
ORIGINAL ARTICLE

Spreading, proliferation and differentiation of human dental
pulp stem cells on chitosan scaffolds immobilized with RGD
or fibronectin
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Abstract Nowadays, human dental pulp stem cells

(hDPSCs) became more attractive for therapeutic

purposes because of their high proliferation and

differentiation potential. Thus, coupling the desired

cellular characteristics of hDPSCs with good bioma-

terial properties of the chitosan scaffolds provide an

interesting approach for tissue engineering applica-

tions. On the other hand, scaffold surface modification

is also needed to promote stem cell adhesion since

chitosan lacks adhesion motifs to support direct cell

anchorage. In this study, hDPSCs were isolated from

third molars of healthy female individuals (aged

16–25) with enzymatic digestion. For cell culture

studies, the chitosan scaffolds which have approxi-

mately 9 mm diameter and 2 mm thickness with

interconnected structure were prepared by freeze-

drying. To support cellular attachment the scaffolds

were covalently immobilized with either RGD (argi-

nine-glycine-aspartic acid) or fibronectin (Fn) mole-

cules. Cells were seeded on chitosan scaffolds with or

without immobilized RGD and fibronectin. Cell

attachment, spreading, adhesion behaviors and prolif-

eration capacity were examined by scanning electron

microscopy, immunofluorescence staining and

PrestoBlue� assays, respectively. In addition, differ-

entiation potential of hDPSCs on Fn immobilized

chitosan scaffolds was determined with real time

reverse transcriptase polymerase chain reaction anal-

ysis. The results showed that chitosan scaffolds were

not able to support stem cell attachment. hDPSCs on

chitosan scaffolds formed spheroids more quickly and

the size of spheroids were smaller than on chitosan-

RGD while Fn-immobilized chitosan scaffolds

strongly supported cellular attachment but not odon-

togenic differentiation. The results suggest that the Fn-

immobilized chitosan scaffolds may serve as good

three-dimensional substrates for dental pulp stem cell

attachment and proliferation. In the case of dental

regeneration, they must be supported by appropriate

biosignals to induce odontogenic differentiation.
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Department of Bioengineering, Hacettepe University,

Ankara, Turkey

A. S. Kiremitçi
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Introduction

Stem cell-based regenerative medicine often requires

a scaffold or carrier system to deliver cells and/or

specific growth factors to the injured site (Collart-

Dutilleul et al. 2014). Among the materials used for

scaffold fabrication, chitosan has been chosen as the

most appropriate candidate compared with other

natural polymers due to its excellence in biodegrad-

ability and biocompatibility and interest in chemical

modifications with considerable and adjustable me-

chanical properties (Beşkardeş et al. 2015; Dutta et al.

2004; VandeVord et al. 2002). Stem cell-material

interactions have been studied on the basis of surface

chemistry, topography and molecular changes to

achieve optimal and expected cellular responses

(Murphy et al. 2014).

Recently, human dental pulp stem cells (hDPSCs)

have been considered as more attractive adult stem

cells for therapeutic purposes because of their high

proliferation and differentiation potential, and easy

isolation procedure (Karaoz et al. 2010; Vishwanath

et al. 2013). It was shown that, hDPSCs can attach,

spread, proliferate and differentiate into different cell

populations on polymeric surfaces such as; polycapro-

lactone (D’Anto et al. 2016; Kim et al. 2014),

polylactic acid (Chandrahasa et al. 2011) and collagen

(Martens et al. 2014). On the contrary, some other

stem cell types such as adipose tissue derived

mesenchymal stem cells (MSCs) (Cheng et al. 2012)

and human umbilical cord MSCs (Yeh et al. 2014) are

able to attach onto chitosan surfaces but are not able to

spread and proliferate. This may be attributed to the

chemical structure of chitosan, which triggers cell

detachment by activating some cell signaling path-

ways affecting cellular mobility (Huang et al. 2011;

Hsu et al. 2012; Yeh et al. 2012, 2014). Cheng et al.

(2012) have shown that human adipose tissue derived

MSCs on chitosan films form spheroids, which display

more stemness profile and better differentiation capa-

bilities than their spread form. This is why, surface

modification is needed to support stem cell attachment

and proliferation on chitosan scaffolds (Cheng et al.

2012; Hsu et al. 2012; Yeh et al. 2014).

Cellular attachment and adhesion to extracellular

matrix (ECM) occur by interactions of transmembrane

cell adhesion proteins with the specific amino acid

sequences in proteins such as RGD (Arg–Gly–Asp),

sequence of fibronectin (Fn) and IKVAV (Ile–Lys–

Val–Ala–Val) sequence of laminin (Arnold et al.

