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a  b  s  t  r  a  c  t

In this  study,  three  different  types  of  scaffolds  including  a uniquely  modified  composite  scaffold  –  namely
chitosan  (CTS),  nano-hydroxyapatite/chitosan  composite  (CTS  + nHAP),  and  amine  group  (NH2) modified
nano-hydroxyapatite/chitosan  composite  (CTS  + nHAP-NH2)  scaffolds  – were  synthesized  for  bone  tissue
engineering  (BTE)  purposes.  As results  of the  study,  it was  found  that  all scaffold  types were  biodegradable
with  CTS and  CTS  + nHAP  scaffolds  losing  up  to 15% of  their  initial  weight,  while  the  CTS  +  nHAP-NH2

scaffold  showing  10%  of weight  loss  after  six  weeks  of  lysozyme  treatment.  In addition,  all  three  types
of  scaffolds  were  shown  to be biocompatible,  and  amongst  them  CTS  +  nHAP-NH2 scaffolds  supported
the  most  cell  proliferation  in WST-1  assay  and  expressed  the  least  and acceptable  level  of  cytotoxicity  in
lactate dehydrogenase  (LDH)  test  for human  bone  mesenchymal  stem  cells  (hBM-MSCs).  Finally,  during
osteoinductivity  assessment,  CTS  +  nHAP-NH2 nearly  tripled  initial  alkaline  phosphatase  (ALP)  activity
steogenic differentiation when  whereas  both  CTS  and  CTS  +  nHAP  scaffolds  only  doubled.  These  results  indicate  that  all  synthesized
scaffold  types  under  investigation  have  certain  potential  to be used  in bone  tissue  engineering  approaches
with  CTS +  nHAP-NH2 scaffold  being  the  most  promising  and  applicable  one.  In the  future,  we plan  to
intensify  our  studies  on  osteogenic  differentiation  on our scaffolds  on a detailed  molecular  level  and  to
include  in  vivo  studies  for pre-clinical  purposes.

© 2017  Elsevier  Ltd.  All  rights  reserved.
Abbreviations: ALP, alkaline phosphatase; APTES, 3-
minopropyltriethoxysilane; BM,  bone marrow; BTE, bone tissue engineering;
TS, chitosan; DMEM-LG, Dulbecco’s Modified Eagle’s medium low glucose;
LISA, enzyme-linked immune sorbent assay; FT-IR, Fourier transform infrared
pectroscopy; hBM-MSCs, human bone mesenchymal stem cells; HMDS, hexam-
thyldisilazane; LDH, lactate dehydrogenase; MSC-FBS, mesenchymal Stem Cell –
ualified Fetal Bovine Serum; nHAP, nano-hydroxyapatite; PBS, phosphate buffered

aline; RGD, arginylglycylaspartic acid; SEM, scanning electron microscopy; TGA,
hermogravimetric analysis; WST-1, Water Soluble Tetrazolium Salt-1; XRD, X-Ray
iffractometry; �-GP, �-glycerophosphate.
∗ Corresponding authors at: Division of Hematology, Department of Internal
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1. Introduction

As an alternative to autologous or allogeneic bone grafts, scaf-
folds made of synthetic or natural biomaterials supporting the
migration, proliferation, and differentiation of allogenic bone cells
might be used in bone tissue engineering (BTE). Several types of
porous scaffolds have been shown to support in vitro bone forma-
tion by human cells, including those made of ceramics, native and
synthetic polymers and composite materials (Black et al., 2015). The
design of scaffolds using composite materials offers optimized pat-
terns in terms of biodegradability and bioactivity. It is possible to
materialize scaffolds with tailored physical, biological and mechan-

ical properties by combining biopolymers and bioactive ceramics
(Puppi, Federica, Piras, & Chiellini, 2010).

An ideal cellular source for BTE approaches should be non-
immunogenic, non-tumorigenic, possess off-the-shelf availability,
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nd potent proliferative and osteogenic potential (Gong et al., 2015;
ogeart-Avramoglou, Anagnostou, Bizios, & Petite, 2005). Up to
ow, studies demonstrate that hBM-MSCs have the ability to dif-

erentiate into osteogenic, chondrogenic and adipogenic lineages,
hen incubated under appropriate in vitro or in vivo conditions

Kemp, Hows, & Donaldson, 2005; Zigdon-Giladi, Rudich, Geller, &
vron, 2015).

A scaffold for the purpose of BTE should have microstructure
ith interconnected and dispersed pores throughout almost its

ntire volume supporting cellular ingrowth and sufficient supply.
urthermore, it should exhibit sufficient mechanical stability for
earing loads after implanation. Finally, an ideal scaffold should
upport the formation of new bone matrix by the cells (Bessa,
asal, & Reis, 2008; Neman, Hambrecht, Cadry, & Jandialü, 2012;
undelacruz & Kaplan, 2009). Numerous different natural materials
ave been studied as scaffold preparation materials and evaluated

n BTE. Their biodegradability, low toxicity, renewability, and low
roduction and disposal costs contributed the interest on natural
olymers to grow in economic and environmental aspects (Shogren

 Bagley, 1999). Collagen and silk fibroin are known examples of
atural polymers of protein origin (Puppi et al., 2010). Hyaluronic
cid, alginate, starch-based materials, bacterial cellulose, dextran
nd chitosan are good examples for natural polymers of polysac-
haride origin (Puppi et al., 2010).

Chitosan has numerous advantages due to its properties which
ake it ideal as a bone graft substituent to be used in orthope-

ic applications (Di Martino, Sittinger, & Risbud, 2005). Chitosan
s a biodegradable (Seol et al., 2004), non-toxic, biologically com-
atible polymer (Thano, Verhoef, & Junginger, 2001), and can be
ormulated in a variety of forms including powders, gels and films.
n addition, it exhibits ahydrophilic surface enhancing cellular
dhesion and proliferation. It was shown to promote cell growth
nd mineral rich matrix deposition by osteoblasts in vitro (Seol
t al., 2004). It is highly biocompatible and inducing minimal host
esponse due to its low immunogenity. Also, it is shown to have
ntibacterial activity (Ding, Deng, Du, Shi, & Wang, 2014; Younes

 Rinaudo, 2015). All these reasons make CTS one of the most pre-
erred natural polymers for BTE.

Chitosan scaffolds are flexible and their mechanical properties
re weaker than those of normal bone, as it is prone to load bear-
ng bone implants. Chitosan scaffolds alone cannot imitate all the
roperties of natural bone. Its mechanical weakness and instability
an easily be overcome by modifications and/or use of composite
tructures (Di Martino et al., 2005). The development of composite
aterials with CTS is shown to mimic  almost all supporting prop-

rties of bone tissue according to many studies in the literature
Khan & Ahmad, 2013; Rodriguez-Vazquez, Vega- Ruiz, Ramos-
Zúñiga, Saldaña-Koppel, & Quiñones-Olvera, 2015). As proven,
alcium phosphate materials are osteoconductive to imitate the
norganic part of a natural bone, while CTS/nHAP composite mate-
ials show promise of mimicking the organic portion as well (Teng
t al., 2009; Thein-Han & Misra, 2009; Xianmiao et al., 2009).

