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A B S T R A C T

Here, we reported a fast, low-cost, and effective fabrication method of large-area and rough halloysite nanotubes
(HNTs) coatings by thermal spraying of HNTs ethanol dispersions. A uniform HNTs coating with high trans-
parence is achieved with tailorable surface roughness and thickness. Compared with normal cells, the tumor cells
can be captured effectively with high capture yield by the HNTs coatings (expect HeLa cells), which is attributed
to the enhanced topographic interactions between HNTs coating and cancer cells. HNTs coating formed from
2.5% ethanol dispersions shows the highest tumor cells capture yeild (90%), which is related to the appropriate
roughness and anti-EpCAM conjugation. The capture yield of HNTs coating towards MCF-7 cells can be further
improved to 93% within 2 h under dynamic shear using a peristaltic pump. The capture yield increases with the
incubation time, and the flow rate with 1.25 mL/min leads to the maximum capture yield. The HNTs coatings
are also effective for capture of tumor cells spiked in artificial blood samples and blood samples from patients
with metastatic breast cancer. More than 90% targeted MCF-7 cells and very small amounts of white blood cells
are captured by the anti-EpCAM conjugated HNTs coatings from a blood sample. HNTs are further loaded an-
ticancer drug doxorubicin (DOX) and then thermally sprayed into coatings. The MCF-7 cells captured on DOX
loaded HNTs coating display significant membrane rupture characteristic and only 3% cell viability after 16 h.
The high capture efficiency of tumor cells by HNTs coating fabricated by the thermal spraying method makes
them show promising applications in clinical circulating tumor cells capture for early diagnosis and monitoring
of cancer patients. The high killing ability of the DOX loaded HNTs coating can also be designed as an im-
plantable therapeutic device for preventing tumor metastasis.

1. Introduction

In recent years, unique physical and chemical properties of nano-
materials motivated worldwide interests to form nanostructured coat-
ings. Prior literatures have shown that surface topological structure of
materials has a significant effect on cell behaviors, such as adhesion,
proliferation, differentiation, and migration. The nanorough surfaces
have various biomedical applications such as tissue engineering trans-
plant [1], biological signal detection [2], repairing and healing of skin
wound [3], and so on. The rough surfaces formed by nanoparticles with
or without ordered arrangement are believed to enhance the cell in-
teractions [4–9]. For example, a chip based on graphene oxide rough
surfaces took advantage of the increased surface area afforded by the
nanosheets for highly sensitive and selective tumor cell capture [10]. A
uniform multiscale TiO2 nanorod array prepared by hydrothermal
synthesis method can also provide a “multi-scale interacting platform”
for tumor cell capture [11]. However, the preparation methods such as

evaporative assembly bear the shortcomings such as complicated pro-
ducing process, difficulty of preparation of large areas coating with
uniform thickness, and high fabrication prices which become a bottle-
neck for their extensive applications [12].

Thermal spraying represents a simple, fast, and effective scale-up
manufacturing methods for nanostructured coating with large area.
Various types and multi-purpose surfaces can be fabricated by spray-
coating, including super-hydrophobic coating [13], pH-sensitive self-
healing anticorrosion coatings [14], functional metal oxide coating
[15,16], large transparent chemically-converted graphene films [17],
and so on. For example, thin grapheme film prepared by spray de-
position on preheated substrate shows a low sheet resistance of
2.2 × 103 Ω/sq. and a high transmittance of 84%. Quantum dot coating
prepared by thermal spraying has excellent morphology and composi-
tional purity, which can be used as solar cells [18]. The nanostructured
coating applied in biomedicine area must have high bioactivity and bio-
compatibility, in addition to low-cost raw material and repeatable

https://doi.org/10.1016/j.msec.2017.12.030
Received 14 July 2017; Received in revised form 9 September 2017; Accepted 28 December 2017

⁎ Corresponding author.
E-mail address: liumx@jnu.edu.cn (M. Liu).

Materials Science & Engineering C 85 (2018) 170–181

Available online 29 December 2017
0928-4931/ © 2017 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09284931
https://www.elsevier.com/locate/msec
https://doi.org/10.1016/j.msec.2017.12.030
https://doi.org/10.1016/j.msec.2017.12.030
mailto:liumx@jnu.edu.cn
https://doi.org/10.1016/j.msec.2017.12.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2017.12.030&domain=pdf


processing [19–24].
Halloysite clay, a kind of natural nanoparticles with tubular mor-

phology, combines the advantages of unique surface characters, high
dispersion ability, high adsorption ability, good biocompatibility, and
low cost [25]. The halloysite is often in the form of tube, and is often
referred to as halloysite nanotubes (HNTs). Typically, the length and
the outer diameter of HNTs are in the range of 200–1500 nm and
50–70 nm. HNTs are commonly used as nanofiller for the production of
high-performance polymer composites [26]. Recently, HNTs have been
recognized as novel biomaterials. Studies have shown that inorganics
such as HNTs can be used to utilize for the encapsulation and control
release of chemical/gene drugs [27–29]. HNTs can prolong half-life of
drugs, increase loading amount of drug, and improve sustained release
performance of drugs [30–32]. For enzyme immobilization, the im-
mobilized enzymes in the channels of HNTs exhibited thermal stability,
excellent storage stability and reusability [33,34]. Addition of HNTs
can also produce high strength tissue engineering scaffold, since HNTs
can improve the mechanical and thermal stability of polymer scaffolds
[35,36]. Also, HNTs can be used as hemostasis agent and wound repair
materials. Previous studies showed that HNTs can decrease the clotting
time at high concentration and increases the wound healing rate
[37,38]. HNTs can also be utilized as biomineralization nanoreactor to
form urease-catalyzed CaCO3 to exhibit a metastable vaterite phase
structure [39]. HNTs-coated plastic microtube showed enhanced tumor
cell adhesion under flow [40–42]. In our previous study, ordered HNTs
coating by evaporation-induced self-assembly has also shown high
capture efficiency towards various tumor cells [43].