2004; Jongpaiboonkit et al. 2009). This is why, ECM

proteins or their small peptide sequences immobilized

on biomaterials are often used to increase surface

bioactivity, cell adhesion and proliferation (Liu et al.

2010; deMel et al. 2008). Several studies have focused

on the immobilization of Fn onto surfaces using

covalent coupling chemistries via the amine, thiol and

aldehyde groups to obtain stable surface modification

(Biran et al. 2001; Custodio et al. 2010). The synergic

interactions of peptides such as RGD and PHSRN

(Pro–His–Ser–Arg–Asn) of Fn may support cell

binding, proliferation and differentiation more effec-

tively. Thus, the use of whole protein is preferred

instead of short peptides (Custodio et al. 2010).

In this study, chitosan (Ch) scaffolds were prepared

by freeze-drying method. Surface modifications were

carried out using RGD sequence or Fn molecule via

carbodiimide reaction. Cell culture studies were

performed with hDPSCs obtained from third molars

of healthy female individuals. In this study, we wanted

to compare effectiveness of immobilized RGD and Fn

onto chitosan scaffolds for the adhesion and prolifer-

ation behaviour of hDPSCs. Cells were seeded on

chitosan-based scaffolds with or without 1% (w/v)

gelatin solution to investigate the effect of gelatin on

the cellular interactions with scaffolds. The attach-

ment and proliferation of hDPSCs on scaffolds were

determined by scanning electron microscopy (SEM),

proliferation assays and immunofluorescence staining

of cell cytoskeleton and nucleus. Also odontogenic

differentiation potential of hDPSCs on Fn-immobi-

lized chitosan scaffolds was determined with real time

reverse transcriptase polymerase chain reaction (RT-

PCR) analysis.

Materials and methods

Materials

Mediummolecular weight chitosan (75–85% deacetyla-

tion degree), derived from crab shell and acetic acidwere

purchased from Sigma-Aldrich (Munich, Germany) and

Riedel–de–Haen (Seelze, Germany), respectively. Phos-

phate buffer saline (PBS, pH 7.4) tablets, type A gelatin,

Arginine-glycine, aspartic acid (RGD) peptide, fibronec-

tin, 2-(N-morpholino) ethanesulfonic acid (MES) sodium

salt, 1-ethyl-3-dimethylaminopropyl carbodiimide
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(EDC) and ninhydrin were obtained from Sigma. N,N-

dimethyl formamide (DMF) and N-hydroxysuccinimide

(NHS) were purchased from Merck (Darmstadt, Ger-

many) and Fluka (Buchs, Switzerland), respectively.

Paraformaldehyde was obtained from Sigma-Aldrich.

For cell culture studies, collagenase type I was

obtained from Biochrom AG (Berlin, Germany).

Minimal Essential Medium Alpha Modification (a-
MEM) and amphotericin B were purchased from

Lonza (Basel, Switzerland). Fetal bovine serum

(FBS), trypsin/EDTA solution, penicillin–strepto-

mycin, HEPES, Triton-X 100 and bovine serum

albumin (BSA) were obtained from Sigma. Dul-

becco’s phosphate buffer solution (DPBS) and iso-

propanol were purchased from Hyclone (Logan, UT,

USA) and Aklar Kimya (Istanbul, Turkey), respec-

tively. Hexamethyldisilazane (HMDS) and hydrochlo-

ric acid were obtained from Merck. PrestoBlue�

which is used for cell viability analysis, was obtained

from Invitrogen (Carlsbad, CA, USA). DAPI (di-

amidino-2-phenylindole) and Alexa Fluor 488 Phal-

loidin were purchased from Thermo Scientific

(Waltham, MA, USA) and Invitrogen, respectively.

Preparation of chitosan scaffolds

Chitosan scaffolds were prepared by freeze-drying

method that has been reported previously (Beşkardeş

et al. 2015; Tigli et al. 2007). Briefly, chitosan (2%,

w/v) was dissolved in 0.2 M acetic acid solution and

poured into 24-well tissue culture polystyrene dishes

(TCPS), then they were frozen at -20 �C overnight.

Afterwards, scaffolds were transferred into freeze-

dryer (Christ, Osterode am Harz, Germany) at-80 �C
and lyophilized for 4 days. Once completely dried,

scaffolds were placed in 96% (v/v) ethanol overnight

and then, stabilized in 70% (v/v) ethanol for 1 h. The

scaffolds were cut into 9 mm diameter and 2 mm

thickness for cell culture studies.

