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Abstract
Objectives: Chitosan is widely used as a scaffold for
bone tissue engineering. However, up-to-date, no pre-
vious detailed study has been conducted to elucidate
any mechanism of osteogenesis by chitosan itself.
Here, we have evaluated effects of chitosan-coated
tissue culture plates on adhesion and osteoblast
differentiation processes of human mesenchymal
stem cells (hMSCs), isolated from adult bone marrow.
Materials and methods: Tissue culture plates coated
with chitosan at different coating densities were used
to evaluate the effects on hMSC adhesion and osteo-
blast differentiation. hMSCs were induced to differ-
entiate into osteoblasts on the chitosan-coated plates
and were evaluated using established techniques:
alkaline phosphatase assay, demonstration of
presence of calcium and real time PCR.
Results: The cells adhered to plates of lower coating
density of chitosan, but formed viable cell aggregates
at higher coating density (100 lg ⁄ sq.cm). Coating
density of 25 lg ⁄ sq.cm, supporting cell adhesion
was chosen for osteoblast differentiation experi-
ments. Differentiating hMSCs showed higher mineral
deposition and calcium content on chitosan-coated
plates. Chitosan upregulated genes associated with
calcium binding and mineralization such as collagen
type 1 alpha 1, integrin-binding sialoprotein, osteo-
pontin, osteonectin and osteocalcin, significantly.
Conclusions: We demonstrate for the first time that
chitosan enhanced mineralization by upregulating
the associated genes. Thus, the study may help clini-

cal situations promoting use of chitosan in bone min-
eralization, necessary for healing non-union fractures
and more.

Introduction

Every year, an estimated 9 million fracture cases occur
globally (1). Currently, autologous bone graft is consid-
ered to be the gold standard for augmenting bone regener-
ation in situ. However, limited sourcing, and volume of
bone graft, as well as donor site morbidity and related
complications, have led to desire for development of alter-
native treatments to maintain effectiveness, minimize dis-
advantages and be made affordable to world population
(2). Tissue engineering and cell-based therapies have
opened up a new era of regenerative medicine, promising
replacement or regeneration of no longer-functional or
damaged body parts (3,4). One of the most exciting
approaches is cell-based bone tissue engineering (BTE),
which combines the use of living osteogenic cells with
biomaterial scaffolds ex vivo to allow development of a
three-dimensional tissue construct (5).

With advancement in the field of tissue engineer-
ing, significant research has been carried out to identify
suitable scaffold materials and cell sources for recon-
structing or repairing the tissue of interest (6). Identifi-
cation of multi-potential mesenchymal stem cells
(MSCs) derived from various adult human tissues has
provided exciting prospects for cell-based tissue engi-
neering and regeneration (7,8). As MSCs have the
potential to differentiate into osteoblasts, they can be
explored for development of a bioengineered bone con-
struct using various biomaterial scaffolds (9). The goal
is that the cells should attached to the scaffold, then
replicate, differentiate and organize into normal healthy
tissue, as the scaffold degrades.
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While choosing a biomaterial for tissue engineering
applications, apart from basic qualities such as biocompati-
bility and biodegradability, it is important to understand
roles of the particular biomaterial in question, in control-
ling behaviour and fate of the cells of interest (10). Cell–
material interactions should be understood in terms of the
chemical nature of the material, protein adsorption, cell
adhesion, differentiation and gene expression patterns
(11). This knowledge will help us tailor scaffolds of our
interest, for wide variety of tissue engineering applications.

Chitosan is a natural biomaterial with structural simi-
larity to hyaluronic acid, of the extra-cellular matrix
(ECM) (12,13). Although osteogenic properties of chito-
san are well established in tissue engineering applications,
exact mechanisms are not yet well understood (14,15), and
specific details of osteogenic differentiation of human mes-
enchymal stem cells on two-dimensional chitosan matrices
have not been studied in depth so far. In the present investi-
gation, we have utilized chitosan to modify tissue culture
plates to understand its effect on adhesion and osteoblast
differentiation of human bone marrow-derived mesenchy-
mal stem cells (hMSCs). Two of our major objectives were
to evaluate the potential of chitosan for tissue culture plate
modification and to understand mechanisms of osteogene-
sis by chitosan, in terms of gene expression and mineral
matrix deposition. These results will pave the way for
developing chitosan-based culture plates and biomimetic
scaffolds for various cell culture and BTE applications.