Here, a strategy to produce uniform HNTs coating with large areas
was developed by a simple thermal spraying method. A series of HNTs
ethanol dispersion was thermally sprayed on glass substrates. The re-
lationships between the surface morphology of the coatings and the cell
capture performances were investigated. To increase the capture yield
of tumor cells, the experiments were performed under dynamic shear
using a peristaltic pump. Also, the artificial blood samples with spiked
tumor cells and blood sample from patients with metastatic breast
cancer were used to determine the capture efficiency of the HNTs
coatings. Finally, the HNTs biodevices were expanded to kill the tumor
cells by loading of anticancer drug doxorubicin (DOX). The morphology
and cell viability of the captured tumor cells were investigated. All
these results indicate that the HNTs coating fabricated by thermal
spraying can be developed as promising cancer detection and treatment
device in clinical application.

2. Experimental

2.1. Materials

Halloysite clay was purchased from Guangzhou Runwo Materials
Technology Co., Ltd., China. Before using, halloysite clay was crushed
into powder and purified by centrifugation. Streptavidin (SA), bioti-
nylated anti-human-EpCAM/TROP1 antibody (goat IgG), doxorubicin
(DOX) were purchased from Sigma–Aldrich. Diamidino-2-phenylindole
dihydrochloride (DAPI), fetal bovine serum (FBS), serum-free DMEM
medium with high glucose, phosphate-buffered saline (PBS), Triton X-
100, and 0.25% Trypsin-EDTA (Gibco, 1×) were purchased from
Jiangsu KeyGEN BioTECH Co., Ltd., China. Alex Flour 488 Goat Anti-
Mouse IgG was purchased from Thermo Fisher Scientific Inc.
Butanedioic anhydride, 3-aminopropyltriethoxy silane (APTES), N, N-
dimethyl formamide (DMF), N-Hydroxysuccinimide (NHS), 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and all
other chemicals were purchased from Aladdin Industrial Corporation.
Ultra-pure water was prepared by Milli-Q water system.

2.2. Preparation of HNTs coating

HNTs coating was prepared by thermal spraying method. Typically,

0.5 g, 1 g, 2.5 g, 5 g HNTs were dispersed in 100 mL of anhydrous
ethanol by ultrasonic cell disruptor (scientz-IID, NingBo Scientz
Biotechnology Co., Ltd., China) for 30 min. A clean piece of glass slide
was placed on an 80 °C heating stage for 1–2 min, and then about 5 mL
HNTs ethanol dispersion was poured into the pot of the spray gun.
About 10 s with the rate of 3 mL/min was used to spray the glass slides
for preparation of HNTs nano-coating. Spaying drying can rapid create
silanol bonds between the silica surface and the HNTs. The robustness
of the deposited coating was satisfied at the experiment condition. To
decrease the hydrophilicity of HNTs, the HNTs coatings were soaked in
20 mL 4% (v/v) APTES in anhydrous ethanol solution for 1 h to stabi-
lize HNTs coating during cell culture. The excess APTES was removed
by washing the coating with anhydrous ethanol. Then the glass slides
with HNTs coating were cut into 1 × 1 cm chunks for cell culture in 24-
well plate. The blank glass slide was used as control.

2.3. Characterization of HNTs coatings

The transparency of the HNTs coatings was shot by a camera and
the quantitative analysis was determined using ultraviolet spectro-
photometer (UV-2550, Shimadzu Instrument Ltd., Suzhou China) from
350 nm to 1000 nm wavelength. The microstructure of the HNTs
coatings was analyzed by field emission scanning electron microscopy
(Ultra-55, Carl Zeiss Jena Ltd., Germany) at 5 kV. The HNTs coating
surfaces were plated with a thin layer of gold before the observations.
The surface morphology of the HNTs coatings was characterized using
atomic force microscopy (AFM) with NanoScope IIIa controller (Veeco
Instruments Inc.). The height distribution of HNTs coating, the quan-
titative analysis of root-mean-square roughness (Rq), and average
roughness (Ra) were acquired by the NanoScope Analysis Software. The
measured roughness of the surface was affected by spatial and vertical
resolution and the radius of the cantilever tip (on the order of nan-
ometers for the used silicon tip) of the instrument.

2.4. Cell culture

Mouse osteoblastic cell (MC3T3-E1), human liver cell (L02), human
hepatoma cells (HepG2), human breast cancer cells (MCF-7), human
cervical cancer cells (HeLa), human lung carcinoma cells (A549), me-
tastatic murine melanoma cells (B16F10), and human prostate cancer
cells (PC3) were purchased from the laboratory animal center of Sun
Yat-sen University. All the cells were maintained in Dulbecco's Modified
Eagle's medium (DMEM, Life Technologies) supplemented with 10%
fetal bovine serum (FBS, Life Technologies), 1% penicillin
(100 U·mL−1)/streptomycin (100 μg·mL−1). All cell lines were main-
tained at 37 °C in a humidified atmosphere of 5% CO2 in air as a
monolayer culture in plastic culture flask (25 cm2, Corning, NY,
14,831). The cells were grown to ~80% confluence before passaging
with trypsin/ethylene-diaminetetraacetic acid (EDTA) (Life
Technologies) incubation for 2–3 min.