RGD peptide immobilization

In the present study, chitosan scaffolds were modified

with universal cell binding peptide, RGD. Peptides

were conjugated onto chitosan surface via carbodi-

imide reaction, an imide-bond forming between amino

groups on chitosan and carboxyl groups on peptides.

Immobilization was performed in a similar way as

reported in a previous study (Ho et al. 2005). RGD

peptide (0.2 mM in DMF), EDC (2.5 mg/mL in DMF)

and NHS (5.3 mM in PBS) solutions were prepared

and mixed in 25:25:1 (v/v/v) ratio. For immobiliza-

tion, chitosan scaffolds were immersed into activated

peptide solution at 4 �C for 72 h. After the immobi-

lization, scaffolds were washed with PBS (pH 7.4) for

several times and used for cell culture studies.

Fibronectin immobilization

Fibronectin was covalently immobilized on chitosan

scaffolds via carbodiimide chemistry by using a

reported procedure (Custodio et al. 2010). Fibronectin

was dissolved in ultrapure water and then, mixed with

a solution containing EDC (2 mM in MES buffer) and

NHS (5 mM in MES buffer), resulting in 100 lg/mL

Fn concentration, in order to pre-activate the Fn by

reaction with their carboxyl groups. The activation

process was performed at room temperature on a

shaker for 20 min. Then, 100 lL Fn solution was

added onto each scaffold and the scaffolds were kept at

room temperature for 4 h to immobilize Fn with the

interactions of carboxyl groups of Fn and amino

groups of chitosan.

Ninhydrin assay was used to determine the cova-

lently-linked RGD and Fn on the surface of chitosan

scaffolds after immobilization. Briefly, 1.0 M ninhy-

drin solution was prepared in 96% (v/v) ethanol and

scaffolds were immersed into the solution for 1 min.

Right after, scaffolds were transferred into dark colour

glass bottle and heated at 70 �C in a water bath for

10 min. Then, 2 mL tetrahydrofuran and 2 mL iso-

propanol solutions were added to the samples and kept

in ultrasonic bath for 10 min. The solution was placed

in a quartz cuvette and the absorbance was measured at

560 nm by UV–Vis double beam PC (Labomed, Los

Angeles, CA, USA) spectrophotometer.

Cell culture studies

Cell isolation and characterization

Cell culture studies were carried out with human

dental pulp stem cells (hDPSCs) isolated from third

molars of healthy female individuals (aged 16–25). All

experiments were done under approval of the Non-

invasive Clinical Research Ethic Committee of

Hacettepe University (number: GO13/250, Ankara,
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Turkey). Briefly, the pulp tissue was pulled out with

excavator, cut into pieces and digested in 0.075% (w/

v) collagenase type I in Ca2?, Mg2? free PBS for 1 h at

37 �C. Disrupted pulp tissue was collected in PBS and

filtered through 70 lm cell strainer (BD Bioscience,

Franklin Lakes, NJ, USA) to obtain single cells

(Vishwanath et al. 2013). The suspension was washed

with PBS and cultured in a-MEM containing 15% (v/

v) FBS, 0.4% (v/v) penicillin/streptomycin and 0.4%

(v/v) amphotericin B (P/S/AB) at 37 �C in 5% CO2

atmosphere (Heraeus, Hanau, Germany) until passage

5–7.

Flow cytometry

The cells were characterized by flow cytometry using

BD FACSAria II Cell Sorter with MSC specific and

unspecific surface markers such as, CD90 (Thy-1;

FITC), CD166 (activated leukocyte cell adhesion

molecule; PE), CD44 (extracellular matrix receptor

III; FITC), CD29 (integrin beta 1 chain; APC), CD73

(50-nucleotidase; PE), CD105 (endoglin; PE), CD14

(monocyte differentiation antigen; APC), CD45 (re-

ceptor-type tyrosine-protein phosphatase C; FITC),

CD34 (hematopoietic progenitor cell antigen; APC),

CD133 (prominin-1; PE) and HLADR (MHC class II

surface receptor; PE). CD90 was purchased from

BioLegend (USA);CD14, CD29, CD34, CD44, CD45,

CD73, CD166 and HLADR were obtained from

Becton Dickinson (USA); CD105 and CD133 were

purchased from e-Bioscience (USA). Three lineages

differentiation capacity of hDPSCs was investigated

by osteogenic, chondrogenic and adipogenic differen-

tiation studies and cultures were carried out for

28, 28 and 56 days, respectively. Chondrogenic

differentiation was carried out in pellet culture.