Hydroxyapatite is a major inorganic component of the bone
Kim & Mendis, 2006). Thus, nHAP has recently emerged as an
mportant compound for artificial bone preparation, and therefore
or BTE also. It stimulates osteoconduction by a gradual replace-

ent by the host bone after implantation. Though, the mechanical
roperties of nHAP are poor because of its crystalline nature, so it
annot be used in aiming of load-bearing bone tissues. Polymers
ave been used as combining materials to improve the mechani-
al properties of nHAP including its compressive strength, Young’s
odulus, and fracture toughness (Nath, Dey, Mukhopadhyay, &
asu, 2009). In a previous work, nHAP was used with CTS to be
ble to obtain a scaffold and the resulting bio-polymer composite
as showed a good results and thought to be a good imitation of a

unctional natural bone (Sun & Yang, 2015).
ymers 164 (2017) 200–213 201

In this work, we prepared a novel CTS/nHAP composite scaffold
that is composed from the amine functionalized nHAP to be able
to increase cell attachment. The aim of our study was  to produce a
unique and efficient composite scaffold to be used in BTE applica-
tions, and to biologically evaluate the pre-clinical suitability of this
novel product by indicating osteoinductive and osteocunductive
properties as an assessment of osteogenic differentiation success
of hBM-MSCs in vitro.

2. Experimental part

2.1. Materials and methods

Chitosan powder (low molecular weight, 75–85% deacetylated)
was purchased from Sigma–Aldrich. Calcium nitrate tetrahy-
drate [Ca(NO3)2·4H2O], 2,4,6Trinitrobenzenesulfonic acid (TNBS),
diammonium hydrogen phosphate [(NH4)2HPO4], and 25% ammo-
nium hydroxide (NH4OH) were purchased from Merck Millipore
(Darmstadt, Germany), 3-aminopropyltriethoxysilane (APTES)
were purchased from Sigma-Aldrich (Taufkirchen, Germany). All
chemicals were of analytical grade and were used without further
purification.

2.2. Synthesis of hydroxyapatite

nHAP nanoparticles were synthesized according to methods
described in literature (Lin, Wu,  & Chang, 2014). Briefly, 500 mL of
1 M Ca(NO3)2·4H20 aqueous solution was  adjusted with NH4OH to
pH 10. The solution was  heated to 90 ◦C, later then 500 mL  of 0.6 M
(NH4)2HPO4 at pH 10 (adjusted with NH4OH) was added dropwise
under stirring. Solid parts were maintained in the reaction solution
for 5 h at 90 ◦C; afterwards it was  centrifuged at 10,000 rpm for
10 min  and repeatedly washed with distilled water. The obtained
product was  dried and nHAP nanoparticles were obtained.

2.3. Synthesis of hydroxyapatite

The amine content of the amine functional hydroxyapatite
nanoparticles were determined by TNBS assay according to lit-
eratüre (Bagheri-Khoulenjani, Mirzadeh, Etrati-Khosroshahi, &
Shokrgozar, 2016). Briefly, exact amount of dried nano-composite
microspheres (10 mg) were exposed to 1 mL 4% (w/v) NaHCO3
and 1 mL  0.5 (w/v) TNBS solution for 4 h at 40 ◦C. To hydrolysis
the microspheres, 3 mL  6N HCl were added to each sample and
stirred for 2 h at 60C. After cooling at room temperature, samples
were diluted using deionized water and their absorption in 345 nm
against the blank sample were measured using UV–vis spectropho-
tometer (Shimadzo- Japan). Blank samples were prepared using the
same procedure unless the HCl solution was  added to the samples
before TNBS solution. As the interaction of TNBS and NH2 groups
take places merely in basic pHs, adding HCl prevented this reaction.
This procedure was  repeated for 3 times for each sample.

2.4. Modification of hydroxyapatite

The surface of the nHAP nanoparticles modified according to
literature (Goonasekera, Jack, Cooper-White, & Grondahl, 2010;
Russo et al., 2014). 3-aminopropyltriethoxysilane (0.221 g) was
added into an aqueous alcohol solution containing 90 mL  of alco-
hol and 10 mL  of water. The solution was  stirred for 30 min  and
then nHAP (1.0 g) was added andwas stirred for 3 h. The pH was

adjusted to 9–10 with NH4OH, and the reaction was  continued for
another 3 h. After filtration with fitler paper the powder was first
dried at room temperature and then cured at 130 ◦C to strengthen
the silane coating by formation of a polysiloxane network struc-
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Fig. 1. Synthesis of amine

ure. Hereby, the nHAP nanoparticles were modified to have NH2
unctional groups on their surfaces (Fig. 1).

.5. Fabrication of scaffolds

As it is illustrated in Fig. 2, the scaffolds were prepared via
reeze-drying method similar to the literature (Deville, Saiz, Nalla,

 Tomsia, 2006; Hobbs, 1974; Luyet & Rapatz, 1958; MacKenzie,
erbyshire, & Reid, 1977; Madihally & Matthew, 1999; Zo et al.,
012). Briefly, the 2 ± 0.05% chitosan solution was  prepared in 1%
cetic acid with 1 ± 0.05% either NH2-modified or unmodified HAP
anoparticles (nHAP-NH2 or nHAP). Then, glutaraldehyde (0.25% in
dH2O) was added to chitosan solutions and stirred for 30 min  to
rosslink the chitosan maxtrix. Than, the mixtures were transferred
nto syringe mold (Hayat Syringe 5 mL,  inner diameter 1 cm,  Cat.
o: 8696569000227, PP), and pre-freezed shelf at −20 ◦C overnight

n house refrigrator. Afterwards, the frozen mixtures were removed
rom the mold and lyophilized at −80 ◦C for 24 h to obtain porous
caffolds. Followingly, the lyophilized scaffolds were neutralized
ith 2% NaOH and 5% NaBr for 2 h, further washed with distilled
ater (dH2O) and pre-freezed in the mold shelf at −20 ◦C overnight

n house refrigrator. Finally, the scaffolds were again removed from
he mold than lyophilized and stored in petri dishes shelf at −20 ◦C
or further use.

.6. Characterization of scaffolds

.6.1. Porosity test
The total porosity was determined by liquid displacement

ethod. The scaffold was immersed in a graduated cylinder con-
aining a known volume (V1) of ethanol. The cylinder was placed in
acuum to force the ethanol into the pores of the scaffold until
o air bubbles emerged from the scaffold. The total volume of
he ethanol and scaffold was then recorded as V2. The volume
ifference (V2 − V1) was the volume of actual scaffold skeleton.
he scaffold was then removed from ethanol and residual ethanol
olume was measured as V3. The porosity of the scaffold, was cal-
ulated using the formula below:

orosity (%) = V1 − V3

V2 − V3

.6.2. Water uptake assay

Dry scaffolds were weighed (Wdry) and immersed in dH2O for

4 h. Then the scaffolds were gently removed from the beaker and
laced on a wire mesh rack. Excessive water was drained and scaf-
olds were weighed (Wwet) after 5 min  to determine water uptake.
ionalized modified nHAP.