2.5. Cell capture and characterization

The HNTs coatings were soaked in 75% alcohol solution for 2 h and
washed with PBS for 3 times. Afterwards, they were exposed under
ultraviolet light for 2 h. The HNTs coatings (1 × 1 cm) were placed into
24-well cell culture plates and then 1 mL cell suspension
(1.0 × 104 cells·mL−1) was added into each well. The cell culture
plates were incubated in a cell incubator (37 °C, 5% CO2, HF 100, Heal
Force Bio-Miditech Ltd., China) for 1 h, 2 h, and 3 h, respectively. The
coatings were then rinsed with PBS for 3 times to remove the cell
culture medium. The cells captured by the coatings were fixed by
paraformaldehyde solution (4 wt% in PBS) for 10 min and penetrated
with Triton X-100 (0.2 wt% in PBS) for 10 min for cell staining. DAPI
solution (5 μg·mL−1 in PBS) was used to stain the captured cells on the
coating for 5 min and the cells were washed with PBS for 3 times to
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remove excess DAPI. The captured cells were observed with a fluores-
cence microscopy (EVOS® FL Cell Imaging System, USA). At least 10
fluorescence images of captured cells on different regions of the coating
were recorded at 50× magnification. The numbers of captured cells
were counted by Image J software (National Institutes of Health, USA).
The capture yield was calculated by comparing the capture cell number
with the initial number of cells added to each well (1 × 104 cells). The
morphology of captured cells in the HNTs coatings was further analyzed
by SEM. Before SEM observation, the cells were fixed with 2.5% glu-
taraldehyde in PBS buffer at room temperature for 2 h and dehydrated
in ethanol at 30, 50, 70, 80, 90, 95, and 100% concentration for 15 min
respectively. The samples were then freeze-dried at −80 °C for 24 h
and dealt with the high vacuum gold jetting. The morphology of cells
were observed at 2.0 kV.

2.6. Bioconjugating with anti-EpCAM on the HNTs coatings

The surface was conjugated with antibody according to previous
study [44]. Typically, the HNTs coatings were soaked in 10 μg·mL−1 SA
solution in PBS at 4 °C overnight in order to make the adsorption of SA
on HNTs. Afterwards, the coatings were washed for 3 times with PBS to
remove free SA. Then the coatings were incubated with anti-EpCAM
(10 μg·mL−1 in PBS) at room temperature for 2 h and rinsed by PBS for
3 times to remove the excess antibody. The coatings conjugated with
anti-EpCAM were placed into 24-well cell culture plates and the capture
process of cells was similar to the previous procedure.

2.7. Capture of tumor cells by HNTs coatings under dynamic shear
condition

The HNTs coatings (length × width: 2.5 × 1.5 cm) were placed in a
plexiglas box (the inside length × width × height:
2.5 × 1.5 × 1.0 cm) with removable lid and holes (diameter: Φ 2 mm)
on the lid. 2 mL cell suspension (1.0 × 104 cells mL−1) was added into
the box. The device was connected to a peristaltic pump (BQ 80S,
Baoding lead fluid technology Co., Ltd., China) through rubber pipes
(inner diameter: Φ 1 mm). The flow rate was set as 0–5 mL·min−1 and
the incubation temperature was 37 °C. The staining and counting pro-
cess of cells was similar to the previous procedure. To study the cap-
tured cell morphology, the tumor cells were stained firstly by Alex Flour
488 Goat Anti-Mouse IgG for 300 μL for each well and then DAPI
(10 μg·mL−1 concentration) for 300 μL. The fluorescence images were
obtained by an inverted XDY-2 microscope (Guangzhou Yuexian optical
instrument Co., Ltd., China).

2.8. Patients and healthy controls

The study was approved by the Ethics Committee from the Fourth
Affiliated Hospital (Guangzhou Red Cross Hospital) of Jinan University.
All peripheral blood was collected with the patients' written consent.
Patients presented with a clear pathological diagnosis of breast cancer
between November and December 2016. The patient's condition ranged
from stage II to stage III. Patients were aged 33–92 years with an
average age of 59.6 years. Preoperative physical examination and la-
boratory detections excluded other malignant tumors before removing
the tumor tissue by lumpectomy. Healthy blood samples were collected
from healthy volunteers.

2.9. Capture of tumor cells from artificial blood samples and blood samples
of patients with metastatic breast cancer

2 mL peripheral blood was collected from healthy donator and
preserved in blood collection tubes before use (containing EDTA). MCF-
7 cells were firstly dyed by DAPI for 5 min before using. Different
numbers of MCF-7 cells (10, 50, 100, 1000 and 10,000 per milliliter)
were spiked artificially into the 1 mL blood sample (diluted by the same

volume of DMEM). The solution samples with tumor cells were trans-
ferred to the circulating box (length × width × height:
2.5 × 1.5 × 1.0 cm) with HNTs coating conjugated with or without
anti-EpCAM. After capturing for 2 h, the cells on the coating were
rinsed by PBS and observed using a fluorescence microscope (XDY-2,
Guangzhou Yuexian optical instrument Co., Ltd., China), and the
number of the cells on the coatings was counted by Image J software.