Adipogenic differentiation was induced by until the

lipid droplets were seen in culture. The cells were

induced chemically in differentiation medium and

analysed by histological stainings given in Table 1.

Cell seeding

Cell culture studies on chitosan scaffolds were carried

out in non-treated 24-well culture plates. Before cell

seeding, scaffolds were sterilized via soaking in 70%

(v/v) ethanol for 2 h and rinsed with PBS for three

times. Then, both of their sides were placed under UV

light for 45 min. After sterilization, they were

immersed in cell culture medium, a-MEM supple-

mented with 15% (w/v) FBS and P/S/AB, for condi-

tioning overnight.

Human DPSCs (2 9 105 cells/scaffold) were sus-

pended in 30lL of cell culturemediumand suspensions

were seeded into the scaffolds. Five hours later, 1 mL

cell culture medium was added to wells and cells were

incubated at 37 �C in 5% CO2 atmosphere for 9 days.

Cell seeding with gelatine solution In order to

support cell attachment on chitosan scaffolds, cell

seeding was also carried out in the presence of gelatine

solution (1%, w/v in cell culture medium) with

increased cell density allowing more time for cell-

material and cell–cell interactions during attachment

process. Gelatine solution, 109 (in ultrapure water)

concentration, was sterilized with autoclave at 121 �C
for 15 min. Then, the solution was diluted in cell

culture medium, pH was adjusted to around 7.4, using

HEPES buffer. Then, 50 lL of hDPSCs suspension at

Table 1 Differentiation agents and specific stainings

Differentiation potential Osteogenic Chondrogenic Adipogenic

50 lg/mL L-ascorbate

(Sigma, Germany)

10 nM dexamethasone 0.5 lM dexamethasone

10 nM dexamethasone

(Sigma-Aldrich, Germany)

50 lg/mL L-ascorbate

1% ITS (Sigma, Germany)

0.25 mM 3-isobutyl-1-1-methylxanthine

(IBMX, Sigma, Germany)

10 mMb-glycerophosphate

(Sigma-Aldrich, Germany)

5 ng/mL TGFb-1

(Sigma-Aldrich, Germany)

1 lg/mL insulin

(Sigma, Germany)

5 ng/mL TGFb-3

(Sigma-Aldrich, Germany)

50 lM indomethacin

(Sigma, Germany)

Specific stainings ALP-Von Kossa Safranin O Oil Red O
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a concentration of 4 9 105 cells/scaffold in culture

medium was added onto each scaffold. Five hours

later, 1 mL cell culture medium was added to wells

and cells were incubated at 37 �C in 5% CO2

atmosphere for 9 days.

Cell seeding into RGD and Fn modified

scaffolds For the purpose of promoting hDPSCs

attachment on chitosan scaffolds, RGD peptide or Fn

immobilized chitosan scaffolds were used. Fifty lL of

hDPSCs suspension at a concentration of 2 9 105

cells/scaffold were seeded into RGD and Fn

immobilized scaffolds. Five hours later, 1 mL cell

culture medium was added to wells and cells were

incubated at 37 �C in 5% CO2 atmosphere for 9 days.

Scanning electron microscopy (SEM)

The adhesion behaviour and morphology of hDPSCs

on scaffolds were observed by SEM (Zeiss Evo 50,

Oberkochen, Germany) at desired culture periods.

After the culture medium was removed, the cell-

scaffold constructs were rinsed with PBS twice and

cells were fixed with 2.5% (v/v) glutaraldehyde

(diluted in 0.1 M PBS) for 30 min at 4 �C. Then,
samples were dehydrated in a series of increasing

concentrations of ethanol (30, 50, 70, 90, and 100%

v/v) and treated with HMDS for 5 min. After the

samples dried completely, scaffolds were coated with

a gold–palladium layer and observed under SEM.

Cell viability assay

Proliferation behaviour of hDPSCs on scaffolds was

determined by mitochondrial activity using resazur-

in based PrestoBlue� assay. Instead of other analysis

like MTT, cell viability is not affected by PrestoBlue�

treatment and the same scaffold can be used during the

experimental period. Resazurin is a water-soluble dye

and the assay is dependent on the ability of cells to

reduce resazurin to resorufin by mitochondrial

enzymes that can be detected either colorimetric or

fluorometric measurements (Boncler et al. 2014).

