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ABSTRACT: Complex gel materials of Type I collagen
and aluminosilicate containing imogolite nanofibers were
prepared as opaque gel by mixing an acidic fine disper-
sion of aluminosilicate with an acidic solution of colla-
gen. The product was stained blue by Coomassie Brilliant
Blue (CBB), indicating that the gel contained collagen. A
white sponge was obtained after lyophilization of the
complex gel. Elemental analysis revealed that the com-
plex contains C, H, N, Al, and Si atoms; and the compo-
sitional ratio of aluminosilicate/collagen (w/w) was
calculated as 0.75 for the complex gel when aluminosili-
cate was mixed with an equal quantity of collagen.

Transmission electron microscope (TEM) observation
showed that aluminosilicate nanofibers were homogene-
ously distributed in the collagen matrix. The thermogra-
vimetric analysis (TGA) curve of the complex was not a
simple summation of each components, and especially,
the weight loss step corresponding to detachment of the
adsorbed water observed in aluminosilicate became diffi-
cult to distinguish, suggesting that the adsorbed water
was removed in the complexation. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 118: 2284–2290, 2010
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INTRODUCTION

Interactions of biopolymers with inorganic nano-
structured particles are very attractive to fabrication
of nanocomposites for biofunctional materials by
bottom-up technologies.1 Well-known composite
materials in living organisms are bone and scale,
which are composed of collagen and hydroxyapatite
crystals arranged in a certain direction.2,3 Mineral-
ized-collagen is an interesting material that can be
produced by self-assembly at ambient temperatures.4

Collagen is also found in extracellular matrix (ECM)
and plays an important role as a mechanical rein-
forcing fibrous material in connective tissue such as
tendon and cartilage. Therefore, collagen is used for
biocompatible scaffold materials in a wide range.
Various attempts have been made to fabricate colla-
gen-based nanocomposites using nanostructured
inorganic materials, such as hydroxyapatite,4–6 trical-
cium phosphate,7 bioactive glass nanofibers,8 layered
silicate,9–12 and carbon nanotubes.13 The fabrication

of nanofibers is reported to draw much advantage
for cell cultivation. Ma and his coworkers have vigo-
rously researched and suggest that the nanofibrous
scaffolds promotes the adsorption of serum proteins
and attachment of cells.14–17 Zhang and his co-
workers demonstrated that self-assembling peptide
nanofiber scaffolds have broad applications includ-
ing 3D-cell culture for regenerative medicine.18–20 It
is attractive to study the interaction of nanofibrous
materials with biopolymers.
Imogolite is a hydrated-aluminosilicate polymer

with tubular structure. The tubular structure is
formed with an external diameter of ca. 2 nm, an in-
ternal diameter of ca. 1 nm, and a length from sev-
eral hundred nanometers to several micrometers.21

Imogolite is a naturally occurring material, com-
monly observed in the clay fraction of soils derived
from glassy volcanic ashes. Since a synthetic path-
way was established, imogolite is steadily avail-
able.22,23 Although imogolite has an interesting
nanostructure, there are only a few reports about its
interaction with biopolymers.24–26 Hirai et al. investi-
gated the liquid crystal structure in the mixture of
tunicate cellulose and imogolite in aqueous solution
and prepared the nanocomposite film with high
modulus.24 Kondo and coworkers fabricated imogo-
lite on the surface of the honeycomb-patterned
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cellulose film.25 Takahara and coworkers have ener-
getically studied the preparation of polymer compo-
sites and hybrids containing imogolite.27 Among a
series of their studies, they prepared the hybrid gel
of imogolite with pepsin whose activity was retained
after four repeated reactions.26 They also reported
poly(vinyl alcohol) (PVA)/imogolite nanocompo-
sites28; and mechanical and thermal properties of
PVA were improved by addition of imogolite. We
have a perspective that interactions between matrix
and nanofibers are very important for improving the
mechanical properties of matrix. Mechanical strength
of collagen gel is very low under hydrated condi-
tions, and the inorganic nanofibers, if it can disperse
finely and interact with collagen, will be a most
qualified candidate for a reinforcement filler.

In this study, we prepared composites of collagen
with synthetic aluminosilicate containing imogolite
nanofibers. Characterization and microscope obser-
vation of the composites were carried out, and the
interaction between collagen and aluminosilicate
was discussed. The potential application of this com-
posite gel is in tissue engineering using biomaterial
such as a scaffold for cell proliferation. We used
Type I collagen from calf skin because of ready
availability in this study. Extraction of collagen from
domestic animals is reasonable in view of effective
utilization of waste from food processing industry,
though it has a potential risk of infectious diseases.

