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Sodium alginate (SA)/halloysite nanotubes (HNTs) composite hydrogels were successfully prepared by solution
blending and cross-linkingwith calcium ions. HNTs can improve the physical properties and cytocompatibility of
composite hydrogels. The static and shear viscosity of SA/HNTs solution increase by the addition of HNTs. FTIR
suggests the presence of hydrogen bond interactions between HNTs and SA. The crystal structure of HNTs is
retained in the composites as showed by the X-ray diffraction result. A porous structure with pore size of 100–
250 μm is found in the hydrogels, which can provide a space for cell growth andmigration. The compressiveme-
chanical properties of composite hydrogels significantly increase compared to the pure SA hydrogel. The SA/
HNTs composite hydrogels with 80% HNTs loading exhibit the compressive stress at 80% strain of 2.99 MPa,
while the stress at 80% strain of pure SA hydrogel is only 0.8 MPa. The dynamic storage modulus of composite
hydrogels also markedly increases with HNTs concentration. The differential scanning calorimetry endothermic
peak area and swelling ratios in NaCl solution of the composite hydrogels decrease by the addition of HNTs.
Preosteoblast (MC3T3-E1) culture results reveal that the SA/HNTs composites especially at relatively low HNTs
loading show a significant increase in cells adhesion and proliferation compared to the pure SA hydrogel. All
the results demonstrate that the SA/HNTs composite hydrogels show a promising application in bone tissue
engineering.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Tissue engineering is considered as a potentially valuable method to
repair the tissue defects by autologous cells/tissue transplantation tech-
nology [1]. Porous degradable scaffolds provide a specific environment
for cells/tissue growth in vivo and vitro.Many types ofmaterials, includ-
ing polymers, inorganics, andmetals, have been applied to fabricate tis-
sue engineering scaffolds [2–4]. Recently, composite scaffolds which are
a combination of the different advantage materials have been designed
to satisfy the rigorous need for tissue growth. For ideal tissue engineer-
ing scaffolds, they should have sufficient porosity, interconnection
channels employed to transport nutrients, well biocompatibility and
biodegradability, as well as with a high mechanical strength [5].
Among the materials used for tissue engineering scaffolds, synthetic
biodegradable polymers represent an important type since their prop-
erties can be readily adjusted via the control of the polymerization reac-
tion [6]. The main drawback of the synthetic biodegradable polymer
scaffolds is lack of the bioactivity. Biomacromolecules (such as protein,
nucleic acid or polysaccharide) derived fromnatural resource is another
type of scaffold materials. They have many advantages in the applica-
tion of biomedical areas, such as fine biodegradable, biocompatible,
u.edu.cn (C. Zhou).
antithrombotic (prevents blood clots) and hemostatic properties, re-
markable healing activity, water retention capacity, antibacterial, im-
munological and anti-tumor properties, and low cost [7–9].

Alginic acid is a natural polysaccharide copolymer consisting of β-D-
mannuronic acid (Munits) andα-L-guluronic acid (G units) [10], which
has widespread application in biomedical areas. Sodium alginate (SA)
can form a gel rapidly in the presence of divalentmetal ions by the com-
plexation. The SA hydrogels have been extensively applied in drug/gene
delivery, tissue engineering, wound healing, cell encapsulation, and so
on [11,12]. SA hydrogel as scaffold for tissue engineering has unique ad-
vantages, for example, they can be mixed with the cells in liquid form
into the body to fill the damaged tissue, the three-dimensional network
structure is similar to skeleton to provide a three-dimensional growing
space for cells growth [13,14]. Owing to the high rate of degradation in
cell culture and theweakmechanical properties, a single component SA
hydrogel limits the practical application. To solve this issue, SA has been
combined with various components to obtain different composite scaf-
folds. The nanosilica, α/β-tricalcium phosphate, graphene oxide (GO),
halloysite nanotubes (HNTs), and chitin whisker, have been incorporat-
ed into alginate matrix which is aiming to improve the adsorption effi-
cient, mechanical strength, and other physical properties [15–18]. For
example, the addition of GO can greatly increase the thermal stability
and mechanical properties of the SA composite [19,20]. Chitin whiskers
can also markedly promote the cell adhesion and proliferation of
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osteoblast cells into the SA nanocomposite hydrogels [15]. Our previous
work has revealed that HNTs can effectively improve the compressive
mechanical properties and cytocompatibility of SA scaffold [21].