Briefly, after the culture medium was aspirated, the

samples were washed with PBS (pH 7.4) once and 400

lL of PrestoBlue� mix solution (10% PrestoBlue�

109 reagent ? 90% culture medium) was added onto

samples and incubated at 37 �C for 2 h. Then, the

optical density (OD) of 200 lL of the medium was

evaluated using a microplate spectrophotometer at a

wavelength of 570 nm with the reference to 600 nm.

The same procedure was also applied to the control

samples, i.e. scaffolds without cells, and OD values

were subtracted from the values obtained from scaf-

folds with cells.

Immunofluorescence staining

Anti-F actin and DAPI staining were performed with

the cell-scaffold constructs which cells were seeded

with gelatine. Alexa Fluor 488 Phalloidin conjugated

anti-F actin and DAPI probe were used for immunos-

taining. The cell culture medium was removed and the

cell-scaffold constructs were fixed with 4% (w/v)

paraformaldehyde for 30 min at room temperature.

Table 2 Primer sequences used in RT-PCR analysis

Genes Primers

ACTB Forward primer

50-TCCTGTGGCATCCACGAAACT-30

Reverse primer

50-GAAGCATTTGCGGTGGACGAT-30

ALP Forward primer

50-CACCTGCCTTACTAACTCC-30

Reverse primer

50-CGTTGGTGTTGAGCTTCTG-30

RUNX2 Forward primer

50-TCCCTGAACTCTGCACCA -30

Reverse primer

50-ATGCGCCCTAAATCACGTAG -30

COLI Forward primer

50-AAGTCTTCTGCAACATGGAG-30

Reverse primer

50-TACTCGAACTGGAATCCATC-30

OCN Forward primer

50-CAGCCTTTGTGTCCAAGC-30

Reverse primer

50-CACAGTCCGGATTGAGCT-30

OPN Forward primer

50-GAAGCAGAATCTCCTAGCCC-30

Reverse primer

50-ATGTGGTCATGGCTTTCGT-30

DSPP Forward primer

50-ACATGCTGTTGGGAAGAG-30

Reverse primer

50-TACCTTCGTTGCCTTTCC-30
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The fixed cells were permeabilized with 0.1% (v/v)

Triton-X 100 in PBS (pH 7.4) and washed with PBS

(pH 7.4) three times. Then, anti-F actin antibody

(1:100) and DAPI probe (1:1000), diluted in 1% (w/v)

bovine serum albumin containing PBS (PBS/A), were

added onto the scaffolds and incubated for 1 h at room

temperature. The samples were then rinsed with PBS/

A three times and observed under fluorescent micro-

scope (Olympus IX71, Tokyo, Japan).

Real time reverse transcriptase polymerase chain

reaction (RT-PCR) analysis

In order to investigate odontogenic differentiation

potential of hDPSCs on Fn-immobilized chitosan

scaffolds, collagen I (COLI), Runt-related transcrip-

tion factor 2 (RUNX2), osteopontin (OPN), osteocal-

cin (OCN), alkaline phosphatase (ALP) and dentin

sialophosphoprotein (DSPP) gene expressions were

determined by RT-PCR. Primer sequences are shown

in Table 2. To induce odontogenic differentiation

potential of hDPSCs, cells were cultured in 10 mM b-
glycerophosphate, 50 lg/mL ascorbic acid and

10-8 lg/mL dexamethasone containing medium.

After 14 and 21 days, samples were washed with

PBS, chopped in Trizol and stored at -80 �C until

analysis. RNeasy Mini kit (Qiagen, Valencia, CA,

USA) was used for RNA extraction. RNA concentra-

tion was determined by measuring optical density at

260 nm using Nanodrop 2000c (Thermo Scientific).

High-capacity cDNA kit (Applied Biosystems, Foster

City, CA, USA) was used for cDNA synthesis and RT-

PCR reactions were performed with 5xHot Fire Pol�

Eva Green� qPCR Mix Plus solution (Solis BioDyne,

Tartu, Estonia) and LightCycler� Nano Instrument

(Roche, Mannheim, Germany). Beta-actin (ACTB)

was used as housekeeping gene and expressions were

determined using the 2^ (-DDCt) method. The results

were given as fold change relative to the results on day

14.

Statistical analysis

Three similar experiments were performed for each

type of assay and numerical values were expressed as

mean ± standart deviation. Statistical differences

were evaluated by InStat software and t test were

used to determine the significant differences among

the groups and a statistical significance was consid-

ered as * p\ 0.05 and ** p\ 0.01.

