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ABSTRACT: Highly ordered and concentric ring patterns
consisting of halloysite nanotubes (HNTs) with hierarchical
cholesteric architectures are prepared by evaporation-induced
self-assembly in a sphere-on-flat geometry. The structure and
properties of HNTs are investigated. HNTs show a perfect
tubular morphology on the nanoscale with high dispersion
stability in water. Upon drying the HNTs aqueous suspension
in a sphere-on-flat confined space, regular concentric HNTs
rings are formed on the substrate via a self-assembly process.
The widths of the inner and outer rings and the spacing
between the adjacent rings increase with an increase in the
concentration of the HNTs suspension. The highly ordered and concentric HNTs rings show a pronounced Maltese cross-like
pattern under crossed polarizers, which suggests the formation of hierarchical cholesteric architectures. Scanning electron
microscopy and atomic force microscopy observations show a disclination alignment of HNTs in the ring strips, especially with a
high concentration of the HNTs suspension. The patterned rough surfaces of the HNTs show low cytotoxicity and can be used
as a cell-supporting scaffold. The HNTs rings can guide the growth and orientation of C2C12 myoblast cells perpendicular to the
rings. This work provides a simple, repeatable, mild, and high-efficiency method for obtaining HNTs with hierarchical
architectures, which show potential for a large variety of applications, for example, in vascular grafts and skin regeneration.

1. INTRODUCTION

There are many examples in nature of large-scale complex
hierarchical architectures composed of nanosized inorganics
and organic polymers, that is, nacre and bone.1 The highly
regular brick-and-mortar arrangement of inorganic and organic
elements leads to composite materials with distinctive
mechanical properties and multiple functionalities. Researchers
have learned how to design artificial hierarchical architectures
with ultrahigh mechanical properties and unique biofunction-
alities from natural assembly processes.
However, to explore proper nanoparticles for self-assembly

and precisely control the assembly behavior is fundamentally
essential not only to elucidate the principles that underlie the
evolution of complex hierarchical structures in nature but also
to inspire the development of novel materials where their
functionalities are encoded in the building blocks that compose
them.2 Anisotropic nanoparticles with a high aspect ratio
should self-assemble into liquid−crystalline phases3,4 in
aqueous media, which can be further transferred into
macroscopic ordered materials via evaporation of the solvent.5

Rodlike virus,6,7 gold nanorods,8,9 halloysite nanotubes
(HNTs),10,11 semiconducting nanowires,12 graphene nano-
plates,13 cellulose nanocrystals (CNCs),2 proteins,14 and so
forth have been used to study the assembly behavior of highly
regular architectures. In these studies, the capillary assembly
method was used to achieve selective delivery of individual
nanoparticles into suitable target sites on large-area substrates.

The capillary assembly of nanoparticles technique is ideal for
the precise definition of topographic features arbitrarily
distributed over large surfaces, and it is also energy-efficient,
time-saving, and cost-effective.9 For example, rodlike tobacco
mosaic virus (with aspect ratio 17) can assemble into ordered
hierarchical structures in a glass capillary tube.6 Hierarchical
cholesteric architectures of CNCs can be obtained by the self-
assembly of their aqueous droplets in a confined spherical
geometry.2 Solvent evaporation of a drop-induced self-assembly
is recognized as a nonlithography route for the one-step
creation of complex, large-scale hierarchical structures. Lin and
co-workers prepared a series of hierarchical architectures via
drying nanoparticle suspensions in confined spaces.15 The
capillary force at the contact line during the drying process of
nanoparticle suspensions leads to a periodic pinning and
depinning deposition process (i.e., “stick−slip” motion), which
is responsible for the formation of regular hierarchical
structures.
Naturally occurring HNTs, Al2Si2O5(OH)4·nH2O, are novel