Halloysite is a natural mineral nanotube with high aspect ratio and
an empty lumen. HNTs have many virtues as polymer nanofiller such
as good dispersion properties, numerous active groups on their surfaces,
low toxicity, good biocompatibility, and inexpensive [22–26]. They can
easily be dispersed in different polymers and shows a good reinforcing
ability for the composites [27]. In recent years, HNTs have attracted
wide attentions as novel biomaterials. Firstly, HNTs can be used as
drug delivery carriers attributed to their unique nanostructure. Antican-
cer drugs such as curcumin and doxorubicin (DOX), DNA, protein, anti-
bacterial agent have been included in the tubes for slow releasing [28–
31]. HNTs-chitosan sponges can also be foundwithhighhemostatic per-
formance and accelerate wound healing process [23]. Recently, HNTs
patterned nanosurfaces have been used to capture circulating tumor
cells, which can be used as cancer early diagnose [32,33]. HNTs have
good interfacial interactions with SA via hydrogen bonding, which can
be employed to prepare composite hydrogel beads or porous scaffolds.
Wang et al. prepared diclofenac sodium-loaded SA/hydroxyapatite/
HNTs nanocomposite hydrogel beads by themethod of dropping the so-
lution into a calcium chloride solution. The tubular structure of theHNTs
can restrict movability of the SA polymer chains, which is themain rea-
son for the improved drug loading and release behavior [34]. Liu et al.
also prepared SA/HNTs beads for removal of dye from aqueous solution,
and they found that not only the adsorption capacity of SA/HNT hybrid
beads was improved but also the stability in the solution was enhanced
significantly [35]. The effect of HNTs on the physical–chemical proper-
ties of SA hydrogel beads has also been studied [36]. However, adopting
the dropping-precipitation method is notoriously difficult to prepare
large size and size-controllable SA hydrogel. The hydrogel beads cannot
satisfy the requirement of tissue engineering scaffold.

In this work, columnar composite hydrogel composed with HNTs
and SA solution was prepared by casting the mixture solution in a
mold and then cross-linkingwith CaCl2 solutionmethod. The influences
of the addition of HNTs on the solution viscosity, dimensional stability,
mechanical properties, pore structure, and cell attachment of SA are in-
vestigated. The results show that the compressive strength, structural
stability, and biocompatibility of SA/HNTs composite hydrogel im-
proved, which contribute to the potential application of SA/HNTs com-
posite hydrogel in bone tissue engineering.

2. Experimental

2.1. Materials

Alginic acid sodium salt from brown algae (SA) (medium viscosity,
≥2000 cP, 2%(25 °C)) was purchased from Sigma-Aldrich (Shanghai,
China). Halloysite nanotubes (HNTs), with molecular formula of
Al2Si2O5(OH)4·2H2O, were purchased from Guangzhou Runwo Mate-
rials Technology Co., Ltd., China. Ultrapure water from a Milli-Q water
Fig. 1. (a) Static viscosity of pure SA and SA/HNTs solutions; (b) dynamic viscosity of pure SA
system was used in all experiments. Acridine orange (AO), RPMI 1640
medium, fluorescein isothiocyanate isomer I (FITC), and dimethyl sulf-
oxide (DMSO) were purchased from Nanjing Keygen Biotech Co., Ltd.,
DAPI (4′,6-diamidino-2-phenylindole) and Phalloidin–
Tetramethylrhodamine B isothiocyanate (phalloidin-TRITC) were pur-
chased from Guangzhou Jetway Biotech Co., Ltd. Calcium chloride
(CaCl2) and other chemicals reagents were purchased from Aladdin
(Shanghai, China) were analytically pure without further purification.