Materials and methods

Isolation and characterization of human bone
marrow-derived mesenchymal stem cells

Institutional ethics committee approval was taken before
initiating the study then hMSCs were isolated and charac-
terized from bone marrow aspirations of adult volunteers,
bymethods described elsewhere (16). Briefly, hMSCswere
isolated using their property of plastic adherence, from the
mononuclear fraction of bone marrow obtained by density
gradient centrifugation with Lymphoprep TM (1.077 g ⁄ml;
Axis-Shield, Point-of-care division, Oslo, Norway). Cells
were cultured in Knockout-DMEM (Gibco, Invitrogen,
Carlsbad, USA) medium supplemented with 10% foetal
bovine serum (certified Australian, HyClone, Logan,
USA), 2 mM L-glutamine (Gibco, Invitrogen) and 1% Pen
Strep(10 000 units ⁄ml Penicillin and 10 000 lg ⁄ml Strep-
tomycin; Gibco, Invitrogen). This medium will be referred
to as hMSC medium, hereafter. Cells were then character-
ized by immunophenotyping for expression of hMSC-spe-
cific cell surface markers. Here, we characterized them for
CD90, CD73, CD44, CD105, CD166, as positive markers
and haematopoietic markers such as CD45 and CD34 as

negative markers. All these anti-human antibodies were
raised in mouse and were obtained from BD Pharmingen
(San Jose, CA, USA). Immunophenotyping was carried out
by flow cytometry using an LSR-II instrument (BD Bio-
sciences, San Jose, CA, USA) and data were analysed using
FACS Diva software (BD Biosciences, San Jose, CA,
USA). Cells were also stained for vimentin with anti-
human vimentin antibody raised in mouse (BD Pharmin-
gen) and fluorescent images were captured with a Nikon
Eclipse 80i microscope (Nikon Corporation, Tokyo, Japan)
and analysed by QCapture Pro 6 software (Nikon
Corporation, Tokyo, Japan). Nuclei were stained with 4¢,
6¢-diamidino-2-phenylindole dihydrochloride or DAPI
(Sigma-Aldrich, St. Louis, MO, USA). Phase contrast
micrographs were obtained on a Nikon Eclipse TE2000-S
microscope using QCapture software.

Cells were also tested for their known ability to differ-
entiate into osteogenic and adipogenic lineages by meth-
ods mentioned elsewhere (16). Briefly, osteoblast
differentiation was induced by growing them in hMSC
medium supplemented with 50 lg ⁄ml ascorbic acid,
10 mM b-glycerophosphate and 10)8 mM dexamethasone.
This medium will be referred to as osteogenic induction
medium hereafter. Differentiation into the osteogenic line-
age was confirmed by alizarin red S and von Kossa stain-
ing for calcium. Adipogenic differentiation was induced
by growing the cells in hMSC medium supplemented with
1 lM dexamethasone, 0.5 mM isobutylmethylxanthine,
1 lg ⁄ml insulin and 100 lM indomethacin. Differentia-
tion into adipocytes was confirmed by positive oil red O
staining to display oily droplet inclusions.

Plastic laboratory wares such as culture plates, flasks
and centrifuge tubes used in the experiments were
purchased from BD Biosciences. All osteogenic and
adipogenic supplements and reagents were purchased
from Sigma-Aldrich.

Preparation of chitosan-coated tissue culture plates

Chitosan powder (>87.61% degree deacetylation, DD), a
kind gift from Indian Sea Foods (Cochin, India), was puri-
fied by repeated precipitation with 10% NaOH (Merck,
Worli, Mumbai, India). Sterile chitosan-coated tissue cul-
ture plates were prepared by methods noted elsewhere
(17). Briefly, 1% chitosan solution was prepared by auto-
claving purified chitosan powder in distilled water and
then dissolving it by adding 1 M sterile glacial acetic acid
(Merck). Chitosan-coated culture plates were prepared by
covering culture plate surfaces with sufficient volume of
sterile chitosan solution, at different concentrations.
Solutions were then evaporated to dryness at room tem-
perature in a biological laminar flow hood. This resulted
in formation of thin chitosan acetate films on plate sur-
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faces. Acidity of surfaces was neutralized with 0.1 M

NaOH solution. Plates were then washed several times in
distilled water until their pH became neutral, then they
were dried and stored at 4 �C until use. Plates were equili-
brated in Dulbecco’s phosphate-buffered saline (DPBS;
Gibco, Invitrogen) before use for cell culture experiments
and these plates will be referred to as ‘chitosan-coated
plates’ hereafter. Normal tissue culture plates without any
coating will be referred to as ‘untreated plates’.

Culture of human mesenchymal stem cells
on chitosan-coated plates

Bone marrow-derived hMSCs were plated at seeding
density of 5000 cells ⁄ sq. cm on the chitosan-coated plates
prepared at varying concentrations, to optimize coating den-
sity that supported cell adhesion and proliferation in hMSC
medium.Untreated plates served as controls for these exper-
iments. Plates were scrutinized by phase contrast micros-
copy formorphological changes and adherence of cells.

Osteoblast differentiation assays on chitosan-coated plates

To evaluate osteogenic potential of chitosan, hMSCs were
grown on chitosan-coated plates optimized for hMSC cul-
ture. Plates were allowed to reach 90% confluence before
initiating differentiation. Cells were directed towards osteo-
genic lineage by culturing them in osteogenic induction
medium. Medium was replenished twice weekly and plates
were observed regularly under the phase contrast micro-
scope for mineral deposits. Control plates were incubated
in non-osteogenic medium, which is hMSC medium with
no additional factors. Plates were removed at specific time
periods, days 0, 7, 14 and 21 differentiation, for more spe-
cific tests – RNA isolation, histochemical staining, quantifi-
cation of alkaline phosphatase (ALP) and calcium deposits.

