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Scaffolds  derived  from  naturally  occurring  polysaccharides  have  attracted  significant  interest  in bone
tissue  engineering  due  to their  excellent  biocompatibility  and  hydrophilic  nature  favorable  for cell attach-
ment.  In  this  study,  we  developed  composite  chitosan  (CH)  scaffolds  containing  anionic  carbohydrate,
such  as  chondroitin  4-sulfate  (CS)  or alginate  (AG),  with  biomimetic  apatite  layer  on  their  surfaces,  and
investigate  their capacity  to  deliver  progenitor  cells  (bone  marrow  stromal  cells,  BMSC)  and  model  pro-
teins  with  net-positive  (histone)  and  net-negative  charge  (bovine  serum  albumin,  BSA).  The  incorporation
of  CS  or  AG  in CH scaffolds  increased  compressive  modulus  of  the  scaffolds  and  enhanced  apatite  for-
mation.  Initial  burst  release  of histone  was significantly  higher  than  that of BSA  from  CH  scaffold,  while
the  addition  of CS  or AG  in  the  scaffolds  significantly  reduced  the  initial  burst  release  of  histone,  indicat-
ing  strong  electrostatic  interaction  between  histone  and  negatively  charged  CS or  AG.  The  apatite  layer
caffold
one regeneration

created  on  scaffold  surfaces  significantly  reduced  the  initial  burst  release  of  both  BSA  and  histone.  Fur-
thermore,  apatite-coated  scaffolds  enhanced  spreading,  proliferation,  and  osteogenic  differentiation  of
BMSC seeded  on the  scaffolds  compared  to  non-coated  scaffolds  as assessed  by  live/dead  and  alamar-
Blue  assays,  scanning  electron  microscopy  (SEM),  alkaline  phosphatase  (ALP)  activity,  and  Picrosirius
red  staining.  This  study  suggests  that  apatite-coated  CH/CS  composite  scaffolds  have  the potential  as  a
promising  osteogenic  system  for bone  tissue  engineering  applications.
. Introduction

Bone grafts have been widely used to reconstruct skeletal
efects created by tumors, traumas, and bone diseases. However,
one grafts are encumbered by the limited availability of donor
ites, donor site morbidity, and complications of increased oper-
ting time (Kim, Sun Park, Jeon, Yong Choi, & Kim, 2006; Kong
t al., 2005). Tissue engineering substitutes are alternative strate-
ies using sophisticated biocompatible scaffolds combined with
ultipotent precursor cells (Thein-Han & Misra, 2009) and appro-

riate cellular stimulation for treatment of bone defects.
Chitosan (CH) is a naturally derived, cost-effective, and
iocompatible polysaccharide used for many pharmaceutical
nd biomedical applications. Unlike synthetic polymers with
ydrophobic surfaces, the high charge density of CH and its
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structural similarity to glycosaminoglycans, found in extracellular
matrix (ECM) of bone and cartilage, are favorable for cell adhe-
sion and proliferation (Li, Ramay, Hauch, Xiao, & Zhang, 2005;
Manjubala, Ponomarev, Wilke, & Jandt, 2008; Sui, Huang, Wang, &
Bo, 2008). Also, CH is enzymatically degraded in vivo by lysozymes
which results in complete absorption without concurrent side
reactions or chronic inflammatory responses (Kumar, Muzzarelli,
Muzzarelli, Sashiwa, & Domb, 2004; Lee, Ha, & Park, 1995; Tomihata
& Ikada, 1997). This is a considerable advantage over commonly
used synthetic resorbable polymers, such as poly(glycolic acid)
(PGA) or poly(lactic acid) (PLA), which release acidic degrada-
tion by-products that can cause severe inflammation. (Aday &
Gumusderelioglu, 2010; Manjubala et al., 2008).

Although CH has been shown to be osteoconductive and
enhance bone formation, pure CH scaffolds may  not possess the
necessary mechanical strength for implantation (Li et al., 2005;
Shanmugasundaram et al., 2001). One of the distinctive proper-

ties of CH is its cationic nature and high charge density in solution.
This allows the formation of stable ionic complexes with multi-
valent water-soluble anionic molecules under mild physiological
conditions. Although numerous studies have incorporated anionic
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olymers such as alginate (AG), hyaluronic acid, or chondroitin
-sulfate (CS) into the CH scaffolds to improve their mechanical
roperties, and investigated their respective mechanical and bio-

ogical responses (Li et al., 2005; Manjubala et al., 2008; Murata,
iyamoto, & Kawashima, 1996; Tan, Krishnaraj, & Desai, 2001), no

ingle study has reported a comparative assessment of how such
dditional components influence the cell-scaffold and protein-
caffold interactions, and also apatite formation on the CH scaffolds.