2 mL diluted blood samples from patients with metastatic breast
cancer were placed to the plexiglas box with HNTs coating conjugated
with anti-EpCAM. The capture process was last for 2 h under
1.25 mL·min−1. The HNTs coatings were then rinsed by PBS for several
times. The cells were fixed and penetrated with 4% paraformaldehyde
and 0.5% Triton X-100 for 10 min. Subsequently, PE-labeled anti-
Cytokeratin 19 (CK19, a protein marker for epithelial cells), FITC-la-
beled leukocyte common antigen (anti-CD45, a marker for white blood
cells) were used to specifically stain MCF-7 cells and white blood cells
(WBCs) captured by HNTs coating. The cell nuclei were stained by
DAPI. These cells were then imaged by an inverted fluorescence mi-
croscope.

2.10. Killing the captured tumor cells by DOX loaded HNTs coating

1 mg DOX was dissolved in 10 mL anhydrous ethanol firstly, and
250 mg HNTs were dispersed in the solution by ultrasonic treatment for
30 min. Then the solution was let overnight until the upper solution
became colorless and transparent. The DOX loaded HNTs were evenly
dispersed in the ethanol solution by shaking. The thermal spraying
process for nano-coating was similar to the previous procedure. Then
the HNTs-DOX coating was placed to plexiglas box with 1 mL MCF-7
cell suspension (1 × 104 cells·mL−1) which linked to a peristaltic
pump. After capturing for 2 h, the coating was rinsed by PBS for 3 times
and moved to 6-well cell culture plates for culturing. The cells were
incubated by adding new medium for different time to carry CCK-8
colorimetric assay at 450 nm. On the other hand, acridine orange (AO)
and ethidium bromide (EB) double staining were used to detect apotosis
of captured cells by the HNTs coatings with and without DOX.

3. Results and discussion

3.1. Thermal spraying for preparation HNTs coating

HNTs were evenly dispersed in anhydrous ethanol firstly, and the
dispersion was atomized rapidly and sprayed from the nozzles of air-
brush under the air pressure. When the dispersion was sprayed on hot
glass slides, the alcohol was evaporated rapidly due to its low boiling
point (78 °C). As a result, HNTs were pinned on the glass slides via Van
der Waals force and hydrogen bond interactions, which formed a uni-
form rough coating composed of HNTs. The preparation process of
HNTs coating and the conjugation with antibodies to capture tumor
cells are shown in Fig. 1(A). The appearance of HNTs coating on glass
slides is shown in Fig. 1(B).

The coatings formed at relatively low HNTs concentration (0.5%
and 1%) are almost transparent. With increasing the concentration of
the HNTs dispersion, the transparency of coating is getting worse. As
the concentration of the HNTs dispersion reaches to 5%, the highest
transparency of the HNTs coating declines to 40%. So, the HNTs dis-
persion concentration has a significant effect on the light transmission
of the coating. However, the coating is semitransparent even with high
HNTs concentration, which is convenient for observing the captured
cells by staining. To illustrate the microstructure of the HNTs coating,
SEM was performed on the samples (Fig. 2). The SEM photos of the
coatings formed by spraying of different HNTs dispersion are in ac-
cordance with optical microcopy result above. A dense layer of HNTs is
formed on the coating with arbitrary tubes arrangement. The surface
roughness of the coating increases with the concentrations of HNTs
dispersion. It also can be seen there are more traps formed by large
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number of nanotubes for the 2.5% and 5% HNTs coating. Previous
studies suggested that the surface roughness of coating have significant
effects on the interactions with cells [45–47].

AFM was further applied to determine the influence of the disper-
sion concentration on the 3D morphology and surface roughness
(Fig. 3(A)). The roughness increases with the concentration of HNTs
dispersion, which is consistent with SEM results. The surface height
distribution of the HNTs coating determined by AFM is shown in
Fig. 3(B). The average height of the HNTs coating increases from
0.49 μm to 1.64 μm with increase in the HNTs dispersion concentration.
And likewise, the roughness increases with the concentration of HNTs
dispersion (Fig. 3(C)). The HNTs coating formed from 0.5% HNTs dis-
persions shows Rq and Ra of 140 nm and 109 nm respectively, whereas
it is 314 nm and 251 nm for the 5% HNTs dispersion. So, the roughness
of the HNTs coating by thermal spraying can be tailored by controlling
the HNTs dispersion concentration. Suitable roughness of coatings is

favorable for cell attachment [48,49].

3.2. Capture of tumor cells by the HNTs coating under static state

Thermal spraying of HNTs on the glass substrate is a simple process
to prepare uniform HNTs coating with controllable roughness. The
rough HNTs nano-coating can be used as substrate for capture of cir-
culating tumor cells (CTCs) from cancer patient's blood. To investigate
the effect of surface roughness of HNTs coating on the cell capture
yields, a series of simulation experiments to capture normal cells or
tumor cells from cell culture medium were performed with smooth
glass surface as control. Fig. 4(A) shows the fluorescence images of
DAPI-stained MC3T3-E1 cells captured on smooth glass slide and 2.5%
HNTs coatings for 1, 2, 3 h. It can be seen that the MC3T3-E1 cell
numbers captured by both the two surfaces increase with the capture
time. When compared with the two surfaces, they have similar capture

Fig. 1. The schematic illustration of preparation of HNTs coatings and conjugation with antibodies to capture tumor cells (A). The photograph of HNTs coatings formed from different
concentrations of HNTs ethanol dispersion and light transmittance of the different HNTs coatings (B).