2.2. Preparation of SA/HNTs composite hydrogels

The SA/HNTs composite hydrogels were prepared by the method of
solution blending and subsequent cross-linking in calcium ions. The
typical procedurewas as follows. 1.5, 3, 6, and 12 gHNTswere dispersed
separately in ultrapure water (100mL) bymagnetic stirring for 30mins
and ultrasonic at 700W for 30min. Subsequently, 3 g of SA powder was
added into the solution above, continuously stirred overnight. 2 mL
mixed solution was cast in 24-well plastic culture plates with syringe,
then the mixed solutions were cross-linked with 5 wt.% CaCl2 solution
after 24 h. Afterwards, the hydrogelswere removed from the plastic cul-
ture plates and kept in ultrapure water at 4 °C. According to the HNTs
concentration from low to high, the hydrogels were decoded in turn
as SA (prepared with pure SA solution), SA2N1, SA1N1, SA1N2, and
SA1N4 (the weight ratio of SA and HNTs was separately 2:1, 1:1, 1:2,
1:4; For example, the ‘SA2N1’ means the weight ratio of SA and HNTs
in the hydrogel was 2:1). Thin hydrogel films for storage modulus test
and cell experimentwere prepared by casting and paving 1mL solution
on the glass slide immersed in 5% CaCl2 solution. The thickness of the
films is about 1 mm.

2.3. Characterization

The Brookfield viscometer (DV2TRVTJ0, Brookfield) was used to de-
termine static viscosity of pure SA and SA/HNTs mixed solutions at a
speed of 100 RPM for 1 min at 25 °C. A rotational rheometer (Kinexus
pro+,Malvern Instruments,Malvern, UK.)was used tomeasure the dy-
namic viscosity of the solutions at room temperature at the shear rate of
1–100 s−1. Compression testing of the wet hydrogels was performed
using the Zwick/Roell Z005 machine under 25 °C at a speed of 2 mm/
min. The section morphology of the composite hydrogels was analyzed
bymeans of SEM (S-4800 FE, Hitachi) at voltage of 2 kV. Before observa-
tion, the wet hydrogels were freeze–dried, sectioned, and sputtered
with gold. The pore structure was further visualized by fluorescent mi-
croscope (XDY-2, Yuexian optical instruments, Guangzhou, China). Be-
fore observation, the wet hydrogel samples were stained by 1 mg/mL
FITC aqueous solution and then freeze–dried. X-ray diffraction (XRD)
profiles for milled and lyophilized samples were obtained using X-ray
diffractometer (D8, Bruker) at room temperature. The scanning angle
was from 5° to 60° and a scanning speed of 10°/minwith 40 kV voltages
and 15 mA current. The powder samples were also analyzed in a FTIR
spectrometer (VERTEX 70, Bruker) at room temperature, the
and SA/HNTs solutions (the solid lines is fitting curve according to power-law equation).



Table 1
The rheometrical parameters of the power law models.

Samples SA SA2N1 SA1N1 SA1N2 SA1N4

k (Pa·sn) 0.2971 0.4937 0.6517 0.8325 1.2445
n 0.8885 0.9246 0.8859 0.8817 0.7367
R2 0.9945 0.9847 0.9666 0.9936 0.9769
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wavelength was changed from 400 cm−1 to 4000 cm−1. The change of
storage modulus also was analyzed in room temperature with strains
sweep (0.1–100%) and frequency scanning (0.1 Hz–100 Hz) for SA
and SA/HNTs round hydrogel films with a diameter of 15 mm and a
thickness of 1 mm by a rotational rheometer. The strain sweepwas car-
ried out at a fixed frequency of 1 Hz and the frequency sweep was car-
ried out at the fixed strain of 0.5%. The thermal properties of the powder
samples were also measured in differential scanning calorimetry (DSC)
using TA/Q20/DSC instruments. To study the volume change of gels
after cross-linked, the shrinkage ratio (SR)was calculated using the for-
mula:

SR ¼ R−r
R

� 100% ð1Þ

where,Rwas thediameter of 24-well plastic culture plates and rwas the
diameter of wet hydrogels. The equilibrium swelling ratios (ESR) were
determined as:

ESR ¼ Ws=Wd ð2Þ

where,Ws was the weight of the swollen hydrogels in 0.1 M NaCl solu-
tion at 37 °C andWd was theweight of the oven-dried hydrogels. All ex-
periments were repeated over three times [37].

2.4. Cell viability and morphology

The thin hydrogel films were sterilized in autoclaves sterilizers at
120 °C, then were transferred into 24-well plastic culture plates. The
MC3T3-E1 cells were cultured in RPMI 1640 Medium, supplemented
with 10% fetal bovine serum at 37 °C in 5% CO2 and 95% air. MC3T3-E1
cells were seeded onto hydrogels slice at a density of 1 × 104 cells/mL,
then stained with AO and observed under a fluorescent microscope
(XDY-2, Yuexian optical instruments, Guangzhou, China).

