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Clay Materials

Clay Nanotubes Aligned with Shear Forces for

Mesenchymal Stem Cell Patterning

Xiujuan Zhao, Changren Zhou, Yuri Lvov,* and Mingxian Liu*

Aligned halloysite nanotubes on solid substrates are fabricated by a
shearing method with brush assistance. These clay nanotubes are aligned
by shear force in strip-like patterns accomplished with drying ordering at
elevated temperatures. The nanotubes’ orientation is governed by “coffee-
ring” formation mechanisms depending on the dispersion concentration,
nanotube charge, and speed of thermos-evaporation. Polarized light
irradiated through the patterns demonstrates birefringence and confirms
the orientation. Scanning electron microscopy and atomic force microscopy
show that the nanotubes are aligned along the direction of the wetting

lines above 4 wt%, while they are not oriented at lower concentrations.
Halloysite concentration, drying temperature, and type of brush fibers affect
the pattern ordering. The aligned halloysite systems on glass, tissue culture
plates, and polymer films, provide a promising platform for biocell guiding.
Human foreskin fibroblasts proliferated well on the aligned clay patterns

within natural tissue on the surfaces of
cell-adhesive substrates is important.
The tissues such as nerves, bones, skin,
and muscles exhibit anisotropic architec-
ture necessary for retaining their physi-
ological functions.'™ An aligned fibrous
structure of skeletal muscle, tendon,
and directed tissues allows for enhanced
supporting movements and mechan-
ical load.*®l Various types of scaffolds
that have an oriented structure for cell
aligning with promoted functions have
been developed,”®! including electrospun
nano-/microfibers, 3D printed tissues,
and anisotropic porous scaffolds with
freezing-drying technology. These studies
demonstrated that the cells response to
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and the cell orientation agrees with the nanotube direction. Human bone
mesenchymal stem cells (HBMSCs) are also cultured on the organized
halloysite coating. The clay patterns support HBMSC proliferation with
alignment, and such nanostructured substrates promote osteogenesis
differentiation without growth factors. This facile method for preparing
aligned halloysite patterns on solid substrates is very promising for surface

modification in biotissue engineering.

1. Introduction

Engineered tissue scaffolds provide mechanical and geometric
supports for the biocell growth and patterning. The scaffolds
mimicking, design of the structures of extracellular matrix
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the physicochemical cues of the culture
substrates activating relevant receptors,
which results in the specific cellular mor-
phology, migration, proliferation, and
differentiation.”!% However, these fabri-
cation methods for ordered structures are
difficult in applications, i.e., electrospin-
ning is not efficient for volume environ-
ment for cells. 3D printings lack of fine
structure at nanoscale due to the limited
working precision. The uncontrollable ice
crystal growth in freeze-drying methods leads to nonuniform
pore structure.

Recently, elongated nanoparticles with high aspect ratio have
attracted special interest as the building blocks for biomedical
materials because of their mechanical, electrical, and magnetic
properties.!!] Nanotubes with hollow structure are especially
attractive, due to the possibility of functionalization their end
and inner/outer walls for controlled loading drugs, DNA, and
proteins. Although, only carbon nanotubes were used for this
purpose, which is limited by low biocompatibility and the car-
cinogenic nature of this material. For example, their cell pen-
etration initiated cancer and injection to the lungs of mice
with carbon nanotubes caused asbestos-like pathogenicity.'?!
We suggest development of organized tissue scaffold based on
biocompatible halloysite clay nanotubes that we introduced for
material research.[13-16]

Halloysite nanotubes (HNTs) are natural nanotubes with
external diameters of 50-70 nm, internal lumen of 10-15 nm
and Al,Si,O5(0H),-nH,0 formula.l'”!® One of the unique
features of these nanotubes is different inside/outside chem-
istry (Al,O3 and SiO,) allowing for their selective modification.
Due to biocompatibility and very low toxicity, halloysite are the
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Figure 1. Halloysite images: a) TEM, b,c) SEM (b — random and c — oriented nanotubes with better droplet-edge ordering), and d,e) FTIR spectra and