The percentage of water absorption (EA) of the scaffolds at equilib-
rium were calculated using the following formula:

EA = (Wwet − Wdry)/Wdry × 100

2.6.3. Swelling test
The swelling studies were performed in phosphate buffered

saline (PBS) at pH 7.4 at 37 ◦C. The dry weight of the scaffold was
noted (Wo). Scaffolds were incubated in PBS at pH 7.4 for 7 days.
Each day, the scaffolds were taken out of the PBS, and the adsorbed
water on the surface was drained by filter paper. Then, the wet
weight was recorded (Ww). The ratio of swelling was determined
using the formula:

Swellingratio(%) = [(Ww − Wo)/Wo] × 100

2.6.4. In vitro degradation of scaffolds
The synthesized scaffolds were tested by using lysozyme

(Sigma–Aldrich, Taufkirchen, Germany) for biodegradability. In this
assay, the scaffolds were soaked in 500 �g/ml lysozyme in PBS w/o
Ca2+, Mg2+ (Biochrom GmbH, Berlin, Germany) for 6 weeks at 37 ◦C.
At each 3 days, the medium was refreshed and end of each period;
the scaffolds were taken out and washed with distilled water. Prior
to enzymatic assay, the scaffold samples were weighed and the
value was recorded as initial mass (Wi). At the end of each week,
scaffold samples were rinsed with ddH2O and then lyophilized
to remove the water. After lyophilization, scaffolds were weighed
again, and this value was  recorded as final mass (Wf ). The weight
loss was  calculated according to the formula below:

PercentageWeightLoss(%) = 100 − [(Wf × 100)/Wi]

Each scaffold type was studied in duplicate for any given time
point, and the average of the percentages from the same type of
scaffold was considered as final ratio for that scaffold type.

2.7. Structural and physical characterization of samples

Structural and morphological features and thermal properties
of the samples were investigated by Fourier transform infrared
spectroscopy (FT-IR), X-Ray diffractometry (XRD), scanning elec-
tron microscopy (SEM) and thermo gravimetric analysis (TGA). The
crystallite size and phase structures of the samples were deter-
mined from the XRD patterns (Rigaku Smart Lab, Cu-K� radiation).
Fourier transform infrared (FT-IR) spectra of samples were recorded

in transmission mode with a Bruker Alpha ATR spectrometer, in the
wave number range of 400–4000 cm−1. The morphological features
of samples were investigated by a field emission SEM (FE-SEM,
FEI Quanta FEG 450) operated at 30 kV. Powder samples were
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Fig. 2. Schematic illustrat

irectly imaged in the electron microscope after a proper sam-
le preparation of sputter-coated with gold. Compression tests
ere performed on ten pieces of each of the sample. Compres-

ive strength and compressive modulus values of samples were
easured in a universal tensile test machine (Zwick 1446 60) in

ompression mode. The compressive properties of the samples
ere tested in the hydrated state, at room temperature. Before
easurement, the samples were soaked in PBS solution at 37 ◦C

or 24 h. The samples were subjected to axial compressive load of
 kN kgf and with a cross-head speed of 2 mm/min. Load and dis-
lacement data were used to determine the compressive strength,
elative deformation and modulus of elasticity for each sample. Five
ube shaped test specimens (p = 5) with an edge-length of 5 mm
ere tested and the average values of mechanical parameters were

eported with standart deviation. The modulus for each scaffold
as calculated, using the applied load and displacement of the test-

ng machine, together with the geometric parameters of the test
amples, according to Equation (3):

s = FR · l0
A · �l

here FR is the applied load, l0 is the initial length, A is the initial
ross-sectional area, and �l  is the shortening of the scaffold during
esting.

.8. HBM-MSC based in vitro biological evaluations of novel
caffolds

.8.1. HBM-MSCs culture and immunophenotyping
Bone Marrow aspirates of ten healthy volunteer donors in

he age range of 18–35 were supplied from Bezmialem Vakıf
niversity with the approval of the Ethics Committee of Fatih Uni-
ersity, Medical School (2012.11.16, 11). Ficoll density gradient
entrifuge method was used to isolate MSCs from BM using Biocoll

eparating solution (Biochrom GmbH, Berlin, Germany). Isolated
ells were seeded in expansion medium [DMEM-LG containing
0% MSC-qualified FBS (Invitrogen, Paisley, UK), and 0.1 mg/ml
rimocin (Invivogen, San Diego, CA, USA)] and incubated in an
 the scaffold preparation.

incubator under standard cell culture conditions (37 ◦C, 5% CO2).
Non-adherent cells were removed by medium refreshment after
five days of initial seeding. Expansion medium was  refreshed every
three days following first medium refreshment. The hBM-MSCs in
primoculture (P0) were subcultured when they reached 80–90%
confluency. After each subculture, primary (P0) hBM-MSCs were
denoted with increasing number of passages; P1, P2, etc.

Then, hBM-MSCs in expansion cultures were analyzed at pas-
sage 2–3 for the expression of specific surface antigens commonly
used to characterize hBM-MSC populations by flow cytometry
using a FACSCalibur (BD Biosciences, San Jose, CA, USA). The mon-
oclonal antibodies were used against the human antigens CD90,
CD105, CD73, CD45, CD34, and HLA-DR (BD Biosciences, San Jose,
CA, USA) and their isotype controls. The positive markers – CD90,
CD105, and CD73–are selected among the common mesenchymal
stem cell markers presented in the literature, while the negative
markers – CD45 and CD34–were members of hematopoietic surface
marker family.

2.8.2. Cell adhesion
hMSC adhesion to the scaffolds was measured by a previ-

ously defined method utilized in similar tissue engineering studies
(Pasquinelli et al., 2008). Briefly, scaffolds were placed in a 24-well
plate, and pre-wetted in DMEM-LG in an incubator at least 12 h
prior to cell seeding. Then, excess DMEM-LG were aspirated and
hBM-MSCs (8 × 105 cells/Cseeded) of passage 3–5 in primary growth
medium were added onto each scaffold, and cells were allowed
to adhere to the scaffolds in an incubator at 37 ◦C, with 5% CO2.
After 4 h of incubation, cell-scaffold constructs were rinsed with
PBS, and unattached cells from each scaffold were collected. Cells
were counted and the cell number was denoted as Cfree, and cell
attachment success percentage on each scaffold is calculated using
the formula below:
CellAdhesionRatio(%) = [1 – (Cfree/Cseeded)] × 100
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Each scaffold type was studied in triplicate, and the average of
he percentages from the same type of scaffold was  considered as
nal ratio for that scaffold type.

.8.3. Cell proliferation
Scaffolds were placed in a 96-well plate, and pre-wetted in

MEM-LG in an incubator at least 12 h prior to cell seeding. Then,
BM-MSCs (2.5 × 104 cells) of passage 3–5 in primary growth
edium were seeded onto the scaffolds, and incubated for 4 h to let

he seeded cells to adhere to the scaffold surfaces before complet-
ng the primary growth medium amount in each well. Cell-scaffold
onstructs were incubated at 37 ◦C, 5% CO2 for 7 days, and cell pro-
iferation assay was performed on days 1, 3, 5, and 7 by using WST-1
eagent (Roche Applied Science, Basel, Switzerland) according to
anufacturer’s instructions. Absorbances of the samples were read

n an ELISA reader at 450 nm wavelength. Each scaffold type was
tudied in quadruplicate, and the average of the absorbance read
rom the same type of scaffolds was considered as final absorbance
or that scaffold type.