Hydrogel sampleswere soaked in cleanwater and the soakage liquid
was extracted after 48 h. The extract liquid was then added into RPMI
1640 medium with 10% fetal bovine serum at a ratio of 1:2, which as
the medium was used to culture MC3T3-E1 cell at 37 °C in 5% CO2 and
95% air at a density of 1 × 104 cells/mL. MTT colorimetric assay was
used to investigate the cell activity in a Microplate System (Thermo,
Multiskn MK3, Shanghai, China) at 490 nm.

The confocal laser scanningmicroscope (CLSM; 510Meta Duo Scan;
Carl Zeiss, Germany) was used to observe themorphology ofMC3T3-E1
cells growth on SA, SA2N1, and SA1N1hydrogels after 3 days (cellswere
cultured in the same conditions as the previous). The cells were fixed
with 4% paraformaldehyde (Macklin, MFCD00133991) and permeated
with 0.5% triton-100 (M003798, Micxy reagent). Cells nuclei and skele-
ton were stained with DAPI and phalloidin-TRITC respectively.

3. Results and discussion

3.1. The viscosity of SA/HNTs solutions

Solution viscosity is an important parameter that affects the fluid
flow ability when molding. The polymer solution viscosity is related to
solution concentration, polymer molecular weight, filler type and con-
tent, and the measure condition. Fig. 1(a) compares the static viscosity
of different composite solutions. It can be seen that the solution viscos-
ity gradually increases from 8.7 Pa·s to 13.9 Pa·s by the addition of
HNTs. This is ascribed to the thickening effect of HNTs, which is related
to the formedHNTs network in the solution. By further loading of HNTs,
the solution viscosity is too high to cast into the mold. So, we prepared
the composite hydrogels with a maximum HNTs loading of 80 wt.%
(SA1N4). From the inset images of Fig. 1(a), the solution turn from
clear and translucent of pure SA solution to turbidity and opaque of
the mixture solutions. However, even when the loading of HNTs is
high, the solution is homogeneous before the preparation of the
hydrogels without sedimentation. The dynamic viscosity of the solution
was further investigated (Fig. 1(b)). It can be seen the shear viscosity of
all the samples decreases with the shear rate. The addition of HNTs also
leads to the increase of the viscosity. For example, the shear viscosity of
SA1N4 solution changes from 1.63 to 0.68 Pa·s, while the pure SA solu-
tion changes from 0.32 to 0.18 Pa·s. The homogeneous SA/HNTs solu-
tions are cast into the cylindrical modulus and cross-linked by CaCl2
overnight to form a uniform hydrogel.

The different rheological behaviors of pure SA and SA/HNTs solu-
tions were further investigated by fitting the data by the power law
equation [38,39]:

η γð Þ ¼ kγ n−1ð Þ ð3Þ

where k is the consistency index (Pa·sn), which is related to themagni-
tude of the shear viscosity; n is the power law index, ranging between 0
and 1, i.e. it is equal to 1 for Newtonian behavior and decreases with in-
creasing the non-Newtonian behavior. The fitting curves are shown in
Fig. 1(b). The power law model parameters k, n, and R2 were summa-
rized in Table 1. From the curves and the R2 values (R2 ≈ 1), it can be
seen that the flow behavior of all the solutions fits well with the
power law model. k value increases from 0.2971 to 1.2445 with the
HNTs content, which suggests that the solution viscosity increases by
the addition of nanotubes. This result is consistent with the previously
reported composite systems inwhich the addition of particles into poly-
mers leaded to an increase of the k value [40,41]. Both pure SA and SA/
HNTs solutions are shear thinning and have n b 1. The n value of the
mixture solutions is lower than that of pure SA solution especially at
high HNTs loading (except the SA2N1), whichmay be related to the for-
mation of filler networks at high nanoparticle loading in the polymer
matrix. The decrease trend of the n value was in accord with the poly-
mer-clay (montmorillonite) composite systems [42].