inorganic nanostructures used for constructing high-perform-
ance composites and biomaterials.10,16−21 HNTs always show a
perfect tubular morphology with an empty lumen structure.
The diameter and length of HNTs range from 15 to 50 nm and
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300 to 1500 nm, respectively, which gives an aspect ratio of 6−
100. The outer surface of the HNTs is negatively charged with
a zeta potential of approximately −25 mV, which makes them
easily achieve a monodisperse state in an aqueous suspension.
When the concentration of the HNTs suspension is beyond 25
wt %, the liquid-crystal phenomenon can be identified by the
tubes arrangement.22 Self-assembly of HNTs can also be
performed in ionic liquids (ILs), which represent a technology
for fabricating ionogel electrolytes with faster ion transport and
larger anisotropic conductivity.23 Our previous study also
revealed that HNTs can be assembled into a highly ordered
strip pattern surface in a glass capillary tube via drying the
aqueous suspension of HNTs.10 However, the colloidal stability
of HNTs in water is critical for the self-assembly process. The
stability of HNTs in water can be improved by adding polymers
such as amylose, DNA, and pectin and surfactants such as
sodium dodecanoate and decyltrimethylammonium bro-
mide.24−26 The self-assembly of such nanotubes offers a large
variety of applications, for example, in high-performance
composites, cell isolation interface, and electrochemical devices.
Compared with other anisotropic nanoparticles, HNTs have
the comprehensive advantages of high dispersion ability in
water without chemical modification, unique empty tubular
structure for loading drugs, and good biocompatibility, and they
are abundant in nature at a low price.27,28 Consequently, HNTs
show promising applications in biomedical areas such as tissue
engineering scaffolds, drug delivery vehicles, wound healing
dressings, cell capture devices, and biosensors.16,19−21

Directing cell orientation and differentiation using aligned
material scaffolds is a hot topic for the purpose of tissue
engineering.29,30 Aligned polymer fibers or high-aspect-ratio
nanoparticles can induce the orientation growth of osteoblast,
fibroblast, and myoblast cells.6,8,31 The straightforward
solutions for preparing micro- and nanoscale patterned
substrates for guiding cell orientation both in vitro and in
vivo are electrospinning and soft lithography. However, the
electrospinning technique is less preferred because of
disadvantages that include the use of organic solvents and the
limited control of pore structures.32 Polydimethylsiloxane
(PDMS) microchannels fabricated using soft lithography
techniques can regulate the aspect ratio, actin alignment, and
phenotype switch of adherent vascular smooth muscle cells.30,33

However, soft lithography depends on the use of hydrophobic
and soft PDMS, which is easily distorted during application.34

Here, we report a simple, repeatable, mild, and high-
efficiency approach for obtaining HNTs with hierarchical
architectures on a large scale. Highly ordered and concentric
ring patterns consisting of HNTs with hierarchical cholesteric
architectures are prepared by evaporation-induced self-assembly
in a sphere-on-flat geometry. The influence of the concen-
tration of the HNTs suspension on the formation of the
ringlike pattern was studied. The macroscopic liquid crystal
with Maltese cross was correlated with the nanotube alignment
in the rings. The HNTs rings were further used to regulate the
C2C12 myoblasts behavior. This hierarchical cholesteric
architecture of HNTs shows potential applications in tissue
engineering, sensing, electronics, and optical fields.

2. EXPERIMENTAL SECTION
2.1. Materials. High-purity HNTs were purchased from

Guangzhou Runwo Materials Technology Co., Ltd, China. 3-
Aminopropyltriethoxy silane (APTES) and other chemicals were
bought from Sigma-Aldrich. Ultrapure water from a Milli-Q water

system (resistivity > 18 MΩ·cm−1) was used to prepare the aqueous
dispersion.

2.2. Preparation of HNTs Suspension. Purified HNTs were
produced by centrifuging a 5 wt % raw HNTs aqueous suspension at
5000 rpm for 30 min.35 Afterward, the supernatant was collected and
concentrated at 80 °C under mechanical stirring to fixed
concentrations of 0.5, 1, 2, and 4 wt %. The HNTs aqueous
suspensions with different concentrations were very stable at room
temperature and during the self-assembly process.

2.3. Formation of HNTs Rings in a Sphere-on-Flat Geometry.
The sphere-on-flat geometry was constructed according to refs 36−39.
HNTs aqueous suspension (200 μL) was loaded in a small gap
between a silica sphere (diameter 12 mm, or stainless steel sphere) and
a round glass sheet (cover glasses 801007, Nest Biotechnology Co.,
Ltd., diameter 15 mm and thickness 0.16 mm). The sphere and the
glass sheet were firmly fixed at the top and bottom using a sample
holder inside of a sealed chamber. The temperature of the chamber
was 60 °C. The two surfaces (sphere and glass sheet) were brought
into contact, thus forming a capillary bridge of the solution (Figure
2A). In such a sphere-on-flat geometry, evaporation occurred only at
the capillary edge. Approximately 4 h was needed for the water
evaporation to be completed. Finally, the two surfaces were separated
and the patterns on the glass sheet were examined. If the suspension
was dried at room temperature, the drying time was too long (several
days). At a high drying temperature such as 90 °C, some bubbles could
be found on the HNTs coatings, which may be attributed to the high
evaporation rate of the water.