.8.4. Cytotoxicity Assessing/Screening
Scaffolds were placed in a 48-well plate, and pre-wetted in

MEM-LG in an incubator at least 12 h prior to cell seeding. Then,
BM-MSCs (1.0 × 105 cells) of passage 3–5 in primary growth
edium were seeded onto each scaffold, and incubated for 4 h

n the same fashion as it was applied for proliferative assays per-
ormed before. Cell-scaffold constructs were incubated at 37 ◦C, 5%
O2 for 7 days, and toxic effect of scaffolds was analyzed on days
, 3, 5, and 7 by using cytotoxicity detection kit (LDH) from Roche
pplied Science (Basel, Switzerland) according to manufacturer’s

nstructions. Absorbances of the samples were read in an ELISA
eader at 490 nm wavelength. Each scaffold type was  studied in
uplicate, and the average of the absorbance read from the same
ype of scaffolds was considered as final absorbance for that scaffold
ype.

.8.5. Visualization of hBM-MSCs by SEM
On day 3 after seeding of hBM-MSCs on CTS, CTS + nHAP and

TS + nHAP-NH2, the DMEM-LG was removed. The samples were
insed twice with PBS (37 ◦C) to remove remaining DMEM-LG. All
ncubations were done at room temperature under slight move-

ent on a shaker. Attached cells were fixed with glutaraldehyde
n 0.12 M aequos sodiumcacodylate buffer (pH 7.4; Sigma–Aldrich,
aufkirchen, Germany) for 10 min. The fixation solution was
emoved and the samples were washed three times in cacody-
ate buffer (0.1 M in dH2O, pH 7.4) followed by an incubation in
smium tertroxide (1% in 0.2 M cacodylate buffer, Science Ser-
ices, Munich, Germany) for 1 h in the dark. To remove remaining
smium teroxide, the samples were washed four times for 10 min
n dH2O. Before sputtering, the samples had to be dehydrated in
n ascending ethanol series (three times for 10 min in 70% ethanol
nd once each for 10 min  in 80, 90, 96 and finally 100% ethanol).
urther dehydrating was done by incubation in a 1:1 mixture of
00% ethanol and hexamethyldisilazane (HMDS; Alfa Aesar, Karl-
ruhe, Germany) for 15 min  and two additonal incubations in pure
MDS for 15 min. Finally, samples were covered with HMDS and
laced under a fume hood for complete evaporation over night. The
caffolds were placed on conductive and self-adhesive carbon tabs
Plano GmbH, Wetzlar, Germany) and sputtered twice with gold-
alladium (Polaron, Sputter Coater, Quorom Technologies, Ontario,
anada) and in addition once with carbon (SCD 030, Balzers Union,

alzers, Liechtenstein). A FEI XL 30 ESEM FEG (FEI, Hillsboro, OR,
SA) field emission SEM was used for visualization of the cells on

he scaffolds at an acceleration voltage of 5 kV in secondary elec-
rones (SE)-mode.
ymers 164 (2017) 200–213

2.8.6. Osteogenic differentiation
Scaffolds were placed in a 48-well plate, pre-wetted in DMEM-

LG and incubated overnight prior to cell seeding. Then, hBM-MSCs
(8 × 105 cells) of passage 2–4 were seeded as monolayer for pos-
itive control and onto each scaffold in osteogenic medium w/o
�-Glycerophosphate [85% MesenCult MSC  Basal Medium, 15%
Osteogenic Stimulatory Supplement, 10−8 M Dex, 50 �g/ml Ascor-
bic acid (all from StemCell Technologies, Vancouver, BC, Canada)
and 0.1 mg/ml  Primocin]. Also, identical hBM-MSCs of passage 2–4
were seeded as monolayer in control medium (DMEM-LG with 15%
MSC-FBS and 0.1 mg/ml  Primocin) to serve as negative control dur-
ing the assay. Then the scaffolds and seeded cells were incubated at
37 ◦C, 5% CO2 for two weeks. After that, osteogenic medium w/�-GP
(osteogenic medium with addition of 3.5 mM �-Glycerophosphate)
was continued to be used for incubation period of two  weeks more.
During osteogenic induction, both osteogenic and control media
were refreshed three times a week with corresponding media. At
the end of 2nd, 3rd, and 4th weeks of incubation, control and the
construct samples were rinsed with pre-warmed PBS then stored
at −80 ◦C to be used for sample collection for ALP activity assay.

For ALP Activity Assay, scaffolds of different types were rinsed
with PBS and homogenized in lysis buffer [20 mM Tris-HCl, pH 7.5,
0.3 M NaCl, 0.5% Triton-X, and 2% protease inhibitor cocktail (all
from Sigma-Aldrich Taufkirchen, Germany)] with a power homog-
enizer (IKA, Staufen, Germany) at minimum speed for 30 s. Then,
the samples were sonicated 3 times for 10 s at minimum speed with
Sonopuls sonicator (Bandelin, Berlin, Germany) and incubated for
1 h at 4 ◦C. Finally, the samples were centrifuged at 14,000g  at 4 ◦C,
for 5 min  and the supernatant was collected and stored at −20 ◦C
to be used in ALP Quantification Assay.

ALP activities of differentiated hBM-MSCs on scaffolds were
quantified according to manufacturer’s instructions with Colori-
metric Alkaline Phosphatase Assay Kit (Abcam, Cambridge, UK).
Absorbance of the samples were read at 405 nm wavelength with an
ELISA reader and the corresponding pNP aount was calculated using
the formula obtained in the graph plotted with absorbance values
of known pNP amounts in micromolars. Then, ALP enzyme activity
in samples was determined according to the formula below:

ALPactivity(U/ml) = (A/V)/T

where A is amount of pNP generated by samples (in �mol), V is
volume of sample added in the assay well (in ml), and T is reaction
time (in minutes). Each standard and sample was measured in trip-
licate and the average value of the same samples were used in the
calculation of ALP activity.

2.9. Statistical analysis

Statistical analysis was done with SPSS software (IBM, Armonk,
NY, USA) by comparing the means among groups using the one way
ANOVA test followed by Tukey’s post-hoc test for individualized
pairwise comparison. Significancy of the data was represented with
p ≤ 0.05. Results are presented as mean values± standard deviation.

3. Results and discussion

BTE requires scaffolds specifically designed for better healing
processes. Since bone is a complex tissue and generally composed of
rigid structures, characteristics of these scaffolds are highly crucial.
In this study, CTS + nHAP composite scaffolds were synthesized.
Then, these CTS + nHAP composite scaffolds were further modified

with NH2 groups to serve as better scaffold in many aspects for BTE
purposes.

The reason for choosing nHAP as composite material arises from
the fact that nHAP, whose biocompatibility and osteoinductivity
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ig. 3. (A) FTIR spectra of nHAP and nHAP-NH2, (B) TG analysis of nHAP and nHAP
everal TEM images with log-normal fitting.

re widely known, is the most abundant calcium phosphate min-
ral found in bones. Hwang et al. showed that microenvironments
ncluding nHAP accelerate bone formation through intramembra-
eous occification (Hwang, Varghese, Lee, Zhang, & Elisseeff, 2013).
dditionally, Yang and colleagues found that combination of CTS
ith nHAP increases Ca2+ ions from culture medium, and thereby
ore nHAP crystalline growth on active surfaces, and they con-

olidate their findings with osteogenesis related gene expression
ncrements as well (Yang et al., 2013).