3.2. Structure of SA/HNTs composite hydrogel

FTIRwas employed to examinewhether there are interfacial interac-
tions between SA and HNTs (Fig. 2(a)). SA exhibits typical peaks of OH
stretching band at 3386 cm−1, asymmetric –COO– stretching vibration
at 1634 cm−1, and symmetric –COO– stretching vibration at 1419 cm−1

[43]. HNTs show characteristic peaks at 3696 and 3624 cm−1 attributed
to the stretching of hydroxyl groups on their inner and surface [44]. As
shown in Fig. 2(b), the peaks at 1419 cm−1 shift to higher
wavenumbers in the composites (expect SA2N1), which suggests the
hydrogen bonds between SA and HNTs. No new peak appears in the
FTIR spectrum of the composite hydrogels, which suggests that no
chemical reaction occurs between the SA and HNTs. The interfacial in-
teractions are beneficial to the properties enhancement for the compos-
ites. The XRD profiles of pure SA dry hydrogel, HNTs, and SA/HNTs
composites dry hydrogels are shown in Fig. 2(c). The pure SA shows
no distinct peaks due to its amorphous structure [45]. The diffraction
peaks of the SA/HNTs composites appear in 2θ = 12.3°, 20.1° and 25°
assigned to (001), (020, 110), and (020) plane of HNTs respectively
[46]. It is should be noted that HNTs powder dope with some kaolinite
and quartz [47], there are four peaks of impurity shown in the place of
2θ = 8.9°, 18.2°, 30.3°, 35.2°. With the increase in the HNTs loading in
the composites, the XRD patterns of composites are much closer to
HNTs. When comparing the XRD patterns with that of raw HNTs, no
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new diffraction peak appears and the location of the peaks does not
change. So the crystal structure of HNTs is retained in the composites.

The SEM images of pure SA and SA/HNTs composite hydrogels were
further conducted to characterize the pore structure (Fig. 3(a)). It can be
observed that the pore size of the scaffolds is in the range of 100–
250 μm. The pore size of 200 μm is suited for cell growth and prolifera-
tion [48]. With the increase in HNTs concentration, the roughness of
pore surface increases due to the presence of nanosized HNTs. The
rough pore walls can provide a good interface for cell adhesion. The
pore size of composite hydrogels slightly decreases compared with
pure SA hydrogel.Water is porogen in the present hydrogel system. Ad-
dition of HNTs into the SA solution leads to the decrease in water con-
tent of the same volume hydrogels, which results in the decrease in
pore size during the freeze-drying process. The morphology of the
freeze-dried SA and SA/HNTs composite hydrogels was further stained
with FITC and analyzed by fluorescent microscope (Fig. 3(b)). The re-
sults are the same as the SEM images. All the pores are interconnected
with pores size of 100 to 250 μm. The pore size slightly decreases with
increasingHNTs loading. In total, SEM and fluorescentmicroscope stud-
ies confirmed the 3-D architecture of the hydrogels. The high porosity of
the hydrogel can provide a high surface area for cell-materials interac-
tions and sufficient space for extracellular matrix secretion. The pore
structure of the hydrogel is beneficial to homogeneous cell seeding
and penetration, which will be discussed further below.
Fig. 2. (a) FTIR spectra of HNTs, SA, and SA/HNTs composites; (b) the FTIR spectra in the range o
impurity in HNTs).
3.3. Mechanical properties of the SA/HNTs composite hydrogels

Shrinkage ratio after crosslinking by Ca2+ of the different hydrogel
samples is compared in Fig. 4(a). Shrinkage ratio is obviously decreased
by the addition of HNTs. The shrinkage ratio of SA1N4 is 13%, while it is
31% for pure SA hydrogel. This is attributed to that the addition of HNTs
increases the dimensional stability of SA. Also, the stiffness of composite
hydrogels increased with HNTs loading from touch of hands. The com-
pressive strength of the different samples was then quantitatively com-
pared in Fig. 4(b). From the strain–stress curve, the compressive
properties of composite hydrogels are generally higher than pure SA hy-
drogel. The SA/HNTs composite hydrogels with 80% HNTs loading ex-
hibit the compressive stress of 2.99 MPa at 80% strain, while the stress
at 80% strain of pure SA hydrogel is only 0.8MPa. So, HNTs can effective-
ly improve the mechanical properties of SA hydrogels. The high rein-
forcing ability of HNTs towards other polymers was also found [49].
Besides, all the hydrogels can tolerate stain beyond 80% without
smash, suggesting the good toughness of the hydrogel. In total, the me-
chanical properties can meet the requirement of tissue engineering
application.

