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In this study, a series of alginate/halloysite nanotube (HNTs) composite scaffolds were prepared by solution-
mixing and freeze-drying method. HNTs are incorporated into alginate to improve both the mechanical and
cell-attachment properties of the scaffolds. The interfacial interactions between alginate and HNTs were con-
firmed by the atomic force microscope (AFM), transmission electron microscope (TEM) and FTIR spectroscopy.
The mechanical, morphological, and physico-chemical properties of the composite scaffolds were investigated.
The composite scaffolds exhibit significant enhancement in compressive strength and compressive modulus
compared with pure alginate scaffold both in dry and wet states. A well-interconnected porous structure with
size in the range of 100–200 μm and over 96% porosity is found in the composite scaffolds. X-ray diffraction
(XRD) result shows that HNTs are uniformly dispersed and partly oriented in the composite scaffolds. The incor-
poration of HNTs leads to increase in the scaffold density and decrease in the water swelling ratio of alginate.
HNTs improve the stability of alginate scaffolds against enzymatic degradation in PBS solution.
Thermogravimetrica analysis (TGA) shows that HNTs can improve the thermal stability of the alginate. The
mouse fibroblast cells display better attachment to the alginate/HNT composite than those to the pure alginate,
suggesting the good cytocompatibility of the composite scaffolds. Alginate/HNT composite scaffolds exhibit great
potential for applications in tissue engineering.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Alginate, a natural polysaccharide extracted from brown seaweeds,
is a biocompatible polymer widely used in tissue engineering, cell
therapy, and drug delivery [1–3]. As tissue engineering scaffold mate-
rials, it has many advantages such as highly hydrophilic, biodegradable,
biocompatible, derived from biomass resources, easy to crosslink, and
possessing high mechanical property [4–7]. Chemically, alginate is a
linear polymeric acid composed of 1,4-linked β-D-mannuronic acid
(M) and α-L-guluronic acid (G) residues. Alginate can form crosslink
networks through ionic interactions between divalent cations
(e.g., Ca2+, Sr2+ and Ba2+) and the carboxyl functional group of G
units. Crosslinking makes alginate insoluble in aqueous solution and
culture medium. This enables it to remain as supporting structure in
the form of hydrogel for the seeded cells when it is used as a scaffold
both in vitro and in vivo. When used in vivo, ionically crosslinked algi-
nate degrades when the calcium ions are exchanged with other ions
in the body, such as Na+. So, after finishing the mission of supporting
cell growth, alginate can be gently removed by the body circulation sys-
tems. Due to these characters, alginate has attractedmany attentions in
the development of polymeric delivery systems and tissue engineering
scaffold [2,5,8]. The correct physical properties and cellular compatibil-
ity are the major factors that determine the suitability of alginate used
as tissue engineering scaffold materials.

The composite scaffolds composed of nanoparticles and biopolymer,
and with a well-defined porous microstructure, as biocompatible and
biodegradable supports for cell growth have been developed in recent
years. For instance, carbon nanotubes (CNTs) were incorporated into
the alginate for improving themechanical properties and the cell adhe-
sion properties [7]. 1% (w/w) single-walled CNT increased the tensile
strength of alginate struts from 436 to 542 kPa, and the tensile modulus
was increased from287.5 to 426 kPa [7]. CNTs also could effectively play
the role of crosslinker in the alginate hydrogel, which led to a faster gel-
ling time and a superior resistance to compressive deformation [9]. The
alginate–CNTs gel showed mild tissue response but no adverse effect.
Halloysite nanotubes (HNTs) are novel natural one-dimensional parti-
cles with a unique tubular microstructure and an aspect ratio of ~20.
HNTs have wide applications in catalysis, ceramic, nano-reactor, cos-
metic, and polymer nanofiller [10,11]. As reinforcement for polymers
used in tissue engineering scaffold, the tubes have advantages over
other nanoparticles such as hydrophilicity, good dispersion ability, bio-
compatibility, entrapment of drugs, and low cost. Our previous study
showed that HNTs could improve the compression properties of
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chitosan scaffolds significantly, while the cell attachment and skin
repairing property of the chitosan were also increased [12–14]. HNTs
were also incorporated into alginate to form hydrogel beads for remov-
ing dyes and heavy metals in wastewater as well as for controlled-
release of drugs [4,15–17]. Recently, the alginate/HNT nanocomposite
hydrogels were developed for sustained releasing of bone morphoge-
netic proteins [18]. An improvement in mechanical strength of the algi-
nate byHNTs has been attributed to the physical interactions (hydrogen
bonds) between the alginate and HNTs.