While the effect of nHAP during bone formation is undeni-

ble, the size and distribution of nHAP particles also cause the
utcome to differ. Latterly, it was proposed that the nano-sized
HAP particles could be more effective than the micro-sized ones.
 (C) XRD pattern of nHAP and SEM images of nHAP (D) Calculated histogram from

In this study, nano-sized nHAP particles were homogenously dis-
persed over the CTS scaffolds. According to studies, nano-sized
nHAP particles can trigger osteogenic pathways by higher expres-
sion levels of osteoblastic genes (Huang et al., 2012). Recently,
homogenously dispersed nHAP particles on a scaffold material pro-
moted osteogenic differentiation in a similar manner without the
presence of traditional osteoinductive factors in the media (Lock,
Nguyen, & Liu, 2012).
3.1. Characterization of hydroxyapatite nanoparticles

Fig. 3A shows the FT-IR spectra of nHAP, nHAP-NH2 nanopar-
ticles and CTS, CTS/nHAP, CTS/nHAP-NH2 scaffolds analyses in
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Fig. 4. SEM images of CTS (A–C), CTS + nHAP (D, E and F) a

he region of 4000–400 cm−1. The FT-IR analysis showed all typi-
al absorption characteristics of hydroxyapatite. The characteristic
eflections of the vibrations PO4

3− at 563, 870 and 1025 cm−1 are
bserved. The stretching vibrations at 3572 cm−1, vibration mode
t 605 cm−1 are characteristic for the apatite structure due to OH−1

roups (Agrawal, Singh, Puri, & Prakash, 2011; Ślósarczyk et al.,
005). The functionalization of nHAP with APTES should result in
oupling between surface OH groups and APTES. But this reaction
an be also occurring via other moieties of the molecule. The com-
etition situation may  have caused the occurrence of the peak less
Russo et al., 2014). The number of free amine group of the nHAP-
H2 was determined by TNBS assay and found as 2.8 �mole/g of
HAP-NH2.

The thermal stability of nHAP and nHAP-NH2 is shown in Fig. 3B.
he thermal behavior shows a small weight loss in the tempera-
ure range from 45 to 150 ◦C and a continuous weight loss from
45 to 740 ◦C. The first stage weight loss of maximum 1% can be
xplained with loss of moisture. In the second degradation stage,
eight decreased sharply for nHAP-NH2 derivative by increasing

f temperature with respect to nHAP. Comparing the curves, it can
e seen that there was a significant difference between two types
f nanoparticles which shows an evidence of NH2 functionalization
ith nano nHAP (Manjubala, Scheler, Bössert, & Jandt, 2006).

The XRD diffractogram of powder sample including nHAP is
hown in Fig. 3C. The XRD pattern for nHAP had many peaks in the
ange from about 10◦ to about 60◦ 2�. The peaks of nHAP appearing

t 26◦, 30–34◦ and 40◦ (2�)  correspond to the (002), (102), (210),
211), (121), (300), (202) and (310) reflection planes. The peak at
1.7◦ in 2� is assigned as a major peak of hydroxyapatite. These
eak caused by (211) and (121) planes. These results are compati-
S + nHAP-NH2 (G–I) scaffolds at different magnifications.

ble with the reported nHAP (Standard JCPDS File No. 9-432) (Eslami,
Hashjin, Tahriri, & Bakhshi, 2008; Hui, Meena, & Singh, 2010).

Fig. 3D shows the SEM images of nHAP nanoparticles, whose
morphology was  characterized by nanoparticles with sizes smaller
than 80 nm in gold coated form. The average particle size for the
samples was calculated as 58 ± 2 nm for the nHAP nanoparticles
without gold coating using a log-normal fitting to the histograms
obtained from several SEM micrographs. The SEM images show the
spherical shaped particles as reported results of HAP nanoparticles
(Lee, Loo, Van, Zavgorodniy, & Rohanizadeh, 2012).

3.2. Characterization of scaffolds

The FTIR spectrum of CTS scaffold (Fig. 3A) showed main
bands of chitosan as follows: 3372 cm−1 (N H and O H stretch-
ing vibration), 2926 cm−1 (CH3 symmetric stretch), 1581 cm−1

(C N stretching vibration), 1378 cm−1 (CH3 bending vibration),
1151 cm−1 (C O C bending vibration), and 1034 cm−1 (C OH
stretching vibration (Amin, Kandil, Awad, & Ismail, 2015). The band
at 1645 cm−1 corresponded to imine bond ( C N) which might be
formed betweenchitosan and glutaraldehyde as well as nHAP-NH2
and gluteraldeyhde present in the mixture. For CTS/nHAP scaf-
fold, the characteristic absorption bands of nHAP are shown at
3372 cm−1 and at about 601 cm−1. The broad band is related to
hydroxyl group (O H) stretching and the other band is related to
P O deformation vibrations of the PO4

3− group. The bands at 2872,

1659, and 1393 cm−1 are due to C H stretching, C C stretching,
C O stretching of the CTS, respectively. Amide II band revealed
at 1034 and 2863 cm−1. Important interactions between CTS and
HAP were clearly identified and verified using FTIR results. The
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Fig. 5. Percentage weight losses of scaffolds after treatment without and with lysozyme. The assay revealed a similar – almost overlapping – degradation pattern for both
CTS  and CTS + nHAP scaffolds, both reaching up to 15% of total weight loss at the end of 6 weeks. Yet, the CTS + nHAP-NH2 scaffold showed a slower degradation rate and
a s. * represents significant weight loss with respect to CTS scaffold at that particular time
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Table 1
Porosity, water uptake and swelling ability of scaffolds.

Scaffold Type Porosity [%] Water Uptake [%] Swelling [%]& Size (mm3)a

CTS 92.5 ± 0.50 30.0 ± 1.65 29.78 ± 1.17 ∼78 ± 2
CTS  + nHAP 85.7 ± 3.21 20.6 ± 1.51 20.45 ± 1.26 ∼69 ± 3
CTS + nHAP-NH2 72.3 ± 4.04 18.4 ± 2.80 20.05 ± 1.46 ∼67 ± 3
ttained 10% – approximately two-third of the other two types – of total weight los
oint  (p < 0.05).

and of P O at 1024 and 601 cm−1in nHAP has shifted to 1030 and
05 cm−1 after composite formation. (Amin et al., 2015; Fraga, de
lmeida Filho, da Silva Rigo, & Boschi, 2011; Maachou et al., 2008).
S/nHAP-NH2 composite scaffold was characterized by comparing
he FTIR bands of CTS/nHAP nanocomposite scaffold. The charac-
eristic bands for N H appeared at 3363 cm−1 and as can seen it
as expanded. (Shan, Qin, Chuan, Li, & Yuan, 2013).

