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ABSTRACT: Here, we used capillary tubes to evaporate an aqueous dispersion of

halloysite nanotubes (HNTs) in a controlled manner to prepare a patterned surface with
ordered alignment of the nanotubes . Sodium polystyrenesulfonate (PSS) was added to
improve the surface charges of the tubes. An increased negative charge of HNTs is
realized by PSS coating (from —26.1 mV to —52.2 mV). When the HNTs aqueous
dispersion concentration is higher than 10%, liquid crystal phenomenon of the dispersion
is found. A typical shear flow behavior and decreased viscosity upon shear is found when
HNTSs dispersions with concentrations higher than 10%. Upon drying the HNTSs
aqueous dispersion in capillary tubes, a regular pattern is formed in the wall of the tube.
The width and spacing of the bands increase with HNTs dispersion concentration and
decrease with the drying temperature for a given initial concentration. Morphology

results show that an ordered alignment of HNTs is found especially for the sample of

10%. The patterned surface can be used as a model for preparing PDMS molding with
regular micro-/nanostructure. Also, the HNTs rough surfaces can provide much higher

HNTs dispersion

Patterned surface

CTCs capture

tumor cell capture efficiency compared to blank glass surfaces. The HNTs ordered surfaces provide promising application for

biomedical areas such as biosensors.

KEYWORDS: patterned surface, assembly, alignment, halloysite nanotube, tumor cell

1. INTRODUCTION

Hierarchical assembly of nanoparticles has attracted consid-
erable attention, as the formed ordered structures have
potential applications in optics, electronics, magnetic devices,
and biotechnology.”” An interesting preparative strategy for
hierarchical structures is to control the evaporation of
nanoparticles or polymers from their solutions or dispersion.’
This method represents a simple, nonlithographic, and top-
down technique route to create ordered surface structures. The
evaporative assembly into regular structures has been applied to
a wide spectrum of materials, such as 1polymers,‘*’5 viruses,®”
protein,® quantum dots,” latex particles,"”'" carbon nanotubes
(CNTs),">" and gold nanoparticles.'*'* The ordered structure
can be formed by allowing a drop to evaporate directly'® or in
restricted environments by a confined geometry.”'” The
confined geometry includes two parallel plates, sphere-on-flat,
cylinder-on-flat, glass capillary, and curve-on-flat, etc. For
different confined geometry, the formed pattern structures are
largely different. The typical samples are a gradient concentric
ring, gradient stripes, or bands. The evaporative flux, solution
concentration, and interfacial interaction between the solvent,
the solute, and the substrate, etc., have significant effect on the
surface structure formation. On the other hand, preferential
alignment of anisotropic nanoparticles such as nanotubes,'®
nanofibers,'® nanorods,"> and nanowires’® can enhance their
electrical, electrochemical, optical, and electromechanical
properties along the orientation line. However, little results of
the evaporative assembly were yet reported on one-dimensional
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nanoclays which are promising natural materials for many
applications.

Halloysite nanotubes (HNTs, ALSi,O;(OH),nH,0) are
novel one-dimensional nanoparticles with tubular morphology
which are available in abundance in many countries and
recently become the subject of research attention as a new type
of material.”'~>* HNTSs have diameters of 20—50 nm and
lengths of 200—1000 nm, which give a high aspect ratio of 10—
100. HNTs possess large specific surface areas and abundant
hydroxyl groups on their surfaces, and they also are
environmentally friendly and biocompatible.25 Therefore,
HNTSs have shown promising applications as nanoadditives
for enhancing the mechanical performances, thermal stability,
and nucleating agents for polymers.”>**” Due to their unique
tubular structure and good nanosafety, recent studies show that
they are good candidates as cell growth supporting scaffolds, a
drug-controlled delivery platform, and biosensors and for
enzyme immobilization.”””>**~>> However, few reports have
focused the basic understating of their self-assembly behavior of
HNTs under certain conditions. Luo et al. investigated the
liquid crystalline phase behavior and sol—gel transition of
HNTSs aqueous dispersions.”® They found that completely
ordered alignments of the tubes and the liquid crystalline
network of HNTs were obtained when the aqueous dispersion
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concentration was higher than 25 wt %. Very recently, Zhao et
al. prepared highly ordered patterns of HNTs with droplet-
casting evaporation of HN'Ts dispersion.'® HNTs formed into a
“coffee-ring” deposit and aligned along the droplet edge when
drying the dispersion. However, the droplet-casting technology
is limited to their ability to fabricate uniformly aligned HNTs
over a large area.

