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Remodeling  of bone  by  tissue  engineering  is  a realistic  option  for treating  several  bone-related  patho-
physiological  ailments  such  as osteoporosis,  bone  tumor,  bone  cancer  or abnormal  bone  development.
But,  these  possibilities  are hindered  due  to lack  of  proper natural  and  biodegradable  surface  on  which
bone  precursor  cells  can  adhere  efficiently  and  grow  further.  Here  we  describe  the  synthesis  and  char-
acterization  of  a new  hydrogel  as  an  effective  surface  which  can acts  as  a  material  for  bone  tissue
engineering.  This  hydrogel  has been  prepared  by chemically  grafting  a semi-synthetic  polymer  with
a  synthetic  monomer,  namely  hydroxyethyl  methacrylate  (HEMA).  Carboxy  methyl  tamarind  (CMT)  was
selected  as  the semi-synthetic  polymer.  The  hydrogel  was  prepared  at  different  mole  ratios  and  at the
ratio  of  1:10  (CMT:HEMA)  yielded  the  best  hydrogel  as  characterized  by  several  physico-chemical  anal-
ysis such  as UV spectroscopy,  FT-IR  spectroscopy  and  swelling  properties.  We  further  demonstrate  that

this  material  is  suitable  for  effective  adhesion,  growth  and  further  clustering  of bone  precursor  cells  (RAW
264.7).  This  material  is  also  compatible  for  growing  other  sensitive  cells  such  as  neuronal  cells (Neuro2a)
and  human  umbilical  vein  endothelial  cells  (HUVEC)  demonstrating  that this surface  does  not possess
any  cytotoxicity  and is  compatible  for primary  human  cells  too.  We  conclude  that  the  hydrogel  made  of
CMT:HEMA  at a ratio  of  1:10  can  be suitable  for bone  tissue engineering  and  thus  may  have  clinical  as
well  as commercial  application  in  future.
. Introduction

Due to increment in average life span, prevalence in life style
elated disorders, cancer, indiscriminate use of chemotherapeutics
nd other pathophysiological problems, increasing bone disorders
ecome a new clinical problem (Nauth et al., 2011). Partial or
ull repair and/or replacement of injured and/or defective bone
re hoped to address these increasing cases of orthopedic prob-
ems. Recently significant development has been made in organ
eplacement as well as surgical reconstruction and use of artificial
rostheses in order to treat the lost or defective organ or tissue

as been reported (Thein-Han & Misra, 2009; Venkatesan, Ryu,
udha, & Kim, 2012). In the context of bone tissue engineering,
wo procedures namely autograft and allograft are considered as
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ideal procedures for bone grafting. In the first procedure, bone is
harvested from another part of the body and is used to fill the gap
or used to graft the damaged bone which provides optimal osteoin-
ductive, osteoconductive and osteogenic properties (Venkatesan
et al., 2012). In second technique, namely allograft, osteoinduc-
tive and osteoconductive properties can be provided by cadaver
bones (Venkatesan et al., 2012). However, both grafting procedures
have few disadvantages (side effects). For example, in autograft
procedures, complications are mainly related to wound healing,
additional surgery, donor pain and an inadequate supply of bone
to fill the gap (Venkatesan et al., 2012). Similarly, allograft leads
to problems such as unwanted immunological responses. Allo-
graft also bears the risk of acquiring transmissible diseases such as
AIDS and hepatitis by tissues and fluids (Giannoudis, Dinopoulos,
& Tsiridis 2005; Langer & Vacanti, 1993). In addition, changes in
individual genotype, immune response and MHC complexes pre-

vent use of bone from other sources for effective grafting (Reikeras,
Shegarfi, Naper, Reinholt, & Rolstad, 2008; Reikeras, Sigurdsen, &
Shegarfi, 2010; Shegarfi & Reikeras, 2009). Due to limited sup-
ply of natural bone that can be used for grafting, the need for
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ynthetic bone substitutes which possess same physiochemical
nd biological properties as natural bone is ever increasing. These
equirements enforce an increased attention to prepare artificial
aterials with similar biophysical properties (but without adverse

mmunological as well as other harmful biological effects) as bone
raft substitutes or exenterate (Venkatesan et al., 2012).