2.4. Characterization of HNTs. The zeta potential of dilute
HNTs aqueous suspension was measured using a Zetasizer Nano ZS
(Malvern Ltd., UK). The dilute HNTs aqueous suspension was dipped
and dried on the carbon-film supported Cu-grid or a fresh mica sheet.
The morphology of HNTs was observed using a Philips Tecnai 10
transmission electron microscope (TEM) under an accelerating
voltage of 100 kV and using a NanoScope IIIa controller (Veeco
Instruments Inc.) in tapping mode under ambient conditions. The
hydrodynamic diameter and the size distribution of HNTs suspension
(0.05 and 2 wt %) were detected by a Nano-ZS instrument (Malvern
Instrument Ltd., UK). The hydrodynamic diameter was analyzed using
cumulants.

2.5. Characterization of HNTs Concentric Ring Patterns. The
optical micrographs and polarized optical microscopy (POM)
micrographs of the patterned surfaces were examined using a ZEISS
SteREO Discovery.V20, Germany instrument. The scanning electron
microscopy (SEM) images of the patterned surfaces were obtained
using a Zeiss Ultra 55 SEM machine at 5 kV. Before SEM observation,
a layer of gold was sputtered. Atomic force microscopy (AFM) images
were obtained using a NanoScope IIIa controller (Veeco Instruments
Inc.) in tapping mode under ambient conditions.

2.6. Cell Culture on the Patterned HNTs Surfaces. C2C12 cells
were purchased from the laboratory animal center of Sun Yat-Sen
University, China. The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies) supplemented with 10%
fetal bovine serum (FBS, Life Technologies) and 1% penicillin (100
U/mL)/streptomycin (100 μg/mL). The cell lines were kept at 37 °C
in a humidified atmosphere of 5% CO2 in air as a monolayer culture in
plastic culture plates (25 cm2, Corning, NY, 14831). The cells were
grown to ∼80% confluence before passaging with trypsin/ethylene-
diaminetetraacetic acid (EDTA) (Life Technologies) incubation for
2−3 min.

The HNTs ringlike pattern surfaces were first treated with APTES
and then sterilized using microwave radiation in a commercial
microwave oven at 700 W (2450 MHz) for 2 min. Then, HNTs
surfaces were washed with 37 °C phosphate-buffered saline (PBS)
solution twice. Afterward, the cell suspensions (2 mL, 1 × 104 cells/
mL) were carefully added onto the surfaces. After 3 days, the cells were
fixed using paraformaldehyde solution (4 wt % in PBS), permeabilized
using Triton-X100 (0.2 wt % in PBS), and incubated with 1 mg/mL
phalloidin-TRITC (Sigma) for 1 h at room temperature to label
filamentous actin. After thoroughly being rinsed, the nuclei were
stained with 5 mg/mL 4′,6-diamidino-2-phenylindole (DAPI, Sigma)
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for 15 min. All stained samples were extensively rinsed with PBS
before observation under an immunofluorescence microscope (XDY-
2, Guangzhou Yuexian optical instrument Co., Ltd., China) mounted
with a charge-coupled device (CCD).

3. RESULTS AND DISCUSSION

3.1. Characterization of HNTs. HNTs are ideal candidates
for self-assembly studies because of their tubular morphology
with a high aspect ratio, high dispersion ability in water without
chemical modification, and low cost. Raw HNTs always contain
impurities such as quartz and kaolinite, which lead to an inferior
dispersion ability in water and nonuniform physical−chemical
properties.35 We purified the raw HNTs using a simple
centrifugal process. The HNTs in the supernatant after 5000
rpm for 30 min were collected and considered to be high
purity, as the impurities in the HNTs can sink to the bottom
during the centrifugal process. Figure 1A shows the
morphology of the purified HNTs. It can be seen that the
HNTs show a typical empty tubular structure with a high
dispersion ability, although the length of the tubes are different.
Nearly no HNTs aggregate is found in the TEM image, which
is essential for the self-assembly. The inner diameter, the outer
diameter, and the length of HNTs are in the range of 12−20,
30−65, and 70−1200 nm, respectively. Also, it is found that the
HNTs show an open end without any impurity on the inner or
outer surface of the tubes. SEM and AFM results also confirm