XRD patterns.

perspective nanomaterial for biomedical applications and were
already utilized in cosmetics and animal care.'-?! Superb
nanosafety of the halloysite was demonstrated on different
cell cultures, infusoria, microworms, zebrafish, and mice (hal-
loysite is safest among clays, such as kaolin, bentonite, mont-
morillonite, and silica).'”! These clay nanotubes have advan-
tages such as low cost, much availability, and easy modification
based on silane chemistry.

Elongated nanotubes are most efficient for the assembly
into the anisotropic patterns.'8! The oriented architectures
of carbon nanotubes guide cell orientation at an efficient
rate, although the biocompatibility of these materials is low
which leads to poor cell proliferation.[®1119-21l The driving
forces for nanotube ordered patterns include electrical
field,??l shear, and magnetic forces.?)l More recently, the
anisotropic patterns of nanotubes were made via capillary
force induced self-assembly. We found that clay nanotubes
can be aligned along the edge of a drying droplet of hal-
loysite suspension associated with phenomenon known as
“coffee rings” explained by the Onsager’s theory for ordering
of highly charged nanorods (Figure 1c). During this ther-
moaccelerated drying, three-phase contact line between air,
suspension, and the solid substrate is fixed, and evaporation
pulls liquid from the droplet center thus pushing the sus-
pended nanotubes toward the edges. The accumulation of
tubes at the circumference increases their concentration up
until a certain level when electrostatic interaction produces
oriented arrays of nanotubes (in our case — halloysite). How-
ever, this method cannot make large-scale oriented structures
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of halloysite due to the limitation in narrow circles (the edge
vicinity).

A simple shearing/drying deposition using brushes to
prepare periodic zigzag structure of DNA was recently
suggested.?! The resultant patterns were employed as a
template to control the alignment of liquid crystals. We pro-
duced aligned HNTs patterns guided by shear forces provided
by brushes and further controlled by thermoevaporation.
Additionally, we induced multiple wet lines of preoriented
halloysite dispersion followed with drying alignment. This
method is versatile, simple and does not need complicated
instruments. Moreover, large-scale oriented halloysite pat-
terned surface can be prepared both on hard and soft sub-
strates. The influence of brush types (fiber diameter, bristles
softness, and periodicity), halloysite concentration, and drying
temperature were optimized for the best hierarchical pat-
tern architectures. The orientation degree of nanotubes and
3D topology of the patterns formed at different concentration
were examined.

Human foreskin fibroblasts (HFFs) and mesenchymal stem
cells (HBMSCs) were then cultured on the halloysite patterns
and their proliferation and orientation behavior were evaluated.
We found influence of the nanotubes orientation on osteo-
genesis differentiation of HBMSCs. This strategy was further
used to modify polylactide based scaffolds and chitosan mem-
brane with aligned clay nanotubes for directed cell growth. This
simple alignment method of clay nanotubes is very perspective
for biomaterial surfaces modification to regulate cell behaviors
and functions.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Schematic illustration of preparing the ordered HNT-arrays and guiding the cell orientation.

2. Result and Discussion

2.1. Characterization of HNTs

Figure 1 shows the scanning electron microscopy (SEM), TEM
images, Fourier transform infrared (FTIR) spectrum, and X-ray
diffractometer (XRD) pattern of halloysite. The length range
of the nanotubes is between 400 and 600 nm. From the TEM
images, the tubular structure with empty lumen is presented
(outer diameter is 50-70 nm and inner lumen of 10-15 nm
width). These nanotubes are well charged in water with zeta-
potential of =—35 mV due to the special purification procedure
(see the Experimental Section). FTIR spectrum shows typical
absorption peaks at 912 cm™ (O—H deformation of inner
hydroxyl groups), 1018 cm™ (Si—O stretching peak of silica
group), 3623 cm™! (O—H inner hydroxyl groups), and 3695 cm™!
(O—H innersurface hydroxyl groups).*>??! Raw clay nanotubes
show characteristic X-ray (001) diffraction peak at 26 = 12.0°
corresponding to the basal spacing of 0.73 + 0.2 nm. The Bragg
peaks at 26 = 20.0° and 24.8° were assigned to (020, 110) and
(020) crystallographic planes.['>2-2]