Fig. 2. SEM images of the different HNTs coatings (inset shows the enlarged SEM photos).
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yield to MC3T3-E1 cells in the first hour. After 3 h of incubation, the
2.5% HNTs coating surface has a slightly higher capture yield (27%)
than the smooth glass surfaces (17%). By comparing the capture per-
formance of MCF-7 cells (Fig. 4(B)), the HNTs coating surfaces can
capture much more cells than that of smooth glass surfaces. On the
other hand, the HNTs coating surfaces can capture much more MCF-7
cells than the MC3T3-E1 cells.

The number of cells captured on the surfaces with same areas was
counted via Image J software to quantify the capture yield (Fig. 5(A)).
All the HNTs surfaces show capture yield of MC3T3-E1 cell in the range
of 20%–27% after 3 h incubation which is slightly higher than that of
the control group (17%). The 2.5% content of HNTs coating surface has
the highest capture yield compared to others, which may be attributed
to the proper surface roughness of the coating. Fig. 5(B) shows the
relationship between MCF-7 cells capture yield with incubation time on
the blank glass and different HNTs coatings with different incubation
time. It can be seen that the capture yield increases with the incubation
time. The capture yield increases significantly especially after 2 h and
the capture yield by HNTs coating surfaces are all higher than that on
the blank glass surface. After 3 h of incubation, the 2.5% HNTs coating
surface has the highest MCF-7 cell capture yield compared to others
similarly. The capture yield towards MCF-7 can reach to 83% ± 3%
for the 2.5% HNTs coating, while the control group is only
28.5% ± 2%. A variety of normal cells (MC3T3-E1, L02) and tumor
cells (MCF-7, HepG2, A549, HeLa, PC3, and B16F10) were further used
to investigate the capture yield for the 2.5% HNTs coating surface

(Fig. 5(C)). It also can be seen that the HNTs coatings show high capture
yield for most of the tumor cells (except HeLa cells) and relatively low
capture yield for the normal cells. Some studies have also shown that
rough coating has low capture yield towards to HeLa cells [50], which
is due to the different cell surface structure of HeLa cells. Among the
used cells, the capture yield of B16F10 and MCF-7 cells by the 2.5%
HNTs coating surface without antibody conjugation reaches to
85% ± 2% and 83% ± 3% respectively after 3 h capture. In contrast,
the capture yields of the MC3T3-E1, L02, and HeLa are less than 30%.
The different capture yields of cells are related to both the surface
roughness of HNTs coating and the cell surface structures which will be
shown in the following section.

The surfaces with different roughness have a significant effect on
the cell morphology [51,52]. The morphology of the captured cells was
investigated by SEM (Fig. 6(A), (B)). Compared with smooth glass
surface, the cells are easier to grasp on the HNTs coating surface as
there are a large number of micropapilla formed by the HNTs ag-
gregates. Compared with MC3T3-E1 cells, the MCF-7 cells have more
microvilli and pseudopodia. So, it is more beneficial to adhesion of
MCF-7 cells on the rough HNTs coating. It can be seen that the mi-
crostructure of the cells on the smooth and rough surface is different
from the Fig. 6(A) and (B). It has been shown that normal cell-to-sub-
stratum adhesion is accompanied by the flattening and spreading of
cytoplasm in the MC3T3-E1 group. While for MCF-7 cells, the adherent
cancer cells appear as spheres attached to substrate by filopodia in
smooth glass slide or as spheres slightly flattened by the spreading of

Fig. 3. AFM images of the different HNTs coating (A). The
surface height distribution of the different HNTs coatings
(B). The quantitative analysis of Rq and Ra of the different
HNTs coatings (C).
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Fig. 4. The DAPI fluorescence microscopy images of captured
cells of MC3T3-E1 (A) and MCF-7 (B) on the blank glass and
HNTs coating.

Fig. 5. The capture yield of MC3T3-E1 (A) and
MCF-7 (B) on the blank glass and different HNTs
coatings with different incubation time. The
capture yield of different cells on the HNTs
coatings formed by 2.5% HNTs dispersion with
different incubation time (C).
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cytoplasm in the rough HNTs coatings. One of the major differences
between cancer cells and normal cells is the surface character. Cancer
cells do not adhere to each other as firmly as normal cells do and hence
they have the ability to metastasize or spread to other tissues of the
body through the blood or lymph fluid. Researchers found that cancer
cells had many more microvilli and pseudopodia than the normal cells
in their surfaces. Therefore, the surface areas and the surface roughness

of the cancer cells are greater than those of normal cells [53,54] So, the
different surface roughness may be a common specialty between cancer
cells and normal cells. The increased surface area and roughness of
cancer cells may be related to the increased cell-matrix interactions and
capture yield in the present systems. It can be seen that MCF-7 cells are
fully extended pseudopodia attached to the rough HNTs coating sur-
face. In contrast, the MCF-7 cells on the smooth glass surface are rare

Fig. 6. SEM images of the microstructure topography of the MC3T3-E1 cells (A) and MCF-7 cells (B) on smooth blank glass and HNTs coatings (the images were artificially stained
showing the cells and the substrates). The DAPI stained fluorescence microscopy images of captured MCF-7 cells on the smooth glass and 2.5% HNTs coating without and with anti-
EpCAM conjugation (C). MCF-7 capture yield on different surfaces for 3 h (D).
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and exhibit a rounded conformation with few extended pseudopodia
and microvilli. Many studies showed that nanorough surfaces can sti-
mulate the production of extracellular matrix (ECM) secreted [55,56].
A large number of ECM makes MCF-7 cells attach well on the rough
HNTs coating surface. As shown in Fig. 6(B), the stained MCF-7 cell
outgrew many long protrusions which connects the convex substance
formed by HNTs. MCF-7 cells are more likely to adhere to the rough
HNTs coating surface rather than smooth glass surfaces, which results
in that the rough HNTs coating surface can grasp much more MCF-7
cells than smooth glass surfaces.

