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Self-assembled structures of halloysite nanotubes:
towards the development of high-performance
biomedical materials

Xiujuan Zhao, Changren Zhou and Mingxian Liu *

Halloysite nanotubes (HNTs), 1D natural tubular nanoparticles, exhibit a high aspect ratio, empty lumen, high

adsorption ability, good biocompatibility, and high biosafety, which have attracted researchers’ attention in

applications of the biomedical area. HNTs can be readily dispersed in water due to their negatively charged

surface and good hydrophilicity. The unique rod-like structure and surface properties give HNTs assembly ability

into ordered hierarchical structures. In this review, the self-assembly approaches of HNTs including evaporation

induced self-assembly by a ‘‘coffee-ring’’ mechanism, shear force induced self-assembly, and electric field force

induced self-assembly were introduced. In addition, HNT self-assembly on polymeric substrates and biological

substrates including hair, cells, and zebrafish embryos was discussed. These assembly processes are related to

noncovalent interactions such as electrostatic, hydrogen bonding, and van der Waals forces or electron-transfer

reactions. Moreover, the applications of self-assembled HNT patterns in biomedical areas such as capture of

circulating tumor cells, guiding oriented cell growth, controlling cell germination, and delivery of drugs or

nutrients were discussed and highlighted. Finally, challenges and future directions of assembly of HNTs were

introduced. This review will inspire researchers in the design and fabrication of functional biodevices based on

HNTs for tissue engineering, cancer diagnosis/therapy, and personal healthcare products.

1. Introduction

Nanoparticles have attracted much interest with the unique
small size effect, high surface area effect and quantum size

effect. They have been widely applied in the modern medical
and other commercial fields. One-dimensional (1D) nanoparticles
including nanotubes, nanowires, nanofibers, nanobelts, or nano-
rods have a high aspect ratio and anisotropy, which give them
excellent mechanical, electrical and magnetic properties.1 Among
1D nanoparticles, halloysite nanotubes (HNTs) are a natural clay
mineral with a high aspect-ratio and hollow tubular structure.
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Their chemical formula is Al2Si2O5(OH)4�nH2O. Generally, the
length of HNTs is from 200 nm to 2 mm. Their outer diameter
and inner diameter are in the range of 50–70 and 10–20 nm
respectively. Interestingly, HNTs are charged positively and
negatively due to the Al2O3 and SiO2 in the inner and outer
surface of the nanotubes.2,3 Raw halloysite mineral is abundantly
deposited in the world such as in the United States, China, New
Zealand, Australia, Poland, and Brazil. In China, many provinces
including Henan, Hunan, Guizhou, Jiangsu, Shanxi, and Yunnan
have halloysite mineral deposits. There are reserves estimated at
100 million tons of halloysite raw material in China. Due to the
overall negative charges, there exists a repulsion force among the
tubes, which leads to good aqueous dispersion.4 Morphology and
particle size characterizations of HNTs are presented in Fig. 1.
HNTs can exhibit high mechanical properties, adsorption capacity,

dispersion stability, and biocompatibility.5 In the biomedical field,
HNTs are widely used in tissue engineering scaffolds, wound
healing dressings, drug delivery, and biosensors.6–8

Self-assembly of nanoparticles is an important aspect in
nanotechnology, since it can be employed to design and fabricate
functional devices towards the development of practical applications
of nanoparticles. 1D nanoparticles are easily tunable for arrange-
ment as the building blocks of self-assembled architectures. Up
to now, a lot of 1D nanoparticles, such as carbon nanotubes, gold
nanorods, Ag nanowires, cellulose nanocrystals, and HNTs have
been used to prepare structural materials by self-assembly.9–12 In
recent decades, a variety of strategies were explored for the self-
assembly of 1D nanoparticles. Usually, the methods of self-
assembly of 1D nanoparticles can be divided into two types:
capillary force induced assembly and external field mediated
assembly. Capillary force induced assembly can be performed
in normal condition and confined space. The external fields used
for assembly contain shear stress, electric fields, magnetic forces,
and so on.12,13 In the last few years, many studies on the self-
assembly of HNTs were reported and critical progress was
made.11,14 The successful assembly of HNTs relies on obtaining
stable dispersions of the nanotubes in solvents such as water and
polymer solutions. The excellent hydrophilic property and high
surface zeta potential brought by the massive hydroxyl groups
and different inner/outer chemical composition facilitate HNT
self-assembly methods. At present, the studies of HNT self-
assembly mainly focused on the solvent evaporation method in
a confined space, shear force induced nanotube assembly, electric
force induced assembly, assembly on polymer substrates and
assembly on biological substrates.