Fig. 1 Schematic

presentation of the purpose

of this study
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Results and discussion

The aim of this study was to enhance cellular

interactions with chitosan scaffolds by investigating

hDPSCs attachment, spreading, morphology and

proliferation (Fig. 1). Human DPSCs are quite appro-

priate for bone and tooth tissue engineering applica-

tions with their high mineralization capacity. Chitosan

has a significant antimicrobial activity, which act on

gram-negative, gram-positive bacteria and fungi (Goy

Fig. 2 a Inverted phase-contrast image of human dental pulp

stem cells (hDPSCs), original magnification 20X; b immunoflu-

orescence staining images of fibrous actin filaments (green) and

cell nuclei (blue) of hDPSCs on tissue culture polystyrene,

original magnification940; c results of flow cytometry analysis

showing % positive expression of surface markers of hDPSCs.

d Alkaline Phosphatase and Von Kossa staining of hDPSC: day

14-the control group 920, e osteogenic differentiation group

920; f day 28-the control group, 920, g osteogenic differen-

tiation group, 920. (Color figure online)
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et al. 2009). These properties drive chitosan forward as

a biomaterial for oral administration. On the other

hand, it was reported in few studies that hMSCs form

into 3D spheroids when they were cultured on chitosan

(Huang et al. 2011; Yeh et al. 2012). This is why, here

we decided to investigate the effect of RGD- and Fn-

immobilized chitosan scaffolds comparatively on

spreading and proliferation of hDPSCs without for-

mation of spheroids.

Immobilization of RGD and Fn on chitosan

scaffolds

Fibronectin is a *450 kDa dimeric glycoprotein and

each of its dimers is composed of three different

regions; collagen and heparin binding domain and

RGD sequence (Vargas Becerril et al. 2013). RGD is

one of the most common used cell-binding peptide,

found in cell adhesion proteins such as fibronectin and

laminin (Tsai et al. 2011). Cell adhesive proteins or

peptide sequences can be physically adsorbed or

covalently immobilized onto biomaterial surfaces.

Physical adsorption is a simple reversible method and

lots of proteins can retain their biological activity.

However, as a disadvantage, proteins can easily leak

from the surface. In case of covalent immobilization,

the binding is irreversible, strong and has longer

functional stability.

In this study, covalent binding via carbodiimide

reaction was used for RGD and Fn immobilization on

chitosan-based scaffolds. In brief, carboxyl groups of

protein and peptide, which were pre-activated by EDC

and NHS, forming intermediate O-acylisourea,

conjugate with amino groups of chitosan (Custodio

et al. 2010). The results of ninhydrin analysis showed

absorbances at 560 nm for chitosan scaffold: 0.82;

chitosan-RGD scaffold: 1.10 and for chitosan-Fn:

1.12. Higher absorbance values of RGD and Fn-

immobilized scaffolds than that of chitosan scaffolds

indicated that RGD and Fn were immobilized on

chitosan scaffolds successfully.

Cell culture studies

Characterization of hDPSCs

Dental pulp stem cells have similar characteristics to

mesenchymal stem cells with their fibroblastic mor-

phology (Fig. 2a, b), solid surface dependency, high

proliferation and differentiation capacity (Eslamine-

jad et al. 2013). Human DPSCs have great importance

for regenerative therapy. Detailed in vivo and in vitro

studies were previously carried out to examine the

proliferation and differentiation capacity of MSCs

derived from dental pulp (Atari et al. 2012). They are

multipotent and can be easily isolated from human

third molars with expressing mesenchymal stem cell

markers (Lee et al. 2011).

In this study, phenotype positive (CD90, CD166,

CD44, CD29, CD73 and CD105) and phenotype

negative (CD14, CD34, CD45, CD133 and HLA-DR)

cell surface antigens of hDPSCs were characterized by

flow cytometry analysis and the results were given in

% positiveness in Fig. 2c. Osteogenic differentiation

was analyzed with Alkaline Phosphatase and Von

Kossa (ALP/Von Kossa) staining (Fig. 2d–g). In the

Fig. 3 SEM images of hDPSCs on chitosan scaffolds on day 1 (a) and day 9 (b)
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osteogenically induced group, ALP activity of

hDPSCs was higher when compared to the control

group on day 14. However, it decreased on day 28 with

increasing mineralization in the induction group.

Chondrogenic differentiation capacity of hDPSCs

was shown with Safranin O staining of frozen sections

obtained from pellet cultures after 28 days induction.