EXPERIMENTAL PART

Materials

Aluminum (III) chloride hexahydrate was purchased
from Kanto Chemical Co. (Tokyo, Japan); and
tetrasodium monosilicate n-hydrate (Si � 22%) was
purchased from Wako Pure Chemical Industries
(Osaka, Japan). Collagen, Type I, from calf skin
(C9791) was purchased from Sigma-Aldrich Co.
(MO) and used as received. The elemental content of
the collagen was C 40.5%, H 6.2%, and N 7.4%
(wt %) by elemental analysis. Ultra pure water (elec-
tric resistance >18 MX cm�1) was obtained through
Milipore Direct-Q and used for preparation of
imogolite and the complex.

Synthesis of aluminosilicate containing imogolite

Imogolite was synthesized by the method of Suzuki
et al.23 as follows. To prepare the reactant solutions,
3.35 g of tetrasodium monosilicate n-hydrate (Si
� 22%) (0.012 mol) was dissolved in 200 mL of
water; and 7.24 g of aluminum chloride hexahydrate
(0.030 mol) was dissolved in 200 mL of water. To
the solution of AlCl3 was added 2Na2O�SiO2 solu-
tion dropwise and stirred for 20 min at room tem-

perature. Then, 1N NaOH was added at a rate of 1
mL/min using a syringe pump under stirring until
the pH of the mixture reached 7.0. The mixture was
centrifuged at a rate of 3500 rpm for 10 min with
polypropylene (PP) centrifuge tubes, and superna-
tant was removed to obtain aluminosilicate gel. For
the purpose of washing out the excess salt, enough
water was added to the PP centrifuge tubes to sus-
pend the product and the suspension was poured
into 400 mL of water in a 500 mL beaker. The sus-
pension was stirred for 1 h at room temperature,
and then centrifuged at a rate of 3500 rpm for
10 min, followed by removing the supernatant. This
washing procedure was repeated three times. The
precipitate, translucent gel, was suspended in 2 L of
water, and pH of the suspension was adjusted to 4.0
with 0.5N HCl. After stirring for 2 days at room
temperature, the suspension became almost trans-
parent. The suspension was divided into two 1 L PP
screw capped bottles and aged for 2 days in an
electric oven set at 105�C. Then the suspension was
lyophilized for 2 days to yield a white fibrous
powder. The transmission electron microscope
(TEM) observation revealed that nanofiber content
was about 30%. The X-ray diffraction (XRD) analysis
also confirmed the existence of imogolite nanofibers.

Preparation of complex of collagen
with aluminosilicate

Collagen was dissolved in 0.05N acetic acid to obtain
a 0.5 mg/mL solution. After a small amount of 1N
NaOH (� 1.7% volume of the collagen solution) was
added for adjusting pH to 4, the resulting collagen
solution was added dropwise to 1 mg/mL alumino-
silicate suspension in 0.05N sodium acetate buffer
(pH 4). The total volume of the combined solution
was constant and the each volume of collagen solu-
tion and AS suspension is summarized in Table I.
The combined solution was agitated for 24 h and
centrifuged at a rate of 3500 rpm for 10 min. The
precipitate, white opaque gel, was washed with

TABLE I
Volume of Collagen Solution and AS Suspension Fed in

the Complex Preparation

Entry

Volume of
0.5 mg/mL
collagen

solution (mL)

Volume of
1 mg/mL AS
suspension

(mL)

Feed
ratio

(g-AS/
g-collagen) Yielda (%)

1 48 12 0.5 27
2 40 20 1.0 20
3 30 30 2.0 37

a The yield was calculated from the weight of the lyoph-
ilized-complex gel and the total mass of AS and collagen
fed in the experiments.
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0.05M sodium acetate buffer (pH 4) and water,
followed by lyophilization to yield a white cake.