For biomedical applications, the biocompatibility and
potential toxicity of HNTs in vivo are most important and need
to be systematically assessed. Previously, a Caenorhabditis elegans
model and zebrafish experiments of HNTs were used to evaluate
the toxicity of HNTs, which suggested that HNTs have very low
toxicity.15,16 HNTs can find applications in various biomedical
areas including drug delivery, tissue engineering scaffolds, cell
capture, and wound healing materials and their biocompatibility
was confirmed in different cell lines.17 The assembled structures
of HNTs such as regular patterns with anisotropy, high nanotube
alignment, and easily functionalized hydroxyl groups contribute
interesting results in biomedical applications. For example,
cancer cells can recognize the HNT pattern substrate and
respond to the chemical and morphological characteristics of
the rough surfaces via ‘‘material–cell’’ interaction. The aligned
HNT architecture can induce the oriented growth of fibroblasts
and stem cells, which can further promote their migration,
proliferation and differentiation. Polymer or biological surfaces
decorated with HNTs show promising application in tissue
engineering, disease detection, and healthcare. Therefore, it is
very worthy and necessary to review the advance of the assembly
techniques and their corresponding biomedical applications of
HNTs in the field of soft tissue diseases.

In this review, we focus on HNT self-assembly and their
biomedical applications. The recent developments of HNT self-
assembly techniques were firstly presented. The understanding

Fig. 1 Morphology of HNTs characterized by SEM (a), TEM (b) and AFM (c);
nanoparticle size and zeta potential (d).
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of the formation of the pattern structure corresponding to the
self-assembly method was illustrated. Then, the biomedical
applications of HNT self-assembled structures were introduced.
Especially, cell capture and self-assembled HNT substrate induced
cell orientation were emphasized (Fig. 2). Finally, a brief perspective
and challenges of HNT assembly were discussed. It is expected that
more and more self-assembly methods of HNTs and their practical
applications will be explored in the future.

2. Self-assembly methods of HNTs
2.1. Solvent evaporation induced HNT self-assembly

2.1.1. Dispersion property of HNTs. The stability of nano-
particle dispersions plays a key role in the self-assembly induced by
solvent evaporation. The outer and inner surfaces of tubular HNTs
are negatively and positively charged, respectively. The overall
potential of HNTs is negative, which leads to the good dispersion
of HNTs in water due to the repulsion of the nanoparticles.18 The
stable dispersion results in a single nanotube can be moved towards
the solid–liquid–gas three-phase drying line.19 However, in order to
further improve the dispersion stability of HNTs in water, it is
effective to use polystyrene sulfonate sodium (PSS) or sodium
hexametaphosphate to modify the HNTs. The negative charge of
the raw HNTs and PSS–HNT in water generates a z-potential
value of �26.1 and �52.2 mV, respectively.20 The much higher
zeta potential is of benefit for the improvement of the dispersion
stability. The influence of the surfactant on the dispersion of HNTs
is systematically investigated by Fakhrullin et al.21

2.1.2. Droplet drying induced self-assembly via the ‘‘coffee-
ring’’ effect. Solvent evaporation induced nanoparticle self-
assembly holds advantages including simplicity, easy operation
and low production cost, although it has disadvantages such

that it can’t be performed on a large scale. The ‘‘coffee-ring’’
effect can be used to explain the formation of the drying pattern
structure. Specifically, an ordered ring structure can be formed
at the pinned contact line when drying a droplet of a nano-
particle dispersion. This phenomenon is understood by the fact
that the evaporation rate at the edge of the droplet is higher
than that at the center of the droplet, which leads to a capillary
force towards the edge and the flow brings the suspended
particles from the center to the droplet edge.22