These nanotubes were used for production of ordered ori-
ented patterns, as described in the Experimental Section and
summarized also in Figure 2. Typically, we wetted the brush
into 2-20 wt% of aqueous halloysite dispersion and applied it
at a speed of 0.1 m s7! to a solid support followed with drying
at 40-80 °C using the thermostation. Such nanotube patterns
were used for biocell adsorption and proliferation studies.

2.2. Optimization of Oriented Halloysite Architectures
at Different Concentrations

The oriented halloysite arrays were studied with polarized light
microscopy with the first-order retardation plate. Different
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colors of lines are observed as the sample rotate from 0° to 180°
(Figure 3). When the nanotubes have random directions, the
colors do not change in the polarized microscopy during rotation.
When the oriented sample rotate at 45° or 135° between the cross
polarizers, the brightest lines are observed indicating anisotropy
with majority of the nanotubes oriented. When the orienta-
tion pattern is rotated for 360°, the images can be recovered as
shown in the images in Figure S1 of the Supporting Informa-
tion. This was also confirmed by SEM images presented further
in Figure 5. These strip-like patterns remind DNA array orienta-
tion along the shearing visualized with polarized microscopy.?¥

Our halloysite architectures generated the birefringent effect
attributed to the parallel array of the nanotubes. While the
linear polarization light passes through the HNT-pattern, the
X-light component is parallel to the optical axis and y is perpen-
dicular to it, as depicted in the Experimental Section (Figure 9).
When the x and y light components are skewed to the direction
of P2 polarizer, they are decomposed but the light parallel to
the P2 polarizer is visible.

The light appearance in Figure 3 varies from transparency to
opaque, suggesting that the coating thickness increases with the
concentration. Difference in thickness and refractive index for
components of white light allow visibility of colorful pictures pro-
duced depending on the perfection of orientation. The birefrin-
gent effect defining the orientation was not found while we used
2 wt% and less concentration of the clay nanotubes. As the con-
centration increased, the lines became denser and colors become
brighter shifting toward the yellow spectra side. The width and
distance of stripe is then calculated (averaging 50 strips). The
stripes become wider and the distance between neighbor strips
was narrower with higher halloysite concentration.

When the halloysite dispersion concentration is low, the
contact probability between the nanotubes and nylon bristle is
reduced and the shear forces dissipate. Besides, the concentra-
tion of 1 wt% was found to be the smallest when “coffee-ring”

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Polarized light microscopy images, b) stripe width, and c) appearance of HNT-coating formed with the different concentration using nylon
brush (diameter: =120 um; distribution density of bristles: 35 fibers mm=2).

orientation mechanism was working for thermodrying ordering
of clay nanotubes,?” which is the main reason for lack of the
tubes’ orientation. With the increase of halloysite concentra-
tion above 2 wt%, it first has more efficient shear force during
brush deposition, and second, synergistic switching-on the
mechanism of Onsager’s ordering of the charged nanotubes.
The bright line becomes denser as the ordering of nanotubes
increased. From Figure 3, we conclude that the best sample
was prepared from the clay aqueous dispersion of 4 to 8 wt%.
The intertube interaction which also may be characterized by
dispersion viscosity affects the tube’s alignment. Figure S2 of
the Supporting Information shows that the dispersion viscosity
becomes larger as the concentration increases.