Characterization

Elemental analysis for C, H, and N was performed
on a Sumigraph NCH-21 elemental analyzer with a
thermal conductive detector (TCD) (Sumika Chemi-
cal Analysis Service, Ltd., Tokyo, Japan). Elemental
analysis for Al and Si was performed on an IRIS
Advantage inductively coupled plasma atomic
emission spectrometer (ICP-AES) (Thermo Jarrell
Ash Co., MA). Samples were pretreated as follows:
the test sample was carbonized by sulfuric acid,
followed by ashing; then, the resulting ash was solu-
bilized by fusion with the alkaline agent. The surface
morphology was observed by a Hitachi S-4700 field
emission scanning electron microscope (FE-SEM);
the accelerating voltage was 1 kV or 5 kV; and the
samples were coated with gold before the observa-
tion. The nano-order morphology of aluminosilicate
and composites was observed by a Hitachi HF-2000
field emission transmission electron microscope (FE-
TEM). Each sample was suspended in water, and
the suspension was cast on a grid followed by dry-
ing for 24 h at room temperature. The accelerating
voltage was 200 kV.

UV–Vis spectra of solutions were recorded on a
Jasco V-650 UV–Vis spectrophotometer using a
quartz cell of 1-cm path length. Thermogravimetric
analysis (TGA) was conducted with a Perkin Elmer
thermogravimetric analyzer TGA 7 at a heating
rate of 20�C/min under a nitrogen atmosphere.
The weight loss curve was plotted against tempera-
ture for further analysis. Infra-red (IR) spectra were
recorded on a Shimadzu FT-IR 8400S spectrometer
by the attenuated total reflection (ATR) method for
collagen and the potassium bromide (KBr) method
for composites.

RESULTS AND DISCUSSION

Characterization of the complex of collagen
with aluminosilicate

Aluminosilicate containing imogolite (AS) was dis-
persed very well in a sodium acetate buffer (pH 4.0)
to yield a transparent solution at a concentration of
1 mg/mL. Because collagen we used was not dis-
solved completely in the same buffer, collagen was
dissolved in 0.05N acetic acid and then small
amount of sodium hydroxide was added to adjust
pH of the solution to 4. When these solutions were
combined, the mixture got turbid whitely and then
white flocculus precipitated to yield opaque gel by
centrifugation. The presence of collagen in the floc-
culus was confirmed by staining with Coomassie

Brilliant Blue (CBB) G-250 (Nacalai Tesque, Kyoto,
Japan) solution. The CBB solution was added to the
AS/collagen complex gel and the dispersion was
mixed well at room temperature. The complex gel
dispersion turned blue (Fig. 1, right). For compari-
son, AS gel was prepared as a blank without protein
by adding ammonia water to AS acidic dispersion.
When the CBB solution was added to the AS gel dis-
persion, almost no change in color was observed
(Fig. 1, left). The result strongly suggests that the
former gel prepared from AS and collagen contains
protein. We tried to carry out the quantitative analy-
sis by CBB and UV–Vis spectroscopy using superna-
tant of the combined solution. However, we could
not determine the amount of collagen in the super-
natant, because the acidity of the solution inhibited
the quantitative detection of protein with CBB and
AS aggregated particles remaining in the solution
scattered light especially with shorter wavelength.
When the feed ratio of AS to collagen (AS/colla-

gen) was changed from 1.0 to 0.5 and 2.0, the white
flocculus precipitation appeared in all cases. To
assess the composition of the precipitate, elemental
analysis of the samples was carried out after wash-
ing several times with the buffer and water and sub-
sequent lyophilization. The result is summarized in
Table II. The compositional ratios of the precipitates
were calculated from the Si/N ratios using the value
of Si content of AS/N content of collagen (1.10 g/g)
which is determined by the discrete elemental
analyses of AS and collagen. When the AS/collagen
feed ratio decreased from 1.0 to 0.5, the composi-
tional ratio did not change; the AS/collagen compo-
sitional ratio was ca. 0.7. The result implies that the
excess collagen did not precipitate with AS under
the present experimental condition. In the case
where the feed ratio AS/collagen is 0.5, collagen
covered AS surface and the bundle was ionically sta-
bilized in the solution, aggregated, and precipitated;

Figure 1 Digital photographs of the gel dispersion in
CBB staining solution: (left) AS gel and (right) AS/colla-
gen complex gel.
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and the excess collagen remaining in the supernatant
did not precipitate. In the case where the As/colla-
gen feed ratio was 1.0, only a part of AS whose sur-
face was covered with sufficient collagen precipi-
tated and the residual part of AS remained
dispersed in the buffer. On the other hand, when
the AS/collagen feed ratio increased to 2.0, the AS/
collagen compositional ratio increased to 1.2. In this
case, AS dominated in the bundle where AS was
entangled with collagen. However, the composi-
tional ratio AS/collagen did not reach 2.0, implying
that excess AS remaining in the supernatant also did
not precipitate with collagen. Yamamoto et al.
reported the dispersion of conjugated anionic poly-
mer hybrid with imogolite.29 They also considered
the bundle structure in which the anionic polymer
covered imogolite.