Combinations of specific cell-type and specific scaffold-based
issue engineering have been considered as an alternative and bet-
er procedure for bone tissue engineering and repair. In past few
ecades, several techniques and materials have been employed for
he orthopedic treatment (Venkatesan et al., 2012). For example,
urfaces made of expensive and/or heavy metals such as titanium,
irconia, ferritic stainless steel, etc. were reported for bone tissue
ngineering which may  exert heavy metal toxicity and other related
roblems over a long exposure (Hefti, Frischherz, Spencer, Hall, &
chlottig, 2010; Malheiro, Spear, Brooks, & Markaki, 2011). Often
he cell adhesion and further growth on these surfaces are not up
o the mark. For example, the number of osteoblasts successfully
row on titanium implant materials is less than 50% when com-
ared to number of cells growing on fibronectin surface (Krause,
owles, & Gronowicz, 2000). So far hydroxyapatite and/or gelatin
ased nanocomposites were also extensively tried as scaffold for
one tissue repair without much desired success (Azami et al.,
012). Though polymers are attractive materials for tissue engi-
eering, their chemical properties, especially high hydrophobicity
ffer no control on cell adhesion or function because these surfaces
re often reactive to many serum proteins and other hydropho-
ic biomolecules (Lieb et al., 2003). Often the proteins involved

n cell adhesion are incompatible due to unwanted conforma-
ional changes on these hydrophobic surfaces. In addition, the
urface stiffness of these materials affects the effective cell adhe-
ion (Khatiwala, Peyton, & Putnam, 2006; Shih, Tseng, Lai, Lin, &
ee, 2011; Yang et al., 2011). All these factors enforce a continu-
us quest for alternative and economic materials for effective bone
issue engineering.

Among many scaffold materials made of diverse compounds
uch as hydroxyapatite, gelatin, collagen, chitosan, alginate and
everal nanocomposites, hydrogels offer many advantages, mainly
ue to their unique biocompatibility, flexible methods of synthe-
is, range of constituents, and desirable physical characteristics
Zambuzzi, Ferreira, Granjeiro, & Aoyama, 2011; Zhang et al., 2009).
n addition, hydrogel-based bone tissue engineering is desirable
s hydrogels have been recognized as “the material of choice”
or many other applications such as drug delivery and regener-
tive medicine (Seliktar, 2012). Hydrogels can also be used as
edium for controlled drug and protein delivery to different tissues

nd cultures. In general, the hydrogels are non-toxic, easy to use,
ytocompatible, injectable and can be designed as bio-degradable
Glaesemann, 2011). Due to these properties, hydrogels represent
ynthetic biomaterials which are ideal for tissue engineering and
issue repair. These materials can serve as scaffolds that provide
tructural integrity to tissue constructs and serve as adhesives or
arriers between tissue and material surfaces (Slaughter, Khurshid,
isher, Khademhosseini, & Peppas, 2009). In spite of these huge
otentialities, so far only few materials have fulfilled these require-
ents and new materials with better bio-compatibility and with

o or limited side effects are required. For example, a glycosyl-
ucleosyl-fluorinated (GNF) system has been recently reported to
e compatible for stem cells and suitable for cell differentiation to
steoblasts. However, this material too has limitation as cells do
ot grow well on this surface (Ziane et al., 2011).

The present study mainly focuses to synthesize novel hydrogel

ith different hydrophobicity which should have no/less cytotox-

city and better biocompatibility. In this work we  synthesized a
ew hydrogel from natural polysaccharides, namely from 2-HEMA
nd CMT  as the starting materials. We  further characterized
ers 101 (2014) 1033– 1042

different properties of these materials and optimized the ratio
for the best physico-chemical properties. We  also explored its
biocompatibility by using different cells. We report that this new
material is biocompatible with osteoclast-precursor cells as well as
other sensitive cells such as neuronal cells (Neuro2a) and human
umbilical vein endothelial cells (HUVEC) suggesting that this
synthetic material can be used as a scaffold hydrogel for potential
application in bone tissue engineering.

2. Materials and methods

2.1. Materials

Carboxy methyl tamarind (CMT) was kindly supplied by
Hindustan Gums and Chemicals Limited, India. 2-Hydroxyethyl
methacrylate (HEMA) (specific gravity = 1.069–1.075) was  pur-
chased from S.D. Fine Chemicals (Mumbai, India) and distilled twice
before using it. Benzoyl peroxide was purchased from S.D. Fine
Chemicals (Mumbai, India) and was used without further purifi-
cation. Acetone was  purchased from S.D. Fine Chemicals (Mumbai,
India).