Several factors such as droplet volume, concentration, solvent
type, drying temperature, surfactant, external field, and nano-
particle shape have a significant influence on the formation of
the coffee-ring structure.23 Yunker et al. studied the effects of
nanoparticle shape on the ‘‘coffee-ring’’ formation. The spherical
nanoparticles did not disturb the interface between the liquid
and solid. But the oval-shaped nanoparticles had an effect on the
interface between the liquid and solid, so that there was an
attractive force among the oval-shaped nanoparticles which could
compensate for the driving force of pulling the nanoparticles to
the edge. With the evaporation of the solvent the oval-shaped
nanoparticles were stuck. And then more and more nanoparticles
were stuck and the nanoparticles were coated on the surface
evenly.24

The first sample of a halloysite structure assembled as a
coffee-ring deposit was reported in the year of 2014. Zhao et al.
dropped a colloidal HNT dispersion onto a substrate. After
drying at 65 1C, HNTs were aligned with orientation at the edge
of the coffee-ring when the concentration of HNTs reached
B0.05 mg mL�1.14 As shown in Fig. 3a, a ‘‘coffee-ring’’ deposit
at the periphery was formed due to the outward capillary flow
that occurred during the water evaporation. From Fig. 3b the
contact line between the droplet and the substrate was pinned
as the drop evaporated and the hydrodynamic flow into the

Fig. 2 Self-assembly approaches of HNTs and their corresponding biomedical applications. Reproduced with permission from American Chemical
Society, Royal Society of Chemistry, Wiley-VCH Verlag GmbH & Co. KGaA and Elsevier.11,19,27,32,34,35,43,47,59,60
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droplet drove the dispersed nanotubes to the edge, concentrating
the suspension. According to Onsager’s theory, when the
concentration of anisotropic particles reaches a critical colloid
concentration, the nanoparticles will align parallel to the edge
and a liquid crystal phase can be found. The polarized optical
images from Fig. 3c and d proved that a liquid crystal phase
occurred when the concentration of HNTs was 6 mg mL�1.
Subsequently, Zhang et al. prepared a highly oriented HNT
layer on a polyacrylonitrile porous membrane via a facile
evaporation-induced method.25,26 This simple coating method
based on a HNT layer could lead to enhanced properties. For
example, the composite membrane exhibited better selectivity
for dye/salt solution and good water permeability, and excellent
antifouling behavior against organic dyes and bovine serum
albumin.

2.1.3. Solvent evaporation induced HNT self-assembly in a
confined space. Our laboratory prepared highly ordered and
concentric ring patterns consisting of HNTs with hierarchical
cholesteric architectures by evaporation-induced self-assembly
in a sphere-on-flat geometry19 (Fig. 4a and b). A confined space
was formed between a glass or stainless-steel sphere and glass
slides. The capillary force and friction force balance of the HNT
dispersion in the confined space could lead to a periodic
pinning and depinning deposition process during the solvent
evaporation. The frictional force f was generated due to the
surface roughness, which can pin the solid–liquid–gas three
phase contact line. But the capillary force (depinning force)
pulled the liquid inward. As the solvent evaporating capillary
force was larger than the pinning force and the contact line

jumped the new position. Finally, a periodically ring pattern
was formed. The width and thickness of the ring could be
controlled by adjusting the concentration of the HNT dispersion
and drying temperature.

