment on gene

expressions of H9C2 cells (Fig. 7). H9C2 cells

simultaneously express both skeletal (Cacna1s) and

cardiac (Cacna1c) types of calcium voltage-gated

channel subunit Alpha1 genes. Cacna1s and Cacna1c

specifically correlate with skeletal muscle and cardiac

differentiation, respectively (Menard et al. 1999).

Skeletal type channel generates contractile activity in

primary cardiac myocytes culture (Mejia-Alvarez

et al. 1994). The expression levels of these genes

increase or decrease according to the differentiation

tendency of the cells. Tnnt2 gene regulates production

of troponin T protein that participate in contractions

and is an important cardiac marker (Pereira et al.

2011). The Slc29a1 gene is responsible for the

production of equilibrative nucleoside transporter-1

(ENT-1) proteins, which are responsible for the

transport of adenosine, that plays an important role

in many physiological processes in H9C2 cells. The

increase in ENT-1 gene expression is considered as an

indicator of cardiac differentiation of the cells (Leung

et al. 2007; Rodgers et al. 2009).

Compared to TCPS and PIPAAm coated surfaces,

only Cacna1s gene was affected by PIPAAm coating

and its expression was enhanced (Fig. 7a). Thermo-

responsive dishes have small prickles on their grafted

surface (Yamato and Okano 2004). These nano-

topographic details have an impact on cell behaviour

and differentiation trends. So, these details may have

affected gene expression. Cell seeding density

impressed gene expressions in a similiar manner by

cell interactions (Fig. 7b). It has been shown in many

studies that low cell density (reduced cell–cell contact)

increases collagen synthesis (Kato et al. 1996). Our

RT-PCR results support the findings in the related

literature. Tnnt2 gene expression decreased with low

seeding density and this may be due to reduced cell

interactions. Decreasing Cacna1s expressions was

also compatible with other results and showed

enhanced myoblastic character by higher cell density.

Besides, FBS concentration and AA treatment had

important impact on gene expressions. Collagen type 1

expressions were increased with AA treatment in all

FBS groups as indicated in previous studies with

periodontal ligament, bone marrow stem cells and

fibroblast cells (Grinnell et al. 1989; Wei et al. 2012;

Guo et al. 2015;). While related literature showed

increased FBS has stimulating effect on collagen

synthesis (Narayanan et al. 1989), in our study similiar

results were obtained also in control and 100 lg/mL

AA groups. Ascorbic acid has recently been
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recognized as cardiogenesis-promoting molecule that

stimulates cardiac differentiation of embryonic stem

cells or induced pluripotent stem cells (Yu et al. 2014;

Ivanyuk et al. 2015). But contrary, according to our

results of RT-PCR analysis AA supplementation

reduced Tnnt2 gene expressions in most concentra-

tions and did not affect Slc29a1 and Cacna1c expres-

sions, but increased Cacna1s expressions in all

concentration. This impact may be due to high cell

density influence on H9C2 cells was more dominant to

effects of applied AA concentrations. Enhanced FBS

concentration reduced Tnnt2 gene expression except

the highest AA group. But increased Slc29a1 expres-

sion of the highest AA concentration and Cacna1c

expressions in all groups. Also promoted Cacna1s

expressions in all AA treated groups probably based

on inducing cell proliferation that cause cell squeez-

ing. When all the results are evaluated, it can be

concluded that AA induced myogenic characteristics

of H9C2 cells by inducing Cacna1s gene expression

and cell sheets having high cardiac characteristics can

be obtained by using high FBS (20%) and AA

concentration (lg/mL) together.

Conclusion

In native heart, cells are dense and tightly connected,

so cell sheet engineering technology presents enor-

mous potential for the creation of suitable engineered

cardiac tissue. In this study, we demonstrated the

successful construction of cardiomyoblast cell sheets

without using thermo-responsive dishes. In addition,

the effects of tissue culture surface, cell seeding

density and FBS concentration with ascorbic acid

treatment on specific gene expressions were deter-

mined. We believe that H9C2 cardiomyoblast cell

sheets obtained with ascorbic acid treatment with

100 lg/mL AA in the presence of high cell density

(5 9 104 cells/cm2) and high serum content (20%

FBS) can be a good in vitro model for heart disease and

cardiac tissue engineering studies.
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