In this study, we used glass capillary tubes to control
evaporation of HNTs aqueous dispersion to prepare a
patterned surface with ordered nanotube alignment. To
stabilize the HNTs dispersion, sodium poly(styrenesulfonate)
(PSS) was added to improve the surface charges of the
tubes.'**”** Upon drying the HNTs aqueous dispersion in
glass tubes, a regular pattern is formed in the wall of the tube.
The width and spacing of the bands were dependent on the
HNTs dispersion concentration and the drying temperature.
The patterned surface can be used as a model for preparing
PDMS molding with regular micro-/nanostructure. Also, the
rough surfaces of HNTs can provide much higher tumor cell
capture efficiency compared to blank glass surfaces. This
provides new opportunities for application of HNTs in
miniaturized electronics, photonics, catalysts, nanotechnology,

and biotechnology.

2. EXPERIMENTAL SECTION

2.1. Materials. Hallysite nanotubes (HNTs) were purchased from
Guangzhou Runwo Materials Technology Co., Ltd., China. The
elemental composition of the HNTs by X-ray fluorescence (XRF) was
determined as follows (wt %): SiO,, 54.29; Al,O5, 44.51; Fe,0,, 0.63;
TiO,, 0.006. Before using, HNTs were purified according to the
procedure in ref 39. The Brunauer—Emmett—Teller (BET) surface
area of the used HNTs was 50.4 mz/g. PSS (MW 70,000) and 3-
aminopropyltriethoxysilane (APTES) were purchased from Sigma-
Aldrich. All other chemicals were used as purchased (Aladdin) without
further purification. Ultrapure water from a Milli-Q water system was
used to prepare the aqueous dispersion.

2.2. Functionalization of HNTs by PSS. Functionalization of
HNTs by PSS was (?erformed according to a previous report with a
slight modification.'® A 2 g amount of PSS was dispersed in 100 mL of
deionized water in a flask and stirred for 30 min to form a transparent
solution. Then, 2 g of HNTs were added gradually under continuous
stirring in this solution for 48 h at room temperature. Then the
dispersion was collected and centrifuged at 4000 rpm for 10 min. The
precipitated HNTs were washed 3 times with deionized water. Finally,
the obtained solid was dried in a vacuum drier for 24 h at 50 °C and
crushed into powder by mortar before use. The samples were denoted
as PSS-HNTs.

2.3. Evaporation of PSS-HNTs Aqueous Dispersion. Evapo-
rative self-assembly of PSS-HNTs was performed in glass tubes. About
S mL of PSS-HNTs aqueous dispersion (2%, 5%, 10%, and 20%; mass
fraction) was cast into the tubes (inner diameter X height: 7 X 100
mm?). The evaporation took place at 60, 70, 80, and 90 °C under oven
without blast. Approximately S days were needed to dry the PSS-
HNTSs dispersion to equilibrium state at 60 °C. The resulst reported
here were robust and reproducible. We also tried to dry the dispersion
at room temperature. The drying time was too long when drying the
dispersion (several months) at room temperature. Afterward, the tube
was scraped and the patterns on the internal wall of the tube were
examined.

2.4. Characterization. (-Potential Measurement. The (-
potentials of dilute HNTs aqueous dispersions, PSS-HNTs aqueous
dispersions, and PSS solution were measured using a Zetasizer Nano
ZS instrument (Malvern Ltd., U.K.). Prior to each measurement, the
operating conditions were checked and adjusted using a calibrated
latex dispersion supplied by the instrument manufacturer ({-potential,
—50 + S mV).
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Transmission Electron Microscopy. The dilute PSS-HNTs aqueous
dispersions were dipped and dried on the carbon-film-supported Cu
grid. Then the samples were observed using Philips Tecnai 10
transmission electron microscopy (TEM) instrument under accelerat-
ing voltage of 100 kV.