Surfaces conjugated with specific antibody or protein can attract
more cells to be adhered [44,57]. EpCAM is expressed exclusively in
epithelia and epithelial-derived neoplasms and not found in non-epi-
thelial cells such as white blood cells (WBCs), so anti-EpCAM is always
used as diagnostic marker for various cancers. The blank glass surface
and HNTs coating surface were conjugated with anti-EpCAM to in-
vestigate the capture yeild of MCF-7 cells (Fig. 6(C)). It can be seen that
the conjugation of anti-EpCAM on both smooth glass surface and HNTs
coatings show much higher capture yield than those without antibody.
After 3 h incubation, the capture yield of MCF-7 cells by the 2.5% HNTs
coating conjugated with anti-EpCAM reaches up to 90% ± 2% which
is much higher than that of unmodified HNTs coating (80% ± 3%) and
the smooth glass surface conjugated with anti-EpCAM (35% ± 1%).
This further confirms that the topology and surface chemistry of HNTs
coating can improve the adhesion of tumor cells.

3.3. Capture of tumor cells by the HNTs coating under dynamic shear
condition

In order to simulate blood circulation process of human body for
capture of rare CTCs in cancer patients, a circulating device was built to
test the capture yield towards tumor cells of HNTs coating under dy-
namic shear condition (Fig. 7(A)). The dynamic shear was expected to
further increase of the capture yield of tumor cells by nano-surfaces
[58,59]. Fig. 7(B) shows capture yield towards MCF-7 cell by 2.5%
HNTs coating surface for 2 mL medium spiked with 1 × 104 MCF-7
cells with different flow rate by peristaltic pump for 2 h. It can be seen
that when the flow rate is set as 1.25 mL·min−1, the device exhibits the
highest capture yield (79% ± 4.5%) which is comparable to the cap-
ture yield for 3 h without shear. The shear process with appropriate
flow rate can increase the contact opportunity between the MCF-7 cells
and rough HNTs coating surface, which consequently leads to more
cells captured by the HNTs rough surfaces. When the flow rate is too
fast, for example 5 mL·min−1, the capture yield is only 1.3% ± 0.5%.
This is due to that the MCF-7 cells can be washed away before adhering
to the HNTs coating [60]. It should be noted that the volume of the
blood sample for CTCs detection is only 2 mL, which is much less than
that in human body. So, we selected the maximum flow rate of
5 mL·min−1 which is lower than the blood flow rate in human body
(~15 cm/s). The small blood sample amount is used because of the
conveniences for the clinic blood sampling from cancer patients.
Fig. 7(C) compares the capture yield towards MCF-7 cell by different
HNTs coating surfaces at a flow rate of 1.25 mL·min−1. Similar to
previous results, the 2.5% HNTs coating surface has the highest capture
yield (79% ± 4.5%). This is related to that the 2.5% HNTs coating has
the most suitable roughness (Ra ≈ 200 nm) to capture tumor cells.
From the SEM result above, there are many traps or bulge formed by
nanotubes for the 2.5% coating. Surface roughness of substrates has
significant effects on the interactions with cells. The rough HNTs
coating surface can acquire higher capture yield under dynamic shear
condition for 2 h. However, the smooth glass surface under dynamic
shear condition exhibits much lower capture yield than that at static
condition. So the roughness of the surfaces plays a critical role for de-
termining the capture yield. Fig. 7(D) compares capture yield towards
MCF-7 cells by 2.5% HNTs coating surface for different time at a flow
rate of 1.25 mL·min−1. The capture yield increases with the time. For

0.5 h, the capture yield of 2.5% HNTs coating surface to MCF-7 and
B16F10 is only 2.8% ± 0.2% and 3.14% ± 0.75% respectively, while
the capture yield is increased to 78% ± 3% and 83% ± 5% after 2 h
respectively.