This study investigates protein-scaffold and cell-scaffold inter-
ctions with model proteins with net positive charge (histone) and
et negative charge proteins (bovine serum albumin, BSA) and bone
arrow stromal cells (BMSC) from three substrates: CH, CH/CS,

nd CH/AG. To enhance bone ingrowth and bonding ability of the
caffolds, we induced a bone mineral-mimicking apatite layer onto
he anionic carbohydrate-containing chitosan scaffolds and deter-

ined the effects of apatite coating on release kinetics of model
roteins, cell spreading, proliferation, and osteogenic differentia-
ion.

. Materials and methods

.1. Materials

CH (Mw  255,000, 75–85% deacetylated), CS sodium salt (Mw
0,000, ≥60% type A) from bovine trachea, sodium AG (viscosity
2000 cP, 2%, w/v), pentasodium tripolyphosphate (TPP), and BSA-
luorescein isothiocyanate conjugate (FITC-BSA) were purchased
rom Sigma-Aldrich (St. Louis, MO)  and used as received. Alexa
luor® 488 Histone H1 conjugate was obtained from Invitrogen
Carlsbad, CA).

.2. Fabrication of scaffolds

CH scaffolds were prepared as described previously with some
odifications (Li et al., 2005; Park et al., 2000; Seol et al., 2004). A

olution of CH (3%, w/v) was  prepared by dissolving CH in 1 N acetic
cid. The solution was poured into tissue-culture petri dish, frozen
t −80 ◦C, and lyophilized in a freeze dryer. For CH/CS composite
caffolds, CH solution (4.5%, w/v) in 1 N acetic acid was mixed with
S solution in PBS (3%, 6%, 9%, w/v) at a ratio of 2:1 (v/v) to yield
H/CS mixture (3% CH/1% CS, 3% CH/2% CS, 3% CH/3% CS). For CH/AG
omposite scaffolds, CH solution (6%, w/v) in 1 N acetic acid was
ixed with AG solution in1 N NaOH (2%, 4%, 6%, w/v) at a ratio of 1:1

v/v) to yield CH/AG mixture (3% CH/1% AG, 3% CH/2% AG, 3% CH/3%
G) and the solution was adjusted to pH 7.4. The mixtures were
omogenized with mechanical blender, poured into tissue-culture
etri dish, frozen at −80 ◦C, and lyophilized in a freeze dryer. The
btained CH and CH/CS scaffolds were neutralized by immersing
hem into 1 N NaOH for 1 h. CH, CH/CS, and CH/AG scaffolds were
rosslinked with 5% (w/v) TPP solution for 30 min. The crosslinked
caffolds were then washed with ddH2O, sterilized by immersing
hem into 70% ethanol for 30 min, and lyophilized. The dimension
f the scaffolds used in following study was 6 mm in diameter and

 mm in height except the scaffolds used in mechanical testing,
hose scaffolds were 15 mm in diameter and 15 mm in height.

.3. Biomimetic apatite coating process

Apatite coating solution was prepared as described previously
ith some modifications (Chou, Dunn, & Wu,  2005; Chou, Huang,
unn, Miller, & Wu,  2005). Briefly, simulated body fluids (SBF) were
repared by sequentially dissolving CaCl2, MgCl2·6H2O, NaHCO3,

nd K2HPO4·3H2O into ddH2O. The pH of solution was  adjusted
o pH 6.0 and then Na2SO4, KCl, and NaCl were added. The final
H of solution was adjusted to pH 6.5 (SBF 1). Mg2+ and HCO3

−

ree SBF (SBF 2) was prepared by subsequently dissolving NaCl,
mers 97 (2013) 587– 596

CaCl2, and K2HPO4·3H2O and the pH of solution was  adjusted to pH
6.4. The obtained scaffolds were subjected to glow discharge argon
plasma etching (Harrick Scientific, Ossining, NY). The etched scaf-
folds were incubated in SBF 1 for 1 day and transferred to SBF 2 for
another 2 days at 37 ◦C. The apatite-coated scaffolds were washed
with ddH2O to remove excess ions and lyophilized prior to further
studies.