To our best knowledge, no study has been reported on the prepara-
tion and the physicochemical properties of 3D porous alginate/HNT
composite scaffolds. To better ascertain the application potential of
this composite scaffolds in tissue engineering, this study aims at analyz-
ing the key properties of alginate/HNT composite, i.e., (a) the interfacial
interactions of HNTs with the alginate polymer, (b) the influence of
HNTs on the physicochemical properties of alginate scaffolds, (c) the
mechanical behavior of the composite scaffolds, and (d) the cell
Fig. 1. AFM height ((a) and (c)) and 3D images ((b) and (d)), and the line scanning
attachment behavior on the composite scaffolds. Due to the high
mechanical properties, proper porous microstructure, and good
cytocompatibility, the prepared porous alginate/HNT scaffolds have po-
tential applications in tissue engineering.
2. Experimental

2.1. Materials

Sodium alginate with a medium range molecular weight was pur-
chased from Sigma-Aldrich. Halloysite nanotubes (HNTs), mined from
Hunan Province, China, were used after purification. Calcium chloride
(CaCl2) and other chemicals used in this study were of analytical
grade andwere used as received. Ultrapure water from RO-DI® Labora-
tory water purification system was used to prepare the aqueous
solutions.
height profile ((e) and (f)) of HNTs (a, c, e) and alginate–HNTs (1:1) (b, d, f).



Fig. 2. TEM for HNTs ((a) and (c)) and alginate–HNTs (weight ratio, 2:1) ((b) and (d)). The black arrows represent the alginate layer around the tubes.
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2.2. Fabrication of alginate/HNT composite scaffolds

Alginate/HNT composite scaffolds were prepared by solution-
mixing and freeze-drying method. Typically, HNTs were dispersed in
100 mL of ultrapure water using a magnetic stirrer for 10 min. Subse-
quently, the dispersion was subjected to ultrasonic treatment in an ice
bath for 30 min. 2 g of alginate powder was subsequently added to
the dispersion. The mixture dispersion was continuously stirred over-
night and then treated by ultrasonic for 1 h under 4 °C in order to obtain
the good dispersion of the nanotubes. Then the solutions were poured
into cylinder plasticmoldwith 10mm in diameter and 10mminheight.
Afterward, they were frozen into ice at−20 °C overnight in a refrigera-
tor and then lyophilized at−80 °C using a Christ freeze dryer ALPHA 1-
2/LD plus. The scaffolds were immersed in 5% CaCl2 solution overnight
to crosslink the polymer chains and freeze-dried again. The sample
codes of the composite scaffold (Al2N1, Al1N1, Al1N2, Al1N4) repre-
sented the weight ratio of alginate (Al) and HNTs (N). For example, in
the Al2N1 composite scaffold the weight ratio of alginate and HNTs
was 2:1. For comparison, pure alginate scaffold was also prepared in
the same way but without addition of HNTs. All the samples were kept
in a vacuum desiccator at room temperature before anymeasurements.
Fig. 3. FTIRof pristineHNTs, freeze-dried pure alginate scaffold, and alginate/HNTcompos-
ite scaffolds.
2.3. Characterization of the interactions between alginate and HNTs

To evaluate the surface morphology of pristine HNTs and alginate–
HNTs, a multimode AFM with NanoScope IIIa controller was used
(Veeco Instruments). The dilute HNTs aqueous dispersion and
alginate–HNT (1:1, w/w) solution were dispersed on a piece of freshly
cleaved mica and images were collected under contact mode using a
soft cantilever (NP-S20, Veeco, force constant ca. 0.1 nN/nm). The dilute
HNTs aqueous dispersion and alginate–HNT aqueous solutions were
also dipped and dried on the carbon-film supported Cu-grid. Then the
samples were observed using Philips Tecnai 10 TEM under accelerating
voltage of 100 kV. Zeta potential of dilute HNTs and alginate–HNT (2:1,
weight ratio) aqueous dispersion (0.05 wt.%) was measured using a
Zetasizer Nano ZS (Malvern Ltd., UK).
2.4. Characterization of alginate/HNT composite scaffolds

2.4.1. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of the dried scaffold samples were measured using

attenuated total reflectance (ATR) model using VERTEX 70 (Bruker,
USA). Thirty-two consecutive scans were taken and their average was
stored. Spectra were taken from 4000 to 400 cm−1. The resolution of
the wavenumber was 2 cm−1.



Fig. 4. Compressive stress–strain curves of alginate and alginate/HNT composite scaffolds
in dry (a) and wet (b) states. The inset is the appearance of the alginate/HNT composite
scaffolds in dry and wet states.

Table 1
Summary of themechanical properties of the alginate–HNT composite scaffolds in dry and
wet state (data obtained from Fig. 4).