The morphologies of the MCF-7 cells captured by different HNTs
coating surfaces after 2 h were investigated by fluorescence microscope
via staining the cell with DAPI and Alex Flour 488 Goat Anti-Mouse IgG
(Fig. 7(E)). The spreading areas of the cells are relatively large on the
rough HNTs coating surface. The cells captured by 2.5% and 5% HNTs
coatings have more microfilament in the microvilli and pseudopodia
compared with those on others. The cytoskeletal intermediate filaments
appear to impart tensile strength to the cell cytoplasm, which leads to
that the cells turn from circular to irregular or polygonal in shape [61].
The large number of pseudopodia and microvilli spread from cyto-
membrane makes the cells be trapped in the rough HNTs coating.
Fig. 7(F) and (G) are the DAPI stainned fluorescence microscopy images
of the MCF-7 cells captured by different coating surfaces under dynamic
shear condition for 1 h and then standing for another 2 h. And likewise,
the 2.5% HNTs coating has the highest capture yield (86% ± 4%),
which is slightly higher than that in static capture for 3 h (83% ± 3%).
This further signifies the shear for the improved interactions between
cells and rough surfaces. Fig. 7(H) shows the DAPI stained fluorescence
microscopy images of captured MCF-7 cells on the smooth glass and
2.5% HNTs coating conjugated without and with anti-EpCAM for 2 h at
a flow rate of 1.25 mL·min−1. Fig. 7(I) shows the cell numbers counted
via Image J software to quantify their cell capture efficiency. It can be
seen that the anti-EpCAM conjugated HNTs surface can capture more
tumor cells than the raw HNTs coating surface. The highest capture
yield (93.5% ± 2.4%) can be obtained by 2.5% HNTs coating con-
jugated with anti-EpCAM for 2 h at a flow rate of 1.25 mL·min−1.

The HNTs coating was further used to capture the tumor cells spiked
in peripheral blood samples. The artificial whole blood samples were
prepared by spiking healthy human blood with MCF-7 cells dyed by
DAPI at concentrations of approximately 10, 50, 100, 1000, and
10,000 cells·mL−1. The 2 mL solution samples with tumor cells were
transferred to the circulating box for capturing 2 h under shear. The
capture yield of raw HNTs coating ranges from 77% ± 3% to
83% ± 2.5%, while the anti-EpCAM conjugated rough HNTs coatings
exhibit from 87% ± 3% to 93% ± 4% of capture yield towards tar-
geted MCF-7 cells (Fig. 8(A)). The HNTs coating conjugated with anti-
EpCAM can capture rare tumor cells from the blood sample, but very
small amounts of white blood cells are captured by the coating. 50
MCF-7 cells were then added to 2 mL peripheral blood from healthy
people and transferred to the circulating box for capturing 2 h at a flow
rate of 1.25 mL·min−1. DAPI stained fluorescence microscopy image
shows that the volume of the WBCs is much smaller than MCF-7 cells
and the number of WBCs is less than 2 cells per 1 mm2 area of HNTs
coating (Fig. 8(B)). Fig. 8(C) shows the three-color immunofluorescence
fluorescent images of the captured cells by the HNTs coating from the
artificial whole blood samples. As the MCF-7 cells can be dyed by PE-
labeled anti-Cytokeratin (CK, a protein marker for epithelial cells) to
red [62] (excitation peak wavelength 565 nm), while FITC-labeled anti-
CD45 (a marker for WBCs) can be used to dyed the WBCs to green [63]
(excitation peak wavelength 490 nm) and DAPI was used for nuclear
staining (excitation peak wavelength 340 nm). The MCF-7 cells (red
cytoskeleton and blue nuclei) can be identified from non-specifically
captured WBCs (green cytoskeleton and blue nuclei).

2 mL fresh blood samples obtained from patients with metastatic
breast cancer (n = 6) were further used to investigate the CTCs capture
ability of HNTs coatings conjugated with anti-EpCAM (Fig. 8(D) and
(E)). The captured rare CTCs number by the HNTs coating in the blood
sample can reach as high as 5 in 1 mL blood, while only 220 WBCs are
captured in 1 mL blood sample. The capture yield of WBCs is calculated
as less than 0.0055% (4–11 × 106 WBCs in 1 mL blood). Therefore, the
anti-EpCAM conjugated HNTs coatings can promote the specific adhe-
sion of CTCs while inhibit the nonspecific adhesion of WBCs. It should
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be pointed that the capture ability of the HNTs coatings conjugated
with anti-EpCAM under dynamic flow is comparable with the FDA-
cleared CELLSEARCH® CTC Test technology which can also capture
several to tens of CTCs from 7.5 mL of blood. The high capture ability of
HNTs coating towards tumor cells suggests that the device based on
HNTs coating exhibits promising application in clinical CTCs capture.

3.4. Killing the capture tumor cells by DOX loaded HNTs coating

HNTs coating conjugated with anti-EpCAM and loaded DOX not
only can specifically capture tumor cells but also kill them by the drug
effects. The DOX was loaded into HNTs by adsorption before thermal
spraying. Fig. 9(A) shows the pure DOX ethanol solution and the HNTs-