the morphology of the HNTs. The calculated aspect ratio of
the HNTs are in the range of 2.3−42.4.
Figure 1B shows the appearance of HNTs suspension with

different concentrations and the corresponding Tyndall effect
photos. It is obvious that HNTs dilute suspension with 0.05 wt
% concentration is completely transparent and homogeneous
without any sedimentation. One can see a bluish discoloration
of the suspension, which suggests the Tyndall effect by
nanoparticles in a very fine suspension. When the light beam
of a laser pointer is passed through the suspension, the
nanotubes in water scatter the light in all directions, making it
readily seen. This further confirms the nanoscale dispersion
state of the nanotubes in water. However, when the suspension
concentration of HNTs is 2 wt %, the appearance of the
suspension turns opaque. The light beams cannot totally pass
through the suspension, suggesting that part of the HNTs may
aggregate into a large dimension. Figure 1C,D shows the
particle size distribution of the two suspensions determined
using dynamic light scattering (DLS). The dilute HNTs
suspension (0.05 wt %) shows a very narrow size distribution
with an average diameter of 186.8 ± 8.3 nm. The suspension
with a high concentration shows two peaks around 37 and 103
nm in the size distribution curve. The average DLS diameter is
determined to be 397.7 ± 20.4 nm. HNTs in the dilute HNTs
suspension (0.05 wt %) present a faster dynamic behavior
compared to the suspension with a high concentration, which
suggests the enhancement of the repulsive interactions between

Figure 1. (A) Morphology of HNTs (a) TEM; (b) SEM; and (c) AFM; (B) HNTs aqueous suspension with different concentrations and the
Tyndall effect of the suspension (a) 0.005%; (b) Tyndall effect; (c) 2%; and (d) no Tyndall effect; (C) DLS particle size distribution of 0.005%
HNTs aqueous suspension; and (D) DLS particle size distribution of 2% HNTs aqueous suspension.
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the nanoparticles. In other words, the relatively large
hydrodynamic diameter (Rh) value for HNTs in a high
suspension concentration indicates the aggregation of nano-
tubes in this suspension.
As is known, DLS data is typically interpreted in terms of a

spherelike particle. Therefore, the DLS results correspond to
the diameter of a sphere that moves in the same way as the
analyte particle. However, HNTs show a tubular-like
morphology with a high aspect ratio. Thus, the DLS results
do not truly correspond to a single dimension (length or
diameter) of the nanotube, but rather to a combined value.
Because DLS is a powerful technique for characterizing the size
of HNTs due to its rapid analysis speed, it is convenient to
estimate the diffusion coefficient (Dt) of HNTs. Here is a
relation of Dt with the nanotube length (L) and diameter (d)
from the analysis of carbon nanotubes reported by Nair et al.40

πη
= +D

kT
L

L d
3

[ln( / ) 0.32]t

where k is the Boltzmann constant, T is the thermodynamic
temperature, η is the viscosity, L is the cylinder length, and d is
the cylinder diameter.
The Stokes−Einstein relationship used to determine the

particle size from the translational diffusion coefficient
determined using DLS is given below.

πη
=D

kT
R3t

h

where Rh is the hydrodynamic diameter which is the value
obtained using DLS. Comparing the two equations, the tube
length (L) and the tube diameter (d) can be given by the
following equation.

Figure 2. (A) Formation of concentric rings on the round glass slide via controlled evaporation of HNTs suspension in a sphere-flat confined space,
(B) device photo of the sphere-flat confined space, (C) appearance of the formed concentric rings on the glass substrate, and (D) optical images
illustrating the center part of the concentric rings pattern of the HNTs from different HNTs aqueous suspensions. The scale bar in (D) from top to
bottom is 4000, 2000, 1000, and 500 μm.
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Using the L and d values for the used HNTs from the TEM
result (d = 30−65 nm, L = 70−1200 nm), the calculated Rh is
in the range from 60 to 370 nm, depending on the chosen value
for length and diameter. This range fits well with the
determined DLS Rh data above; if we use the most common
dimension value of HNTs as d = 50 nm and L = 500 nm, then
the calculated Rh is 190.8 nm. This value is very close to the
determined DLS diameter (186.8 ± 8.3 nm) for dilute HNTs
suspension (0.05 wt %). Moreover, if the length of the
nanotube is unknown, it can be calculated with the same
equation using the measured Rh from the DLS (assume 187 nm
based on the DLS range) and a diameter of approximately 50
nm. The length of the HNTs are calculated with a value of 485
nm. Thus, the present DLS measurement results are consistent
with the theoretical calculation according to Nair’s equation.
The surface potentials of the nanoparticles have a significant