Dynamic Light Scattering. Hydrodynamic diameter and size
distribution of PSS-HNTs solution (0.05%) were detected by a
Nano-ZS instrument (Malvern Instrument). The hydrodynamic
diameter was analyzed by cumulants. Samples were preserved in a 4
°C refrigerator.

Rheological Measurements. The rheological measurements of the
PSS-HNTs dispersions with different concentrations were performed
on a stress-controlled rheometer (TA-AR2000EX, TA Instruments)
equipped with a cone-and-plate geometry (diameter, 40 mm; angle,
1°). The frequency sweep was performed over the frequency range of
0.01—100 Hz at the fixed strain of 0.5%.

Polarized Optical Micrographs. Drops of PSS-HNTs dispersion
were cast and sandwiched between two glass slides to form the film
with a thickness of about 50 ym, and then the photographs were taken
by using the ZEISS SteREO Discovery V20 (Oberkochen, Germany)
polarized optical microscope.

Stereomicroscope. The morphology of the patterned surfaces was
examined using the ZEISS SteREO Discovery V20 instrument. The
photographs were taken at the different magnifications.

Scanning Electron Microscope. The scanning electron microscope
(SEM) images of the patterned surfaces were obtained with a Zeiss
Ultra 55 SEM machine at 5 kV. In order to quantify the degree of the
tubes’ alignments, Image]J software was used to measure the angles of
the tubes with respect to one direction.

Atomic Force Microscopy. Morphology of the patterned surfaces
was observed with a multimode atomic force microscopy (AFM)
instrument with NanoScope Illa controller (Veeco Instruments Inc.).
The experiment was performed at 25 °C.

Contact Angle Measurement. The contact angles were measured
with a KRUSS drop-shape analyzer DSA 100 instrument at 25.0 & 0.1
°C. The contact angle was measured just after the liquid deposition
onto the substrate. The liquid droplet volume was 5.0 & 0.5 uL. Five
measurements at least were carried out on each sample. For the HNT's
samples, the HNTs powder was pelleted by a universal tablet
compression machine. fc and gy were obtained by measuring the
contact angle of the different PSS-HNTs dispersions on the glass and
the HNTs surfaces.

2.5. Preparation and Characterization of PDMS Ordered
Pattern by HNTs Stripes. The ordered structure of poly-
(dimethylsiloxane) (PDMS) film was prepared by a casting technique.
We poured PDMS precursor liquid mixed with the curing agent (10:1
by weight) on the freshly prepared HNTs pattern (template). After
curing the PDMS at 70 °C for about 2 h, the template was removed.
The PDMS films were then washed with ethanol under ultrasonic
treatment, and stripe-like structures were obtained.

2.6. Capture of Tumor Cells by the HNTs Pattern Surfaces.
The sterilized PSS-HNTs pattern surfaces formed by 10% PSS-HNT's
dispersion (hydrophobization treatment by APTES, Supporting
Information Figure S1) were placed into 24-well cell culture plates.
Then, cell suspensions (2 mL, 10* cells/mL) were carefully added into
each well for the predetermined capture time. Afterward, the substrates
were taken out of the cell suspensions and rinsed carefully five times
with PBS for 2—3 times. After the cells were fixed using
paraformaldehyde solution (4 wt % in PBS), penetrated using
Triton-X100 (0.2 wt % in PBS), and dyed using 4',6-diamidino-2-
phenylindole (DAPI) solution (5 ug:mL™" in PBS), the substrates
were imaged using fluorescence microscopy (OLYMPUS, IX3S,
Japan). The cell numbers captured on the substrate were counted
using Image] software. Then, by comparing that number with the total
number of cells added, we calculated the capture efficiency.

