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ABSTRACT Three-dimensional chitosan self-assembled nanostructures are reported whose morphology can be adjusted by tuning
of the processing parameters, including the rate of solvent removal, the surface roughness of the substrate, and the polarity of the
solvent used. Upon this, chitosan nanostructures of more interesting morphology and even higher complexity can be prepared, which
can serve as nanotemplates for subsequent biomineralization of calcium carbonate, leading to controllable three-dimensional
biominerals having the same complex morphology as that exhibited by the self-assembled chitosan nanotemplates.
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Inspired by the fascinating, and at the same time func-
tional, three-dimensional (3D) calcium carbonate (Ca-
CO3) biominerals observed in nature (e.g., echinoderms

(1) and coccoliths (2)), bottom-up biomineralization for the
preparation of crystalline calcite micro- and nanostructures
has aroused enormous interest and effort from scientists
worldwide. Not just limited to their eye-catching appearance,
these 3D calcite skeletons bear significant technological
impact in various biological applications and nanodevices
(e.g., electronic, optical, optoelectronic, sensory) (1, 3, 4).
Previously, generations of 3D calcite crystals were reported
by using photolithographically patterned silicon with metallic
micro- or even nanopatterns (4). This technique involves
complicated lithographic processes. Also, the final calcite
structures are restricted to those accessible forms from
lithographic techniques. A layer-by-layer approach using a
polymeric mediator was another commonly adapted tech-
nique to prepare more complicated biomineral structures
(5). Usually, nacre or mesoscale structures were deduced
without specific nanomorphology. Recently, Qi reported an
elegant method for preparing 3D-ordered macroporous
calcite crystals using ordered colloidal crystals of polymeric
microspheres as templates (6). However, all product struc-
tures were limited to the basis of inverse opal. Biomorphic
templating represents another viable method for generating

3D calcite (7). Despite the ease of preparation, the final
morphology is controlled by the choice of biotemplate used
rather than the experimental processing conditions. Fabrica-
tion of 3D calcite crystals of higher morphological complex-
ity in a controllable fashion by a simple enough preparation
process remains a serious challenge to material chemists.

In this letter, we reported the construction of 3D self-
assembled (SA) chitosan nanostructures. The morphology
of the SA chitosan nanostructures was found to be control-
lable by tuning of the experimental processing parameters,
e.g., the rate of solvent removal, surface conditions of the
substrate, and choice of the solvent. They then served as
nanotemplates for biomineralization of calcite nanoarchi-
tectures. Chitosan, a deacetylation product of chitin and a
naturally occurring biopolymer, is a functional and basic
polysaccharide composed of �-1,4-linked glucosamine (8).
Owing to its special properties like nontoxicity, biodegrad-
ability, biocompatibility, and antimicrobial activity (8, 9), this
polycationic biopolymer is receiving a great deal of attention
for biosensing, biomineralization, and medical and phar-
maceutical applications (9, 10). Chitosan micro- or nanofi-
bers have been widely accepted as biomedical scaffolding
materials to restore, maintain, or improve the functions of
various tissues (11). Therefore, the preparation of 3D chito-
san nanostructures with controllable morphology is highly
desirable but so far has met with limited success. Recently,
we reported an electrochemical approach to synthesizing
different chitosan one-dimensional nanostructures (nanow-
ires, nanotubes, and nanorods) with the aid of an external
electric field (12). In the present article, the preparation of
3D calcite crystals of higher morphological complexity in a
controllable fashion by a simple SA approach will be de-
scribed. To the best of our knowledge, this is the first report
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on finely controlling chitosan nanostructures by a SA ap-
proach. The synthetic process is simple and can be per-
formed under the usual experimental laboratory conditions.