There was much more extracellular matrix synthesis

and collagen production in the induction group when

compared to unstable pellets in the control group. In

addition, Oil Red O staining showed that most of the

hDPSCs differentiated into adipogenic cells with red

oil droplets (data not shown).

Fig. 4 Inverted phase-

contrast images of hDPSCs

on chitosan scaffolds and

TCPS seeded with 1% (w/v)

gelatin, 920.

Immunofluorescence

staining images of fibrous

actin filaments (green) and

cell nuclei (blue) of hDPSCs

seeded with 1% gelatin on

chitosan scaffolds. (Color

figure online)
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Behaviour of hDPSCs on chitosan scaffolds

Chitosan scaffolds, produced by freeze-drying

method, have homogeneous pore size and intercon-

nectivity that are important features for tissue engi-

neering. In addition, the mechanical strength of the

scaffolds is one of the crucial parameters for hard

tissue engineering. Characterization results of chi-

tosan scaffolds showed that they had appropriate

properties for hard tissue engineering in our previous

study (Tigli et al. 2007).

Cellular behaviors of hDPSCs on chitosan scaffolds

were investigated for 9 days. SEM images showed

that hDPSCs were able to attach on chitosan surface as

spheroids, but they were not able to spread and

proliferate (Fig. 3). Cells were aggregated very tightly

and it was difficult to distinguish the cellular boundary

(Fig. 3a) and tiny cellular extensions that were seen in

some cells (Fig. 3b). In addition, a number of studies

in the related literature indicate that stem cells from

different sources present similar characteristics on

chitosan surfaces (Huang et al. 2011; Yeh et al. 2014).

Yeh et al. (2014) concluded that, depending upon the

chemical structure of chitosan, cell mobilization genes

of umbilical cord MSCs may be induced, and this

could be the reason for the formation of cell spheroids

and the detachment of these spheroids from the

surfaces. Cheng et al. (2012) studied adipose derived

stem cells on chitosan films and they also specified that

cells were spontaneously aggregated into small clus-

ters and then, these highly motile structures merged

with each other to form bigger spheroids. There are

also other experiments with MSC-like populations

isolated from human gingival tissue and placenta

showed similar results on chitosan (Huang et al. 2011;

Hsu et al. 2012). Furthermore, Kim et al. (2009)

demonstrated that two types of collagen and gelatin

scaffolds supported hDPSCs’ attachment, prolifera-

tion and differentiation; however, chitosan did not

properly support cell growth. In this study, the same

behavior of hDPSCs’ was observed on chitosan

scaffolds.

Seeding of hDPSCs with 1% gelatin solution

onto chitosan scaffolds

To overcome problems described above, cell-seeding

method was changed. hDPSCs were seeded with 1%

(w/v) gelatin to prevent cell–cell contact with increas-

ing viscosity and give more time to cells for attaching

onto the chitosan surface. Gelatin is hydrolyzed form

of collagen, a biocompatible and frequently used

biodegradable material. In some studies it has been

shown that hDPSCs seeded gelatin scaffolds have

successful results in tissue engineering (Kim et al.

2009; Li et al. 2011).

In order to follow the cellular behavior on chitosan

scaffolds, inverted phase-contrast images of the cells

were taken at specific times (Fig. 4). Human dental

pulp stem cells were shown as rounded individual cells

on chitosan scaffolds for 5 h. By the time, cell

boundaries began to disappear and they came closer

to form various sized spheroids at the end of the 20th

hour. In addition, cells were seeded with 1% (w/v)

gelatin on tissue culture polystyrene (TCPS) surface to

follow the effect of gelatin on cellular behavior.

Fig. 5 SEM images of

hDPSCs a without RGD,

b with RGD on chitosan

scaffolds at 24 h
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Results showed that, cells started to attach on TCPS

surface at the 5th hour, completely spread at the 20th

hour and cellular viability was not affected by gelatin

(Fig. 4).

Human dental pulp stem cells on chitosan scaffolds

were also monitored by fluorescent microscopy on the

4th day of culture (Fig. 4). It was shown that most of

the cells formed spheroids on scaffolds, as before. On

the contrary, cells on TCPS expanded, proliferated and

coated the entire surface (Fig. 4). Consequently,

seeding in 1% (w/v) gelatin solution was not success-

ful to prevent spheroid formation and to enhance

cellular adhesion and proliferation. Because gelatin

was dispersed in culture medium within the time, cells

interacted with chitosan and detached from the

surface.