SEM images of CTS, CTS–nHAP and CTS–nHAP-NH2 are shown
n Fig. 4. Based on the quantitative analysis of a number of micro-
raphs according to the measurements of the JEOL JCM-5000
eoScope SEM software (Tokyo, Japan), the pore size for CTS fab-

icated using 2% chitosan solution was in the range ∼170–200 �m.
he pore size of CTS + nHAP nanocomposite scaffolds was similar
t ∼140–180 �m.  Similar porous structure was observed for CTS + -
HAP-NH2 nanocomposite scaffold, implying that small variations

n nHAP content did not alter the microstructure of the scaffold.
he view of the scaffold indicated uniform pore structure from
op to the bottom and this suggests interconnected pore pattern.
s seen in Fig. 4C, the inner wall surface of CTS is smooth and,
HAP containing scaffold showed non-agglomerated distrubition
f nanoparticles within chitosan matrix (Fig. 4F). The SEM images
f the CTS-nHAP-NH2 showed non-agglomerated distribution of
HAP nanoparticles within the chitosan matrix, including the pore
all (Fig. 4I). It is believed that the amine functionalized nHAP
anoparticles is helpful in the uniform distribution of nHAP-NH2

n the scaffold matrix.
The good mechanical strength of the scaffolds is important

arameter during tissue regeneration instead of adequate porosity.
he effects of the nHAP and nHAP-NH2 on the mechanical prop-
rties of the chitosan scaffolds were investigated. For this study,
omposite scaffolds were hydrated before mechanical analysis. As
een in Fig. S1 the incorporation of both nHAP and nHAP-NH2 in chi-
osan scaffolds increased the mechanical stability of the scaffold.
he significant mechanical stability of the CTS-nHAP-NH2 scaf-
old possibly due to the presence of the amine functionality on

he nHAP. Thus, amine functional groups of nHAP interact with
hitosan via covalent crosslinking after treatment with glutaralde-
yde. That might be responsible for the formation of mechanically
table scaffold structure.
a The size of the scaffolds before swelling test was fixed to 64 mm3 (4 × 4 × 4 mm)
cubes by cutter.

3.3. Porosity of the scaffolds

Porosity is a very important factor affecting cell migration and
nutrient supply in TE (Hing, 2004; Karageorgiou & Kaplan, 2005).
Therefore, further characterizations of scaffolds were performed
by measuring the porosity of scaffolds. The porosity of the scaf-
folds was measured through the liquid displacement method using
ethanol. Porosity of the chitosan was 92.5 ± 0.50%. Porosity of
CTS + nHAP and CTS + nHAP-NH2 was  85.7 ± 3.21% and 72.3 ± 4.04%,
respectively (Table 1). The porosity decrease in CTS-nHAP is due to
the depositon of the nHAP over the scaffold matrix and the inter-
molecular hydrogen bonding between NH2 groups of chitosan
and OH groups of nHAP, these result similar with previous studies
Kim, Knowles, & Kim, 2004; Lan Levengood et al., 2010; Teimouri &
Azadi, 2016). The porosity of the CTS-nHAP-NH2 scaffold decreased
almost up to 72%, that is the lowest among other scaffolds. This
decrease probably due to the covalent crosslinking behavior of the
amine functional nHAP. The scaffold porosities has decreased but
still the porosity (72%) is sufficiently enough to facilitate the cell
seeding and nutrient diffusion throughout the whole structure of
the scaffold (Kohn, Levene, & Lhommeau, 1999). This high degree
of porosity would allow cells to migrate into the scaffold and would
allow for a sufficient nutrient supply.

3.4. Water uptake and swelling ability of the scaffolds
Water uptake ability of a scaffold also is another important
property because scaffold might swell and damage under excess
water absorption. Porosity is closely related to water uptake and
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Fig. 6. Exemplary Flow Cytometry analysis. Scatter plot representation for expression of hBM-MSC surface markers. Analyzed hBM-MSCs expressed markers, CD90, CD105,
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nd  CD73 with 99.9% for all. On the other hand, they were negative for markers HLA
or  both CD45 and CD34 markers were 0.03%.

etention properties (Chang, Huang, Yang, Kuo, & Lee, 2012).
ater uptake and swelling ability of CTS was 30.0 ± 1.65% and

9.78 ± 1.17%, respectively. Water uptake and swelling ability of
TS + nHAP (20.6 ± 1.51% and 20.45 ± 1.26%) and CTS + nHAP-NH2
as (18.4 ± 2.80% and 20.05 ± 1.46%), respectively. These results

uggest that prepared scaffolds can absorb water up to 20% of their
olume, and could swell to almost 20% of their size (Table 1). These
esults could be because nHAp formed cross-linking chains that
ecreased the hydrophilicity of chitosan by grafting phosphate and
alcium to the hydrophilic NH2 or OH groups. Also, the amine func-
ional nHAP creates covalent cross-linkiing with chitosan chains.
ll these results showed that the scaffolds are hydrophilic which

ndicates that the composite scaffold can be applied potentially for
issue engineering applications because the hydrophilic nature of
he scaffold will facilitate the absorption of body fluid, which con-
ists of water mainly and is important for the diffusion of nutrient
nd metabolites.

.5. In vitro biodegradation behavior

Biodegradability, one of the important requirements for a scaf-
old, provides space for tissue growth and matrix deposition. In this
tudy, biodegradability was tested by with and without lysozyme
ncubation in PBS for six weeks under standard conditions. The
esults of the study were adequately controlled to demonstrate
he relative rate of degradation between CTS, CTS + nHAP and
TS + nHAP-NH2. There was no significant weight lost when the
caffold treated with lysozyme and this is confimed that our scaf-
old biodegradable with lysozyme. The activity of lysozyme does
ot change dramatically over time (Masuda, Ueno, & Kitabatake,

001), nevertheless, the medium was refreshed at each 3 days. After
ix weeks of lysozyme treatment in PBS (0.5 mg/ml), all types of
caffolds showed continous loss of weight. However, this loss was
ot statistically significant throughout the assay, only in week four
D45, and CD34 with 0.2%, 0.6%, and 4.0% respectively. Also, simultaneous negativity

the CTS + nHAP-NH2 scaffolds showed significant weight loss com-
pared to CTS scaffold. While the CTS and CTS + nHAP scaffolds were
the rapid ones in terms of degradation with up to 15% weight loss,
CTS + nHAP-NH2 scaffolds reached 10% of total weight loss, which
is slower than the other two  types of scaffolds (Fig. 5).

The slower degradation observed for CTS + nHAP-NH2 scaffolds
might be due to the presence of cross-linking group NH2 within the
scaffold, 10% loss of total weight is acceptable for BTE (Arvidson
et al., 2011; Venkatesan & Kim, 2010). At the same time, this
relatively slower degradation of CTS + nHAP-NH2 scaffolds may
indicate its structural endurance against the other types. This
endurance could point out its superiority in load-bearing capabil-
ity that is one of the major expectations from such BTE material
(Ricciardi & Bostrom, 2013). Also, this slower degradation pattern of
modified CTS + nHAP-NH2 scaffold indicates that NH2 groups could
be used to tailor the composite scaffold in the desired way.

3.6. Immunophenotypic characterization of hBM-MSCs

The surface marker expressions of hBM-MSCs at passage three
were identified by flow cytometry analysis. It was shown that CD90,
CD105, and CD73 were highly expressed in MSCs while CD34 and
CD45 were not expressed. As a result, hBM-MSCs expressed all mes-
enchymal lineage markers, but did not express any hematopoietic
stem cell markers as expected (Fig. 6).