3. RESULTS AND DISCUSSION
3.1. Functionalization of HNTs by PSS. A good

dispersion state of HNTs can be realized via ultrasonic
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treatment as shown in Figure la, which is due to the small
dimension and the electrostatic repulsion interactions of the
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Figure 1. Photographs of raw HNTs and PSS-HNTs aqueous
dispersions(a) and the same after 24 h (b) with concentration of
5%. TEM image (c) and size distribution by DLS (d) of PSS-HNTs.

tubes. However, sedimentation of HNTSs is found after
stopping the ultrosonication treatment. The low stability of
the HNTs aqueous dispersion is detrimental to their
evaporation-induced self-assembly. The physical adsorption of
polyelectrolyte can alter the nature of the clay mineral surfaces
and improve their surface physical and chemical properties.*’
The anionic PSS can selectively adsorb on the positive alumina
surface of the nanotube due to electrostatic interactions, which
leads to the increase in the dispersion stability of HNTSs in
aqueous dispersion.'®”” From Figure 1b, no sedimentation of
PSS-HNTs dispersion can be found after stopping of
ultrasonication for 24 h. A diluted PSS-HNTs dispersion
gives rise to the Tyndall effect, in which a laser beam passing
through a colloidal solution leaves a discernible track as a result
of light scattering (Figure S2). The ¢-potential for HNTs, PSS,
and PSS-HNT s were also measured. The negative charge of raw
HNTs and PSS in water generates the {-potential value of
—26.1 and —45.6 mV, respectively. PSS-HNTs enhance the
negative {-potential of HNTs up to —52.2 mV. PSS can be
entrapped into the HNTs lumen, which cancels out the inner
positive charges. This process creates an increase in the total
negative charge of HNTs, which leads to increased electrostatic
repulsions among the tubes. As a result, PSS functionalized
HNTs are stabilized in aqueous dispersion. These results are
consistent with previous studies.””"’

To characterize the size distribution of PSS-HNTs in
solution, PSS-HNT' were further studied by TEM and dynamic
light scattering (DLS). The results are shown in Figure 1c,d. It
can be seen that the nanotubes have dimensions comparable to
those of pristine HNTSs. This means that the adsorption of PSS
does not alter the tubular morphology. Moreover, the hollow
cavity of HNTs is preserved in the PSS-HNTs. The
hydrodynamic diameter of the PSS-HNTs is measured as
329.5 nm with a relatively narrow size distribution (PDI =

7711

0.237). These also suggest PSS can facilitate the dispersion of
HNTs in aqueous dispersion.

The optical properties of PSS-HNTSs aqueous dispersions
were investigated by polarized optical micrograph (POM)
technique. Generally, the optical-pass difference in light under
crossed polarizers can make a liquid crystal sample show
interference colors. When examined in crossed polarizers light,
the dispersion shows interference colors transferring from blue
to dark yellow as the dispersion concentration increases. When
the HNT's concentration is 2% or lower, the dispersion is nearly
isotropic and only very weak bright domains can be identified
(Figure 2a). At HNTs concentration larger than 2%, the

Figure 2. Polarized light image of a drop of PSS-HNT's dispersion with
concentration of 2% (a), 5% (b), 10% (c), 20% (d), 30% (e), and 40%
(f). (A=F) comparison of the different PSS-HNTs dispersions in
capillary tubes under crossed polarizers (from left to right: 2—40%
concentration).

gradual emergence of bright blue spots indicates the formation
of ordered mesophases. With increasing HNTs dispersion
concentration, the optical textures become stronger and yellow
color is found in the central section of the drops. As HNTs
concentration increases to 20%, the dispersion shows
birefringence with intense colors, suggesting the formation of
the Iyotropic liquid crystalline phase. The typical birefringences
are shown in Figure 2A—F. The arrangements of the nanotubes
in their dispersion with different concentrations were also
studied by a POM in transmission mode. In this case, a PSS-
HNTSs aqueous dispersion was deposited on a flat glass slide
between a pair of crossed polarizers to collect its POM images
(Figure 3). The emergence of birefringence domains declares
the isotropic—nematic phase transition that starts at concen-
tration of 5%. Upon increasing the concentration to 10%, the
stable birefringence spreads across the whole dispersion and
displays vivid Schlieren texture, which represents a typical
texture of nematic phases. The large area of Schlieren textures
implies uniform orientation ordering in the samples. The
formed liquid crystal phase of HNTSs in aqueous dispersion
highly agrees with the graphene oxide (GO)*” and montmor-
illonite.”” The formation of the liquid crystals of PSS-HNTs is
attributed to the high aspect ratio, the nanoscale dimension of
the tube, and the high electrostatic repulsion between the tubes
due to the PSS functionalization. The formation of liquid
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Figure 3. POM microscopic images of PSS-HNTSs aqueous dispersions with different concentrations: (a) 2%; (b) 5%; (c) 10%; (d) 20%; (e) 30%;

(f)40%.

crystal in the PSS-HNTSs dispersion is critical for the
subsequent assembly of the nanotubes into ordered patterns.