BCIP ⁄NBT staining for alkaline phosphatase

Reagent 5-bromo-4-chloro-3-indolyl phosphate (BCIP) ⁄
nitro blue tetrazolium (NBT) was purchased from Sigma-
Aldrich and staining was performed according to the man-
ufacturer’s instructions. Briefly, medium was aspirated
completely and plates were washed three times in DPBS.
BCIP ⁄NBT pre-mixed solution was added to the plates
and incubated at 37 �C under identical culture conditions,
for 30 min. Plates were then observed by phase contrast
microscopy for cells stained bluish- or brownish-black.

Alizarin red S and von Kossa staining for calcium

Alizarin red S and von Kossa staining for calcium were
carried out on days 7, 14 and 21 differentiation. Briefly,

after removing medium completely, cells were fixed in
neutral buffered 10% formalin solution (Sigma-Aldrich).
Formalin was removed and plates were washed three
times in distilled water. For alizarin red S staining, 1%
alizarin red S stain was added to the plates and incubated
for 10–15 min at room temperature. For von Kossa stain-
ing, fixed cells were covered with freshly prepared 5%
silver nitrate solution and were exposed to ultra-violet
(UV) light for one hour. After removing the stain and
washing the plates in water, they were observed using
phase contrast microscopy (Nikon Eclipse TE2000-S);
images were captured using QCapture Pro 6 software.
Gross view photographs were taken using a Nikon
D3000 digital camera.

Alkaline phosphatase assay

ALP assay was performed on days 7, 14 and 21 differentia-
tion by methods mentioned elsewhere (18). Briefly, cells
were harvested by 0.25% trypsin-EDTA (Gibco, Invitro-
gen) and total protein was extracted using 1% Triton X
(Sigma-Aldrich). Extracted protein was stored at )80 �C
until use. The assay was performed by adding 100 ll of
each p-nitrophenol (p-NP) standard and 50 ll of thawed
test sample, to 96-well microtitre plates and 50 ll of AMP-
substrate buffer containing p-nitrophenyl phosphate (p-
NPP) was then added to each of the test samples. After
incubation at 37 �C, absorbance was measured at 405 nm
at 5 min intervals for 30 min using a spectrophotometric
plate reader (VICTOR 3TM Multilabel Counter, model
1420–032; Perkin Elmer, Cambridge, MA, USA). A stan-
dard curve of absorbance versus p-NP concentration was
generated and used to determine concentration of p-NP
formed in test samples in mM. Total protein in cell lysate
was estimated using the Bradford assay (Sigma-Aldrich).
Amounts of ALP present were then normalized to amounts
of total protein present. All ALP assay reagents were
purchased from Sigma-Aldrich.

Calcium quantification

Plates were removed for calcium quantification on day
21 differentiation. Amounts of calcium in the secreted
mineral matrix of osteoblasts was quantified by methods
described elsewhere (19). Briefly, after complete medium
aspiration, cells were decalcified with 0.6 N HCl (Merck)
for 24 h. Amounts of calcium present in HCl supernatant
were measured using the o-cresolphthalein complexone
method (Sigma-Aldrich). Decalcified cells were washed
three times in DPBS and solubilized with 0.1 N
NaOH ⁄0.1% SDS (Sigma-Aldrich), for total protein
extraction. Total protein content was estimated using the
Bradford assay. Amounts of calcium measured in the

� 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 537–549.

Chitosan enhances mineralization 539



extracellular matrix were normalized to total protein
content of the cells.

Real time PCR for gene expression level analysis of
osteoblast differentiation markers

Total RNA was isolated from cells collected on 0, 7, 14
and 21 days differentiation using TRI reagent (Sigma-
Aldrich) according to the manufacturer’s instructions.
RNA was quantified using NanoDrop spectrophotometry
(NanoDrop Technologies Inc., Wilmington, DE, USA)
and 1 lg of RNA was used for preparation of cDNA, car-
ried out in thermo cycler Veriti (Applied Biosystems, Sin-
gapore) using cDNA first strand synthesis kit (Fermentas
Inc, Maryland, USA). Quantitative real time PCR was per-
formed in the 7500 Real Time PCR system (Applied Bio-
systems), using 7500 system SDS (sequence detecting
software) software for the specific primers, with Quanti-
Fast SYBR Green real time PCR kit (Qiagen, Valencia,
CA, USA), according to the manufacturer’s instructions.
Briefly, the program was set for initial activation at 95 �C
for 5 min, followed by 40 cycles of two-step cycling
involving a denaturation step at 95 �C for 10 s and com-
bined annealing ⁄ extension step at 60 �C for 35 s. Real
time PCR analysis was performed for most of osteoblast
differentiation-associated genes ⁄proteins: rRunt related-
transcription factor 2 (RUNX2), alkaline phosphatase for
liver ⁄bone ⁄kidney (ALPL), collagen, type 1, alpha 1
(COL1A1), secreted phosphoprotein 1 (SPP1) ⁄osteopon-
tin(OPN), secreted protein, acidic, cysteine-
rich(SPARC) ⁄Osteonectin(ON), Sp7 transcription factor
(SP7) ⁄Osterix(OSX), integrin-binding sialoprotein (IBSP)
and bone gamma-carboxyglutamate (gla) protein
(BGLAP) ⁄Osteocalcin(OCN). Accession number and
sequences of all primers used in this experiment are
provided in Table 1. All primers used were obtained from
Bioneer, Korea. Data were analysed using 7500 system
SDS software and cycle threshold or Ct value, correlated
with starting quantity of target mRNA, was used for