Patterns with different shapes can be regulated by controlling
the spatial distribution of the droplet. In order to get different HNT
patterns, various confined spaces including glass capillary tubes,
slit-like spaces, and pyramid–flat structures have been designed.
For example, a strip-like HNT pattern on the inner surface of tubes
walls was prepared by HNT assembly in glass capillary tubes which
provided the confined space (Fig. 5a).20 The HNT dispersion was
dropped in a slit-like confined space composed of two glass slides
and two gaskets. After drying, a strip-like structure from HNT
self-assembly on the vertical substrate was obtained (Fig. 5b).27

Similarly, the sphere in the sphere-on-flat model was replaced
with a pyramid-shaped iron and a concentric square ring pattern
was obtained (Fig. 5c). In conclusion, these confined spaces were
easily constructed and low-cost, so solvent evaporation induced
HNT self-assembly shows promising application in various areas.

2.2. Shear force induced HNT self-assembly

Using an external force such as shear force to drive the
orientation of 1D nanoparticles is a very important strategy.
Significant efforts have been made for the orientation of 1D
nanoparticles using the shear force generated by fluid flow,12 a
polymer suspension,28 a brush11,29,30 and a blade.31 Zan et al.
directed 1D nanoparticles including tobacco mosaic virus, gold
nanorods and bacteriophage M13 to align inside glass tubes by
controlling the flow rate and the surface properties. Their research
results showed that the flow rate, the nanoparticle concentration

Fig. 3 Evaporation induced self-assembly of a PSS modified HNT dispersion
on a silicon wafer. (a) Optical micrographs after the drying of the droplet;
(b) the appearance difference of the PSS/HNT dispersion during the drying;
polarized optical images of the PSS/HNT dispersion after drying (6 mg mL�1,
65 1C, (c) whole view and (d) edge section). Reproduced with permission from
ref. 14. Copyright 2015, Elsevier.

Fig. 4 Schematic illustration (a) and device photo (b) of the sphere–flat
confined space; (c) schematic illustration of the thin meniscus formed at
the three-phase contact line and the force balance (f is the frictional force
generated by the HNT disposition at the contact line, towards the direction
of the edge; due to the convective force the HNTs moved and resulted in
gL and gL�cos y, with y being the contact angle between the suspensions
and the substrate); (d) polarized optical images of the HNT concentric ring
pattern induced by evaporation. Reproduced with permission from ref. 19.
Copyright 2017, American Chemical Society.
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and properties such as the length and modulus had an effect on the
orientation degree (Fig. 6a).12 Chen et al. brushed a mixed suspension
of hydroxyapatite mineral microfibers (HA) and sodium alginate (SA)

along a hot planar substrate in a certain direction. An ordered film of
HA/SA was formed and the orientation of HA microfibers was
identified by the birefringence characteristics.30

Fig. 5 (a) Preparation of stripe-like HNT patterns in glass capillary tubes for capture of tumor cells, reproduced with permission from ref. 20, Copyright
2016, American Chemical Society; (b) the preparation of a patterned HNT coating in a slit-like confined space, reproduced with permission from ref. 27,
Copyright 2017, Royal Society of Chemistry; (c) preparation of a concentric square ring using the pyramid-shaped iron and glass slide, unpublished.

Fig. 6 (a) Schematic illustration of 1D nanoparticle orientation driven by fluid flow. A 1D nanoparticle solution was filled in the tubes and the
nanoparticles flowed at a drive of high pressure gas. The AFM image showed good orientation of 1D nanoparticles.12 Copyright 2013, American Chemical
Society. (b) Schematic illustration of preparing oriented HNT arrays using a brush and guiding the cell orientation.11 Copyright 2019, Wiley-VCH Verlag
GmbH & Co. KGaA. (c) Formation of HNT stripe patterns under two parallel glass sheets, unpublished.
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A simple method of driving a unidirectional HNT array is
shown in Fig. 6b. HNTs were aligned by shear force in strip-like
patterns accomplished with drying at elevated temperatures.
The shear force was provided by a commercial brush. The results
suggested that most HNTs could align along the direction of the
shear force and the orientation of the HNTs depended on the
concentration, substrate, brush type and temperature. This
method was versatile, simple and did not need complicated
instruments.11