2.3. Temperature, Brush, and Substrate Influence on the Tubes’
Orientation

Halloysite concentration, brush type, substrate, and drying
temperature affect the formed nanotube architecture. The
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elevated temperature accelerates the rate at which water evapo-
rates during the drying of deposition of wet brush pattern. This
enhances orientation of nanotubes due to electrostatic interac-
tion. We used the thermos-station to heat the substrate during
the halloysite brush coating. The nanotubes are randomly
aligned if dried at 40 °C, but at 80 °C the strips show darker color
(Figure 4), due to fast water evaporation. Thermal motion drives
the nanotubes random after releasing the external force, but this
is overweighted by Onsager electrostatic alignment at high con-
centration regions starting from the dispersion line edges.

Nylon, cosmetic, and tooth brushes provide different levels
of orientation in the patterns. The cosmetic brush has the soft
bristles, so the shear force provided by it is relatively weak. The
space between the strips is large and the line color is bleak. It
suggested that the nanotubes have no regular orientation. By
contrast, the toothbrush has the hard bristles which provide
more stress presenting bright strips and brighter colors.

The method of preparing oriented halloysite architecture
was applied to modify the bioengineering scaffolds to mimic
a structure of tissue. The bright optical fringes were found

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Polarized microscopy images of halloysite coating formed on glass at the different temperatures (three left pictures); and different
brushes—cosmetic nylon and tooth brush (two right); the last image shows pattern on plastic dish (HNTs concentration: 8 wt%, w/v).

on the polymer culture dish or glass surfaces which proved
clay nanotube organized arrays on both substrates (Figure 4).
Figure S3 of the Supporting Information shows the polarized
light microscopy images of oriented nanotubes with the dif-
ferent volumes of suspension that demonstrate a necessity of
larger amount of halloysite in the single strip. Our nanotube
architecture method is promising for preparing more com-
plex hierarchical topographies, for example, using sequential
brushing in parallel and perpendicular modes (Figure S4, Sup-
porting Information).

2.4. Morphology of the Halloysite Patterns

As follows from polarized microscopy, nanotubes are randomly
distributed at 2 wt% (and lower) concentration which also evi-
dent from SEM image in Figure 5 while 4 wt% concentration
sample gives well alignment along the brush wetting lines. The
orientation degree of nanotubes at 4, 8, and 20 wt% concen-
trations was high, as characterized by their direction distribu-
tion with two characteristic peaks up and down, i.e., 90° and
270°. At 2 wt% there is no distinct orientation peaks in the
plots demonstrating random halloysite orientation. The shear
force provided by brush induces the best nanotube orienta-
tion at 4-8 wt%. Halloysite have the negative charges and its
behavior is governed by electrostatic repulsive force between
the tubes. The electrostatic repulsive force plays a key role on
the colloid stability and charged nanotube alignment. The
nanotube repelling remains weak until they reach the close
packing corresponding to one nanotube in the 1 um cube of
water (corresponds to 4 wt% halloysite). Sufficient tube charge
is needed to avoid the nanotube aggregation. When the HNT-
concentration is low and the distance between the nanotubes
is large, the repulsion is low and cannot provide alighment.
However, the alignment occurs when the halloysite concentra-
tion is higher. According to the previous study, increasing con-
centration to 4-10 wt% gives stable halloysite dispersions.l!32
Therefore, the colloidal stability followed with condensation of
oriented nanotubes at higher temperature results in the coffee-
ring phenomenon. Also, the dispersion viscosity is proportional
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to the concentration. Samples of 4 wt% HNT dispersion had
optimal stability and viscosity resulting in good orientation.

The surface thickness and roughness of the oriented
halloysite on substrates can be controlled by the suspension
concentration. From the polarized microscopy images, the
nanotubes are randomly distributed in the pink color areas.
The other areas change its colors with the rotation angle and in
these areas, nanotubes are oriented (Figure 3).