effect on the colloidal stability for the self-assembly behavior.
Zeta potentials of the 0.05 and 2 wt % suspensions are −25.5
and −23.5 mV, respectively. The repulsive interactions between
the nanoparticles gradually decrease when increasing the
concentration of the suspension, which leads to a slightly
decreased surface potentials. The used HNTs suspension for
self-assembly was obtained by concentrating a super stable
dilute suspension obtained from the supernatant after
centrifugation of 5% HNTs suspension. From the macroscopic
observation and TEM determination, it can be seen that the
HNTs suspension is stable in the assembly process. In total, the
features of HNTs, that is, the unique tubular structure with a
high aspect ratio and a good dispersion ability in water with
high stability, make them good candidates for self-assembly into
hierarchical architectures.

3.2. Formation of HNTs Concentric Rings in a Sphere-
Flat Confined Space. A sphere-on-flat geometry as a confined
space has been widely used to study the evaporation-induced
assembly process of polymers or nanoparticles.36−39 Both the
glass sphere (or stainless steel sphere) and the round glass
sheet were firmly fixed at the top and the bottom in a sample
holder. After they contacted, 200 μL of HNTs aqueous
suspension was loaded via a pipette and trapped between the
sphere and the glass sheet because of the capillary force, so that
a capillary-held HNTs suspension formed with an evaporation
rate highest at the capillary edge (Figure 2A). This results in a
controlled and repetitive “stick-slip” motion of the three-phase
contact line that moves toward the contact center of the
sphere/glass sheet during the course of water evaporation. As a
consequence, gradient concentric rings consisting of HNTs
were formed on the glass substrate. Also, regular rings pattern
can also be formed on the suspension contact surface of a
stainless steel sphere (Figure S1). The regular rings of HNTs
can be used as a cell culture scaffold and will guide the oriented
growth of cells. The appearance of the drying device and the
formed ring pattern are shown in Figure 2B,C, respectively. It
can be seen that the HNTs coating on the glass substrate shows
different thicknesses and morphologies. With the increase in
the suspension concentration, the thickness of the HNTs
coating increases and the ring structure is much clearer with the
naked eye. Although all coatings exhibit translucence, the light
transmission is sufficient for observing the cell morphology via
immunofluorescent staining.
Figure 2D shows the optical micrograph of the HNTs ring

pattern formed from different suspensions. It can be seen that
regular rings with the same center but with different diameters
were formed on the glass substrate. This result can be
attributed to the solvent evaporation-induced self-assembly of
HNTs in the confined space. Similar to the coffee ring effect,

Figure 3. (A) Relationship between the width of the inner ring and the distance to the center of the circle; (B) relationship between the width of the
outer ring and the distance to the center of the circle. X is the distance away from the contact center of the sphere and the glass sheet. (C) Schematic
illustration of the thin meniscus formed at the three-phase contact line and the force balance. The arrow on the left represents the direction of the
frictional force f generated by the deposition of particles at the contact line. The white arrow represents the moving direction of the HNTs caused by
the convective force. The upward and right arrows represent γL and γL cos θ, respectively, with θ being the contact angle between the suspensions
and the substrate. (D) Optical image of the concentric ring pattern formed from 4 wt % HNTs suspension with illustration of the inner ring width
determination method.
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the loss of water at the capillary edges causes the pinning of the
solid−liquid−gas three phase contact line (i.e., “stick”), thereby
forming the outermost ring. Upon drying, the contact angle of
the capillary edge decreases gradually to a critical angle at which
the capillary force (depinning force) becomes larger than the
pinning force.37 This leads to a hop of the contact line to a new
position (i.e., “slip”), where a new ring deposits and gradually
forms. The repetitive of the “stick−slip” motion of the contact
line gives rise to the formation of concentric rings of HNTs
toward the contact center of the sphere-on-flat geometry.
The suspension concentration has a significant impact on the