To further study the microstructure of PSS-HNTs
dispersions with different concentrations, rheological measure-
ment was performed. The changes of shear viscosity as
functions of angular frequency of the dispersions are shown
in Figure S3. The shear viscosity of all of the samples decreases
when increasing the angular frequency. When comparing the
different samples, the higher the concentration of the
dispersion is, the higher the shear viscosity is. This is attributed
to the formation of three-dimensional networks via the physical
interactions especially at relatively high nanotube concen-
tration.”® The viscoelastic response of the dispersion system
changes from the liquid-like to solid-like behaviors when the
concentration is above 20%. A significant decrease of the shear
viscosity (shear flow behavior) of the dispersion is observed for
the samples of 20% and 40% concentration. This is because of
the deformation of the existing network structure upon high
shear frequency.’

3.2. Evaporation of HNTs Aqueous Dispersion in a
Glass Tube. Figure 4 shows the optical images of formed
HNTs patterns of drying the dispersion at 60 °C. Highly
ordered stripes are formed on the inner surface of the tubes,
except in the bottom region where the HNTSs dispersion is
hardly dried completely at the evaporation temperature. The
formation of the stripes propagates from the capillary top of the
liquid column toward the bottom of the tube. The formation
process can be depicted as follows. Evaporative loss of water in
the PSS-HNTs dispersion triggers the transportation of the
HNTs to the capillary tube edge, leading to the formation of
the outmost “coffee ring” (i.e., pinning of the contact line at the
dispersion/air interface; “stick” step). As the level of the fluid
bath drops because of the evaporation, the length of the column
of the HNT's dispersion in the capillary increases relative to the
surface of the dispersion in the reservoir in time until the
capillary forces can no longer counterbalance the gravitational
force. This causes the contact line to jump to a new position
(ie, “slip” step) and reach another equilibrium position where
the dispersion is back in contact with the glass surface.”>'’
And afterward, a new ring is thus developed. Consecutive
“stick—slip” cycles repeat periodically, which leads to the
regular assemblies of HNTs stripes. The total process of the
formation of stripes is governed by the competition between
the capillary force and the pinning force. Only at the end of the
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Figure 4. Optical images of stripe patterns formed along the capillaries
for different concentrations of the PSS-HNTs aqueous dispersion
dried at 60 °C: (a) 2%; (b) 5%; (c) 10%; (d) 20%. (e) Photograph of
the whole glass tube with the formed HNTs stripes on the inner wall.
No regular stripes are formed at the end of the glass tube below the
red line.

glass tube (about one-fifth of the dispersion height), no regular
stripes are formed on the inner wall of the glass tube (Figure
4e). This is due to the increased length of diffusion of the vapor
to the exit of the tube at the late stage of drying, which leads to
a decrease in the rate of fall of the liquid level in the reservoir.
Therefore, no stripes are found in the end of the glass tube but
continuous HNTs coating with some big cracks is formed in
the wall. On the other hand, the HNTs dispersion
concentration increases at the late stage of drying due to the
slow sedimentation of the HNTs. The increased concentration
of the dispersion leads to the increased density of the
dispersion (p). The force balance is largely different from
that of the dispersion located in the top and the middle of the
tube.