Chitosan with a g75% degree of deacetylation and an
average molecular weight of 660 000 as determined by the
intrinsic viscosity was obtained from Sigma. Propylene carbon-
ate (PC; 99.7%, Sigma) was used as received. In a typical
experiment, 8.5 mg of chitosan was dispersed into 45 mL of
ethanol or PC solution under mild ultrasonication (70 W) for
2 h. The solutions were kept at a pH of ∼4.0 by adding
dropwise an appropriate amount of aqueous H2SO4. SA chito-
san nanostructures were then formed by drop-casting 100 µL
of a chitosan solution onto various indium-tin oxide (ITO)
substrates. ITO substrates were chosen because the effect of
surface conditions on the morphology of SA chitosan is also of
interest in the current work. Because it is expected that an oxide
surface can interact strongly with the -OH and -NH2 of
chitosan, ITO is an ideal candidate because the surface rough-
ness of ITO can be significantly changed by exposure to
different surface treatments, such as oxygen glow discharge,
UV/ozone, etc. (13). ITO substrates (1.0 × 1.0 cm2) used have
a sheet resistance of about ∼20 Ω. ITO substrates were
routinely cleaned by sonication in a detergent and then rinsing
in deionized water and acetone sequentially (S1). Some ITO
substrates were further treated by oxygen glow discharge (S2)
or UV/ozone (S3). Generally, 100 µL of chitosan in acidified
ethanol or PC was drop-casted onto S1, S2, or S3 and was
heated at 65 °C in air or in a vacuum oven overnight for
complete drying. The general morphology of the products was
characterized by scanning electron microscopy (SEM; FEI
Quanta 400). Selected-area electron diffraction (SAED) patterns
were obtained by using transmission electron microscopy
(TEM; Philips CM 120, 120 kV). High-resolution TEM (HRTEM)
measurements were performed with a high-resolution trans-
mission electron microscope (Tecnai F20, FEI). The roughness
of the substrate surface was measured by using an atomic force
microscope (AFM, Nanoscope III). X-ray diffraction (XRD)
patterns were collected with a Bruker D8 Advanced diffracto-
meter with high-intensity Cu KR1 irradiation (λ ) 1.5406 Å).

Figure 1 shows the representative SEM images of SA
chitosan (dried at 65 °C in air) on routinely cleaned ITO (S1).
Free-standing nanoblades (NBs) were observed to be uni-
formly distributed over the substrate. The NBs are uniform
in size and dimension, which are all standing up on the
substrate. A high-magnification SEM image (inset of Figure
1a) shows that these NBs have an average side length of

∼2.0 um, a thickness of ∼100 nm, and a width of ∼500 nm.
Figure 1b displays the TEM image of a representative chi-
tosan NB. As shown, the chitosan NB consists of aggregation
of multiple smaller pieces. The corresponding SAED pattern
is shown in the inset of Figure 1b, which indicates a poly-
crystalline nature. The bladelike or sheetlike structure ob-
served is consistent with the fact that chitosan prefers to
form layered molecular structures owing to the presence of
hydroxyl and amino groups, which induce both strong inter-
and intramolecular hydrogen-bonding interactions between
chitosan molecules (14). Similar behavior was also reported
for the SA systems of N-alkylacrylamide polymer and bi-
surea-based organogels (15). However, when we dried the
drop-cast chitosan solution by vacuum heating instead of
standalone air drying, those monodispersed individual NBs
tended to assemble quickly and interlacement was ob-
served. Interlaced NBs were homogeneously standing on the
substrates (Figure 2a). Upon a further increase of the vacuum
drying temperature to 90 °C, flower-like nanostructures,
composed of multilayered NBs, were observed (Figure 2b).
A higher rate of solvent removal was induced by an in-
creased vacuum drying temperature, which directly prompts
the self-assembling rate of chitosan, resulting in the inter-
laced 3D architecture. Further interlacements of NBs at a
faster rate of solvent removal eventually result in a flower-
like morphology, with assembly of multiply stacked NBs.
Evidently, the rate of solvent removal strongly affects the
SA behavior of chitosan, which, in turn, leads to different
3D chitosan nanoarchitectures. Further investigations were
made to examine the control over the nanomorphology by
changing two other experimental conditions: the surface
conditions of the substrate and the choice of the solvent.