further calculations and analysis of gene expression levels.
Ct value for interesting genes was normalized to
RN18S1 ⁄18S rRNA expression levels. Fold difference in
gene expression level of cells grown on chitosan-coated
plates with respect to cells on untreated plates was calcu-
lated by the formula, fold change = 2)DDCt, where DCt is
difference in Ct values before and after differentiation,
and DDCt is the difference in DCt values after
chitosan coating with respect to untreated plates (20). For
quantification of ALP gene expression on untreated and
chitosan-coated plates at different time points, fold
difference was calculated with respect to undifferentiated
starting population.

Statistical analysis

Experiments were conducted in triplicate and were
repeated with three different donor samples (n = 3). Mea-
sures for each sample were performed in triplicate and
results were expressed as mean ± SD. Statistical analysis
was performed using the two-tailed, paired Student’s
t-test. Graphs represent data from a representative donor
sample, performed in triplicate. For all analyses, P-value
<0.05 was considered significant and asterisks are pro-
vided accordingly, to indicate levels of significance,
*P < 0.05, **P < 0.01 and ***P < 0.001.

Results

Characterization of hMSCs isolated from human bone
marrow

hMSCs were successfully isolated from adult human bone
marrow and characterized by observing culture character-
istics, immunophenotyping and differentiation potential
(Fig. 1). They were adherent to polystyrene tissue cul-
ture-treated plates with spindle shaped fibroblastic mor-
phology (Fig. 1a). Cells were positive for expression of
mesenchymal stromal markers CD90, CD73, CD105,

Table 1. The sequences and accession number of the primers used for the real time PCR

GenBank Accession.
no. Gene Forward primer sequence, 5¢–3¢ Reverse primer sequence, 5¢–3¢

Product
size, bp

NM_199173.3 BGLAP GACTGTGACGAGTTGGCTGA GAAGAGGAAAGAAGGGTGCC 138
NM_001127501.1 ALPL GAGGTGGCATGAAGCTCAGT ACCTGCTTTATCCCTGGAGC 162
NM_004348.3 RUNX2 ATTTCTCACCTCCTCAGCCC CAACAGCCACAAGTTAGCGA 135
NM_001040058.1 SPP1 TCTCCTAGCCCCACAGAATG GTCAATGGAGTCCTGGCTGT 154
NM_000088.3 COL1A1 CATCTCCCCTTCGTTTTTGA CCAAATCCGATGTTTCTGCT 109
NM_003118.2 SPARC GTGCAGAGGAAACCGAAGAG TCATTGCTGCACACCTTCTC 172
NM_004967.3 IBSP AACCTACAACCCCACCACAA AGGTTCCCCGTTCTCACTTT 149
NM_152860.1 SP7 GCCAGAAGCTGTGAAACCTC GCTGCAAGCTCTCCATAACC 161
NR_003286.2 RN18S1 CGGCTACCACATCCAAGGAAG AGCTGGAATTACCGCGGCT 188
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CD166 and CD44 and negative for expression of haemat-
opoietic markers CD34 and CD45 (Fig. 1i) and were
positive for fibroblast marker, vimentin (Fig. 1b). The
cells also differentiated into osteogenic and adipogenic
lineages when cultured in respective induction media
(Fig. 1c–h). All differentiation experiments were carried
out with cells of passage number 4–8 and there was no
significant difference in differentiation pattern of cells in
this passage range.

Culture of hMSCs on chitosan-coated plates

We used 5, 10, 25, 50 and 100 lg ⁄ cm2 coating density of
chitosan in this experiment. On solvent evaporation, chito-
san formed a thin film on polystyrene tissue culture plates.
hMSCs attached and had fibroblast-like morphology on
chitosan plates at coating density 5, 10 and 25 lg ⁄ cm2

(Fig. 2b–d). There was uniform cell distribution on these
plates. Coating density of 25 lg chitosan ⁄ sq. cm of coat-

(a) (i)

(c)

(e)

(g)

(b)

(d)

(f)

(h)

Figure 1. Characterization of adult bone marrow derived human mesenchymal stem cells. (a) Morphology of the cells under phase contrast micro-
scope shows spindle shaped fibroblast like cells. (b) The immunofluorescent micrograph shows the cells stained positive for vimentin. (c) Phase contrast
and (d) Oil Red O staining confirmed the differentiation into the adipogenic lineage. (e–h) Differentiation into osteogenic lineage was confirmed by
phase contrast and histochemical staining for calcium. (e) Phase contrast micrograph and (f) Alizarin Red S staining on day 14 of differentiation.
(g) Phase contrast micrograph and (h) von Kossa staining on day 21 of differentiation. (i) The Immunophenotyping by flow cytometry showed the
isolated cells positive for mesenchymal stem cell markers like CD90, CD73, CD105, CD44, CD166 and negative for haematopoetic markers like CD34
and CD45. The total magnification of the micrographs is 100· except (c, d) which is 200·.