Fig. 7. The photo of a circulating device with a
peristaltic pump and the schematic diagram of
cell capture from whole blood (A). The capture
yield to MCF-7 cells with different flow rate (B).
The capture yield to MCF-7 cells with different
rough HNTs coating surface (C). The capture
yield to MCF-7 cells with different time (D). The
Alex Flour 488 and DAPI stained fluorescence
microscopy images of captured cells of MCF-7 on
the different coatings for 2 h (E). The DAPI
stained fluorescence microscopy images showing
that the MCF-7 cells captured by different coating
surfaces under dynamic shear condition for 1 h
and then standing for another 2 h (F) and quan-
tification of the captured MCF-7 (G). The DAPI
stained fluorescence microscopy images of the
MCF-7 cells captured by smooth glass and 2.5%
HNTs coating without and with anti-EpCAM
conjugation for 2 h at a flow rate of
1.25 mL·min−1 (H) and the cell capture yield (I).
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DOX mixture dispersion with similar DOX concentration after cen-
trifugation for 5 min at a rate of 10,000 r/min. The pure DOX ethanol
solution is still uniform orange-red, while the upper alcohol becomes
clear and transparent in the HNTs-DOX group. The HNTs in the bottom
of the centrifuge tube get red, which suggests the DOX is fully loaded
into HNTs (loading efficiency is 0.4%). HNTs have unique nanos-
tructure with empty lumen, so DOX can be adsorbed on HNTs by
physical absorption [31]. Actually, the DOX loading was also de-
termined using a UV–vis spectrophotometer. The result also confirmed
that all the DOX was loaded on HNTs. The loaded DOX in HNTs is
expect to be released slowly in blood [64]. Then the HNTs-DOX mixture
dispersion was sprayed to uniform drug loaded coating by thermal
spraying method. The coating formed from DOX loaded HNTs seems
pink in the color (Fig. 9(B). Both the HNTs coating and HNTs-DOX
coating were used to capture MCF-7 cell under dynamic shear. After
capture, the coatings were rinsed by PBS for 3 times and moved to cell
culture plates for following incubation by adding cell culture medium.
The cellular activity on the HNTs coating and HNTs-DOX coating tested
by CCK-8 colorimetric assay is compared in Fig. 9(C). HNTs are bio-
compatible clay materials that can be mined from deposits as a raw
mineral and are chemically similar to kaolin. Previous studies indicated
that HNTs exhibited a high degree of biocompatibility showing no
toxicity [65], which makes it perspective for different medical appli-
cations. The cell viability of the HNTs group nearly keeps unchanged

during the culture period up to 16 h, suggesting high cytocompatibility
of HNTs. It can be seen that the cellular viability have not much dif-
ference on the two kinds of coatings at the beginning. The relative
cellular activity on the HNTs-DOX coating is only 10% lower than that
on the raw HNTs coating. However, the cell viability on the raw HNTs
coating slightly increases with time, while the cell viability on the
HNTs-DOX coating significantly decreases with time. After 4 h, the
viability of HNTs-DOX coating groups is lower than 50%. Moreover, the
relative cellular activity of the HNTs-DOX coating groups is near to zero
after incubation for 16 h. This suggests that HNTs-DOX coating has a
strong killing ability towards the captured MCF-7 cells. Cell live/dead
staining was further used to detect the viability of tumor cells captured
by HNTs coatings with and without DOX at different time (Fig. 9(D).
From the fluorescence images of the two groups, the loading DOX into
HNTs nearly does not influence the capture efficiency as the similar cell
number on the two coating. The MCF-7 cells captured by the raw HNTs
coating or DOX loaded HNTs coating surface show negligible differ-
ences in viability at the beginning. After 4 h incubation, MCF-7 cells
captured on raw HNTs coating surface still display normal morphology
with green fluorescence, while some of the MCF-7 cells captured on
DOX loaded HNTs coating change into apoptotic state gradually. About
half of the MCF-7 cells are red, which suggests DOX released from HNTs
can kill the cells. After 8 h, MCF-7 cells captured by raw HNTs coating
still display live state, while nearly almost the cells captured by HNTs-

Fig. 8. The capture yield of MCF-7 cells on HNTs coatings
with or without anti-EpCAM conjugation for artificial
whole blood samples with concentration of 10, 50, 100,
1000 and 10,000 cells·mL−1 (n = 3) (A). DAPI stained
fluorescence microscopy images of captured cells from ar-
tificial whole blood samples by the 2.5% HNTs coating
conjugated with anti-EpCAM (B). Three-color im-
munocytochemistry method for identifying cytokeratin-
positive CTCs and CD45-positive WBCs on the HNTs
coating conjugated with anti-EpCAM (C). Quantification of
CTCs captured from the blood of breast cancer patients (D).
Quantification of WBCs captured from the blood of patients
with breast cancer (E).
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DOX coating display significant membrane rupture characteristic of
apoptosis. So, the MCF-7 cells captured by the HNTs-DOX coating
surface die after 8 h. The morphology result is also consistent with the
CCK-8 result. All these results indicate that drug loaded and antibody
conjugated HNTs are good systems to prepare rough nanocoating as an
implantable device for targeting and killing CTCs in clinic cancer
therapy especially for the tumor metastasis.

4. Conclusions

Rough HNTs coating on glass substrate was prepared via thermal
spraying of HNTs ethanol dispersion. The surface roughness and
thickness of the HNTs coatings increase with the HNTs dispersion
concentration. The rough HNTs surfaces show high capture yield for the
tumor cells and relatively low capture yield for the normal cells. HNTs
rough surface can stimulate tumor cells to produce a large amount of
ECM, which is beneficial to the adhesion of tumor cells on HNTs
coating. HNTs coating conjugated with anti-EpCAM can improve the
capture yield to 93% ± 4% towards to MCF-7 cells. HNTs coating also
can specifically capture rare tumor cells from peripheral blood samples
and blood samples of patients with metastatic breast cancer. The cap-
ture rate and yield can be further improved by providing a suitable
dynamic shear condition in a circulating device. Anticancer drug DOX
can be effectively loaded into HNTs by adsorption. The HNTs-DOX
rough coating conjugated with anti-EpCAM can target and kill CTCs
effectively while repelling WBCs. In total, the rough HNTs coatings
prepared via a simple thermal spraying method show promising ap-
plications in clinical CTCs capture for early diagnosis and monitoring of
cancer patients. The drug loaded HNTs coating surfaces also can be
designed as an implantable therapeutic device for preventing tumor
metastasis.
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