2.2. Preparation of CMT–HEMA grafted hydrogel

About 3 g of carboxy methyl tamarind (CMT) powder was  dis-
solved in 100 ml  of water and stirred in a magnetic stirrer for 2 h
with 320 rpm to make a 3% (w/v) homogeneous solution. For graft-
ing CMT  and HEMA in 1:1 mole ratio, 20 ml  of 3% (w/v) gelatinous
CMT  solution was added to 0.48 ml  HEMA. A solution of benzoyl
peroxide (0.1% of HEMA by wt) with HEMA was first prepared and
quickly the solution so prepared was  added to CMT  solution. The
reaction mixture was  then purged with nitrogen to provide an inert
atmosphere and allowed to stir at 320 rpm for 3 h at 75 ◦C. The reac-
tion mixture was  cooled and grafted hydrogel was  separated from
solvent, unreacted HEMA, initior and homopolymer of monomer
(2-HEMA) by washing with acetone. The sample was dried at 50 ◦C
in hot air oven for 24 h. The same method was  performed for differ-
ent mole ratio of CMT  and HEMA (1: 0.5, 1:1, 1:5, 1:10, 1:20, 1:30,
1:50). The extent of grafting was  determined from absorbance value
derived from FTIR spectra of different hydrogels.

2.3. Swelling study

The swelling study of CMT–HEMA grafted copolymers were car-
ried out in water under ambient temperature (approx. 25 ◦C). For
swelling study a fixed weight of dry hydrogel sample was taken and
immersed in water at pH 7. The sample was  taken out at regular
intervals of 5 s and wrapped with tissue paper to remove the resid-
ual water at the surface. The weight of the water soaked material
was measured as the swelled weight. This procedure was contin-
ued till the hydrogel attains its maximum swelling weight after
which no further increase in weight of the hydrogel was observed.
The equilibrium swelling index (˛) was calculated from the follow-
ing equation where wf and wi are the final and the initial sample
weights respectively.

˛ =
(

wf − wi

wi

)
× 100

2.4. Spectroscopic characterization

Spectroscopic characterization of hydrogel was done through

Fourier transform infrared (FTIR) spectrophotometer (JASCO FTIR)
within the spectral range of 400–4000 cm−1 and resolution 4 cm−1.
The FTIR spectra were recorded by tablet made of KBr powder on
KBr plate. The UV–visible spectra taken for hydrogels of different
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shift of CO peak from normal carbonyl (1735 cm ) peak to around
1570 cm−1 corresponds to a change in bond arrangement into one
and half bond linkages in carboxylate (COO−) (Ibrahim, Nada, &
Kmal, 2005).
S. Sanyasi et al. / Carbohydrate

MT:HEMA ratios are in the wave length range of 200–500 nm
Perkin Elmer Lamda 25, 1.27).

.5. Biocompatibility

To test the biocompatibility, 2.5 �l hydrogel was spotted on
he glass cover slips. The hydrogel was allowed to settle on the
over slips, air dried and subsequently used for the cell growth.
uman macrophage cells, namely RAW264.7 cells were main-

ained in the DMEM media (Himedia, Bangalore) supplemented
ith 10% fetal bovine serum (Himedia, Bangalore) and peni-

illin (100 units/ml)–streptomycin (100 �g/ml) solution (Himedia,
angalore) at 37 ◦C incubator with 5% CO2. Similarly, Neuro2a
ells were grown in DMEM media (Himedia, Bangalore) supple-
ented with 10% FBS (Himedia, Bangalore), penicillin (100 units

er ml), streptomycin (100 micro gram per ml)  and 2% l-glutamin
Himedia). Human umbilical vein endothelial cells (HUVEC) (pur-
hased from Lonza) were cultured in endothelial cell growth media
EGM, Lonza) containing heat-inactivated 2% fetal bovine serum
FBS), human VEGF, epidermal growth factor (EGF), insulin-like
rowth factor-1 (IGF-1), basic fibroblast growth factor (FGFB) and
mphotericin-B. All cells were maintained at 37 ◦C incubator with
% CO2 in a humid atmosphere. Cells were allowed to grow for 60 h.

n each case, cells were splited with trypsin-EDTA (Himedia, Banga-
ore) and 20 thousand cells present in 1 ml  were seeded on the glass
over slips coated with or without hydrogel and allowed to grow
or 24 h. Cells were fixed gently by adding 4% PFA directly into the
ell culture media. The cells were subsequently permeabilized with
.1% Triton-X100 (Sigma) and stained by DAPI (5 �M)  to visualize
he nucleus. Actin cytoskeleton was stained as described before
Goswami & Hucho, 2007). Alexa-488-labeled phalloidin (1:200)
r Alexa-594-labeled phalloidin (1:200) was used to visualize poly-
erized actin cytoskeleton.