ITO substrates further treated by oxygen glow discharge
plasma (S2) or UV/ozone (S3) were used. Parallel studies
showed that both treatments could effectively remove sur-
face hydrocarbon contaminants and introduce fully oxidized
ITO surfaces. Both exhibit almost the same contact angle
toward ethanol, implying a nearly identical macroscopic
solution/surface interaction. Despite their similarity in a

FIGURE 1. (a) SEM image of SA chitosan in ethanol, dried at 65 °C
in air. Inset of part a: enlarged SEM image showing a bladelike
structure of SA chitosan. (b) TEM image of a typical chitosan NB.
Inset of part b: SAED pattern of the chitosan NB in part b.

FIGURE 2. SEM images of SA chitosan in an ethanol solvent, film dried
at (a) 65 °C, (b) 90 °C in vacuum onto S1, (c) 65 °C in air onto S2, and
(d) 65 °C in air onto S3. Inset: corresponding enlarged SEM images.
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macroscopic point of view, AFM measurement revealed a
significant difference in the surface roughness. Because
energetic oxygen species were involved in oxygen glow
discharge plasma, the corresponding ITO surface suffered
severe ion bombardment during treatment, while a surface
smoothing effect was observed by the UV/ozone treatment
as reported by Li et al. (13) ITO substrates treated by oxygen
glow discharge plasma possessed a roughened surface with
a root-mean-square roughness of 1.169 nm, compared to
0.218 and 1.061 nm for ITO surfaces treated by UV/ozone
and routine cleaning procedures. The corresponding SEM
images of SA chitosan nanostructures (dried at 65 °C in air)
on S2 and S3 are shown in Figure 2c,d. Chitosan NBs were
again observed standing upright on the ITO substrate of S2,
as on S1 (after routine cleaning). However, on S3 (substrate
treated by UV/ozone), NBs and disks were found lying on
the substrate instead of standing. Because the hydroxyl and
amino groups along the chitosan molecular chains can
interact strongly with the oxygen-containing functional groups
(e.g., -O- and -OH) on ITO, a smoother surface in the
microscopic level can promote surface nucleation and growth
of chitosan species, leading to flat structures lying on the
substrate (Figure 2d). However, for rougher surface (as for
S1 and S2), standing structures are more favorable because
intimate contacts between chitosan and ITO are mostly
restricted to those with the protruding areas and points of
the ITO surface. As such, upright SA chitosan nanostructures
were observed on the much rougher S1 and S2.

Besides the rate of solvent removal and the roughness of
the substrate surface, the solvent effect was also investi-
gated. When PC was used instead of ethanol for the prepara-
tion of SA chitosan here, nanorods (NRs) with an average
diameter and length of 120 nm and 1.25 µm, respectively
(Figure 3a,b) were found on the routinely cleaned ITO,
instead of NBs. It was proposed in our previous study (12)
that nanoscale embryos play a vital role in the generation
of subsequent nanostructures. We, therefore, carefully ex-
amined the embryos collected in solutions of chitosan in
ethanol and in PC. As-received chitosan powder was first
introduced into acidified PC or ethanol solution (pH adjusted
to ∼4.0) under mild ultrasonication. Chitosan embryos were
collected by copper grids for subsequent TEM. Parts c and
d and parts e and f of Figure 3 show the TEM images of
chitosan embryos formed and collected in ethanol and in
PC, respectively. For chitosan in ethanol, embryos with
shells or stacked layers are clearly observed. It is consistent
with the report by Okuyama et al. that molecular layer
stacking is more likely adapted by chitosan, leading to a
layered structure bounded by the intra- and intermolecular
hydrogen bonds (14). It is proposed that further growth of
these shelled and layered embryos resulted in small pieces
that aggregated into larger sheetlike and bladelike structures
with in-plane randomness. The corresponding SAED thus
displays a polycrystalline nature rather than a single-crystal-
line nature, which requires extension of order of molecular
arrangement over the entire system. Formation of a single-
crystalline or highly oriented structure is rather difficult for