The morphology of the lyophilized complex gel
(Entry 2, obtained at the AS/collagen feed ratio of
1.0) was observed by SEM, and the photographs are
shown in Figure 2. The lyophilized gel does not have
fibrous morphology but macro porous morphology
(in the low magnification) with micro wrinkles on the
wall (in the high magnification). The wrinkles may
represent the presence of the aggregation of fibrous
collagen and fibrous AS, i.e., imogolite. TEM photo-
graphs of AS and the complex (Entry 2) are shown in
Figure 3. The photographs show the nanofiber
regions of each material. The magnifying view of the
complex revealed that imogolite nanofibers were
homogeneously surrounded by collagen matrix.

Interaction between collagen and aluminosilicate

To assess the interaction between collagen and AS,
first, the gel formation was carried out in the pres-
ence of 5M urea. Urea is known to interfere with
the hydrogen bond formation. When collagen aque-
ous solution was added to AS suspension in the
presence of 5M urea, white precipitate was sedi-
mented (24% yield). This precipitate is confirmed
to contain collagen and AS by measuring the
FTIR spectrum. The result suggests that the major
interaction between collagen and AS was not the
hydrogen bond. Then, the lyophilized-AS/collagen
complex obtained without urea was immersed in
phosphate buffer solutions whose pH varied from 4

to 10 to investigate whether the interaction between
collagen and AS is the electrostatic interaction. The
resulting supernatants were analyzed by UV–Vis
spectrophotometer (Fig. 4). If the binding force is
due to the electrostatic interaction, collagen will be
eluted from the complex gel as pH changes and its
absorbance will be detected by UV–Vis spectros-
copy. The absorbance at 270 nm increased remark-
ably as pH increased to 10, whereas the absorbance
was not significant at pH 4 to 8. AS nanofibers,
imogolite, is positively charged at the pH below
6,22 and it can interact with negatively charged

TABLE II
Compositional Ratio of AS/Collagen Complex

Entry
Feed ratio

(g-AS/g-collagen)
Si/N

ratio (g/g)
Si/C

ratio (g/g)
Compositional ratioa

(g-AS/g-collagen)

1 0.5 0.80 0.22 0.73
2 1.0 0.82 0.25 0.75
3 2.0 1.34 0.32 1.22

a The compositional ratio was calculated from the Si/N ratio.

Figure 2 SEM photographs of AS/collagen complex gel:
(a) low and (b) high magnification.
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molecules. Inoue et al.26 reported that imogolite
interacted with pepsine at pH 3.1; because pepsin,
whose isoelectric point is 1.0, was negatively
charged. Considering that the isoelectric point of
collagen is between 7 to 8,30,31 collagen should be
positively charged at pH 4 in our condition for pre-
paring the complex. Therefore, we could not con-
clude that the interaction between AS and collagen
was exclusively electrostatic interaction. However,
according to the dissociation behavior especially at
higher pH, electrostatic interaction may be domi-
nant. When we tried combining AS suspension
with the solution of poly(L-lysine) which has no car-
boxylic group, no precipitation occurred at pH 4.
We have an assumption that, in a collagen mole-
cule, there exist multiple points which have local-
ized negative charges and can interact with AS.
Indeed, collagen contains many acidic amino acid
residues, such as glutamic acid and aspartic acid,
which can be negatively charged at pH 4. The
example of the interaction of collagen and chitosan,

a cationic polymer, was reported by Taravel and
Domard,32,33 and Sionkowska et al.34 These reports
support our assumption.

Figure 3 TEM photographs of (a, b) AS and (c, d) AS/collagen complex gel: (a, c) low and (b, d) high magnification.