.6. Live cell imaging

Approximately 3 micro liter of hydrogel was spotted on 22 mm
lass cover slips and were air dried and placed on the custom made
etal chamber suitable for live cell imaging. Approximately 10,000

reshly passage RAW264.7 cells were taken in 1 ml  of media and
ere subject to labeling with dihexyloxacarbo-cyanine iodide dye

2 �M,  MP,  Biomedicals). After that the cell suspension was added
n the glass cover slip and continuous image was taken for total 1 h
ith an interval of 1 min. The cells were imaged by using a confo-

al microscope (Zeiss, LSM780) using the 63× objective. All images
ere taken by same conditions for comparative analysis. Cells were

xited by wavelength set at 490–543 (by using Argon laser, 1.8%
ower). Images were analyzed and processed by using LSM Image
xaminer software.

. Results

For the synthesis of hydrogels, the reaction was carried out by
sing different mole ratios of CMT  and HEMA in the presence of
enzoyl peroxide as initiator. In order to observe the changes in
he appearance of the hydrogels, images of the final products were
onsidered (Supplementary Figure 1). The optical properties indi-
ate the relative changes in grafting as the respective color of the
ydrogels range from near-white translucent to creamy white color
s the CMT  and HEMA ratio changes from 1:0.5 to 1:10. As the ratio
hanges further, the respective colors became darker again (from
atio 1:20 to 1:50). At a ratio of 1:50, the two components reveal

wo different layers indicating a phase separation. We  attribute this
rend in color to the increment in grafting with increased mole
atio for HEMA. This increment reaches its maxima when CMT:
EMA mole ratio became 1:10. Further increment in the HEMA
Fig. 1. UV spectra of hydrogels with different mole ratio of CMT  to HEMA.

ratio results in less grafting and also results in phase separation
(when CMT  and HEMA was used at 1:30 as well as 1:50 mole ratios).
As these hydrogels were not grafted properly, these materials with
less grafting properties were not characterized further.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.carbpol.
2013.10.047.

Further these materials were characterized by UV visible spec-
tra and FTIR spectra. For taking UV spectra, 0.05% (w/v) solution
was prepared with distilled water. The absorbance is increased
for hydrogels with increasing HEMA to CMT  composition with
respect to pure CMT. This increase in absorbance indicates about
the increasing percentage of grafting of HEMA to the CMT (Fig. 1).
Acquiring UV spectra for 1:10 ratio of CMT: HEMA was  not possi-
ble as at this ratio it formed suspension in water. Subsequently, the
samples were analyzed by FTIR and spectra were collected at the
range 500–4000 cm−1 (Fig. 2). All the hydrogels of different mole
ratio of CMT:HEMA have characteristic broad peak for hydroxyl
group at 3600 cm−1. The bands at 2925 and 2850 cm−1 are due to
asymmetric and symmetric C H stretching vibrations (Sen & Pal,
2009). The peak at 1132 cm−1 is due to C O stretching. Further, the
peak around 1620 and 1414 cm−1 corresponds to asymmetric and
symmetric stretches of COO− for pure CMT  (Sen & Pal, 2009). There
is a shift in asymmetric stretching peak to 1565 cm−1 for COO− after
grafting takes place for different hydrogels. However the intense
peak at 1620 cm−1 reappears for 1:20 mole ratio of CMT:HEMA
which can be attributed to the decrease in grafting percentage. The

−1
Fig. 2. FTIR spectra of hydrogels of different CMT:HEMA compositions. (a)
CMT:HEMA (1:20), (b) CMT:HEMA (1:10), (c) CMT:HEMA (1:20), (d) pure CMT.

http://dx.doi.org/10.1016/j.carbpol.2013.10.047
http://dx.doi.org/10.1016/j.carbpol.2013.10.047
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ig. 3. The grafting profile as calculated from FTIR for hydrogels with increasing
EMA mole ratio to CMT.