(a) (b) (c)

(d) (e) (f)

Figure 2. hMSCs culture on tissue culture plates coated with different concentrations of chitosan. (a) Cells on untreated plates. (b–f) Cells on
chitosan coated plates. (b–d) hMSCs attached and showed fibroblast like morphology on chitosan plates of coating density 5, 10 and 25 lg ⁄ sq. cm.
There was uniform cell distribution on these plates. (e) Chitosan plate with a coating density of 50 lg ⁄ sq. cm also showed adherent hMSCs but there
was non-uniform cell distribution. (f) Chitosan plate with a coating density of 100 lg ⁄ sq. cm did not show any adherent hMSCs but there was formation
of non-adherent cell aggregates on this plate. A coating density of 25 lg ⁄ sq. cm which supported hMSCs adhesion was selected for further osteoblast
differentiation experiments. Phase contrast micrographs with a total magnification of 40·.
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ing surface was chosen for further differentiation experi-
ments. Chitosan plates with coating density of 50 lg ⁄ cm2

also had adherent hMSCs, but there was non-uniform cell
distribution (Fig. 2e). Chitosan plates with coating density
of 100 lg ⁄ cm2 had no adherent hMSCs, but there was
formation of non-adherent cell aggregates on such
plates (Fig. 2f). Re-plating of these aggregates to normal
tissue culture plates revealed viable cells, which grew
attached to the plates (Fig. 3a,b). When cell aggregates on
chitosan-coated plates were maintained in osteogenic
induction media for 21 days, they underwent differentia-
tion showing positive alizarin red S staining, for calcium
(Fig. 3d).

Evaluation of osteogenic potential of chitosan-coated
plates

hMSCs were maintained in osteogenic induction media
for a total of 21 days and daily observation under a phase
contrast microscope showed presence of mineral deposits
after 7–10 days osteogenic induction. There were no
marked differences in onset of mineralization of both cells
on chitosan-coated and untreated plates. However, there
were differences in amounts and patterns of mineral depo-
sition on both types of plate. Mineralization was higher
on chitosan-coated plates, which also gave rise to bone

nodule formation (Fig. 4). Differentiation was confirmed
and compared by histochemical staining and quantified
using ALP and calcium assay. Cells maintained in
non-osteogenic media showed no mineralization on either
type of plate.

ALP staining, assay and gene expression

Alkaline phosphatase is a well-known marker of osteo-
blast differentiation, and staining for its presence using
NBT-BCIP provided indication of differentiation at an
early stage. ALP staining performed after 7 days osteo-
genic induction was used here to compare and analyse
expression patterns on chitosan-coated plates with respect
to untreated plates (Fig. 5a–d); intensity of staining was
higher on chitosan-coated plates (Fig. 5c,d). In the ALP
assay, alkaline phosphatase hydrolysed the p-nitrophenyl
phosphate substrate to furnish the yellow coloured end
product p-nitrophenol, which was quantified by photome-
try. ALP assay showed similar patterns of cell expression
on both untreated and chitosan-coated plates (Fig. 5e).
ALP level increased over the course of differentiation,
reaching its peak by the second week, which gradually
decreased towards the final phase of mineralization. Level
of ALP expression by cells in non-osteogenic medium
was very low and there was no significant change in their

(a) (b)

(c) (d)

Figure 3. hMSC aggregates on chitosan coated plates. (a) 6 days old cell aggregates on chitosan coated plates (100 lg ⁄ sq. cm). (b) The aggregates
re-plated into normal tissue culture plates showed attached spindle shaped cells spreading from the aggregates. (c, d) Osteogenic differentiation experi-
ments with the cell aggregates on chitosan coated plates. (c) Alizarin Red S staining for the aggregates in non osteogenic medium for 21 days showed no
calcium deposition. (d) Cell aggregates grown in osteogenic media for 21 days gave a positive staining with Alizarin Red S, indicating osteoblast differ-
entiation and mineralization. (a, b) Phase contrast micrographs with a total magnification of 100·. (c, d) Phase contrast micrographs with a total magnifi-
cation of 400·.
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expression level over the entire course of the differentia-
tion experiment.

ALP gene expression analysis for cells undergoing
osteoblast differentiation was performed by real time PCR
and fold change in expression was calculated with respect
to the initial undifferentiated cell population. Results indi-
cated difference in expression patterns on chitosan-coated
and untreated plates (Fig. 5f). Cells on untreated plates
attained their peak in ALP gene expression in the first
week of differentiation, which eventually decreased as dif-
ferentiation progressed and lower levels were maintained
during the second and third weeks. On chitosan-coated
plates, ALP gene expression was low in the first week of
differentiation, then increased significantly as differentia-
tion progressed, reaching peaks in expression only by the
third week. There was a significant 4-fold increase in ALP
gene expression by the end of third week osteogenic
induction on chitosan-coated plates and this level was
twice as high as peak levels on untreated plates. This pat-
tern of expression of ALP at mRNA level did not match
the pattern of expression at the protein level.