The nanotubes were aligned under the brush shear force at
4 to 20 wt% and the surface became rougher with the increase
of concentration. At higher concentrations some convex protru-
sions can be found in the images. The controlled surface rough-
ness is important for the interactions with biocells.?3-3¢ Aligned
halloysite patterns were produced on the surface of one-layer
polylactic acid printed scaffold and two-layer scaffold prepared
by heat pressing (the same method is used to modify chitosan
membrane scaffolds). Figure S5 of the Supporting Informa-
tion shows good oriented structure of halloysite on the surface
of these polymeric scaffolds. Our technique can be extended
for coating ordered halloysite on other biomaterials, such as
titanium alloy of orthopedic implant. Besides, halloysite can
be converted into hydroxyapatite to further increase the osteo-
genic activity of this nanocomposite scaffold. Figure S6 of the
Supporting Information shows atomic force microscopy (AFM)
image and roughness of halloysite pattern formed at the different
concentration. It also can be seen that the alignment of the tubes
and increased roughness at high halloysite concentration.

2.5. 3D Profiles of Oriented Nanotube Architectures

The macroappearance of halloysite coating was observed by 3D
scanning microscopy within 2.7 x 3.9 mm area (Figure 6), and dif-
ference between tops and valleys in the profile curves gave the pat-
tern heights. The heights (pattern thickness) increased from 3.5,
4.1 to 33.5 um with suspension concentration rise from 4, 8 to
20 wt%. It should be noted that the values in y-axis of height pro-
files are not the absolute value of height because the baseline is not
from the bottom of the nanotube architecture. The thickness grad-
ually becomes larger which agrees with the polarized microscopy

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. SEM images of halloysite coating formed at a) the different concentration, b) the orientation distributions, and c) the schematic illustration.

4%, 8% 20%

(@) 2%

25
6 88 20
86 15
~5 —~ 84 ~ 10
S =B 53
N 5 N 7g N‘{g
2 -
-4. } | =2
%.o 06 12 1.8 24 00 06 12 18 24 00 06 12 18 24 %.0 06 12 18 24
Y (mm) Y (mm) Y (mm) Y (mm)
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Figure 7. a) Fluorescence FITC staining of the cell patterns, b) orientation distribution, c) SEM image, and d) the cell proliferation, and e) schematic

illustration for HFFs cultured on the aligned halloysite strip patterns.

colors becoming darker with increased concentrations. Some
irregular grooves can be found at higher concentrations, probably
related with overlapping of neighbor halloysite lines.

2.6. Fibroblast Alignment Induced by the Oriented
Halloysite Patterns
Mimicking the native anisotropic structure of biological

tissue in engineering scaffolds is crucial for advanced
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medicine. Some synthesized substrates were earlier designed
for cell growth and alignment by the “contact guidance.”373
We prepared the oriented clay nanotube patterns to guide
cell orientation. The morphology of human fibroblasts on
the halloysite pattern was first observed with FITC staining
(Figure 7a). The fibroblasts exhibited the polygonal mor-
phology at the random HNT-coating, while they are elongated
along the direction of the clay nanotube orientation at the
ordered patterns (Figure 7). The directional angle distribu-
tion of the cells is consistent with the nanotube orientations

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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obtained from SEM (no orientation was found for low 2 wt%
halloysite patterns).

The characteristic peak at 90° and 270° (up and down ori-
entations) of 4 to 20 wt% samples suggest that the cells are
aligned uniaxially along direction of the nanotube orientation.
From Figure 3c, the stripe width for 4 wt% pattern is about
30 um and the distance between them is =70 um. The cells pre-
ferred to grow along the areas of oriented halloysite. Figure 7c
shows the cell morphology. Although, the direction of halloysite
orientation cannot be observed at this magnification, the corre-
sponding scratches by the brush have the same direction of the
cells’ orientation. Cell proliferation is evaluated by the CCK8
method after the cells were cultured for 1, 4, and 7 d. HFFs
keep good proliferation with time (no difference in the cell via-
bility with control group).