Next we tested the extent of grafting by using FT-IR spec-
roscopy (Fig. 3). These results also reveal increased grafting
roperties with the increment in HEMA mole ratio with respect
o CMT. In accordance with the optical properties, the IR spectro-
copic analysis also indicate that the highest grafting occurs for
MT:HEMA at a mole ratio of 1:10, beyond which it declines again.
he IR spectroscopic analysis elucidates insertion of HEMA on CMT
ackbone. The grafting yield was calculated from IR analysis fol-

owed by the gravimetric trend (data not shown). These results also
eflect that CMT  and HEMA produce the best grafted product at a
ole ratio of 1:10 (Fig. 3).
In order to characterize these materials further, we performed

welling study. Hydro-swelling kinetics reflects relative increment
n hydrophobic character of hydrogels. The swelling study depicts
hat there is decrease in quantity of water present as the HEMA
ontent increases in the hydrogels (Fig. 4). This suggests that the
ydrophobic character of hydrogel is increasing with HEMA con-
ent. However, the increment in hydrophobicity reaches its maxima
ith 1:10 ratio of CMT:HEMA composition and then decreases as

hown in the case of 1:20 composition (Fig. 4).
Next we tested the CMT:HEMA (1:10) hydrogel for its bio-

ompatibility. For that purpose we coated the hydrogel sample as
 small spots on the glass cover slips and tested for cell growth
n these surfaces, especially on the hydrogels. We  used different
ell lines, namely Neuro2a and RAW264.7 cell line which repre-
ent neuronal and osteoclast-precursor cells respectively (Dalbeth
t al., 2008; Hase, Kanno, Kojima, Sakurai, & Kobata, 2008; Islam
t al., 2007; Pederson, Ruan, Westendorf, Khosla, & Oursler, 2008;
aananen, Zhao, Mulari, & Halleen, 2000). We  noted that Neuro2a
ells grow normally on this hydrogel (data not shown). Neuro2a

ells growing directly on the hydrogel do not differ in their mor-
hology from the Neuro2a cells that are growing on the glass
urface. Therefore the effect of CMT:HEMA hydrogel on the Neuro2a

ig. 4. Swelling kinetics of hydrogels with different mole ratios of CMT  to HEMA.
ers 101 (2014) 1033– 1042

cells mostly remain neutral and it exerts neither any positive effect
nor any deleterious effect on Neuro2a cells as observed by mor-
phological analysis. No specific dense growth of the Neuro2a cells
was observed when allowed to grow on the hydrogels. In this case,
Neuro2a cells grow uniformly all over the cover slips (data not
shown).

Next we tested the effect of CMT:HEMA hydrogel on the
RAW264.7 cell line. We  noted that number of RAW264.7 cells grow-
ing on the hydrogel is much more when compared with the number
of cells that are growing on the glass surface only (Fig. 5a). The
pattern of growth behavior of RAW264.7 cells on the hydrogel is
different when compared to Neuro2a cells. This uneven distribution
with maximum cellular density on the hydrogel coated area indi-
cates a specific and positive effect of CMT:HEMA (1:10) hydrogel on
the adhesion of RAW264.7 cells. For that purpose we analyzed the
distribution of actin cytoskeleton by staining the cells with Alexa-
488 labeled phalloidin. We  also analyzed the focal adhesion points
at the hydrogel surface. We observed presence of multiple well
defined focal adhesion points at the bottom surface of the cells
which are growing on the hydrogels and suggests for a more adher-
ent nature of the RAW264.7 cells on this surface (Fig. 5b and c).
The dense growth of cells was observed for a long duration, i.e.
even after 4th day of plating, indicating that this hydrogel is fully
compatible with this cell for prolonged culture (data not shown).

As RAW264.7 cells reveals crowded growth specifically on the
hydrogel surface 24 h after plating, we  explored if this cells directly
adhere on the hydrogel specifically at the early time points or
migrate later on due to any chemo attractant activity exerted
by CMT:HEMA (1:10) hydrogel. For that purpose, we  labeled
RAW264.7 cells with a fluorescent dye and performed live cell
imaging to explore the cell adhesion properties (Fig. 6). For that
purpose we visualized cell adhesion on the hydrogel surface as well
as on glass cover slips. The faint green autofluorescence property
of the dried hydrogel allowed us to demarcate the exact border
of the CMT:HEMA (1:10) hydrogel spot on the glass cover slip. On
plating a RAW264.7 cell suspension on the cover slips, we noted
that more number of cells specifically adhere on the hydrogel sur-
face and remain attached throughout the imaging time. Even cells
attach on the hydrogel surface earlier than on the glass cover slips.
This confirms that RAW264.7 cells prefers to adhere directly on
CMT:HEMA (1:10) hydrogel.