Alizarin red S and von Kossa staining for calcium

Onset of mineralization was determined by microscope
observation of the cells for mineral deposits and was con-
firmed by alizarin red S staining for calcium. As alizarin
red S stains intra-cellular calcium as well as calcium bind-
ing proteins and proteoglycans, it was useful in evaluating
differentiation at early phases of differentiation. Area and
intensity of staining were greater on chitosan-coated plates

and intensity increased as the differentiation progressed.
Intensely stained patches were observed in cells on chito-
san-coated plates compared to those on untreated plates,
which had an almost uniform staining pattern (Fig. 6a–d).

Extracellular calcium deposition by mature osteoblasts
was confirmed by von Kossa staining, which detected
phosphate of calcium phosphate of secreted matrix. Cells
undergoing osteoblast differentiation and mineralization
provided positive staining, enabling comparison in the
third week of differentiation. Here also, intensity of
staining was more for mineral deposits on chitosan-coated
plates and there were many patches of intense staining
(Fig. 6e,f). Cells of both untreated and chitosan-coated
plates in non-osteogenic media were negative for alizarin
red S and von Kossa staining even after 21 days of culture
(data not shown).

Quantification of calcium in mineralized matrix

Quantification of calcium in secreted mineral matrix had
30% increase in calcium deposition when osteogenic
induction was carried out on chitosan-coated plates
(Fig. 7). This indicated the potential of chitosan to induce
bone formation.

Osteoblast differentiation-associated gene expression
analysis

To analyse expression of osteoblast differentiation-associ-
ated genes, we quantified gene expression of the initial
undifferentiated population, and after 7, 14 and 21 days of

(a) (b) (c)

(d) (e) (f)

Figure 4. Phase contrast micrographs of cells undergoing osteoblast differentiation on chitosan coated plates. (a–c) Osteoblast differentiation on
the untreated plates. (d–f) Osteoblast differentiation on the chitosan coated plates. There were more amounts of mineral deposits by the cells differenti-
ated on chitosan coated plates. (e, f) There was formation of bone nodules by day 14 of differentiation on chitosan coated plates which increased in size
by day 21. Total magnification is 100·.
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osteogenic induction. We evaluated changes in expression
levels of eight osteoblast differentiation-associated genes.
There was significant fold difference in expression levels
of most of these genes by cells on chitosan-coated plates
compared to those on untreated plates (Fig. 8). Highest
relative fold difference was shown by OPN, which indi-
cated 100-fold difference in early phase peaks of cells on
chitosan-coated plates. COL1A1, a further early marker,
showed significant (P < 0.05) relative fold difference after
2 weeks induction on chitosan-coated plates. Other miner-
alization associated genes such as ON and IBSP also had
upregulation in expression on these plates. Relative fold
difference in expression level of OCN, a final stage and
specific osteoblast differentiation marker, gradually

increased over the course of differentiation with 5-fold
relative difference over the final phase on chitosan-coated
plates. ALPL had very low relative fold difference on
chitosan-coated plates compared to untreated plates in
early phases of differentiation, which gradually increased
and gave peaks in final phases of mineralization. RUNX2
displayed only slight increases and its downstream effec-
tor OSX had marked increase relative expression levels on
chitosan-coated plates.

Discussion

In this study, we explored the potential of a natural
polymer, chitosan, for its beneficial effect on bone

(e)

(f)

(c)

(a) (b)

(d)

Figure 5. Alkaline phosphatase (ALP) as a marker of osteoblast differentiation. (a–d) Cells undergoing osteoblast differentiation stained for ALP
by BCIP–NBT method after 7 days of induction. (a, b) Staining for ALP on untreated plates. (c, d) Staining for ALP on chitosan coated plates. Chitosan
coated plates showed more intensely stained cells. (a, c) ALP positive cells were mainly present in the periphery of both the plates (Gross view). (b, d)
Phase contrast micrographs with a total magnification of 100·. (e) Alkaline phosphatase assay. The ALP expression pattern was similar on both the
untreated (UT) and chitosan coated plates (chitosan). There was significant increase in the ALP expression by the hMSCs in osteogenic induction med-
ium (OST) compared to the hMSCs in non osteogenic medium (C, control). The second week of differentiation showed the peak in ALP expression
which is believed to coincide with the initiation of mineralization in both the plates. (f) ALPL mRNA expression levels. mRNA expression levels for
ALPL was quantified at different stages of osteoblast differentiation by real time PCR. hMSCs on the UT and chitosan coated plates (chitosan) showed
different pattern of expression levels. The peak in ALPL expression was significantly higher on chitosan coated plates (*P < 0.05).
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marrow-derived mesenchymal stem cells’ osteogenesis
and we examined optimum coating density of chitosan for
hMSCs culture. Human MSCs are known for their prop-
erty of plastic adherence and grow as a fibroblast-like
adherent monolayer on tissue culture plates (21,22). Inter-
estingly, we observed formation of viable non-adherent
cell aggregates of hMSCs on chitosan-coated plates and
observed that such aggregate formation took place at
higher coating density of chitosan. Cells of the aggregates
were tested to be viable and were able to differentiate into
osteogenic lineage. Similar results have been reported
with melanocyte culture on chitosan-coated plates (23)

when it was hypothesized that melanocyte aggregates on
higher concentration of chitosan may be due to changes in
cell–chitosan and cell–cell interacting forces.