Sample Stress at
20% strain
in dry state
(kPa)

Stress at
40% strain
in dry state
(kPa)

Elastic
modulus in
wet state
(kPa)

Stress at
40% strain
in wet state
(kPa)

Stress at
60% strain
in wet state
(kPa)

Alginate 10.0 16.3 8.41 2.2 5.7
Al2N1 20.2 30.1 10.9 3.7 7.5
Al1N1 24.7 39.3 15.9 6.3 11.4
Al1N2 43.7 70.4 25.4 8.0 13.8
Al1N4 47.0 83.0 43.7 11.0 20.2
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2.4.2. Mechanical property determinations
Compression testing of the scaffolds was carried out using the

Zwick/Roell Z005 machine under 25 °C according to ASTM D5024-95a.
The samples for the test were cylinder samples with a diameter of
10 mm and thickness of 10 mm. The crosshead speed was 2 mm/min,
and up to failure or until 60% reduction in specimen height. The
stress–strain curves for every sample were recorded automatically.
The compressive properties of the scaffolds in wet state were tested
by soaking the scaffolds in PBS solution at 37 °C for 24 h. At least five
samples were used to obtain reliable data.

2.4.3. Scanning electron microscopy (SEM)
Before SEM observation, the scaffolds were sectioned and coated

with 10 nm thick gold–palladium using a sputter coater (BALTEC SCD
005). The morphology of the scaffolds was observed with a Hitachi S-
4800 FE–SEM at 2 kV.

2.4.4. Stereoscopic microscope
The three-dimensional structure of the scaffolds was studied using

ZEISS SteREO Discovery. V20, Germany. The images were obtained at
the surface and at different depths approaching ~1000 μm along the z-
axis.

2.4.5. Thermogravimetric analysis (TGA)
TGA of the scaffoldwas carried outwith NETZSCH TG 209F3 Tarsus®

from room temperature to 600 °C at a heating rate of 10 °C/min under
N2 atmosphere.

2.4.6. X-ray diffraction (XRD)
XRD profiles for samples were obtained using X-ray diffractometer

(D8, Bruker Corporation) at room temperature. The CuKa radiation
source was operated at 40 kV power and 40 mA current. The scanning
angle was from 5° to 50°.

2.4.7. Porosity measurement
The porosity of the scaffolds was determined using the reported

method [19]. First, the scaffolds were immersed in absolute ethanol
until it was saturated. Afterwards, the scaffolds were weighed before
and after the immersion in alcohol. The porosity was calculated using
the formula,

porosity ¼ W2−W1

ρV1
� 100%:

Here, W1 and W2 were the weight of scaffold before and after im-
mersion in alcohol, respectively. V1 is the volume before immersion in
alcohol; and ρ is a constant (the density of alcohol). All samples were
triplicated in the experiment. Three parallel sets were analyzed for
every scaffold and themean value of the porosities of different scaffolds
was taken.

2.4.8. Water uptake abilities
The water uptake ability (EA) of scaffold was studied using the fol-

lowing procedure. Dry scaffolds were weighed (Wdry) and immersed
in distilled water for 48 h. Then the scaffolds were gently removed
from the beaker after 48 h and placed on a wire mesh rack. Excessive
water was drained and scaffolds were weighed (Wwet) to determine
water uptake. Three parallel sets were analyzed for every scaffold and
the mean value was taken.

EA ¼ Wwet−Wdry

Wdry
� 100%

2.4.9. In vitro biodegradation behavior
The scaffolds were equally weighed and immersed in lysozyme

(10,000 U/mL) containing the PBS medium and incubated at 37 °C.
The samples were removed after 7, 14, 21 and 28 days and washed
with deionized water to remove ions adsorbed on surface and freeze-
dried. The dryweightwas noted asWt and initial weight asWi. The deg-
radation ratio of the scaffolds was calculated using the following formu-
la. Three parallel sets were analyzed for every scaffold and the mean
value was taken.

degradationratio ¼ W i−W t

W i
� 100%
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2.4.10. Cell adhesion and growth on pure alginate and alginate/HNT
composites

BALB/c-3T3 mouse fibroblast cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal
Fig. 5. SEM photos of freeze-dried pure alginate and alginate/HNT composite scaffolds with differe
bovine serum (FBS) and 1% antibiotic in an incubator with 5.0%
CO2 at 37 °C. The medium was changed every 3 days. Cells
were routinely removed from tissue culture polystyrene (TCPS)
dish with 0.25% trypsin–EDTA and plated on different substrates.
nt magnifications: pure alginate (a–c); Al2N1 (d–f); Al1N1 (g–i); Al1N2 (j–l); Al1N4 (m–o).
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The seeding cell density of 96 well culture plates was 2.0 ×104

cell/mL.
The cytocompatibility of the alginate–HNT composite was firstly

assessed by the attached cell morphology and numbers on the
Fig. 6. Stereoscopic microscopemicrographs of the pure alginate and alginate/HNT composite s
bar in the photos represents 1000 μm.
corresponding films. All films remained transparent even with
high HNTs loadings, which allowed the direct observation of cell
morphology by an inverted phase contrast microscope. For assessing
cell morphology, the random images of cells on each substratum
caffolds: (a, b) pure alginate; (c, d) Al2N1; (e, f) Al1N1; (g, h) Al1N2; (i, j) Al1N4. The scale



Fig. 6 (continued).
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were acquired using a CCD camera after culturing 1 day in regular
media.