In order to investigate the formed stripes structure for
different HNTSs concentrations, stereoscopic micrographs of

DOI: 10.1021/acsami.6b01342
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Figure S. Optical microscopy images of the formed HNTSs pattern surfaces in different magnifications and different concentrations: HNTs at
different (a) concentrations and (b) drying temperatures. The relationship of the stripe width, the distance between the adjacent stripes, and the

HNTs concentration (c) and the dry temperature (d).

these patterned surfaces were taken. Figure 5a shows the optical
images of the formed stripes with different magnification.
Locally, the stripes appear as parallel. In the edge of the tube, it
can be seen the stripes have a certain radian. The stripe width
(W) and the distance between the adjacent stripes (1) is in the
range of 175—450 ym and 10—20 um. Figure Sc shows the
variation of the W and /A with the dispersion concentration. It is
clear that both W and 4 increase with the concentration of the
dispersion. The formation of ordered stripes is a direct
consequence of the competition between the nonlinear
capillary force and the linear pinning force (gravity). As
concentrations of HNTSs dispersions increase, the densities of
the dispersions increase and the force balance is different from
the samples. The dispersions with high HNTs concentration
can slip to the longer distance. Therefore, the W and 4 are
larger for the sample of high HNTs concentration. Previous
study also showed that the width and the spacing of the stripes
increase with the dispersion concentration.'’ The width of the
HNTs stripes is much larger than that of quantum dot rings
produced by evaporation-induced self-assembly in sphere-on-
flat geometry.”® This is due to the difference in the
nanoparticle, solvent, and the solution concentration.

We further investigate the influence of the drying temper-
ature on the formation of the stripes. From Figure 5b, ordered
stripes produced by evaporation of 10% HNTs can be formed
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at all of the experiment temperatures (60—90 °C). At high
drying temperature, some white points can be found on the
ordered stripes, which may be attributed to the defects induced
by the high evaporation rate of the vapor. The relationship of
the W and A with drying temperature is plotted in Figure Sd.
The stripes produced at drying temperature of 60 °C have a
maximum W and A value. W and 4 value linearly decrease with
the increase in the drying temperature. For example, the W and
A are 175 and 5 um upon drying the 10% HNTSs dispersion,
respectively. This is attributed to the high evaporation
temperature promoteing the stick—slip movement of the
nanotube dispersions.

The formation of regular stripes can be understood as a
direct consequence of controlled, repetitive stick—slip motion
of the contact line that resulted from the competition between
pinning force and capillary force (depinning force) during the
course of irreversible solvent evaporation.'"* A model for
these stripes formation, which incorporates evaporation and
surface properties, may be constructed by noting that the
solvent is first in contact with the glass capillary. An equation of
the W is given as Ah. Figure 6 shows the formed stripes on the
glass capillary inner wall and the parameters for the calculation.
Table 1 shows the calculation result of the W by the equation
and comparison between the experimental values. It can be
seen that the W matches well with nearly all parts of the glass

DOI: 10.1021/acsami.6b01342
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Figure 6. Schematics of the formed stripes on the glass capillary inner
wall and the parameters for the calculation.

tube (except the end of the tube) based on the equation. This is
because of the constant radius of curvature of the meniscus of
the PSS-HNT' dispersion throughout the evaporation process.

/
h+Ah

FSG

FSG
2pgah dh = 2 dF + E,

FSN

=y cos Ogg Foy = 7 cos Bgy

_ y(cos Ogg — cos Ogy) +
pga

Here, Ah is the width of the stripes; p is the density of the
dispersion liquid; y is the surface tension of the dispersion
liquid; Oy is the contact angle of the dispersion liquid and the
surface of the glass; fgy is the contact angle of the dispersion
liquid and the nanosurface of the stripes; g is the gravitational
acceleration, 9.788 N/kg; a is the radius of the glass tube; F. is
the corrected factor, which is related to the buoyancy of the
liquid, attraction of nanoparticles and dried band, force of
friction, and so on. When the concentration of the dispersion
liquid is low, F. is almost zero.

To illustrate the microstructure of the formed stripes, SEM
was performed on the samples. Figure 7 shows the SEM
microstructure and histograms of HNTs angular distribution.
Consistent with the optical microcopy result, ordered stripes
are observed for all of the samples. The W and 4 values increase
with the dispersion concentration. By examining the stripes at
high magnification, one can see the formation of regular
patterns of the stripes. For the 2% PSS-HNTSs dispersion, the
arrangement of the HNTs is disorder in the stripes (half-height
peak width (HPW), 166.34°) and no pattern can be identified.
Axial disclinations are observed for the samples of 5% PSS-
HNTs dispersion and the HPW of the HNTs angular
distribution is 81.63°. A high degree alignment of the HNTSs
is found in the stripes for the sample of 10% concentration
(HPW, 10.44°). With high HNTSs concentration (20%), the
stripes have a decreased alignment degree (HPW, 65.45°). It is
concluded that the change of the alignment of the HNTs in the
stripes is related to the concentration of the PSS-HNTs
dispersion. The HNTs concentration has a significant effect on
the alignment of the HNTs. When the HNTSs dispersion