It is known that hMSCs adhere to biomaterials via
integrins expressed on their cell surfaces by indirect mech-
anisms and mediated by specific serum proteins adsorbed
to the material surface (24). The type and amount of pro-
teins adsorbed depends on chemical nature of the material
(25). One possible explanation for difference in cell adhe-
sion properties of chitosan at different coating density
may be due to differences in the adsorbed protein layer on
it. This altered protein layer at higher coating density did
not allow cells to attach to plates, but instead increased
cell–cell interactions resulting in aggregation of the cells.
We propose that this property of chitosan can be utilized
in cell culture applications, for example, generation of
neurospheres and islet-like cell aggregates (ICAs), where
non-adherent mesenchymal stem-cell populations are
required. Enhanced ICA formation in vitro is obtained on
non-adherent surfaces (26).

This is a first report on evaluation of osteogenic poten-
tial of chitosan, in a two-dimensional culture system. As
we used tissue culture plates coated with chitosan, we
were able to evaluate osteogenic potential by various
parameters such as osteoblast differentiation-associated
gene expression levels, calcium quantification, ALP assay
and histochemical staining for mineral deposits.

ALP is an early marker and one of the most frequently
used markers to demonstrate osteoblast differentiation
(27,28). ALP found in bone tissue is called tissue non-
specific alkaline phosphatase, which have three isozymes,
namely ALP ⁄ liver ⁄bone and kidney, abbreviated to
ALPL. Although it is a widely used marker, its exact role
in osteogenesis has not yet been clear elucidated (29,30).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6. Histochemical staining for calcium. (a–d) Alizarin Red S staining on day 14 of osteogenic differentiation. (a, b) The staining on untreated
plate. (c, d) The staining on chitosan coated plates showing more intense staining indicating more calcium deposits or mineralization. (e–h) von Kossa
Staining on day 21 of osteogenic differentiation. (e, f) The staining on untreated plate. (g, h) The staining on chitosan coated plate. The Von Kossa stain-
ing confirmed the enhancement of mineral matrix deposition by the chitosan coated plates which were evident from the more black deposits on these
plates. (b, d, f, h) Phase contrast micrographs with a total magnification of 100·.

Figure 7. Calcium assay by O-Creolphthalein Complexone method.
The amount of calcium in the deposited mineral matrix was quantified on
day 21 of osteoblast differentiation and was expressed per mg of total
protein. Cells on chitosan coated plates (chitosan) showed significantly
high (*P < 0.05) calcium deposits compared to the untreated plates (UT).
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Evidence suggests that it hydrolyses phosphate substrates
releasing Pi and is associated with initiation of mineraliza-
tion (31). NBT ⁄BCIP staining showed higher numbers of
ALP positive cells at the periphery of culture plates, which
formed proliferative and hypertrophic zones. In ALP
assay, both untreated and chitosan-coated plates had simi-
lar patterns of ALP activity, providing peaks at day 14
differentiation. Phase contrast microscopy, as well as his-
tochemical staining, confirmed initiation of mineralization
in the second week of differentiation. Interestingly, levels
of mRNA expression for ALP on these plates did not
provide similar results. Pattern and level of mRNA
expression were different for cells on both untreated and
chitosan-coated plates. Overall ALP gene expression on
cells of chitosan-coated plates was 2-fold higher compared

to cells differentiated on untreated plates. However, simi-
lar results were not observed at the protein level. In their
study on effects of alcohol on osteogenic differentiation of
hMSCs, Gong et al. found that although alcohol signifi-
cantly reduced alkaline phosphatase activity, there was no
effect on alkaline phosphatase mRNA level (32). Perhaps,
there is an unknown control mechanism that lies between
ALP mRNA expression and its protein level activity.

The final phase of osteoblast differentiation is mineral-
ization, where mineral matrix containing mainly calcium
phosphate in the form of hydroxyapatite, is secreted and
deposited by mature osteoblasts (33). In our studies,
matrix deposition was initiated from the second week of
osteoblast differentiation on cells of both untreated and
chitosan-coated plates. We used alizarin red S and von