After 3 days of culture on the pure alginate and alginate/HNT com-
posite films, cells were rinsed carefully with a warm phosphate buffer
solution (PBS) to remove non-adherent cells. All samples were fixed
with 4% paraformaldehyde in PBS for 30 min and then permeabilized
with a 0.1% v/v Triton X-100 for 5 min. For fluorescence staining, the
cells were incubated with 1 mg/mL Phalloidin-TRITC (Sigma) for 1 h
at room temperature to label the filamentous actins. After thorough-
ly rinsed, nuclei were stained with 5 mg/mL 4′,6-diamidino-2-
phenylindole (DAPI, Sigma) for 15 min. All the stained samples were
rinsed extensively with PBS, prior to observation under an immunoflu-
orescence microscope (IX71, Olympus) mounted with CCD.

SEM analyses were performed to observe the morphology of the
cells grown on the pure alginate and alginate/HNT composite scaffolds.
At the third day, the medium was removed and the samples were
washed twice with PBS. The cells were then fixed with 2.5% glutaralde-
hyde in cacodylate buffer (Karnovsky fixation solution) for 24 h at 4 °C.
Then, the specimens were washed with cacodylate buffer several times
and the dehydration of the cells attached to the films was done in etha-
nol at 30, 50, 70, 80, 90, 95 and 100%. Then the samples were freeze-
dried at −80 °C. The morphologies of the cells attached to the alginate
and alginate/HNT composite scaffolds were observed by a Philips XL30
ESEM machine.
Fig. 7. XRD patterns for alginate, HNTs and alginate/HNT composite scaffolds: (a) pure
alginate; (b) Al2N1; (c) Al1N1; (d) Al1N2; (e) Al1N4; (f) HNTs.
Cell proliferation on the pure alginate and alginate/HNT composite
scaffolds was assessed by dimethylthiazol diphenyl tetrazolium bro-
mide (MTT) assay. Ca2+ cross-linked scaffolds were seeded with the
cells in DMEM cell culture medium with a density of 1 × 105 cells/well
in 24-well cell culture plates. The plates were incubated at 37 °C in a
5% CO2 incubator. At the time point of 1, 4, and 7 days, the absorbance
of the extracted dye, which is proportional to the number of cells at-
tached to the scaffold, wasmeasured spectrophotometrically with ami-
croplate reader (Bio-Rad, Model 680, USA) at wavelengths of 570 nm.
Experiments were run in triplicate per sample. All data were expressed
as the mean ± standard deviation (SD) for n = 3.
Fig. 8. Density, porosity, water absorption (a), and degradation behavior in PBS solution
(b) of freeze-dried alginate and alginate/HNT composite scaffolds.



Fig. 9. TG (a) and DTG (b) curves for alginate, HNTs and alginate/HNT composite scaffolds.
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3. Results and discussion

3.1. The interactions between alginate and HNTs

Morphology analysis was carried out to elucidate the interactions
between the alginate and HNTs. The structure and morphology of the
pristine HNTs and alginate–HNTs were firstly evaluated by AFM mea-
surements (Fig. 1). The AFM images of the pristine HNTs show that
their surface is relatively smooth, sharp, and distinguishable. In the
case of the alginate–HNTs, it can be seen that the walls of the tubes
are rough and indistinct possibly due to the wrapping the alginate
chains. From the height profile as shown in Fig. 1(e, f), the overall diam-
eters of the alginate–HNTs increase due to the wrapping of alginate
(from a maximum of about 85 nm of pristine HNTs to 115 nm for the
alginate–HNTs). TEM was further used to character the wrapping of
the alginate on the HNTs (Fig. 2). The high resolution TEM images
were taken for the pristine HNTs and the alginate–HNTs (weight ratio,
2:1). The thicker tube walls and partially filling of the inner tube space
are found for the alginate–HNT samples (Fig. 2b). An organic layer
with light gray color in several nanometers is located on the surfaces
of the tubes (Fig. 2d). This indicates that the alginate polymer layers
exist on both the inner and outer surfaces of HNTs due to their interac-
tions. For the TEM photos of pristine HNTs, clear and smooth external
surfaces are observed. The wrapping of polymer layer around nano-
tubes via covalent bond [20] or physical interactions [13] has also
been found in other polymer–nanotube hybrid systems [21,22]. The
morphology results give the direct evidence of the polymer being coat-
ed on the surface of HNTs due to the interfacial interactions between
alginate and HNTs which is a benefit for the preparation of high perfor-
mance nanocomposites.