The influence of HNTs on the dynamic viscoelasticity of the compos-
ite hydrogels was further studied. The relationships between storage
modulus (G′) and strain of the hydrogels are shown in Fig. 4(c). It can
be seen that the storage modulus of composite hydrogels increase
f 1800 to 750 cm−1; (c) XRD pattern of HNTs, SA and SA/HNTs composite (* represent the
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with HNTs concentration. For example, the G′ of the SA hydrogel at 0.1%
strain is 16,413.0 Pa, while the SA1N4 hydrogel is up to 86,976.2 Pa
which is 5.3 folds of that of pure SA hydrogel. The G′ almost keep
same from 0.1% to 1% strain for all of the hydrogel samples, but the G′
decreases sharply beyond 1%. This can be explained by that at high
strain the crosslink network is destroyed which leads to the decrease
of the G′. From the strain sweeping result, HNTs exhibit a significant re-
inforcing effect on SA hydrogel. Fig. 4(d) further shows G′ curves in fre-
quency sweep for different hydrogels. Consistent with previous result,
the addition of HNTs leads to the increase of G′ at low frequency wide
(0.1 to ~60 Hz). The G′ of the five hydrogels depends on HNTs loading,
and the G′ of pure SA hydrogel is the lowest among all the samples. This
can be understood by that HNTs can limit the mobility of macromole-
cules chains during shear and therefore the composite hydrogels exhibit
enhanced modulus. Similar phenomenon was found in other polymer
composite hydrogel systems containing HNTs [50,51]. The increasing
trend of G′ at high frequency disappears, which is attributed to all the
hydrogels exhibit dramatically increased G′ at high frequency.

3.4. Thermal and swelling properties of SA/HNTs composite hydrogels

The DSC thermogram of SA and SA/HNTs composite dried gels is
shown in Fig. 5(a). For every curve, an endothermic peak is found at
around 116 °C which is attributed to the loss of water correspond to
the hydrophilic nature of the functional groups of native alginate [52].
The peak slightly shifts to high temperature and the peak area decreases
with the addition of HNTs. For example, the SA1N2 containing 33 wt.%
HNTs shows an endothermic peak at 121 °C. This phenomenon is caused
by that the loss of water is much less and harder in the composites due
to the more compact network. The DSC result also supports the interfa-
cial interactions between the SA and HNTs.

The swelling curves of the SA and composite hydrogels in NaCl solu-
tion (0.1 mol/L) are presented in Fig. 5(b). The SA/HNTs composite
hydrogels exhibit low swelling ratios with same immersing time
Fig. 3. (a) SEM images of cross section of pure SA and SA/HNTs composite hydrogels. Scale bar: f
images of cross section of pure SA and SA/HNTs composite hydrogels, which stained with FITC
compared with pure SA hydrogel. With the increases in HNTs loading,
the swelling ratios of the composites gradually decrease. For instance,
the swelling ratio of SA1N4 after 80 h is only 1.8, while it is 10.5 for
pure SA. The decreased swelling ratio is caused by the decreased hydro-
philic polymer content in the composites by the addition of HNTs. In
comparison to SA, thewater absorption ratio of HNTs is low. In previous
studies, a similar decreased swelling ratio of composites by the addition
of HNTs was also found [21,51,53].

3.5. Cytocompatibility of SA/HNTs composite hydrogels

A good biocompatibility is the basic requirement of scaffolds
employed in tissue engineering. To determine whether the SA/HNTs
composite hydrogels are suitable for tissue engineering scaffolds, the
cell adhesion and growth behavior were observed. Fig. 6(a) shows the
fluorescent microscope images of the MC3T3-E1 cell after 72 h culture
on the hydrogel samples. Cells can grow well on the control group
(TCPS), indicating the good state of the used cells. In the hydrogel sam-
ple, both single cell and cell aggregates are found on the 3D hydrogel.
Due to that the cells in the hydrogel are located in different depth, it is
hard to focus all the cells in an image. No instinct cellmorphology differ-
ence can be identified for the SA hydrogel and the composites hydrogel.
Among the composite hydrogel, the SA1N1 sample shows much more
cell number from the fluorescent microscope images. This may be at-
tributed to the incorporation of proper content of HNTs leads to an in-
crease in the cytocompatibility of SA.