Next we  explored the compatibility of this surface for potential
application in human. For that purpose we used a very sensitive
primary cells from human origin, namely human umbilical vein
endothelial cells (HUVEC) and tested if HUVEC cells can grow on the
CMT:HEMA (1:10) surface. We  observed that the endothelial cells
grow normally on this surface (Fig. 7). No difference was observed
in the cellular morphology in the HUVEC grown on glass coverlips
or on CMT:HEMA (1:10) surface. This confirms that that surface
bears no cytotoxicity for future application in human cells.

4. Discussion

Biomaterials are developed in order to evaluate, treat, augment
or replace human tissue, organ or function. In this context, bio-
compatibility is the main prerequisite for their safe use as medical
devices. Hydogels made of natural biopolymers offers materials
for tissue engineering with ample biocompatibility. Hydrogels are
three-dimensional networks capable of imbibing large amounts of
water or biological fluids without affecting its three-dimensional
network structure, a property which resemble them large extent

to the biological tissues (Karlsson & Gatenholm, 1997; Pal, Banthia,
& Majumdar, 2009; Peppas, Bures, Leobandung, & Ichikawa, 2000).
In particular, the water imbibing capacity and rubbery nature
of hydrogels resembles to the natural tissues. The hydrogels



S. Sanyasi et al. / Carbohydrate Polymers 101 (2014) 1033– 1042 1037

Fig. 5. CMT:HEMA (1:10) hydrogel is biocompatible for bone precursor cells. (a) Cells were grown on hydrogels (borders of such hydrogel spot is indicated by green line),
fixed  and the nucleus of the attached cells were stained with DAPI. Cells effectively grow on the hydrogel surface. (b) Shown are the confocal images of cells grown on
CMT:HEMA surface. Cells were grown for 24 h on this surface before fixing. Cells were stained for polymerized F-actin fiber by Alexa-488 labeled phalloidin (green) and DNA
by  DAPI (blue). (c) Enlarged 3D merged images of the culture are shown. The top view (left), bottom surface view (middle) and ortho-representation (right) indicate the
filopodial structures, focal adhesion points and the surface attachments in details. (For interpretation of the references to color in this figure legend, the reader is referred to
the  web version of the article.)
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Fig. 6. Specific adhesion of cells on the hydrogel surface. Shown are the life cell
experiments demonstrating the adhesion of cells on the hydrogel surface (indicated
by  the white border line). Cells were stained with a fluorescently active dye and
the cell suspension was added to the hydrogel surface for settling of cells. Green,
blue and red arrows indicate the cells that adhere directly to the hydrogel surface,
to  the hydrogel border and to the glass surface respectively. The relative morphology
ers 101 (2014) 1033– 1042

synthesized from polysaccharides such as from natural gums
have good biocompatibility and biological inertness. Because of
these characteristics, hydrogels have been extensively used in the
biomedical and pharmaceutical industries such as for making con-
tact lenses, biosensors, membranes, artificial organs, and carriers
for controlled drug delivery (Peppas et al., 2000). The high water
content also leads to low mechanical strength which in some cases
limits specific applications. The hydrogels are insoluble due to
the presence of chemical cross-links (tie-points, junctions) and/or
physical cross-links (such as entanglements and crystallites)
(Karlsson & Gatenholm, 1997; Peppas et al., 2000). These materials
can be synthesized to respond to a number of physiological stimuli
present in the body, such as pH, ionic strength and temperature
(Pal et al., 2009; Peppas et al., 2000; Qiu & Park, 2001). The
mechanical performance of hydrogels can be improved by increas-
ing the crosslink density, forming interpenetrated networks or
inducing crystallization (Bhattacharya & Misra, 2004; Karlsson
& Gatenholm, 1997; Peppas et al., 2000). The most commonly
used monomers for synthesis of hydrogels are mono- and multi-
functional (meth) acrylates and their derivatives (Li & Lee, 2005).
Several co-monomers are added to adjust the cross-linking density,
thus modifying the swelling and mechanical properties of hydro-
gels (Karlsson & Gatenholm, 1997). For instance, diethylene glycol,
dimethacylate (DEGDMA) are usually mixed with 2-hydroxyethyl
methacrylate (HEMA) for preparing poly (HEMA) hydrogels
(Hacioglu, Berchtold, Lovell, Nie, & Bowman, 2002; Li & Lee, 2005).