The zeta potentials of thediluteHNTs and alginate–HNT (2:1, weight
ratio) aqueous dispersion (0.05wt.%) have been determined. The HNTs
dispersions have a zeta potential value of −30.7 ± 1.5 mV due to the
negatively charged character which is related to the silica groups locat-
ed on their outer surfaces [23]. The alginate–HNT dispersions exhibit a
zeta potential of−65.8±0.5mV. The decreased value is due to the neg-
atively charged alginate polymer. FTIR analysis was also carried out to
elucidate the interactions between the alginate and HNTs. The FTIR
spectra obtained for pristineHNTs, pure alginate and alginate/HNT com-
posite are presented in Fig. 3. The spectra of pure alginate and pristine
HNTs are consistent with those reported in the literature [24,25].
Alginate displays adsorption bands at 3365 cm−1, 1628 cm−1 and
1419 cm−1 which correspond to OH stretching, asymmetric –COO−

stretching vibration (ionic crosslinked) and symmetric –COO−

stretching vibration, respectively. Pristine HNTs show the adsorption
bands at 3695 cm−1, 1032 cm−1 and 911 cm−1 which correspond re-
spectively to O–H stretching of inner-surface hydroxyl groups, Si–O
stretching and Al–O bending [25]. The FTIR spectra of the composites
show the combined peaks of alginate and HNTs (except the overlapping
of the peaks), indicating the successful incorporation of HNTs into the
alginate scaffold. However, the transmission bands at 3365 cm−1 of al-
ginate and 3695 cm−1 of HNTs are slightly shifted in the composites, in-
dicating the possible hydrogen bonding interactions between their
hydroxyl groups. Also, the peak around 1419 cm−1 of alginate, which
corresponds to the symmetric –COO− stretching vibration, shifts to
higher wavenumber in the composites. However, neither noticeable
variations in the position of the FTIR peaks nor the appearance of new
peaks by the incorporation of other nanoparticles into alginate was
found [6]. Therefore, from the present FTIR results a physical interaction
mainly the hydrogen bonds occur between HNTs and alginate, which is
a benefit for the performance improvement of the composite scaffolds.

3.2. Mechanical properties of the alginate/HNT composite scaffolds

Based on the interactions between alginate and HNTs, alginate/HNT
composite scaffolds were prepared by solution-mixing and freeze-
drying technique. The appearance of the prepared scaffolds is shown
in Fig. 4(a) inset. It can be seen that all the scaffolds show a uniform
shape in the form of sponge. HNTs have little influence on the color,
shape, and porosity of the alginate scaffolds. But by touching them by
hand, an obvious stiffening of the composite scaffolds is found com-
paredwith themechanicallyweakpure alginate scaffolds. The compres-
sive stress–strain curves of alginate scaffoldswith andwithout HNTs are
shown in Fig. 4(a). The summarized mechanical property data is listed
in Table 1. It can be seen that the composite scaffolds are generally
stronger and more robust than the pure alginate scaffolds. The stress
at the same strain of the composite scaffolds is far above that of the
pure alginate scaffolds. For example, the compressive strength of the
Al1N4 at 20% and 40% strain increases by factors of 3.74 and 4.06 respec-
tively in comparison to pure alginate scaffold. From the initial stage of
the stress–stain curves, the slope of the composite scaffolds is higher
than that of pure alginate sample. This suggests the increased compres-
sive modulus of the composite scaffolds compared to the pure alginate
scaffold. The high reinforcing ability of HNTs on the alginate can be at-
tributed to their capability of effectively enduring and transferring the
stress via the composite interfaces. The changed density and porosity
of the alginate scaffold by the addition of HNTs can also affect on theme-
chanical propertieswhichwill be shown in the following sections. In our
previous study, HNTs have a similar reinforcing ability for porous chito-
san scaffolds used in tissue engineering materials [13].

It is important to determine the mechanical properties of the scaf-
folds in wet state, since the scaffolds need to contact the body fluid
when they are implanted in the body. The compressive properties of



708 M. Liu et al. / Materials Science and Engineering C 49 (2015) 700–712
the scaffolds inwet state were tested by soaking the scaffolds in PBS so-
lution at 37 °C for 24 h. The typical stress–strain curve for the sample in
wet state is shown in Fig. 4(b). The mechanical properties for both the
pure alginate and the composite scaffolds are dramatically decreased
when the scaffolds are wetted by PBS solution. It can be seen that
HNTs can also effectively reinforce the alginate scaffold in wet state.
The elastic modulus, the stress at 40% strain, and the stress at 60% strain
of the alginate scaffold significantly increase after the incorporation of
the HNTs. For example, the Al1N4's elastic modulus, the stress at 40%
strain, and the stress at 60% strain are 43.7 kPa, 11.0 kPa, and 20.2 kPa,
which are 4.2, 4.0, and 2.5 folds than those of the pure alginate scaffold
respectively. Therefore, the alginate/HNT composite scaffolds can toler-
atemuch higher loading both in dry state andwet state. Since the tissue
engineering scaffolds should act as temporary physical support to with-
stand the stresses until the tissues are regenerated, the improved
strength is a benefit for their practical applications.
Fig. 10. Cell phase contrast micrographs at 24 h on TCPS (a), pure alginate (b), Al2N1 (c), A
3.3. Microstructures of the alginate/HNT composite scaffolds