2.4. Characterization of scaffold morphology and apatite coating

2.4.1. Scanning electron microscopy
The internal morphology of scaffolds was examined by scanning

electron microscopy (SEM, Nova Nano SEM 230/FEI, Hillsboro, OR).
The cross-sectioned samples were mounted on aluminum stubs
and sputter-coated with gold at 20 mA under 70 mTorr for 50 s.

2.4.2. Porosity
The porosity of scaffolds was calculated using a liquid displace-

ment method as described previously (Karageorgiou & Kaplan,
2005; Nazarov, Jin, & Kaplan, 2004; Zhang & Ma,  1999b; Zhao
et al., 2002). Briefly, scaffolds were submerged to a known vol-
ume  (V1) of ethanol in graduated cylinder for 5 min. A series of
brief evacuation-repressurization cycles were conducted to force
ethanol into the pores of scaffolds. The total volume of ethanol
and the ethanol-impregnated scaffolds were recorded (V2). The
scaffolds were removed from cylinder and the residual ethanol
volume was  recorded (V3). The porosity (%) was  calculated as
(V1 − V3)/(V2 − V3) × 100 wherein V1 − V3 is the volume of void
within the scaffolds and V2 − V3 is the total volume of the scaffolds
(Nazarov et al., 2004; Zhang & Ma,  1999a).

2.4.3. Apatite-coated area
Total coverage of apatite areas was determined using SEM

images. Two  of each scaffold was  prepared for SEM monographs,
and then five different random areas were chosen to take images. A
total of 10 SEM images for each scaffold were used to quantify cov-
erage of areas using image analysis system (ImagePro, Rockville,
MD). The coverage of apatite coating was expressed in percent-
age by calculating the ratio of area that covered by apatite to total
scaffold area shown on image (Rohanizadeh, Al-Sadeq, & Legeros,
2004).

2.4.4. ATR-FTIR
The chemical structure of the scaffolds was  analyzed using

Attenuated Total Reflection-Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) before and after apatite coating. The samples
were placed in contact with diamond ATR window. FTIR (Avatar
360 Thermo Nicolet spectrometer, Thermo Electron Inc., San Jose,
CA) absorbance spectra from 4000 to 400 cm−1 wavenumbers were
observed.

2.5. Mechanical properties

The compressive modulus of scaffolds was  measured via inden-
tation experiment with an Instron Electro-Mechanical Testing
Machine (Instron, Model 5564, Norwood, MA). The 3 mm diam-
eter flat-ended indenter was used. The specimens were 2 mm
thick sections with 15 mm  in diameter to ensure an optimal
ratio of sample to indenter size as well as flat surface for
mechanical test. Three measurements were made per scaffold
and three parallel samples were applied. The compressive mod-

ulus was calculated as described previously using the poisson’s
ratio of 0.3 (Boccaccio, Lamberti, Pappalettere, Carano, & Cozzani,
2006; Boccaccio, Lamberti, Pappalettere, Cozzani, & Siciliani, 2008;
Kanungo, Silva, Van Vliet, & Gibson, 2008).
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Fig. 1. (a) SEM images of CH (3%), CH/CS (3% CH with 1, 2, or 3% CS, namely CH/1CS, CH/2CS, CH/3CS, respectively), and CH/AG (3% CH with 1, 2, or 3% AG, namely CH/1AG,
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H/2AG, CH/3AG, respectively) scaffolds. Scale Bar = 100 �m. (b) Mechanical prope
bserved in the presence of CS or AG in CH scaffolds (*p < 0.05, **p < 0.01).

.6. In vitro release of protein

In vitro protein release profile was examined using FITC-BSA and
lexa Fluor conjugated histone as model proteins. Briefly, 20 �L of
rotein solution in phosphate buffered saline (PBS) was dropped
nto the scaffolds at a final protein concentration of 1.0 mg/mL.
he scaffolds were air dried for 15 min  and further lyophilized in a
reeze dryer. The protein-loaded scaffolds were immersed in 1 mL
f 10 mM PBS (pH 7.4) at 37 ◦C. The entire incubating solution was
emoved and replaced with 1 mL  of fresh PBS solution at predeter-
ined time points over 28 days. The amount of released protein in

he supernatant was determined by measuring the fluorescence of
he sample. The experiment was performed in triplicate, and the
mount of protein released was expressed as a percentage of the
nitial amount of protein loaded.