Figure 8. Real time PCR for osteoblast differentiation associated gene expression analysis. The graphs represent the relative fold difference in the
gene expression on chitosan coated (chitosan) plates with respect to the untreated (UT) plates. The fold difference was calculated by the 2)DDCT method.
Cells on chitosan coated plates showed significantly high fold difference in the expression of OPN, IBSP and COL1A1, the three genes regulating
respective proteins associated with calcium binding and bone matrix formation. ALPL showed a marked increase and a significantly high expression
on day 14 and 21 of differentiation respectively. ON, a later stage and OCN, a final stage differentiation marker also showed significant fold difference
on chitosan coated plates. Another key transcription factor OSX, regulating osteoblast differentiation, also showed a marked increase in expression on
chitosan coated plates (*P < 0.05, **P < 0.01 and ***P < 0.001).
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Kossa technique, two widely used staining methods, for
analysis of mineral matrix deposition. Alizarin red S stain-
ing provided us with early evaluation of osteogenesis,
which was confirmed by von Kossa staining at later
stages. Both staining methods confirmed marked enhance-
ment of mineralization by cells undergoing osteoblast dif-
ferentiation on chitosan-coated plates. This finding clearly
establishes the well-known osteogenic potential of chito-
san scaffolds in a two-dimensional culture system. Chito-
san-coated plates showed different yet definite patterns of
mineralization as there were more discrete patches with
relatively high intensity of staining. One of our experi-
ments even showed formation of bone nodule-like struc-
ture by cells only on chitosan-coated plates. This could be
due to the higher population of differentiated cells in a
particular area, depositing large amounts of calcium in the
secreted extracellular matrix. Previous data had shown
cell migration ⁄ spreading on chitosan or its derivatives
(34,35); Fakhry et al. reported that chitosan preferentially
supported initial adhesion and spreading of osteoblasts
over fibroblasts (36). Our data of osteoblast differentiation
on chitosan-coated plates demonstrated better mineraliza-
tion and higher calcium content in the mineral deposits,
which are essential for bone healing.

The ‘master switch’ responsible for initiation of osteo-
blast differentiation from MSCs is RUNX2, which is also
known as osteoblast-specific factor (Osf2) or core binding
factor a (Cbfa1) (37,38). Subsequent stages of differentia-
tion can be divided into three phases: proliferative phase,
extracellular matrix synthesis and maturation ⁄mineraliza-
tion phase. Each phase is characterized by expression of
specific osteoblast differentiation markers. COL1A1 and
OPN appear in the proliferative phase and matrix matura-
tion phase is marked by expression of ALPL, IBSP and
COL1A1. The final mineralization phase is distinguished
by a second peak in OPN expression and expression of
OCN by mature osteoblasts. Collagen, which constitutes
around 90% of the organic matrix, is known as the most
important marker associated with formation of inorganic
matrix of bone (39). It is considered as an early marker of
osteoblast differentiation associated with binding of cal-
cium. IBSP is associated with ECM matrix synthesis in the
maturation phase and have the potential to act as nucleation
points for hydroxyapatite and thereby initiating and pro-
moting mineral deposition (40). As IBSP, OPN (which is
also known as bone sialoprotein1, BSP1) is also considered
to be an early marker of bone matrix synthesis, and is asso-
ciated with initiation of mineralization (41). OCN and ON
are reported to be present in fully mineralized matrix and is
thus considered as a later marker of osteoblast differentia-
tion. ON is a bone-specific protein that binds selectively to
collagen and hydroxyapatite and helps in active minerali-
zation (42). OCN is a final-stage differentiation marker,

which is exclusively secreted by mature osteoblasts
towards the end of mineralization (43,44). OSX is the
downstream mediator for actions of RUNX2 and is consid-
ered to be a more specific marker of osteoblasts (45).

Our attempt to understand osteogenic properties of
chitosan at a molecular level has revealed interesting find-
ings. This is the first study to show relative fold difference
in mRNA levels of hMSCs undergoing osteoblast differ-
entiation on chitosan-coated culture plates. Cells cultured
on chitosan-coated plates showed only a slight increase in
expression level of RUNX2, the gene responsible for
osteoblast lineage commitment. However, its downstream
effecter OSX had marked increase in expression, specially
in initial phases of differentiation. OSX is considered to be
the key transcription factor required for differentiation of
preosteoblasts to mature osteoblasts (46). Other genes
such as COL1A1, ALPL, IBSP, OPN, ON and OCN, which
are mostly associated with mineralization, showed several
fold increases in levels of expression in cells of chitosan-
coated plates. More COL1A1 expression indicated more
calcium binding and thus enhanced mineral matrix deposi-
tion on the chitosan-coated plates. Both IBSP and OPN
genes had higher expression in the first week and COL1A1
and ALPL in the second week of differentiation in cells on
chitosan-coated plates. Cells on these plates also showed a
significant fold difference in expression of ON in the sec-
ond week and OCN in the third week of differentiation
compared to cells on untreated plates. These findings sug-
gest that chitosan enhances osteoblasts differentiation
mainly by upregulating most of the genes associated with
calcium binding proteins, which resulted in more bone
matrix deposition in cells on chitosan-coated plates. Gene
expression profile also indicated that chitosan follows the
normal pathway of osteoblast differentiation by human
mesenchymal stem cells and embryonic stem cells (47,48).

In conclusion, we report formation of non-adherent,
viable and functional cell aggregates by bone marrow-
derived hMSCs on chitosan-coated tissue culture plates at
higher coating density of chitosan. We also found that
hMSCs adhered to the surface of plates with lower coating
density of chitosan. In this study, we demonstrated for the
first time that chitosan enhanced mineralization by upre-
gulating genes associated with mineralization and
calcium-binding proteins. This finding will be useful in
designing chitosan-based culture systems for various cell
culture and BTE applications. Importantly, our data could
be of clinical significance advocating use of chitosan in
treating non-union bone fractures.
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