The pore size of scaffolds affects cell adhesion, proliferation, and dif-
ferentiation. The scaffold pore sizemust be small enough to ensure me-
chanical integrity, but large enough to cell growth and the nutrient
diffusion needs of the tissue [26]. The cross-section morphologies of
the scaffold observed by scanning electron microscopy (SEM) are
shown in Fig. 5. The pure alginate scaffold exhibits a highly porous
structure with interconnected pores with size in the range of 100–
200 μm (Fig. 5b), which is in accordance with other reports [6,27].
When HNTs are introduced into alginate with different loadings, the
composite scaffolds also show a regular network structure with numer-
ous pores even when the loading is as high as 80 wt.%. Nearly no differ-
ences from the SEM morphology can be identified among the samples,
indicating that HNTs have little effects on the formation of ice crystal
during the scaffold preparation. In the higher magnification images,
l1N1 (d), Al1N2 (e) and Al1N4 (f) films. The black bars in the photos represent 100 μm.



Fig. 11. Fluorescent micrographs of NIH3T3 cells on pure alginate and alginate–HNT com-
posite scaffolds after 3 days of culture: (a) alginate; (b) Al1N2; (c) Al1N1; (d) Al1N2;
(e) Al1N4. The cells were stained to label the nuclei (DAPI, left column) and filamentous
actins (phalloidin–TRITC, middle column). The last column shows the merged photo of
the first two photos for the same sample. The scale bar represents 100 μm.
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HNTs are well embedded in the alginate matrix with blurry interface
morphology. There is no apparent self-aggregation ormicrophase sepa-
ration of HNTs in the alginate matrix in spite of the high HNTs content,
indicating the good interfacial bonding in the systems. In previous
study, the addition of hydroxyapatite (HAP) to the polymer solution
also did not change the morphology of the alginate scaffold [27].

To analyze the 3D architecture of the scaffolds, stereoscopic micro-
scope analysis was performed. Micrographs (Fig. 6) of the scaffolds re-
veal a uniform porous structure at different angles and depths.
Consistent with SEM results, all the alginate/HNT composite scaffolds
are highly porous and interconnected with a pore size of around
100–200 μm. The pore shape and dimension of the composite scaffolds
(Fig. 6(c) to (j)) are similar to the pure alginate scaffolds (Fig. 6(a) and
(b)). However, the strength of the pore walls increases with increasing
HNTs content while the pore walls of the pure alginate scaffold collapse
and appear to be agglomerated. This also supports the reinforcing effect
of the nanotubes to the soft polymer matrix as illustrated as the com-
pressive property determination.

The XRD patterns of the scaffolds are shown in Fig. 7. Pure alginate
shows no obvious peak due to its amorphous state. By incorporation
of HNTs, the composite shows the diffraction peaks around 2θ =
11.9°, 20°, and 25° which are assigned to (001), (020,110), and (020)
plane of HNTs respectively [28]. The peak around 12° of HNTs in the
composite scaffolds increases with the loading of HNTs, indicating the
homogeneous mixing of alginate and HNTs. The location of the diffrac-
tion peaks of HNTs in the composite scaffolds remains unchanged, sug-
gesting that no intercalation of alginate into the interlayer of tube
occurs. Interestingly, the intensity of the peak corresponding to the
(020,110) plane decreases with the increase of HNTs loading, which
has also been found in other polymer–HNT composite systems [13,29].
The possible explanation for this phenomenon is that a partial orienta-
tion of HNTs takes placewithin the alginatematrix via the interfacial in-
teractions. From the XRD result, HNTs can be uniformly distributed and
partly oriented in the composite scaffolds but their layer space remains
unchanged.

3.4. Physico-chemical properties of the alginate/HNT composite scaffolds

Fig. 8 compares the density, porosity, and water uptake of the pre-
pared alginate and alginate/HNT composite scaffolds. The density of
the sample ranges from 0.035 to 0.139 g/cm3. Pure alginate scaffold ex-
hibits the lowest density among the samples. By addition of HNTs, the
density of the composite scaffolds linearly increases with HNTs concen-
tration. The increased density of composite scaffolds is due to the great-
er material content in the same scaffold volume, since we fix the water
volume during the preparation of the scaffolds. The increased density of
the scaffold contributes to the improvement of compressive perfor-
mance for the composite scaffolds. In addition, scaffold porosity is
essential in intestinal tissue engineering in order to facilitate cell migra-
tion and nutrient transport. All the scaffolds show high porosity in the
range of 93–97%, which satisfies the requirement for applications in tis-
sue engineering. The porosity of samples is slightly decreased by the in-
corporation of HNTs, which is also attributed to the higher material
content in the composite scaffolds. Previous report showed that the in-
corporation of HAP into chitosan led to slightly decreasedporosity of the
scaffold [30].