.7. Cell seeding and proliferation

Mouse bone marrow stromal cells (BMSC, ATCC, VA) were
ultured in Dulbeccos’ modified Eagles’ medium (DMEM, Invit-
ogen) with low glucose, 10% fetal bovine serum (FBS, Invitro-
en), 100 U/mL penicillin, 100 �g/mL streptomycin. Cells were
rypsinized upon 70–80% confluence and seeded onto scaffolds
t a concentration of 3 × 106 cells/mL. The cell/scaffold constructs
ere cultured in complete DMEM supplemented with 10 mM �-

lycerol phosphate and 50 �g/mL ascorbic acid at 37 ◦C in 5% CO2

umidified incubators up to 28 days. To observe proliferation of
he cells cultured on the scaffolds, the cell/scaffold constructs were
ashed once with PBS and stained with calcein solution (Invitro-

en) at 37 ◦C for 15 min. Stained samples were observed under a
f CH, CH/CS, and CH/AG scaffolds. Significantly higher compressive modulus was

fluorescence microscope (Olympus, Lake Success, NY). Proliferation
of cells on the scaffolds was further measured using the alamarBlue
assay kit (Invitrogen). The cell/scaffold constructs were washed
once with PBS and incubated with sterile alamar blue solution for
3 h at 37 ◦C. alamarBlue fluorescence was assayed at 535 nm (exci-
tation) and 600 nm (emission). The experiments were performed
in triplicate.

2.8. Cell morphology and ECM secretion

The morphology and ECM secretion of the cells cultured on
scaffolds were observed using SEM and histological staining at 1,
14, and 28 days. For SEM observation, the cell/scaffold constructs
were fixed with 2.5% glutaraldehyde (EM Sciences, Hatfield, PA) and
dehydrated using a serial graded ethanol (25, 50, 70, 90, and 100%).
After dehydration, the specimens were immersed in hexamethyl-
disilazane (HMDS, EM Sciences) and air dried (Chou, Dunn, & Wu,
2005). The dried specimens were mounted on aluminum stubs and
coated with gold as described above. For histological observation,
the cultured cell/scaffold constructs were fixed in10% formalin (EM
Sciences), embedded in paraffin, and sectioned at 9 �m thickness.
The sections were deparaffinized and stained with hematoxylin and
eosin (H&E).

2.9. ALP activity and collagen content
After 1, 7, 14, and 28 days of incubation, the cell/scaffold con-
structs were washed with PBS, minced, and incubated in lysis
buffer (0.1% Tween-20). ALP activity was determined colorimet-
rically using p-nitrophenol phosphate (Sigma) as a substrate and
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Fig. 2. (a) SEM images of apatite-coated CH (3%), CH/CS (3% CH with 3% CS), and CH/AG (3% CH with 3% AG) scaffolds: upper panel: low magnification. Scale Bar = 100 �m;
lower  panel: high magnification. Scale bar = 30 �m (b) ATR-FTIR spectra of CH (3%), CH/CS (3% CH with 3% CS), and CH/AG (3% CH with 3% AG) scaffolds before (CH, CH/CS,
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H/AG)  and after (Ap-CH, Ap-CH/CS, Ap-CH/AG) apatite coating. A plate-like apatite

easured at an absorbance of 405 nm.  Measurements were
erformed in triplicate and normalized to total DNA content deter-
ined by the PicoGreen Assay (Invitrogen). For collagen content,

eparaffinized sections were stained with 0.1% Picrosirius red solu-
ion (Polysciences, Inc., Warrington, PA) as described previously
Burns, Rasmussen, Larsen, Schroder, & Kassem, 2010; Chai et al.,
012; Junqueira, Bignolas, & Brentani, 1979). Stained samples were
bserved under a microscope. The newly formed collagen appeared
s red.
.10. Statistical analysis

One-way analysis of variance (ANOVA) with Tukey multi-
le comparison procedure was performed for statistical analysis.
 was formed on the surface of scaffolds after apatite coating.

Tukey’s post hoc test was performed for comparison and value of
p < 0.05 was considered significant.