formed ring pattern structure. A relatively uniform HNTs
coating with a small thickness is found after the evaporation of
0.5 wt % HNTs suspension. Only raised and nonindependent
rings are found in the inner region of the coating. In the outer
region of the coating, no regular ring can be identified from the
images. This is because the depinning force (i.e., capillary force)
is not strong enough to cause the three-phase contact line to

jump to a new position inward during the drying of the 0.5 wt
% HNTs suspension. The depinning force cannot completely
overcome the pinning force exerted by the deposition of HNTs.
Thus, a continuous HNTs film with some crack (will be shown
in the following SEM result) is formed in the outer region.
With the increase in the suspension concentration, the
thickness of the HNTs coating becomes thicker and thicker.
Also, the formed ring is more regular and distinct as observed
from the series of images. It should also be noted that the ring
dimension is different in the inner and outer regions of the glass
sheet. The height of the rings in the outer region is larger than
that in the inner. This is especially obvious in the ring structure
formed from the 4 wt % HNTs suspension. From the outer
region to the inner region, the ring patterns turn from black to
semitransparent, suggesting the decrease in the height of the
ring strips.
The concentrations of HNTs will determine the number of

particles supplied to the growing ring region, which is directly

Figure 4. (A) POM photos illustrating the center part of the HNTs concentric rings pattern from different HNTs concentrations; (B) POM photos
illustrating the quarter of the HNTs concentric rings pattern from different HNTs concentrations. The scale bar for 11.2×, 20×, 30×, 40×, 60×, and
80× is 4000, 2000, 1333, 1000, 667, and 500 μm, respectively.
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related to the width and thickness of the ring strips. The widths
of the ring strips in the inner and outer regions are compared in
Figure 3A,B. The width of the ring, both in the inner and outer
regions, is found to increase with increasing the suspension
concentration. For example, the width of the ring strips in the
outer region formed from the 4 wt % HNTs suspension is
65.8−71.3 μm, whereas it is 21.5−28.0 μm for that formed
from the 0.5 wt % suspension. This can be understood by the
different force balance during the drying process (Figure 3C).
The surface roughness is generated by the deposition of HNTs
to produce a frictional force f (pinning force). As the
evaporation proceeds, the initial contact angle (θ) of the
capillary edge decreases gradually to a critical angle, at which
the capillary force (depinning force, γL cos θ) becomes larger
than the pinning force f.41 The capillary force pulls the liquid
inward, which leads to the jumping of the contact line to a new
position and the formation of a new ring. At higher HNTs
concentrations, part of the tubes form bundles or aggregates.
When these nanotube bundles deposit at the contact line, the
ring strip is thick and the corresponding generated frictional
force f increases, which is larger than the capillary force γL cos θ.
The pinning time is long for the suspension with a high
concentration; as a result, the width of the rings increases
compared with the relatively low suspension concentration.
The result is in agreement with the previously reported
influence of suspension concentrations on the width of the
strips.42

It should also be noted that there is a transition from dense
concentric ring structure with a small space to sparse concentric

ring structure with a relatively large space at around 2400 μm
distance to the sphere/glass sheet contact center (Figure 3D).
This can be understood by the following fact. At the late stage
of drying, the suspension front is very close to the contact
center of the sphere and the glass sheet, which leads to the
decreased contact angle (θ) of the meniscus because of the
decrease in curvature. This consequently results in the increase
in the depinning force (γL cos θ). The pinning force f remains
unchanged, so the three-phase contact line can jump a much
farther distance to a new position. At the point very near the
contact center of the sphere and the glass sheet, no regular
pattern can be formed, which is due to the instability raised by
the very slow evaporation rate of water.36 In summary, the
simple sphere-on-flat geometry can provide a confined
environment to control the HNTs suspension evaporation,
which in turn regulates the regular ring pattern formation with
excellent reproducibility. The methods described herein can be
readily extended to the fabrication of gradient concentric ring
pattern of other type nanoparticles (e.g., cellulose nanocrystal)
for biomedical applications with little toxicity.