Water uptake of scaffolds is also important for tissue engineering
scaffold because the absorption of physiological fluid and metabolites
occurs through the scaffolds. Pure alginate scaffold has a water absorp-
tion of 24.6% which is higher when compared to alginate/HNT compos-
ite scaffolds. The addition of HNTs to alginate leads to a decrease in the
degree of water absorption. This result can be attributed to the decrease
in the polymer ratio in the composite scaffold. Since the water absorp-
tion of the nanoclay is limited, it is considered that thewater absorption
of the scaffold is mainly attributed to the polymer networks. As a conse-
quence, the decreased polymer content in the composite scaffold results
in a decreasedwater uptake ratio. In addition, the HNTs can act as phys-
ical crosslinking points for alginate due to the hydrogen bond interac-
tions, which results in the increased entanglement of the alginate and
limited themobility of the polymer chains [9]. This also leads to the de-
creased water absorption of the composite scaffolds. As evident from
these results, the density, porosity and water absorption of alginate/
HNT composite scaffolds are composition dependent and can be tai-
lored according to the practical applications in tissue engineering.

The degradation behaviors of the pure alginate and alginate/HNT
composite sponges were monitored as a measure of weight loss in bio-
logical buffer (PBS) over 28 days (Fig. 8b). It can be seen that the degra-
dation ratio of all the samples in the PBS increases with the increase in
the soaking time. The pure alginate scaffolds lost about 33% of their
weight after 28 days of incubation with lysozyme. Compared with
pure alginate scaffold, the composite sponges show decreased weight
loss ratio. This is attributed to the primary degradation of the sample
that is related to the polymer chain breakage while HNTs nearly do
not degrade in PBS solutions. With the increase of the HNTs loading,
the relative contents of the alginate in the composite decrease. There-
fore, theweight loss ratio of the composites decreases with the increase
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Fig. 13.Viability offibroblastNIH3T3 cells on pure alginate scaffold and alginate/HNTcom-
posite scaffolds as a function of time, measured byMTT assay which represents active mi-
tochondrial activity of living cells.
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of HNTs content. The interfacial interactions betweenHNTs and alginate
can lead to physical crosslinking network in the composites, which also
can protect the alginate against the attack of the enzyme. The decreased
degradation rate of biopolymers by addition of nanoparticles can in-
crease the stability against enzymatic degradation, which has also
been reported in other alginate composite systems [6,31].

3.5. Thermal properties of the alginate/HNT composite scaffolds

Thermogravimetric analyses can supply information on the thermal
stability of materials, which are widely used to study interfacial interac-
tions in composites. TGA was conducted on pure alginate and alginate/
HNT composite scaffold. The introduction of HNTs has an influence on
the thermal stability of the alginate due to the interfacial interaction
(Fig. 9). The TGA curves of both scaffolds exhibit the same trend: the
weight of sample decreases gradually from room temperature to
220 °C; in the range of 220–270 °C the weight declines sharply and
then decreases slightly from 270 to 500 °C. The weight loss below
220 °C can be ascribed to the loss of free water, bonded and decomposi-
tion of oligosaccharide, while the rapidweight loss upon 200 °C involves
the complex process of degradation of polysaccharides. From the DTG
curves (Fig. 9b), the maximum degradation temperature of alginate in
the composite slightly shifts to higher temperature compared to the
pure alginate. This can be explained that HNTs can improve the thermal
stability of the alginate. The residual mass of the composite scaffold is
higher than that of pure alginate scaffold over the whole test tempera-
ture range, which is attributed to the introduction of HNTs and the in-
terfacial interactions. After 500 °C, the alginate scaffold losses the
weight rapidly, which is due to the serious degradation at high temper-
ature of the polymer chains.