3. Results and discussion

3.1. Scaffold fabrication and characterization

The interior morphology of CH based scaffolds was examined
by SEM (Fig. 1a). The cross sectional SEM images of all scaffolds
showed highly interconnected porous structures. CH scaffolds (3%,

w/v) showed a pore size range of 100–150 �m and the addition of
CS or AG did not significantly change the pore size of the scaffolds.
The porosity of CH scaffolds was  approximately 85% and the addi-
tion of CS (3%, w/v CH/3%, w/v CS) or AG (3%, w/v  CH/3%, w/v AG)
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ignificantly increased the porosity of the scaffolds to 93.7% and
5.5%, respectively. This can be attributed to strong ionic interac-
ion between positively charged amino groups in CH and negatively
harged carboxyl groups in CS or AG, forming precipitation of poly-
er  solutions and consequently more open network structures. Li

nd Zhang (2005) reported similar influence on porosity when AG
as incorporated in CH scaffolds.

Tissue engineering scaffolds should consider structural prop-
rties such as pore size, porosity, and pore interconnectivity to
ptimize nutrient transport and cell migration to promote new
one formation (Galois & Mainard, 2004; Guillemin et al., 1989;
leynenbreugel, Schrooten, Van Oosterwyck, & Vander Sloten,
006). It is generally considered that an open pore network
ith minimal pore size of 100 �m (Aday & Gumusderelioglu,

010; Akman, Tigli, Gumusderelioglu, & Nohutcu, 2010; Zeltinger,
andeen, Alexander, Kidd, & Sibanda, 2001) and porosity of 65% is
ptimal (Knabe, Koch, Rack, & Stiller, 2008).

It has been demonstrated in previous studies that complex
tructures created by CS and AG is capable of enhanced mechanical
roperties (Li et al., 2005). In this study, the mechanical strength
f the scaffolds was characterized with various concentrations of
S or AG (Fig. 1b). The compressive modulus of CH (3% w/v) scaf-
olds significantly increased (p < 0.01) from 2.1 MPa to 3.2 MPa  with
he addition of CS (1% w/v). The formation of a CH/CS complex
y ionic interactions likely contributed to the enhanced mechani-
al strength of the composite scaffolds. The compressive modulus
f CH/CS (3%, w/v CH/1%, w/v CS) scaffolds further increased to
.0 MPa  as the CS concentration increased to 3%, indicating stronger

onic interactions between CH and CS. The CH/AG scaffolds showed
 greater compressive modulus than pure CH scaffolds showed
hen the AG concentration was equal to or higher than 2% (w/v). CH

3%, w/v) scaffolds containing 3% of CS or AG were used in further
tudies because higher concentrations over 3% were too viscous for
andling and uniform mixing.

.2. Biomimetic apatite coating

Although CH scaffolds provide a substrate for cell attachment
nd physical support for bone repair, they do not truly induce bone
egeneration. Many studies have suggested calcium phosphate can
romote cell proliferation and osteogenic differentiation. (Shiquian
t al., 2013; Zo et al., 2012) We  previously reported biomimetic
rocessing strategies to confer bone mineral-mimicking apatite
icroenvironments onto various biomaterial surfaces such as Poly

actic-co-Glycolic-Acid (PLGA) and tricalcium phosphate (TCP)
Chou, Dunn, & Wu,  2005; Chou, Huang, Dunn, Miller, & Wu,  2005;
ee et al., 2009; Yamashita, Oikawa, & Umegaki, 1996). In addition
o enhancing overall osteoinductivity of scaffolds, apatite coating
lso allowed bioactive molecules to be delivered in a sustained
anner. Apatite coating of CH scaffolds was achieved by incubat-

ng scaffolds in simulated body fluids as described in our previous
tudies. The apatite coating created on scaffolds exhibited plate-like
orphology (Fig. 2a). The addition of CS or AG into CH scaffolds

ccelerated apatite deposition and increased the percentage of
reas covered with apatite. In comparison to pure CH scaffolds,
patite covered areas increased from approximately 50–90% and
0% for CH/CS and CH/AG, respectively. The enhanced apatite for-
ation may  be due to negatively charged CS (pKa of carboxyl

roup = 3.5–4 and pKa of sulfate group = 2–2.5) and AG (pKa of car-
oxyl group = 3.3) incorporated in CH scaffolds that attract Ca2+