To compare the cell viability for different groups, the extract liquids of
the hydrogelswere added into the cell culturemediumwith a ratio of 1:2.
Then the mixture solution was added into the cells and the cell viability
was detected via the absorbance after 72 h. Fig. 6(b) shows the cell viabil-
ity determined by MTT method for different group. All the groups show
cell viability higher than 85%, suggesting a high cytocompatibility of the
hydrogels. Adding an appropriate amount of HNTs can improve the
cytocompatibility of SA, since the absorbance value of SA1N2 and
rom left, 25× (600 μm), 50× (300 μm), 100× (150 μm) and 200× (75 μm); (b) fluorescent
. Scale bar = 100 μm.



Fig. 4. (a) Shrinkage of SA and SA/HNTs composite hydrogels; (b) compressive stress–strain curves of pure SA and SA/HNTs composite hydrogels; (c) storage modulus vs. strains and
frequency of the SA and SA/HNTs composite hydrogels; (d) storage modulus vs. frequency of the SA and SA/HNTs composite hydrogels.
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SA1N1 is greater than that of pure SA. However, overloading of HNTs into
SA is can leads to the decrease in the MC3T3-E1 cells proliferation. Com-
pared with the control group, SA1N2 and SA1N4 gels are statistically sig-
nificant (P b 0.05). Incorporation of HNTs into polymer can leads to the
increase of the cytocompatbilitywhich is attributed the instinct good bio-
compatibility of HNTs and the increase surface roughness by the nanopar-
ticles [21,24,54,55].

CLSM was further used to characterize the cell morphology on the
hydrogels. Fig. 6 (c) shows the CLSM images of cells cultured on SA,
SA2N1, and SA1N1 for 3 day. The nuclei and cytoplasm were stained
into blue and red colorwith DAPI and phalloidin-TRITC respectively. Con-
sistent with the fluorescent microscope result, all the hydrogels can sup-
port the MC3T3-E1 cells growth. The cells on the composite hydrogel
surfaces exhibit diffuse cytoskeleton and well-stretched actin bundle,
also the small pseudopodia stretched out obviously with one or more
foot processes. In contrast, the cells cultured on pure SA hydrogel show
an elongated shape with little thin filopodia and filaments. The total adhe-
sive area of cells cultured on the composite hydrogel surfaces is clearly
higher than that of cultured on pure SA hydrogel, suggesting the improved
cytocompatibility of the composites. The addition of other nanoparticles
also can lead to the improved cytocomaptibiltiy of polymers [56,57].
Fig. 5. (a) DSC thermogram for pure SA and SA/HNTs composites; (b) swelling proper
4. Conclusions

SA/HNTs composite hydrogelswere prepared by themethod of solu-
tion-mixing and subsequent cross-linking with calcium ions. The static
and shear viscosity of SA/HNTs solutions increases by the addition of
HNTs. The rheological behaviors of pure SA and SA/HNTs solutions fit
well with the power lawmodel and showed a shear thinning behavior.
Hydrogen bond interactions occur between HNTs and SA as illustrated
by FTIR result. The crystal structure of HNTs is retained in the compos-
ites. An interconnected pore structure with pore size of 100–250 μm is
found in the hydrogels and the addition of HNTs leads to slightly de-
creased in pore size. The composite hydrogels exhibit a significantly im-
proved in stiffness and compressive strength. The storage modulus of
composite hydrogels is greater than that of pure SA hydrogel. The DSC
endothermic peak area and swelling ratios of the SA hydrogel decrease
by the incorporation of HNTs. SA/HNTs composite hydrogels have low
cytotoxicity and show an increase trend in MC3T3-E1 cells adhesion
and proliferation compared to the pure SA hydrogel. Together, the ad-
vantageous physical properties in combination with the
cytocompatibility make the SA/HNTs composite hydrogel scaffolds a
promising application in bone tissue engineering.
ties of pure SA and SA/HNTs composite hydrogels in 0.1 M NaCl solution at 37 °C.



Fig. 6. (a) Fluorescentmicrographs ofMC3T3-E1 cells postseeding on the SA and SA/HNTs composite hydrogels after 72 h, scale bar=200 μm; (b) the cell viability of the extracted liquid of
the hydrogels determined by MTT assay at 72 h; (c) CLSMmicrograph of MC3T3-E1 cells after 72 h cultured on SA, SA2N1, and SA1N1 hydrogels surface, scale bar = 50 μm.
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