Ah

concentration increases to a critical value, the nanotubes may
transition to a liquid crystalline phase (as shown in the POM
result) and will align parallel to the edge. The parallel
orientation is mainly due to the development of a flow-induced
torque on the nanotubes as one of their ends becomes pinned
by the contact line and, therefore, their axial flow directions
change to parallel to the edge because of the geometrical
constraints.'® In the present system, the 10% HNTSs
concentration may be the critical value for the high alignment
of nanotubes.

Figure 8 shows the AFM images of the formed HNTs
patterns. The length and diameter of HNTSs have no significant
difference among the samples. Consistent with previous SEM
results, drying the 2% PSS-HNTs dispersion leads to an
unordered alignment pattern. Drying the 5% PSS-HNTSs
sample in the glass capillary tubes can form disclination
patterns. The stripes produced by drying the 10% PSS-HNTs
have a highly ordered pattern structure. A slight decreased
alignment of the tubes is found at the stripes produced by
drying the 20% PSS-HNTS’ dispersions. Therefore, from the
SEM and AFM results, the formation of the ordered HNTs
patterns is influenced by the dispersion concentration.
Compared with the ordered HNTs patterns grepared via
drying a drop of an aqueous HNTSs suspension,'® the present
routine is a method of obtaining aligned HNTs over a large
area.

The crack between the adjacent stripes was further
investigated by SEM and 3D morphology analysis. Clearly,
the dark notches seen in Figure 9 are microscopic channels (i.e.,
cracks) with approximately 10—20 pm width as revealed by
SEM, which is consistent with previous optical image results.
The crack is separated by the HNTs arrays patterns of a width
in the range of 150—450 ym. No HNTs are in the cracks. The
edges of the cracks are very sharp; the thickness of the HNTSs
pattern was quantified by the 3D morphology analysis (Figure
9¢,d). It can be seen that the HNTs pattern is composed of
several layers of nanotubes (Figure 9b,d) with thickness (depth
of the crack) of ~125 pm. The three-dimensional surface
roughness curve of the pattern structure formed by the 10%
PSS-HNTs dispersion dried at 60 °C also shows the regular
crack distribution (Figure S4).The formation of cracks arises
from the competition between the stress relaxation due to the
crack opening that fractured the film and the stress increase
from the evaporative loss of water."**

The prepared regular HNTs cracks can be used as templates
to produce ordered stripes. Liquid PDMS was cast on the
HNTs patterned surface sample. The PDMS stripes were
obtained by cross-linking the PDMS at room temperature for
30 min and followed by ultrasonication in ethanol for 30 min.
Figure 10 shows the SEM of the stripes prepared by different
HNTSs patterns. It can be seen the regular PDMS stripes are
successfully obtained by employing the microchannel template
of HNTs produced via constrained evaporation of PSS-HNTSs
dispersion. The shape and size of PDMS stripes reflect the

Table 1. Calculation of the Widths of the Stripes and Comparison with Experimental Values

concn (wt %) P (kg/m3) y (mN/m) a (m) G (N/kg) Oy (deg) cos Ogg Os (deg) cos Osy Ah (um) measd value (ym)
2 1003 72.24 0.004 9.788 29.1 0.874 38.3 0.785 163.72 174.32
S 1025 74.51 0.004 9.788 31.7 0.851 44.1 0.718 246.35 270.86
10 1053 75.34 0.004 9.788 32.6 0.842 49.6 0.648 355.13 422.89
20 1148 76.76 0.004 9.788 33.9 0.830 514 0.624 352.04 457.11
7714 DOI: 10.1021/acsami.6b01342
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Figure 7. SEM images of the formed HNTs patterns with different concentrations and histograms of HNTs angular distribution at corresponding
dispersion concentration. The curve in each histogram is fitted by Gaussian equation based on the histogram data. The angle distribution histograms
were obtained by statistical analysis of angular distribution of ~200 HNTs particles.