2.7. Mesenchymal Stem Cell Viability and Alignment
on Oriented Halloysite Patterns

Regulating the stem cell functions is significant for design of
tissue scaffolds. HBMSCs elongation has correlation with myo-
genic, osteogenic, and neural differentiation.*#2l We evaluated
behavior of HBMSCs cultivated on the oriented halloysite pat-
terns. From the fluorescent images of FITC, F-actin, and DAPI
staining, these stem cells display the elongated shape on the
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8 wt% HNT-patterns while the control group had a random dis-
tribution. The cell orientation shows that the cells look in one
up or down directions (90° and 270°).

HBMSCs were further studied with the laser confocal
microscopy (due to the absorbance effect of the clay, we cannot
completely exclude the nonspecific fluorescence). F-actin is a
filamentous protein and can be observed with rhodamine labe-
ling. At 8 wt% sample image, direction of cell microfilament is
consisting with the one of halloysite strips. The SEM and polar-
ized microscopy results proved the pattern strips having the
same direction of halloysite tubes. From Figure 8, the numbers
of HBMSCs have no difference for usual tissue culture plate
and HNT-coated substrates.

Alkaline phosphatase (ALP) is an enhancer of the osteogenic
activity. Its quantity was analyzed after HBMSCs cultivation for
7 and 14 d. The ALP activity onto oriented halloysite pattern
was higher than in the control group, which suggests that the
oriented nanoclay patterns promote osteogenic differentiation.
The color of the best 8 wt% sample pattern is darker than the
control group. Post-transcriptional regulation, translation, and
post-translation regulation also play a role in the expression of
the final protein.[*344]

The gene expression levels after the cell cultured for 14 d
was investigated for 8 wt% samples (Figure 8g); and the expres-
sion of Col 1, ALP, Runx-2, and OCN increased 2, 3.5, 2.7,
and 1.7 times as compared to the control group. These results

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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proved that HBMSCs cultured on the oriented halloysite coating
improved the cell differentiation. The elongated cell shape pro-
motes greater differentiation because of its higher cytoskeleton
tension (cell elongation played the important effect in directing
HBMSCs osteogenic differentiation).**! 1D HAp nanowires
also can enhance the osteogenic differentiation of stem cells
comparing with the nanorods.2%

3. Conclusion

Oriented halloysite patterns were invented with brush shear
force followed by the clay nanotube aggregation assembly. The
halloysite concentration, charge, temperature, brush fiber type,
and substrates influenced the formation of oriented architec-
tural tubule ensembles. Spontaneously aligned nanotubes in
the parallel strips demand for 4 to 20 wt% aqueous suspension
concentrations and 60-70 °C for drying process. Shear force
produced with 120 um diameter nylon brash applied at speed
0.1 m s7* gave the best results of oriented nanotube strips with
maximal height of about 34 um and periodicity of 30-100 pm
providing templates for the organized stem cell arrays. SEM
and AFM demonstrate that the clay nanotubes align along the
shear force direction and the strip thickness becomes larger
with the increased tubes’ concentration. The nanoclay pattern
may be prepared on glass slides, polymeric dishes, flexible
films, and scaffolds.

Fibroblasts and HBMSCs had good proliferation and were
aligned along the clay nanotube orientation. ALP quantita-
tive analysis and staining proved that the oriented halloysite
stripes promoted the differentiation of HBMSCs cultured
for 7 and 14 d. The gene expression levels confirmed that
the halloysite patterns improved osteogenic differentiation of
the stem cells. This efficient method for fabricating the ori-
ented clay nanotube arrays will be useful for producing biocell
devices exploiting regular micro-/nanopatterns.

4. Experimental Section

Purification of HNTs: For better halloysite patterns, the commercial
clay (Guangzhou Runwo Materials Technology Co., Ltd. China) was
purified and impurities were removed by dispersion-centrifugation
method. 2 wt% aqueous suspensions of halloysite were prepared and
then kept for 24 h. The upper solution was centrifuged and freeze-
dried. After repeating this cycle for three times, the purified halloysite
were obtained, as characterized with SEM imaging and electrical zeta-
potential of 35 mV.