3.6. Cell attachment of the alginate/HNT composite scaffolds

For tissue engineering application, the scaffolds are expected to
promote cellular adhesion, proliferation, and differentiation.
Cytocompatibility of the pure alginate and alginate/HNT composite
scaffolds was assessed with fibroblast 3T3 cells. The cell attachment
and proliferation of 3T3 cells on the materials were firstly studied
using the phase contrast micrographs (Fig. 10). The morphology of
these cells seeded on the alginate/HNT composites exhibit no obvious
variances between different concentrations. Fibroblast cells display
round or fusiform shape on the surfaces of both pure alginate and
alginate/HNT composites at 24 h after seeding, indicating that the
cells can attach on these material surfaces. The relative number of the
attached cells on the alginate/HNT composites increases with the
HNTs content. This may be attributed to the good cytocompatibility of
HNTs which has also been confirmed in previous studies [13,14,23,
32]. Also the increased surface roughness of the polymer by HNTs may
promote the cell attachments [31]. DAPI stained nuclei and
phalloidin–TRITC stained skeleton fluorescent images of these cells are
shown in Fig. 11. The fluorescent images also show that the cell number
increases in the composite comparedwith the pure alginate, suggesting
the enhanced attachment and proliferation of cells on the composite by
the incorporation of HNTs.Within 72 h of incubation, the cells of round-
ed morphology further flatten and spread evenly throughout the sur-
face of the scaffolds. The enhanced attachment and proliferation are
also due to the biocompatibility of HNTs and the increase in the surface
roughness of the composites.

To further investigate the influence of HNTs on the cytocompatibility
of alginate scaffold and the cell distribution on the 3D porous scaffolds,
SEM images were taken after 3 days of culture (Fig. 12). It can be seen
that cells are attached to both the scaffold surface and the inner pores
Fig. 12. SEM of the cartilage cells on pure alginate and alginate–HNT composite scaffolds aft
(h) Al1N2; (i) and (j) Al1N4.
of the scaffolds. The spherical cells are found on these scaffolds, suggest-
ing that the cells are growing and proliferating after 3 days of incuba-
tion. In the case of composite scaffolds with relative low HNTs content
(Al2N1, Al1N1), a homogeneous cell distribution is observed. In these
scaffolds, the cells are predominantly attached to the inner pore surface,
and only a few cells are attached to the outermost surface. While for the
pure alginate scaffold and the composite scaffolds with high HNTs load-
ings (Al1N2, Al1N4), the cells tend to aggregate. This may be explained
by the fact that the cells are confined to growth space either because of
the improper pore structure or the improper chemical composition
(high HNTs loadings). The uniform cell adhesion in the inner pores sug-
gests that the identical medium flow through each repeating unit of the
interconnected pores of the composite scaffolds. The incorporation of
hydrophilic and biocompatible HNTs improves the interfacial adhesion
with the cell membrane and promotes attachment and proliferation of
cells. Hence, the cell culture experiment results demonstrate the
alginate/HNT composite is biocompatible and has potential applications
in tissue engineering.

The biocompatibility of the scaffolds has been assessed by MTT
method using NIH3T3 cells, and the results are summarized in Fig. 13.
It can be seen that the cell growth increases continually with the culture
time for all the groups. The cell population is higher on the composite
scaffolds than on the pure alginate scaffolds after 1, and 4 days of cul-
ture, especially for the composite scaffolds with relatively low HNTs
content. For example, the cell viability determined by the absorbance
at 570 nm of the Al2N1 composite scaffold is above 2-fold compared
to the pure alginate scaffold. The increased cell viability also suggests
the good cytocompatibility of the alginate/HNT composites. The addi-
tion of HNTs can promote the cell attachment, spreading and growth
on the alginate scaffolds. The improved cell attachment is related the
composite scaffolds with a relatively rough surface and increased ad-
sorption of fibronectin [33]. However, the cell viability difference
among the scaffolds becomes less after 7 days of culture, since all the
groups show comparable cell density values. This is due to the limited
cell growth space after 7 days of culture for all the scaffolds. In total, the
cell viability test results also support the improved cytocompatibility of
er 3 days of culture: (a) and (b) alginate; (c) and (d) Al1N2; (e) and (f) Al1N1; (g) and
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the alginate scaffolds by the incorporation of HNTs. Thus, alginate/HNT
composite is a promising material for tissue engineering.

4. Conclusions

Alginate/HNT composite scaffolds were prepared by solution-
mixing and freeze-drying technique. A layer of alginate is found on
the outer surface of HNTs. The hydrogen bond interactions between
HNTs and alginate are confirmed by FTIR result. The compressive stress
both in dry and wet states at the same strain of the composite scaffolds
is far above that of the pure alginate scaffolds. HNTs are well embedded
in the alginate matrix with blurry interface morphology. HNTs can be
uniformly distributed and partly oriented in the composite scaffolds
but their layer space remains unchanged. All the scaffolds showhighpo-
rosity in the range of 93–97% with pore size of around 100–200 μm,
while HNTs have little effect on the pore structure. The addition of
HNTs to alginate leads to a decrease in the degree of water absorption
and degradation rate of the scaffold. HNTs can improve the thermal sta-
bility of the alginate. The relative number of the attached cells on the al-
ginate/HNT composites increases with the HNTs content. The enhanced
attachment and proliferation are attributed to the biocompatibility of
HNTs and the increase in the surface roughness due to the incorporation
of HNTs. Alginate/HNT composite scaffolds exhibit great potential for
their application in tissue engineering.
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