arrangement of microchannels and are not nearly affected by
the ultrasonication treatment. The stripes formed on the 2%
HNTs pattern are thin, and the height is low. The 10% HNTs
surface gives excellent regular stripes of PDMS. The width and
height of the PDMS stripes are approximately 15 and 120 ym,
respectively. This is in agreement with the previous optical
microscopy image and SEM result. Previous study also found
that the regular polystyrene nanoparticle microchannels could
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be exploited as templates to produce well-ordered gold
stripes.45

3.3. Capture of Tumor Cells by the HNTs Pattern
Surfaces. Recent research showed that nanometer-scale
topography influences diverse cell behaviors, including cell
adhesion, cell orientation, and cell motility.%‘47 The nano-
meter-scale topography can enhance interactions between the
substrate and different target cells such as T lymphocytes and
tumor cells.”**®*’ These findings inspired us to achieve
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Figure 9. SEM (a and b), 3D morphology image (c), and the height curve of 5% PSS-HNTs dried at 60 °C showing the cracks among the stripes

).

efficient capture of tumor cells by rough HNTs surfaces. The
prepared HNTSs pattern was treated by APTES to obtain a
stable surface in cell culture medium. The HNT's rough surfaces
can provide much higher tumor cell capture efficiency
compared to blank glass surfaces, as evidenced by DAPI-
staining fluorescence images (Figure 1la,b). The number of
cells attached to the similar-sized areas of different surfaces was
counted via Image] software to quantify their cell capture
efficiency (Figure 11c). It can be seen that after 1, 2, and 3 h
incubation, the Neuro-2a cell capture efficiency on the HNTs
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rough surfaces is more than 1.7, 1.4, and 6.2 times compared to
blank glass, respectively. The maximum cell capture efficiency
of 88.1% is achieved for 3 h culture on the HNTSs rough surface.
The capture yield of the tumor cell by the prepared HNTs
pattern surface can be further increased by conjugating
anitibody or protein.”"">® Previous study showed that the
capture yield of MCF-7 cells on the anti-EpCAM conjugated
GO film was 92 + 4% after 45 min incubation.>
Interestingly, the tumor cell also exhibited differences in
morphology on the rough HNTSs surface and smooth glass
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Figure 10. SEM image of silicone rubber molded by the pattern
surfaces of 2% (a), 5% (b), 10% (c), and 20% (d) HNTs. In panels c
and d, artificial coloring was used to clearly show the formed regular
stripes.

surfaces as observed by SEM. From the inset of Figure 11, cells
with fully extended pseudopodia attached to the HNTs surfaces
can clearly be observed. However, the tumor cells on the
smooth glass surface exhibit a rounded conformation without
extended pseudopodia. These morphologic differences arise
from the relatively high surface roughness of HNTs surfaces,
and this suggests that HNT's pattern can achieve more efficient
cell-substrate interactions."”

4. CONCLUSIONS

Glass capillary tubes were used to evaporate HNTSs aqueous
dispersion in a controlled manner for preparing a patterned
surface with ordered nanotubes alignment. PSS can stabilize the
HNTs dispersion by improving the surface charges of the tubes.
Liquid crystal phenomenon of the dispersion is found when the
HNTs aqueous dispersion concentration is higher than 10%.
Rheology properties determination demonstrates that HNTs
dispersions with concentrations higher than 10% show typical
shear flow behavior and decreased viscosity upon shear. Upon
drying the HNTSs aqueous dispersion in capillary tubes, a
regular pattern is formed in the wall of the tube. The width and
spacing of the bands increase with HNTs dispersion
concentration and decrease with drying temperature for a

given initial concentration. A model for these stripes formation
is proposed, and the theoretical value highly agrees with the
experimental value. SEM and AFM results show that an
ordered alignment of the HNTs is found for the 10% HNTSs
sample. The patterned surface can be used as a model for
preparing PDMS molding with regular micro-/nanostructure.
The HNTs rough surfaces can provide much higher tumor cell
capture efficiency compared to blank glass surfaces.
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