ons, accelerating nucleation of apatite on CH/CS and CH/AG sur-
aces. Yamashita et al. (1996) reported that positively charged TCP

urface first absorbed chloride ions in SBF solution, which was
nfavorable for crystal growth of hydroxyapatite, while negatively
harged TCP surface first absorbed Ca2+ ions, which accelerated
he apatite crystal growth. Zhu, Masuda, and Koumoto (2004)
Fig. 3. In vitro release of proteins (BSA and Histone) from (a) CH, (b) CH/CS, and
(c)  CH/AG scaffolds before (BSA, Histone) and after (Ap-BSA, Ap-Histone) apatite
coating (n = 3, mean ± SD).

demonstrated that the electrostatic accumulation of Ca2+ ions in
the surrounding region can induce apatite nucleation on the mate-
rial surface. Therefore the apatite nucleation of negatively charged
hydroxyl self-assembled monolayers (OH-SAM) was  greater than
that of positively charged amino SAM (NH2-SAM). More uniform
apatite coating was observed on CH/CS scaffolds compared to
CH/AG scaffolds. It is possible that CS was better dispersed in a
CH solution, inducing more homogeneous distribution of CS in CH
scaffolds.

The incorporation of CS or AG in CH scaffolds and formation
of apatite layer on the scaffolds was confirmed by ATR-FTIR anal-
ysis (Fig. 2b). CH scaffolds showed their characteristic peaks at
1627 cm−1 (amide I, C O), 1535 cm−1 (amide II, N H), 1350 cm−1

(C N), 1141 cm−1, 1064 cm−1, and 1010 cm−1 (C O C). The
absorption peak of sulfate group (S O) was appeared at 1218 cm−1

after CS was  added to CH scaffolds, indicating incorporation of CS
into CH scaffolds. The newly formed carboxylic groups (COO−) were
observed at 1542 cm−1 and 1396 cm−1 in CH/AG scaffolds, suggest-
ing incorporation of AG into CH scaffolds. After incubating in SBF,
ATR-FTIR spectra exhibited the unique peaks of phosphate groups
(PO4

3−) at 640 cm−1, 570 cm−1, 520 cm−1, and 450 cm−1 in all three
scaffolds (CH, CH/CS, CH/AG), indicating apatite formation on the
scaffolds (Chou, Dunn, & Wu,  2005; Chou, Huang, Dunn, Miller, &
Wu,  2005).
3.3. In vitro protein release

To investigate the protein delivery capacity of scaffolds, we
examined release kinetics of proteins from scaffolds using two
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ig. 4. (a) Live-dead fluorescent staining of BMSCs seeded on non-coated (CH, CH/C
ays  in culture. Scale bar = 200 �m.  (b) AlamarBlue assay showing proliferation of 

p-CH/AG) scaffolds.
ppositely charged proteins, BSA and histone, by incubating them
n PBS (Fig. 3). Approximately 90% of the initially loaded histone

as released from CH scaffolds during the first day, followed by
 plateau release up to 28 days. In contrast, the burst release
/AG) and apatite-coated (Ap-CH, Ap-CH/CS, Ap-CH/AG) scaffolds after 1, 14, and 28
 seeded on non-coated (CH, CH/CS, CH/AG) and apatite-coated (Ap-CH, Ap-CH/CS,
of BSA was significantly reduced to ∼50%, indicating that nega-
tively charged BSA (pI = 4.9) has stronger electrostatic interaction
with CH. The addition of CS or AG significantly reduced the burst
release of histone to 17% and 5% on CH/CS and CH/AG scaffolds,
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Fig. 5. SEM images of BMSCs cultured on non-coated (CH, CH/CS, CH/AG)
and  apatite-coated (Ap-CH, Ap-CH/CS, Ap-CH/AG) scaffolds for 28 days. Scale
bar  = 100 �m.  Solid arrows indicate cell clusters and open arrows indicate spread
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Fig. 6. Hematoxylin–eosin staining of BMSCs cultured on non-coated (CH, CH/CS,

This further confirms our previous report that biomimetic
apatite coating can provide more sustained release of osteogenic
proteins with greatly reduced burst release from CH/AG micropar-
ticles (Hu, Hou, Park, & Lee, 2012; Lee et al., 2009). We  also