Figure 4 UV spectra of supernatant of AS/collagen com-
plex gel immersed in buffer solutions at various pHs.
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Figure 5 shows the IR spectra of lyophilized-colla-
gen and AS/collagen complex. In these spectra, two
major absorption bands were observed: one is
assigned to the amide I at 1650 cm�1 corresponding
to the stretching vibration of C¼¼O, and the other is
assigned to the amide II at 1550 cm�1 corresponding
to the bending vibration of NAH. According to the
literature,35 the absorption band of the OAH bend-
ing vibration of water appears at around 1640 cm�1,
which causes the apparent increase of the amide
I absorption. The amide I absorption of AS/collagen
complex relative to the amide II is smaller than that
of collagen, implying that some water molecules
attached to collagen was removed in the preparation
of AS/collagen complex. The absorption band at
around 900–1000 cm�1 observed in the spectrum of
AS/collagen complex is attributed to the stretching
vibration of AlAOASi of AS. The peak at 1740 cm�1

in the spectrum of collagen is unknown, which may
be attributed to the ester C¼¼O stretching vibration
of contaminated lipid, sometimes seen in the
collagen sample.36 The small peak at 1710 cm�1 is
attributed to the nonionized carboxyl C¼¼O stretch-
ing vibration of side chains.37 This peak disappeared
in the spectrum of AS/collagen complex and a
new peak appeared at 1570 cm�1 and 1400 cm�1

attributed to the ionized carboxyl groups (COOA
asymmetry stretching and symmetry stretching,
respectively).35,38,39 These spectral changes support
the possibility of the electrostatic interaction between
collagen and AS.

The weight loss profile of the lyophilized-AS/col-
lagen complex at rising temperature was measured
by TGA and shown in Figure 6. The TGA curves of
collagen and AS are also shown for comparison. Col-
lagen exhibited a two-step degradation profile: the
first step (150–200�C) corresponds to the elimination

reaction such as dehydration and decarboxylation at
the side chains of collagen: the second step (300–
400�C) corresponds to the degradation of the main
chain. In the TGA curve of AS, any remarkable
degradation step was not found; and the weight
gradually decreased during heating until the tem-
perature reached � 400�C. The gradual weight
decrease corresponds to the loss of the adsorbed
water (100–200�C) and the structured water (300–
400�C) on the AS.23 Interestingly, the TGA curve of
AS/collagen complex was not the averaged curve of
the summation of the collagen profile and the AS
profile. The steps corresponding to the first degrada-
tion of collagen and the loss of the adsorbed water
on AS were not found. Therefore, the rate of
the weight decrease was very slow until � 300�C.
The degradation was accelerated at 300–400�C
and the AS/collagen complex exhibited one-step
degradation profile. This step may correspond to the
degradation of collagen. Disappearing of weight loss
steps which indicate the detachment of water from
AS surface and collagen side chains reflects the close
interaction between the collagen side chains and AS
surface. It is reasonable to consider that the binding
site for water molecules on AS was occupied by col-
lagen side chains. The result suggests that the AS/
collagen composite was not the phase-separated
mixture, but the hybrid in which collagen is closely
bound to AS.
The mechanical properties of AS/collagen com-

posite gel are now under investigation and the
results will appear in the near future.

CONCLUSIONS

1. Complex gel of Type I collagen and aluminosili-
cate (AS) containing imogolite nanofibers was
prepared by addition of the collagen solution to
the AS fine dispersion at pH 4. The complex gel
was composed of collagen and AS. When feed

Figure 5 FTIR spectra of (a) collagen and (b) AS/
collagen.

Figure 6 TGA curves of collagen, AS, and AS/collagen
complex gel.
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ratio of AS to collagen (AS/collagen) varied
from 0.5 to 2.0; the compositional ratio of AS/
collagen in complex gel was varied from 0.7 to
1.2. SEM showed that morphology of the lyophi-
lized-gel was not fibrous but macro porous, and
there were many micro wrinkles on the wall.
TEM revealed that imogolite nanofibers were
homogeneously surrounded by collgen matrix.

2. The collagen was eluted from complex gel in
buffer solutions at pH 10, but not significantly
at pH 4 to 8. The result implies that the electro-
static interaction is mainly involved in the com-
plex formation of collagen with AS. IR spectral
change of collagen suggests that the nonionized
carboxyl groups were changed to the ionized
carboxyl groups in the presence of AS. The
result supports the possibility of the electro-
static interaction between collagen and AS. The
TGA curves of AS/collagen complex was not
the averaged curves of the summation of the
collagen TGA profile and the AS TGA profile.
This result suggests that collagen was closely
bound to AS in the complex gel by substituting
for absorbed water on AS.

The authors greatly acknowledge Dr. Masaya Suzuki,
National Institute of Advanced Industrial Science and Tech-
nology (AIST), Japan, for providing a synthetic imogolite
sample and giving advices for the synthetic procedures.
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