Fig. 6 SEM images of

hDPSCs on chitosan?Fn

scaffolds on day 1 (a, b) and
day 9 (c, d). Proliferation
behavior of hDPSCs on

chitosan and chitosan?Fn

scaffolds were determined

by PrestoBlue� analysis for

9 days (*p\ 0.5)
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hDPSCs on RGD immobilized chitosan scaffolds

RGD sequence interacts with integrin receptors and

enhances cell attachment, growth and differentiation

(Clements et al. 2011; Tigli et al. 2007; Tsai et al.

2010, 2013).

The attachment of hDPSCs on RGD-modified and

unmodified chitosan scaffolds was carried out for

24 h. It is obvious, that much more hDPSCs attached

on RGD-modified chitosan scaffolds as spheroids

when compared to unmodified chitosan scaffolds.

Spheroids also became larger and more uniform in size

on chitosan scaffolds with RGD than chitosan scaf-

folds without RGD (Fig. 5). The results indicated that,

RGD immobilization enhanced the attachment of

hDPSCs over this time frame; however, it did not

prevent spheroid formation and was not suitable for

maintenance of hDPSCs on chitosan scaffolds.

hDPSCs on Fn immobilized chitosan scaffolds

Fibronectin, one of the most abundant proteins of

ECM, plays a crucial role for cellular attachment,

proliferation and differentiation (Gao et al. 2006).

Interactions of specific Fn domains, for example

PHSRN sequences in the 9th type III repeat and

RGD motif in the 10th type III repeat together, with

clustered integrin receptors is required for prompting

cellular processes. Oligopeptides, such as RGD with

the lack of complementary and modulatory domains

are limited to support cellular attachment (Petrie et al.

2006). Results showed that RGD immobilization on

chitosan scaffolds were insufficient to enhance

hDPSCs attachment and survival, hence, as a native

protein, Fn was immobilized to enable the presentation

of multiple cell binding sites on chitosan surfaces.

SEM images of hDPSCs seeded on Fn-immobilized

chitosan scaffolds after 1 and 9 days are presented in

Fig. 6. It is obvious that hDPSCs attached and spread

on Fn immobilized scaffolds as star-like phenotype

(Fig. 6a, b). On the contrary, they formed 3D

spheroids on chitosan scaffolds as mentioned previ-

ously (Fig. 3).

After 9 days of culture, the cell morphology on Fn-

immobilized chitosan scaffolds was distinctly differ-

ent from that they were on the first day of cell culture

from the viewpoint of cell–cell interactions and ECM

formation covering almost the entire surface. They

presented sheet like morphology and cellular junctions

were intense on day 9 (Fig. 6c, d).

The proliferation of hDPSCs on chitosan and Fn-

immobilized chitosan scaffolds was followed by

PrestoBlue� analysis through 9 days of culture period

(Fig. 6e). The results indicated that proliferation of

hDPSCs was much more lower on chitosan scaffolds

compared to the proliferation on chitosan?Fn scaf-

folds due to detaching of cell spheroids from the

surface of chitosan scaffolds. Increased cell–polymer

interactions play a crucial role in stimulating cell

proliferation. Clustered cell adhesive ligands on the

surface of the 3D porous polymer scaffolds, mimick-

ing an ECM structure as in tissue, would not only

increase cell–polymer interactions, but might also

create a favorable environment for facile cell–cell

communications. In this study, the results obtained

from PrestoBlue� experiment proved that the presence

of Fn enhanced the cell attachment which became an

advantage for cell proliferation.

Differentiation ability of cells was investigated by

RT-PCR analyses (Fig. 7) and the results showed that

expressions of odontogenic markers (COLI, RUNX2,

ALP, OPN, OCN and DSPP) were decreased through

the culture period as concluded by other researchers

(Gronthos et al. 2000; Li et al. 2014; Braut et al. 2003).

Conclusion

In this study, we have investigated adhesion and

proliferation behavior of hDPSCs on chitosan scaf-

folds with two different surface modifications, RGD

immobilization and Fn immobilization. Our major

finding was that chemical surface modification

Fig. 7 RT-PCR results of hDPSCs on chitosan?Fn scaffolds

(** p\ 0.01)
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strongly influenced the subsequent behavior of

hDPSCs that adhered and proliferated on chitosan

scaffolds. We have identified, Fn- immobilized chi-

tosan scaffolds were preferable for hDPSCs’ in vitro

proliferation and showed an interesting potential for

in vivo transplantation.
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