3.3. Cholesteric Structure and Microstructure of the
Formed HNTs Concentric Rings Pattern. When the formed
pattern was imaged under crossed polarizers, a pronounced
Maltese crosslike pattern was observed even in the ring pattern
formed from the 0.5 wt % HNTs suspension (Figure 4A). The
cross is a white eight-pointed cross having the form of four “V”-
shaped elements, each joining the others at its vertex, leaving
the other two tips spread outward symmetrically. This is caused
by the radial ordering of the HNTs within the ring during the

Figure 5. SEM photos of the concentric rings pattern of the HNTs formed from different HNTs suspensions.
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drying process. The superimposed Maltese cross pattern is due
to the isoclines of the radial cholesteric helix axis aligned with
the axes of the crossed polarizers, in agreement with a planar
anchoring of the local director of HNTs with the droplet
interface.2 When increasing the concentration of the HNTs
suspension, the POM images gradually transfer from nearly
black and white to being colorful. This suggests that both
hierarchical cholesteric architectures and thickness of the HNTs
coating increase with the increase in the concentration of the
HNTs suspension. The formed HNTs concentric rings are just
like polymer spherulites with a similar refraction phenomenon
under polarized light. Consistent with the optical micrograph
above, the POM images also demonstrate that the width of the
ring strips increases with the increase in the concentration of
the HNTs suspension. All of the formed HNTs ring patterns
are symmetrical; the Maltese cross patterns with intervals of
bright and dark regions can rotate when one rotates the HNTs
coating (Movie S1).
The microstructure and the nanotube alignment of the ring

strips were further investigated using SEM (Figure 5).
Consistent with the results from the optical images and POM
images, all of the HNTs coating shows highly regular and
concentric ring structures. The ring width depends both on the
location in the coating and the suspension concentration. The
ring is dense in the outer region and sparse in the inner region
for all samples. For the coating formed from low concentration
HNTs suspensions (0.5 and 1 wt %), the concentric rings are
linked by shallow and discontinuous cracks, whereas in the
coating formed from relatively high concentration HNTs
suspensions (2 and 4 wt %), deep and continuous cracks are
formed. The strip width and crack widths (spacing between the
adjacent rings) increase with the concentration of the HNTs
suspension. For example, the width of the cracks is ∼1.66 μm in
the ring pattern formed from the 0.5 wt % HNTs suspension,
whereas it is ∼2.55 μm in the ring pattern formed from the 4 wt
% HNTs suspension.
From the high-magnification images of the coating from

different HNTs suspensions, it can be seen that the tubes
alignment is largely different from that of a random distributed
HNTs coating. A topological defect in the orientation of rodlike
substance with a high aspect ratio, referred to as disclination,
has been identified for all samples, especially at high HNTs
concentrations. The formed disclination pattern further
indicates the transition from isotropic to a liquid-crystal
phase during the water evaporation process of the suspen-
sions.11 The nanotubes can be aligned to form the disclination
pattern because of the minimum energy, which is related to
Frank elastic continuum theory.43 According to Frank elastic
continuum theory, the disclinations represented arrangements
of minimum energy that can be distinguished by their strength
(s), which corresponds to the number of rotations (in multiples
of 2π) over a path encircling the disclination and constant
parameter (c), which relates the axial position in the plane
around the disclination core (polar angle θ), and the director
orientation angle φ.44 The equation φ(θ) = sθ + c can be used
for characterization of the disclinations in an ordered structure
such as a liquid crystal. There are two types of disclinations
with half integer strength (s = +1/2, corresponding to the
parabolic disclination; s = −1/2, corresponding to the
hyperbolic disclination) and 1 integer strength (s = −1,
corresponding to the hyperbolic with four-fold symmetry; s =
+1, corresponding to radial, circular, or spiral)11(Figure 6A).
Because the energy related to the disclinations depends on s2,

the half integer strength disclinations (s = ±1/2) are
topologically more stable than the integer defects (s = ±1).
Figure 6B shows the SEM image of the HNTs disclination
pattern from the 2% HNTs suspension. The HNTs disclination
patterns exhibit a radial shape in the left part of the image, while
exhibiting a circular shape in the right part of the image. All of
the radial and circular shapes are assigned to s = +1, suggesting
the formation a less stable topological defect during the
evaporation of HNTs suspension under the sphere-on-flat
confinements. A previous study also revealed a similar
disclination pattern of HNTs, which was attributed to the
presence of impurities or short tubes in the HNTs samples.11

After carefully checking the formed HNTs patterns from
different suspensions, it can be found that most of them exhibit
s = +1 disclination with a radial or circular alignment. However,
the pattern formed from the 0.5% HNTs suspension does not
belong to any disclination type, which is attributed to the fact
that a very dilute suspension cannot generate an ordered
nanotube alignment. The AFM results also confirm the SEM
result on the alignment of the HNTs in the coating (Figure
S2). The regularly oriented HNTs ring pattern can be used to
tailor the growth and alignment behavior of cells for tissue
engineering scaffolds or as a model for nanofabrication.