the round and curved shell-like layered embryonic structures
in the case for sheetlike and bladelike SA chitosan structures.
As such, upon further growth, sheetlike structures will be
evolved in the SA process. When the solvent was replaced
by PC (with other experimental conditions being kept un-
changed), crystalline particle-like embryos were observed
with an average diameter of 2 nm (Figure 3e,f). These
regular, crystalline particle-like embryos are expected to
follow oriented attachment as proposed by Penn et al. (16),
i.e., the spontaneous self-organization of adjacent particles,
followed by joining of particles at a common planar inter-
face, which is nowadays a well-established mechanism to
explain the growth of anisotropic, wire/chainlike nanostruc-
tures (17). The difference in embryo morphology between
the use of ethanol and PC as solvents is attributed to the fact
that PC is more polar than ethanol. The dipole of PC is 4.98
D, while that of ethanol is only 1.69 D (18). The more polar
PC can act better as a surfactant to minimize the surface free
energy of chitosan embryos, which favors the formation of
crystalline particle-like chitosan embryos. However, when
ethanol is used to solvate the chitosan, owing to its much
lower polarity for strong interaction with the chitosan mol-
ecules, the chitosan molecules prefer to aggregate, forming
a layered structure by molecular stacking as usual. This
demonstrates the effect of solvent on the morphology of
initial chitosan embryos, which in turn crucially affects the
shapeandconfigurationofthefinalSAchitosannanostructures.

Undoubtedly, 3D chitosan nanostructures can be pre-
pared by a simple SA process. The exact shape and mor-
phology can be adjusted by varying (i) the rate of solvent
removal, (ii) the surface roughness of the substrate, and (iii)
the polarity of the solvent used, as shown by the study
described above. These 3D SA chitosan nanostructures were

FIGURE 3. (a and b) SEM images of SA chitosan in PC solvent, film
dried at 65 °C in air. HRTEM images of the embryos collected from
the solutions of chitosan in (c and d) ethanol and nd f) PC as the
solvent, respectively.
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then subjected to biomineralization of CaCO3. Biomineral-
ization was performed on these SA chitosan nanotemplates
from a supersaturated aqueous solution of calcium carbon-
ate. First, a supersaturated CaCO3 solution was prepared by
continuously pumping CO2 into a flask of deionized water
containing as-purchased pure CaCO3 powder until all CaCO3

dissolved and resulted in a supersaturated CaCO3 solution
at a concentration of 0.5 mmol/L. Second, ITO substrates
coated with SA chitosan were immersed into the supersatu-
rated aqueous solution of CaCO3 for 24 h. Biomineralization
occurred upon solvent and CO2 evaporation. Finally, the
samples were taken out for drying in air at room tempera-
ture. Parts a and b of Figure 4 show the biomineralized
nanoarchitectures prepared from SA chitosan nanostruc-
tures fabricated as those shown in parts a and b of Figure 2.
Evidently, the biomineralized products perfectly dictate the
SA chitosan nanotemplates, leading to CaCO3 biominerals
in the form of interlaced NBs, as well as flower-like struc-
tures. XRD studies reveal that both are calcite (Figure 4c),
with the characteristic reflection at 2θ ) 29.6°, correspond-
ing to the hexagonal crystal structure of CaCO3 (JCPDS no.
81-2027). This implies that CaCO3 preferentially nucleated
and grew around the SA chitosan nanotemplates, giving
exactly the same morphology. This phenomenon is at-
tributed to the preferred adsorption of ions like Ca2+ and
CO3

2- on the SA chitosan backbone, which possesses sur-
face charges and strong polarity for attraction of ions and
polar species. When more 3D SA chitosan nanotemplates
of even higher complexity and variety are prepared by
adjusting individual processing parameters and/or a combi-
nation of them, highly complex 3D calcite biominerals can
be obtained in a controllable manner.

3D SA chitosan nanostructures are reported whose mor-
phology can be easily adjusted by tuning of the processing
parameters in the SA process. Upon this, chitosan nano-
structures of more interesting morphology and even higher
complexity can be prepared, which can serve as nanotem-
plates for subsequent CaCO3 biomineralization, leading to
controllable 3D biominerals having the same complex mor-
phology as that exhibited by the SA chitosan nanotemplates.
In addition, they provide a variety of nanomorphologies for
further applications and development in biological and
biomedical studies, for example, cell adhesion, a natural
extracellular matrix to mimic biomineralization, nanostruc-
ture-based biosensors, tissue-compatible scaffolds, etc.
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(c) XRD pattern of the as-prepared CaCO3.
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