In this work we have taken carboxy methyl tamarind (CMT),
a substituted polysaccharide prepared from tamarind kernel
powder as a polysaccharide material (Goyal, Kumar, & Sharma,
2007; Sen & Pal, 2009). Polysaccharides are generally water soluble
(Rana et al., 2011). Polysaccharide materials with extreme water
solubility and/or susceptibility to degrading enzymes make them
less suitable to be used as solid scaffolds/matrix. Therefore, proper
hydrophilic–hydrophobic balance of a hydrogel is an important
criterion suitable for their biological applications. In case of CMT,
the OH moieties are not able to form strong ionic interactions
with counter ions (Hoare & Kohane, 2008; Rana et al., 2011).
This limit CMT  for effective biological applications and further
custom-made improvement of CMT-based hydrogels are needed
for specific applications.

Based on the FTIR spectral analysis, a probable mechanism can
be proposed (Fig. 8). Previously Sen and Pal have showed that
grafting of acrylamide on to CMT  backbone takes place through
O-atom (Sen & Pal, 2009). Here we suggest a similar microarchitec-
ture in the CMT–HEMA-based hydrogel/s. The IR peak at 1120 cm−1

in grafted hydrogel indicates that the grafting has taken place
through the O-atom forming C O C linkage. The intensity of this
peak increases with increment in grafting percentage correspond-
ing to the increase in HEMA content. The absence of carbonyl peak
around 1700 cm−1 suggests most probably the co-polymerization
has taken place without ring opening during or after grafting of 2-
HEMA onto the CMT  backbone. The prominence of peak intensity at
2925 cm−1 may  be attributed to the increase in grafted polymerized
HEMA.

In order to convert CMT  suitable for biological applications,
potentially different functional groups can be introduced (Rana
et al., 2011). Previously it was  observed that different groups such
as carboxyl groups, carboxymethyl groups, polyacrylamide groups,

phosphate groups etc. increases its hydrophobicity (Rana et al.,
2011). Notably, altering the functionality depends on cross-linking
density, i.e. the mole ratio of cross-linking agent to the moles of

and the nature of the cells at the end of experiments are shown in below. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)
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Fig. 7. Biocompatibility of human umbilical vein endothelial cells on CMT:HEMA (1:10) surface. (a) Shown are the phase contrast images of HUVEC cells grown for 60 h on
CMT:HEMA surface (i–ii) in lower magnification (i) and higher magnification (ii). Similarly cells grown on glass surface are also shown (iii). The border of the hydrogel surface
with  cells is shown in set (i). (b) Shown are the confocal images of HUVEC cells grown on CMT:HEMA surface. Cells were grown for 60 h of on this surface before fixing. Cells
w nd DN
C were 

s r is re

p
d
a
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m
i

ere  stained for polymerized F-actin fiber by Alexa-594 labeled phalloidin (red) a
onfocal images of HUVEC cells grown on glass surface are shown. No differences 

urface. (For interpretation of the references to color in this figure legend, the reade

olymer repeating units (Rana et al., 2011). Moreover cross-linking
ensity is critical for the desirable polymeric net formation and its

pplication for desired purpose (Lee & Mooney, 2001; Rana et al.,
011). However, in this work we have modified CMT  by another
aterial, namely by 2-Hydroxyethyl methacrylate (HEMA). HEMA

s a hydrophilic, surface-active compound, has dual functionality
A by DAPI (blue). An enlarged view of the culture is shown in the lower panel. (c)
observed when HUVEC cells were grown on glass surface or on CMT:HEMA (1:10)
ferred to the web  version of the article.)

monomer and also available in highly pure form. Owing to these
advantages we have used HEMA along with CMT  to prepare a

novel hydrogel. So far HEMA has been widely used in its poly-
meric form in numerous biomedical applications (Sun, Huang, Lin,
& Lai, 1997). HEMA can be polymerized either by homopolymer-
ization or copolymerization technique (Mabilleau, Moreau, Filmon,
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Fig. 8. Probable mechanism of H

aslé, & Chappard, 2004; Vazquez, Gurruchaga, & Goni, 1995). So far
oth homopolymeric and copolymeric forms of HEMA have been

argely used in various applications (Chouhan & Bajpai, 2010). Due
o biocompatibility; Poly (HEMA) can act as an ideal component for

any biomedical and pharmaceutical applications, including opti-
al lenses, implants, drug delivery devices, and support for enzyme
mmobilization (Mabilleau et al., 2004). Our work demonstrates
hat grafted CMT–HEMA at a ratio of 1:10 can be a good material
or adhering and further growth of bone precursor cells suitable for
one tissue engineering.