Fig. 7. Alkaline phosphatase (ALP) activity of BMSCs cultured on non-coated (CH,
ells with secreted extracellular matrix (ECM).

espectively. This could be explained by a shielding of the positive
harge on CH scaffolds, by the incorporated anionic CS or AG, which
uppresses electrostatic repulsion of cationic histone on the scaf-
olds. The influence of electrostatic interaction on protein release
as been demonstrated in other studies. Release of cationic drugs
chlorpheniramine maleate) was slower from an anionic AG gels
ompared with that of anionic drugs (sodium salicylate) (Davis
t al., 1984). Other studies reported slower release of bFGF (pI = 8.6)
rom negatively charged gelatin than that from positively charged
elatin (Ikada & Tabata, 1998).

The release kinetics of proteins from apatite-coated and
ncoated scaffolds was investigated to determine if apatite coat-

ng could reduce initial burst release (Fig. 3). The initial burst
elease of histone and BSA from CH scaffolds, 88.9% and 49.9%,
espectively, was significantly reduced after apatite coating (32.3%
or histone and 7.0% for BSA). In addition, the burst release of
SA from CH/CS (55.8%) and CH/AG (41.9%) scaffolds significantly
ecreased to 5.9% and 8.9% from apatite coated CH/CS and CH/AG

caffolds, respectively. The observed sustained burst release of pro-
eins from apatite-coated scaffolds can be attributed to high protein
inding affinity for apatite and also the high surface area of their
CH/AG) and apatite-coated (Ap-CH, Ap-CH/CS, Ap-CH/AG) scaffolds for 1, 14, and 28
days. Scale bar = 200 �m.  Solid arrows indicate cell clusters and open arrows indicate
spread cells.

plate-like morphology providing more non-specific absorption
sites for proteins.
CH/CS, CH/AG) and apatite-coated (Ap-CH, Ap-CH/CS, Ap-CH/AG) scaffolds for
28  days. On day 14, Ap-CH and Ap-CH/CS scaffolds showed significantly higher
(**p  < 0.01) ALP activity compared to its corresponding non-coating scaffolds.
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ig. 8. Picrosirius Red staining of BMSCs cultured on (a) non-coated (CH, CH/CS, C
cale  bar = 100 �m. Collagen deposition was observed in cell clusters (solid arrows)

emonstrated that large dose of osteogenic proteins was  success-
ully delivered over prolonged periods from apatite-coated �-TCP
articles (Hu et al., 2012).

.4. Cell proliferation

Viability and proliferation of BMSCs seeded on scaffolds were
bserved to investigate the feasibility of these scaffolds to support
ell growth and osteoconduction (Fig. 4). BMSCs showed good via-
ility of >95% (data not shown) in all scaffolds over the 28 days
ulture period (Fig. 4a). Proliferation of seeded BMSCs on scaffolds
as studied by use of alamarBlue assay (Fig. 4b). AlamarBlue flu-

rescence increased over culture time in all scaffolds, indicating
roliferation of BMSCs. BMSCs grew most rapidly on apatite-coated
H/CS scaffolds, correlating well with Live/Dead staining observed

n Fig. 4a, indicating that uniform apatite coating enhanced cell
roliferation rate. AlamarBlue fluorescence decreased 14 days after
ulture in all scaffolds. Given that the level of cell viability appeared
o remain very high (over 90%) over the 28 day period, as observed
y use of Live/Dead staining and that alamarBlue assay detected
hanges in metabolic rates of cells is not directly related to cell
iability and proliferation (Erikstein et al., 2010), the observed
ecrease in fluorescence signals does not necessarily signify a
ecrease in proliferation. It could be due to the increase of aged
ells that decreased their metabolic activity as the cells grew tightly

ach other and reached 100% confluence. It is also possible that the
ggregation of cells into clusters and secretion of ECM limited the
upply of oxygen and nutrients to cells and subsequently reduced
etabolic activity (Goegan, Johnson, & Vincent, 1995).
 and (b) apatite-coated (Ap-CH, Ap-CH/CS, Ap-CH/AG) scaffolds for 1 and 28 days.
pread cells (open arrows).