3.7. Morphology and distribution of hBM-MSCs grown on
scaffolds

In recent years, designing of precise microenvironment and con-

trol of its properties has got a lot of attentions. That is important to
enable in vitro studies on tissue development, disease modeling,
and drug screening studies. The surface morphology and func-
tionality are key points for the scaffold architecture due to cell
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Fig. 7. Percentage of hBM-MSC attachment on scaffolds. CTS and CTS + nHAP-NH2
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caffolds showed better cell attachment capabilities, with 91.7% and 93.1% ratios
espectively, while CTS + nHAP scaffolds had cell attachment of 88.9%. * shows sig-
ificancy to CTS scaffold which is served as control scaffold type (p < 0.05).

nteractions with the surface of the host scaffold matrix. Previous
tudies on the effect of the surface functionality of the scaffold
n the cell adhesion and behavior showed that presence of the
mine group (-NH2) beneficially influenced focal cell adhesion and
ell morphology,supporting the largest cell contact area among
ther functional groups (Faucheux, Schweiss, Lutxzow, Werner, &
roth, 2004; Kuddannaya, Bao, & Zhang, 2015; Keselowsky, Collard,

 Garcia, 2004; Keselowsky, Collard, & Garcia, 2005). Our results
howed that CTS and CTS + nHAP-NH2 scaffolds showed better cell
ttachment capabilities after four hours cell seeding, with 91.7%
nd 93.1% ratios respectively, while CTS + nHAP scaffolds had cell
ttachment of 88.9% (Fig. 7). According to Tukey’s test, the attach-
ent ratio of CTS + nHAP scaffold was significantly lower than the

ther two. These results demostrated that the CTS + nHAP-NH2
caffolds have best attachment success with respect to CTS and
TS + nHAP scaffolds. When nHAP was used to prepare scaffolds
hat was decrease the cell attachment due to itshyrdoxyl surface
unctionality ( OH). That is due to the amine surface functional-
ty of the nHAP promote cell adhesion and behavior in the scaffold

atix.
hBM-MSC attachment assay indicated that the cell attachment

atio on CTS + nHAP scaffolds were lower than that of CTS scaffolds
atios, mainly due to nHAP particle clumping, and physical preven-
ion of hydrophilic attraction between CTS molecules that could
ccommodate attaching cells. It was reported that, cell attachment
apability is one of the most crucial factors contributing a better
caffold structure since bone tissue highly relies on ECM synthe-
ized by its cells (Neman et al., 2012). Actually, this importance
hould be emphasized in treatment strategies basing on autologous
ells, such as hBM-MSCs, which are poor in number and generally
ore laborious to harvest. This unexpected outcome of composite

TS + nHAP scaffolds brought out a need for modification in pur-
ose of improving cell attachment ratio and visually more uniform
tructure to aid in better BTE scaffold production. It was  demon-
trated that, many crosslinking agents or peptides could be used to
ncrease cell attachment onto a scaffold (Yang et al., 2013). In this
ontext, the RGD-binding sequence, which could be found in many
CM-molecules, is of special interest, because it is recognized by
ellular integrins. Qu et al. showed that CTS + nHAP scaffolds includ-

ng immobilized RGD peptides had significantly higher hBM-MSC
ttachment ratios with respect to CTS + nHAP scaffolds without the
articular peptide (Qu, Yan j. Li, Zhuang, & Huang, 2010). So, our
ypothesis was to use amine functional nHAP nanoparticles for
ymers 164 (2017) 200–213 209

construction of nanocomposite scaffold. The amine functionality
of the nHAP gives it crosslinlink ability in the polymer matrix and
also as seen in SEM images of the scaffolds the distrubition behavior
also increased. Our results showed that the using NH2 functionlized
nHAP nanoparticles in the scaffold structure is a novel and applica-
ble way  in material production in BTE for a better cell attachment.

The quantitative analysis of attached cells is impressively con-
firmed by the exemplary chosen SEM-images shown in Fig. 8.
The hBM-MSCs adhered to CTS are well-spread exhibiting a flat
cell morphology. The cells formed many filopodia which are
responsible for sensing the cellular environment. These typical
morphological features are typical for well adhered cells (Boyan
et al., 2001), which are in close contact with the surface indicating a
very strong cell-surface interaction. No ablation of the cells as arte-
facts resulting from the preparation of the cells for SEM-imaging
are visible (Fig. 8A–C). On CTS-nHAP, hBM-MSCs had problems to
adhere tightly to the surface, which can be clearly seen by the
unusual cell morphpolgy in Fig. 8 D, E, F. Compared to hBM-MSCs
cultivated on CTS and on CTS + nHAP-NH2, only very few and very
short filopodia can be seen (Fig. 8F). The reason for the detected
difference in cell adherence and cell morphology might be due to
differences in surface topography or due to differences in surface
chemistry. Both parameters are known to strongly influence cellu-
lar adherence (Hayes & Richards, 2010). Furthermore, the reaction
of cells on the contact with an artificial surface strongly depends
on the cell type used in vitro studies. Previously we  were able to
show, that the number of attached osteoblasts was not affected
by increasing surface roughness (Metzger et al., 2014). In contrast,
fibroblasts are very sensitive to an increasing surface roughness
(Veith et al., 2010). Of interest, hBM-MSCs adhered well to CTS-
nHAP-NH2 exhibiting spindle shaped, but again tightly adhered
cells (Fig. 8G–I). As already described for CTS, the cells are in close
contact with the surface with flattened regions and numerous
well-formed filopodia (Fig. 8I). These results are similar to the cell
attachment results, and comfimed that the amine surface funci-
toanlization of the nHAP increase the cell adhesion in the scaffold.

3.8. Viability and proliferation of hBM-MSCs on scaffolds

Biocompatibility of a scaffold material is one of the most influ-
encing factors for its applications. In this study, proliferation assay
(WST-1) and cytotoxicity assay (LDH) were performed to indicate
biocompatibility of synthesized scaffolds for seven days of incuba-
tion with two-day intervals.

According to WST-1 results, hBM-MSCs on all types of scaffolds
and also on tissue culture plates showed proliferation at the end
of seven-day long incubation. In days 1 and 3, the scaffold groups
did not show any significant difference with one other. Starting
from day 5, there was a significant difference among the groups
(p < 0.05). In the same day, Tukey’s test also showed significant dif-
ference particularly between CTS and CTS + nHAP scaffolds. On day
7, all three scaffold types differed significantly (p < 0.01). Among
the scaffolds, CTS + nHAP-NH2 scaffold type had the most prolifer-
ative effect throughout the incubation in terms of both relative fold,
and relative percentage; the cells on CTS + nHAP-NH2 had 30% total
population doubling. Though CTS + nHAP type scaffolds showed a
non-proliferative state during the incubation, initially seeded cell
number were reached at the end of seven-day long incubation
(Fig. 9).