Preparation of Aligned Nanotubes with by Different Brushes: 100.0 pL
halloysite aqueous solutions with different concentration were spread
onto the surface of glass slide substrates. The nanotubes were applied
shear stress by different brush operated by hand and then the water
evaporated rapidly at the temperature between 40 and 80 °C. The
oriented halloysite architecture is shown in Figure 1. The halloysite
concentration, brush types, substrates, and temperature on the process
were investigated. The concentrations were 2, 4, 8 to 20 wt%). The
brush fiber diameter and distribution density of bristles are presented in
Table 1. The glass slides and the polystyrene culture dishes were used as
the substrates. 40, 60, and 80 °C were found the best for thermodrying
ordering of halloysite.

Characterization of HNTs: The morphology of halloysite was observed
by SEM (Zeiss MERLIN FE-SEM, Germany) and TEM (Philips Tecnai 10,
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Table 1. Diameter and distribution density of bristles.

Brush type Nylon Cosmetic Tooth
brush brush brush

Diameter of bristles [um] 120+ 6 100£5 2057

Distribution density of bristles [piece mm™| 35 60 9

Netherlands). FTIR spectra of halloysite were collected on Bruker Vertex
70 spectrometer, where the powder samples were mixed with KBr and
then pressed into thin IR-transparent disks. The crystal structure of
halloysite was analyzed with an XRD (MiniFlex 600), Cu-Ko: radiation.
Data were collected over a 26 range of 5°-50° with a scanning rate of
0.15°s7".

Characterization of the Oriented HNTs Architecture: Steady shear
viscosities of 2, 4, 8, and 20 wt% aqueous halloysite suspension, pH 6.5,
were determined on a rotational rheometer (Discover) using a 25.0 mm
diameter parallel-plate fixture. The morphology and the birefringence
phenomenon of the oriented halloysite pattern were analyzed using
a stereoscopic microscope with a polarized light component (ZEISS
Stereo Discovery. V20, Germany). The microstructure of the pattern was
also observed with SEM at 5 kV. The samples were sputtered with 1 nm
gold prior the observation. The surface of halloysite pattern was also
observed by the 3D surface topography analyzer (BMT EXPERT) and
AFM (Veeco Instruments Inc). The halloysite pattern was labeled with
fluorescein isothiocyanate (FITC, Shanghai Yeasen biotechnology Co.,
Ltd) and observed with fluorescence microscope.

Birefringent  Characterization: The birefringent phenomenon of
halloysite architectures was observed with the perpendicular polarized
light. The angle between nanotubes’ architectures and P1 polarizer
is 6. The amplitude of linear polarization lights from the P1 polarizer
is A. Thus, the projections of lights on the X-axis (fast-axis) and Y-axis
(slow-axis) are AcosB and Asin6 (Figure 9b). After passing though the
halloysite pattern, the phase difference between the two components
is olel

2
E:T\nx—ny\d )
where d is the thickness of crystal, n, and ny is the refractive index on
the fast-axis and slow-axis. After the lights transmitting through the

halloysite array, its component intensity is E, and E,

E,=Acosf, E,=Asinf-e® )
A
(a) . (b)
] P2
y P2 d P1
- E
S Ey,é'y' ‘
\ \ 0 Ex
9 X
X
a

‘ P1

Figure 9. lllustration of birefringent generated by a) the nanotube pat-
tern and b) components of lights transmitted through the polarizer and
the pattern.
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The components of E, and E, along the P2 transmission axis are as
follows

E} =Acosfsinf, Ej,=Asinfcos6-e® 3)

The two components having the same vibration direction and the
phase difference are retained. They interference occurred and the light
intensity is /

I=A?cos?0sin?0 + A?sin? @ cos? @ — 2A% cos? Osin? O cos & 4

and after simplification

I = A?sin? 265in2% (5)

when the 0 is 45° or 135°, light intensity has a maximum, which agrees
with the observed results.