Figure 6. (A) Frank continuum theory prediction of topological
defects associated with disclinations of s = ±1/2 and ±1; (B) SEM
image of HNTs disclination patterns from 2% HNTs aqueous
suspension.
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3.4. Cell Orientation on the Concentric Rings Pattern
of HNTs. The differentiation and alignment of cells play an
essential role in the formation and repair of tissues. Cells can
attach to artificial surfaces via focal adhesions, connecting the
surface to the cytoskeleton. The interactions between the cell
and the substrates are mainly dominated by surface chemistry
(including the presence of ligands), electrostatic charge,
wettability, and elastic modulus.45 Micro- and nanosized
topographical surfaces can guide alignment, migration of cells,
or outgrowth of neurites along a specific orientation.6,8 To
probe the ability of cells to respond to surface topography,
many patterned substrata, such as grooved surfaces, are
commonly used. The patterned surfaces always lead to physical
guidance of the direction and reorganization of the
cytoskeleton. C2C12 myoblasts have commonly served as a
model to study the guided alignment behavior of cells. Figure 7

shows the fluorescence images of C2C12 cells growing on the
prepared HNTs ring pattern surfaces. The cells can spread out
on the substrates for all groups, and no dead cells can be
detected, indicating the good cytocompatibility of the HNTs
pattern. In contrast to the C2C12 cells cultured on a smooth
glass surface (Figure 7A), C2C12 cells cultured on the
concentric ring pattern of HNTs can align perpendicular to
the ring direction (Figure 7B−F). In a smooth glass surface
without HNTs ring patterns, C2C12 cells display rhomboid
shape and are randomly distributed without a preferred
orientation phenomenon. However, C2C12 cells cultured on
the concentric ring surface of HNTs tend to be spindle-shaped
and grow along the ring direction. Because the cracks between
the adjacent rings are narrow (∼2 μm), the cells cannot grow in
the cracks because of the relatively large dimension of the cells.

The cell can be fixed and aligned on the HNTs rings because of
the strong interactions between the nanotopology of HNTs
and the cell pseudopods. The phenomenon is just like how the
players run around a playground racetrack. The cells are like the
players, whereas the HNTs ring is like the track. It is also clear
that in the inner part of the ring pattern surface (such as the
upper left corner in Figure 7B,E) the cells are randomly
distributed because of the absence of the regular ring pattern as
illustrated above. The present results on HNTs pattern for the
regulation of C2C12 cell behavior are significant because the
HNTs have high cytocompatibility and can be used as
biomaterials for many applications as showed in the previous
studies.16−18,21,46

4. CONCLUSIONS

HNTs have a tubular structure with a high aspect ratio and
exhibit a high water dispersion ability, which make them a good
model for studying the self-assembly behavior of nanoparticles.
Concentric ring patterns consisting of HNTs with hierarchical
cholesteric architectures can be prepared by an evaporation-
induced self-assembly process in a sphere-on-flat geometry. The
widths of the inner and outer rings and the spacing between the
adjacent rings increase with an increase in the concentration of
the HNTs suspension. The HNTs ring patterns show a
pronounced Maltese cross-like phenomenon under crossed
polarizers, which suggests the formation of hierarchical
cholesteric architectures. A disclination alignment of HNTs
with strength of s = +1 is found in the ring strips, especially
with a high concentration of the HNTs suspension. The
patterned HNTs rough surfaces show low cytotoxicity and are
used as cell supporting scaffold. The HNTs rings can direct the
orientation of the C2C12 myoblasts cells perpendicular to the
rings. This work provides a simple, repeatable, mild, and high-
efficiency method for obtaining HNTs hierarchical architec-
tures that offers a large variety of applications, for example, in
vascular grafts and skin regeneration.
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