In  the interpretation of the WST-1 assay, we did not correlate
the data obtained from the cells seeded as monolayer to the cells
seeded onto scaffolds, because the characteristics of hBM-MSCs

may  alter on two-dimensional and three-dimensional environ-
ment (Monaco, Bionaz, Hollister, & Wheeler, 2011). When the data
attained from a scaffold is proportioned to its particular initial data
measured on day-1, correlated outcome was demonstrated. As a
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Fig. 8. Representative SEM-images of hBM-MSCs adhered to CTS (A–C), CTS + nHAP (D–F) and CTS + nHAP-NH2 scaffolds (G–I) three days after seeding. On  CTS, hBM-MSCs
were  well adhered, formed many filopodia and exhibited a flat and well-spread morpholo
short  filopodia. On CTS + nHAP-NH2, hBM-MSCs showed a spindle-shaped morphology w
A,  D and G; 5 �m in B, E and H; 2 �m in C, F and I.

Fig. 9. Relative proliferation of hBM-MSCs on scaffolds, data normalized to Day-1
value of each particular scaffold. The cells attached onto CTS and CTS + nHAP-NH2

scaffolds showed respectively almost 10% and 30% total population doubling over
the  assay period. Other than that, initially lower cell attachment ratio on CTS + nHAP
scaffold eventually caused less proliferation than present on the other ones. In fact,
total cell number on this scaffold type decreased after third day until fifth day,
but  increased again until seventh day, and almost reached its initial number at the
e
(

r
a
s

nd. * shows significancy to CTS control scaffold value of that particuar time point
p  < 0.05).
esult, CTS + nHAP-NH2 scaffold supported constant cell prolifer-
tion, and had the most proliferative influence among the three
caffold types. The proliferative effect of chitosan composites was
gy, but on CTS + nHAP the cells exhibited an unsual morphology with only few and
ith some flattened areas serving as a basis for many filopodia. Scale bars 10 �m in

previously also demonstrated in several studies (Jain, Mohanty,
Ray, Malhotra, & Airan, 2015; Kim et al., 2013; Zo et al., 2012), and
according to our data the novel modification of nHAP particles in
this study were further successful to supplemented the prolifera-
tion rate of the hBM-MSCs. Also, the results obtained in our study
was in complementary to the ones from the literature (Kim et al.,
2013; Zo et al., 2012)

Cytotoxic effects of scaffolds on hBM-MSCs were assayed with
Cytotoxicity Detection (LDH) Plus Kit from Roche during seven
days of incubation. As a result, toxicity levels of CTS + nHAP-
NH2 scaffolds were almost 5%, when CTS and CTS + nHAP type
scaffolds showed relatively higher toxicities of 18% and 13%
respectively (Fig. 10). CTS + nHAP-NH2 scaffolds were contiously
significantly different than CTS scaffolds throughout the assay
according to Tukey’s post-hoc statistical analysis, and there were a
significant difference among the groups in each time point accord-
ing to ANOVA. The assay shows an increasing toxicity ratio for
cell-scaffold constructs. Here, waste products and dead cell accu-
mulation, and additionally the particles and crystals of scaffold
structures that are solubilized and mixed into growth media could
be the reasons for this toxicity since there is not a dynamic flow
of fluids in the experimental system. Although cytotoxicity levels
reaching up to 18% seem high and worrisome for scaffolds’ bio-
compatibility, this can easily be eliminated by simply refreshing
the growth media in a static culture condition as ours. Moreover,
WST-1 results showing constant proliferation for both scaffolds and
tissue culture plate seeded control cells fortified this hypothesis.

Moreover, various studies have already shown the non-cytotoxic
character of chitosan-hydroxyapatite composites for tissue engi-
neering purposes (Oliveira et al., 2006; Wang et al., 2011).
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Fig. 10. Non-cumulative percentage toxicity of hBM-MSCs on scaffolds, data nor-
malized to simultaneous WST-1 proliferation ratios. CTS scaffold showed an
increasing toxicity ratio over 15% at day seven, while CTS + nHAP had toxicity of
10% at the same day. However, CTS + nHAP-NH2 scaffold revealed very little toxicity
of  up to 5% for seven days of incubation, which is less than half of the toxicities of
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conclusive results, further molecular studies including qRT-PCR of

F
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oth other type of scaffolds. * shows significancy to CTS control scaffold value of
hat  particuar time point (p < 0.05).

.9. Osteogenic differentiation of hBM-MSCs on scaffolds

As the final step of this study, effect of scaffolds during
steogenic differentiation of the hBM-MSCs was investigated. Both
onolayer seeded cells and scaffold seeded cells were incubated
ith osteogenic factors for thirty days. ALP activity which is widely
sed as one of the major osteogenesis assay was performed in order
o evaluate the osteogenic differentiation success of hBM-MSCs on
caffold constructs (Hoemann, El-Gabalawy, & McKee, 2009). The
esulted ALP amount of each control and scaffold construct was
roportioned to the tenth-day amount of that particular sample to
ndicate fold change in total ALP amount. By presenting the ALP
mount as fold change, the behavioral differences of mesenchy-
al  stem cells in two dimensional monolayer condition and three

ig. 11. ALP activity of cell free and hBM-MSC seeded scaffold. Data was normalized to 

egative  control, §  shows significancy to positive control, and & shows significancy to all 
ymers 164 (2017) 200–213 211

dimensional scaffold constructs were eliminated during evaluation
of assay results.

Many studies in the literature propose that mesenchymal stem
cells act differently in three dimensional culture conditions than
they do when cultivated as monolayer, i.e two  dimensionally (Hoch
& Leach, 2014). This behavioral change requires a certain amount
of time for cells to adapt to a three dimensional environment
after sustained two dimensional culture and adjust their cellular
mechanisms accordingly. Here, the ALP activity showed that at
first the cell-scaffold constructs fell short in responding the dif-
ferentiation initiating factors when compared to the hBM-MSCs
seeded as monolayer, i.e positive control group in the day 20. How-
ever, this impeded rate of cell-scaffold constructs during osteogenic
differentiation was quickly recovered and even surpassed the dif-
ferentiation rate of monolayer control groups. This would be a
result of a cellular adaptation period as mentioned in the simi-
lar studies throughout the literature (Hoch & Leach, 2014; Jung
et al., 2014). When we compare the effect of the scaffold types on
the induction of osteogenic differentiation at day 30, CTS + nHAP-
NH2 scaffolds promoted ALP activity increase three times which is
significant to all other samples including other scaffolds and con-
trol groups, while the other scaffold types led up to two times of
increment in the ALP activity which is again statistically significant
compared to both, negative and positive controls (Fig. 11).

4. Conclusion

In the present study, we  have successfully fabricated uniquely
modified composite scaffolds – namely CTS, CTS + nHAP, and
CTS + nHAP-NH2 – and characterized them for a possible use in
BTE approaches. We  analyzed the effects of nanocomposite scaf-
folds on cell attachment, survival and proliferation of hBM-MSCs as
well as osteogenic differentiation compared with each other. The
results demonstrated that CTS + nHAP-NH2 scaffold was an effec-
tive surface for improved call attachment, survival and osteogenic
differentiation of hBM-MSCs with respect to CTS and CTS + nHAP
scaffolds. However, it is still evident that in order to achieve more
osteogenic markers (such as Osteopontin, Osteocalcin, Collagen 1,
Bone Sialoprotein2, RUNX2, and CBFA1) indicating osteogenic dif-
ferenetiation and also in vivo studies are needed.

ALP amount from Day-10 of each particular condition. * shows significancy to the
other group values (p < 0.05). Better to use the introduced abbreviations.
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