Cell Culturing and Seeding: For improving the stability of halloysite
pattern during cell culture, the samples were soaked in 20 mL of 4.0%
(v/v) 3-aminopropyl triethoxysilane in anhydrous ethanol solution for
2 min and then washed with ethanol.”] The samples were then cut into
1 x 1 cm size. The halloysite pattern was sterilized in 75% (v/v) ethanol
for 2 h, and washed for 10 min with PBS. After the halloysite coating
was immersed into growth medium (90% DMEM, Gibco and 10% FBS,
Gibco) for 12 h, HBMSCs (Cyagen Biosciences Inc) and HFFs (ATCC)
were seeded on the coating at a density 2.0 x 10* cells cm™2 or 4.0 x 10*
cells cm2. The culture medium was changed every 2 d.

Cell Morphology, Proliferation, and Differentiation: After the cells
were cultured for a certain time, they were washed with PBS and fixed
by 4% paraformaldehyde for 30 min, and permeabilized with 0.5%
Triton-X100. Cell cytoskeleton was stained by FITC or rhodamine-labeled
phalloidin probe for 1 h (TRITC Phalloidin, Beijing Solarbio Science and
Technology Co., Ltd). The cell nuclei were stained with DAPI (Sigma)
for 15 min. Finally, the samples were rinsed with PBS and studied
with a fluorescence microscope (XDY-2, Guangzhou Yuexian optical
instrument Co., Ltd.,, China) accomplished with a charge-coupled
device. The cell morphology was also analyzed by SEM. A laser scanning
confocal microscope (LSM 880) (Zeiss, Welwyn Garden City, UK) was
used to visualize the immunofluorescence staining of F-actin (examined
at 40 X magnifications).

The cell proliferation was evaluated using a Cell Counting Kit-8
(CCK-8) assay (BestBio). The OD value at 450 nm was measured after
1, 4, and 7 d of culturing. For evaluating the osteogenic differentiation
ALP activity quantification was performed as in ref. [48] after the cell
was cultured for 7 and 14 d. ALP was quantitized using the Alkaline
Phosphatase Assay Kit (P0321, Beyotime, China), which was based on
the conversion of colorless p-nitrophenyl phosphate (pNPP) to colored
p-nitrophenol after coincubation for 15 min at 37 °C. The data were
normalized to the total intracellular protein content measured with
Protein Assay Kit (23225, Thermo scientific, USA). ALP activity was
expressed in nanomoles of produced p-nitrophenol per min per
milligram of protein. ALP staining was performed by using alkaline
phosphatase color development kit (Nanjing jiancheng Bioengineering
Institute, DO01-2). After the cells were cultured for 14 d the levels of the
mRNA for osteogenic specific genes (ALP, Runx2, OCN, and COL1) of
HBMSCs were assessed using real-time PCR according to the previous
method.[*%]

Analysis of Orientation Degree: The orientation degree of nanotubes
and the cell orientation induced by the substrate are analyzed by a
2D FFT image analysis method.P®*2 The 1024 x 768 px image of
nanotubes taken by SEM was cropped to a square of 512 x 512 px. The
3072 x 2048 image of cells stained by FITC was analyzed and cropped
2048 x 2048 px to quantify the orientation degree of cells. By the 2D fast
Fourier transform method, the SEM image and fluorescence image were
converted into the frequency distribution. Pixel intensity was summed
along the radius (from 0° to 360° with 1° increment) with the image)
supported by an oval profile plug-in. All the dates were normalized and
were plotted as a representation of frequency distribution.
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All data are shown as means * standard deviation (SD). Statistical
analysis was carried out by a one-way analysis of variance, and p < 0.05
was considered as statistically significant.
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