The bone defects observed in patients in case of several dis-
ases and pathophysiological conditions poses a serious clinical
roblem as well as economic and social burden to the population
Dimai et al., 2012; Tarride et al., 2012). The bone defects are com-

on  in old ages and in several pathophysiological situations such
s accidents, cancer, osteoporosis and other bone-related prob-
ems where bone tissue engineering is a realistic hope (Girones

olera, Mendez, & San Roman, 2012; Mehta, Schmidt-Bleek, Duda,
 Mooney, 2012; Rohrbach & Giunta, 2012). During tissue mor-
hogenesis and homeostasis, cells experience various signals in
heir environments, including gradients of physical and chem-
cal cues. Spatial and temporal gradients regulate various cell
ehaviors such as proliferation, migration, differentiation during
evelopment, inflammation, wound healing, and cancer. Creation

f microenvironments in the engineered three-dimensional (3D)
caffolds mimicking the in vivo cellular and tissue complexity
y incorporating physical, chemical, spatio-temporal gradients
nd other parameters within engineered three-dimensional (3D)
rafting on CMT  polysachharide.

scaffolds is a fundamental aim relevant in tissue engineering.
In that context, chemically modified hydrogels can act as ideal
3D tissue scaffolds by mimicking extracellular matrix (ECM) for
specific cells (Sant, Hancock, Donnelly, Iyer, & Khademhosseini,
2010). Indeed, so far a large number of hydrogel products made
of synthetic or natural polymers have been successfully used
for clinical purpose. For example, soft contact lenses made from
poly(hydroxyethylmethacrylic) acid [poly(HEMA)], surgical grade
biological adhesives made from reconstituted fibrin or albumin,
wound dressings made from alginate polysaccharide, fillers made
from hyaluronic acid (HA) (Seliktar, 2012) have long history for
successful clinical applications.

In this work we demonstrate that different sensitive cells such
as bone precursor cells, neuronal cells and human umbilical vein
endothelial cells (HUVEC) can grow successfully on this hydrogel
surface. However, the growth pattern is largely different for
different cell types ranging excellent growth to moderate growth
for some cells. These also indicate that the surface and material
properties are optimum for other cells and ideal if not excellent
for preosteoclast (RAW264.7) cells and also for the HUVEC cells.
The bone cells have been reported to be extremely sensitive in
terms of their surface requirements as cell adhesion-mediated
signaling events play a major role in the survival and chemotaxis
events (Lee, Ko, & Kim, 2006). Non-compatible surfaces can induce

apoptosis in osteoblasts and cause major bone defects (Grigoriou
et al., 2005). Preosteoclast cells studied in this work can proliferate
easily on this surface for a long duration without any symptom
of cytotoxicity and form dense clusters (till 100 h as observed in
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his study) indicating that this surface offers positive adhesion
nd focal signaling events relevant for preosteoclast cell adhesion
nd further growth. The fast adhesion and further growth as well
s clustering of preosteoclast cells on this surface are most likely
ue to the compatible properties of the cell adhesion molecules,
pecific receptors, ion channels and intrinsic affinity of this cells
or complex carbohydrate molecules. In agreement with this, we
emonstrate that the preosteoclast cells adhere well on this surface
nd their filopodial structures are well spread. The focal adhesion
oints are distinct. This observation is in accordance with several
eports suggesting that integrin- and focal adhesion-mediated
ignaling events play key roles in bone cell adhesion, chemotaxis,
rowth, differentiation and maturation (Carvalho, Kostenuik,
alih, Bumann, & Gerstenfeld, 2003; Cheng, Lai, Blystone, & Avioli,
001; Damsky, 1999; Kim et al., 2007; Nakayamada, Okada, Saito,
amura, & Tanaka, 2003; Salasznyk, Klees, Williams, Boskey, &
lopper, 2007). The early events of cell adhesion and further
rowth also suggest that this surface is better than few other
urfaces prepared before where cell adhesion is either poor and
akes long time or the surface exerts cytotoxicity (Lai et al., 2010).

. Conclusion

All the characterization result suggests that CMT:HEMA in 1:10
ole ratio provides the best grafted hydrogel. We  conclude that

his novel hydrogel made of CMT:HEMA has a potentiality for its
pplication in bone-tissue engineering. Successful attachment and
rowth of HUVEC cells on this surface also suggest that this surface
an also be used in human and can be used to induce cell and tissue
ifferentiation. However, further human bone cell specific studies
re required in future.
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