3.5. Cellular morphology and extracellular matrix secretion

The BMSCs morphology and extracellular matrix (ECM) secre-
tion on scaffolds during culture period were investigated by SEM
(Fig. 5). Morphological change was  observed by Live/Dead stain-
ing. Most cells were spherical and existed as single cells at day 1
in all scaffolds. On non-apatite coated scaffolds, cells aggregated
to form cell clusters after 14 days of culture, and these clusters
increased in both number and size by day 28. In contrast, the
loaded cells of apatite coated cells demonstrated varying degrees
of cellular spreading. Cells on the apatite-coated CH/CS scaffolds
demonstrated complete spreading by day 14. By day 28, the spread
cells and secreted ECM covered the entire porous structure of the
apatite-coated CH/CS scaffold. Cells loaded on apatite-coated CH
and apatite-coated CH/AG scaffolds demonstrated partial spread-
ing at day 14. By day 28, though there was a marked increase in
the number of spread cells, the majority of these cells were spher-
ical and remained as clusters. The lack of morphological change in
CH scaffolds may be attributed to the decreased amount of apatite
coating in comparison to CH/CS scaffolds. The lack of morpholog-
ical change in CH/AG is likely due to a low level of apatite coating
uniformity as observed in Section 3.2. Furthermore, AG has been
reported to inhibit spreading of cells and keep spherical morphol-
ogy. Cells formed clusters and remained in their isolated forms on
CH/AG scaffolds (Li & Zhang, 2005). Other studies reported that rat
osteosarcoma UMR106 cells cultured on AG/hydroxyapatite com-

posite scaffolds exhibited spherical-shaped aggregates and formed
clusters over time (Lin & Yeh, 2004).

The morphology and distribution of cells cultured on scaffolds
were further examined by H&E staining (Fig. 6). At day 1, most
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f seeded cells were attached as individual cells on all scaffolds
nd were homogeneously distributed throughout the scaffolds. Cell
lusters formed over the culture period on non-apatite coated scaf-
olds and more clusters were observed at day 28. In contrast, cells
pread on apatite-coated scaffolds and significant spreading was
bserved on apatite-coated CH/CS scaffolds, which is in good agree-
ent with those observed in Live/Dead staining (Fig. 4a) and SEM

Fig. 5).

.6. Cell differentiation

Osteogenic differentiation of BMSCs cultured on scaffolds was
etermined by quantifying ALP activity (Fig. 7) and collagen depo-
ition (Fig. 8). ALP activity of cells seeded on scaffolds increased
ver the 28 days culture period. Although the cells cultured on
patite coated scaffolds exhibited significantly higher ALP activity
ompared with non-apatite coated scaffolds by day 14, ALP expres-
ion appears to be suppressed at day 28. This is expected since
LP is generally considered as a marker that is expressed in early
steogenic development. The ALP expression was found to peak at
he beginning of osteoblastic differentiation and started to decline
s differentiation progresses (Mygind et al., 2007; Quarles, Yohay,
ever, Caton, & Wenstrup, 1992; Whited, Whitney, Hofmann, Xu,

 Rylander, 2011). A previous study using MC3T3 preosteoblasts
howed that apatite environments decreased the expression of ALP
ut increased late osteogenic markers such as osteocalcin (Chou,
unn, & Wu,  2005).

The collagen expression is a predictive marker for new bone
ormation and the extent of collagen deposition was confirmed by
icrosirius red staining (Chai et al., 2012; De Bari et al., 2008). Colla-
en deposition by BMSCs cultured on non-apatite coated scaffolds
Fig. 8a) was observed only in cell clusters. Cells cultured on apatite-
oated CH or CH/CS scaffolds (Fig. 8b), however, showed strong
ollagen deposition by day 28. Cells cultured on apatite-coated
H/CS scaffolds deposited collagen throughout the entireties of the
onstruct by day 28.

. Conclusion

In this study, we investigated the ability of CH scaffolds to deliver
odel proteins and support cell growth for bone regeneration. The

ncorporation of CS or AG in CH scaffolds significantly increased
he mechanical strength of scaffolds and enhanced the formation
f an apatite layer on scaffolds. The apatite coating created on scaf-
olds provided a sustained release of loaded proteins with reduced
nitial burst. Furthermore, the apatite coating enhanced spread-
ng, proliferation, and osteogenic differentiation of BMSCs. Among
xperimental groups, CH/CS composite scaffolds were the most
romising. These results indicate that the addition of CS to CH scaf-
olds and the modification of their surfaces with apatite might be a
seful system for bone tissue engineering.
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