The dispersion concentration, viscosity, drying temperature,
hydrophilic of the substrates and aspect ratio of 1D nano-
particles play a significant role in the self-assembly.11,12,30 For
example, it was found that the HNT concentration affected the
alignment of the tubes during assembly. When the HNT
concentration was low there was not good tube orientation,
which arose from the poor colloid stability and low viscosity. At
low concentration the nanotube repulsion remained weak and
led to HNT aggregation.11 The shear force provided by the
brush was also affected by the dispersion viscosity. At a 2%
concentration of HNTs the viscosity was lower, which led to a
weak shear force on the HNTs.11,30 HNTs with low aspect ratio
(a = 3.5) would suppress the ‘‘coffee-ring’’ effect, resulting in a
uniform distribution without preferred alignment. However, HNTs
with a very high aspect ratio (a = 13.2) could effectively produce a
uniform oriented distribution on hydrophilic substrates.25

Our laboratory also tried to provide the shear force for HNT
alignment using two parallel glass sheets (Fig. 6c). During the
one glass sheet sliding, the HNT dispersion was subjected to
shear force. Meanwhile, the glass substrate at the bottom was

heated at 60 1C. Under the effects of the shear force and
‘‘coffee-ring’’ effect, oriented HNT stripes could be obtained.

It is know that liquid crystals can be ordered under an
external force such as shear force, magnetic force, or electric
force, and aligned macroscopic materials with outstanding
properties can be obtained. Song et al. found that HNTs could
form liquid phases when were dispersed in water or ionic
liquids. They used a liquid crystal self-templating approach
and the mechanical shearing method to get the highly aligned
nanostructure (Fig. 7). The highly oriented HNTs could be retained
over a wide temperature range and that led to a significant improve-
ment and a high anisotropy in the conductivity properties.32

2.3. HNT self-assembly induced by an electric force

HNTs are negative and have anisotropic structure, which makes
the dipole of the direction parallel to the HNT axis much larger
than the direction of the vertical axis. In the effect of an external
electric field, the high polarizability makes the HNTs generate
alignment. An electric force is applied in the spinning solution
during electrospinning, which can induce the preferred alignment
of HNTs. Zhao et al. fabricated HNT-doped poly(lactic-co-glycolic
acid) (PLGA) nanofibers using electrospinning. The results showed
that the HNTs were distributed in the nanofibers with a coaxial
manner and did not have a significant effect on the morphology of
the composite nanofibers. Incorporation of HNTs improved the
mechanical properties and the composite nanofibers exhibited
good biocompatibility.33 Xue et al. prepared electrospun micro-
fiber membranes embedded with drug-loaded HNTs. It was also
found that the nanotubes were aligned in the microfibers and the

Fig. 7 Liquid crystal self-assembly of ionogels under shear force. (a) Birefringence behaviors brought by oriented HNTs in the ionogels. (b) Schematic
illustration of non-covalent bonding between HNTs and the ionic liquid. (c) SEM of the ionogels and (d) their cross section morphology.32 Copyright
2016, Royal Society of Chemistry.
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tensile strength of the membranes was increased with the HNT
doped fibers34 (Fig. 8).

3. HNT assembly on polymeric and
biological substrates
3.1. HNT assembly on polymeric substrates

By an immersing and drying method, HNTs can be assembled on
various polymeric substrates and bring interesting and practical
properties. The negative characteristic, anisotropic structures,
massive hydroxyls with good hydrophilicity and excellent stability
of HNTs facilitated the coating on polymeric substrates for
various applications. For example, it could improve the hydro-
philicity, flame-retardant property, separation performance,
roughness and other properties.

3.1.1. HNT assembly on polymeric substrates with the aid
of dopamine. HNTs have massive hydroxyl groups on their surfaces
and good hydrophilicity, which is helpful for cell adhesion.
Polylactic acid (PLA) is limited in actual clinical use due to
its hydrophobicity, smooth surface and weak cell adhesion.
Recently, Wu et al. modified 3D printed PLA patterns using a
HNT coating with the aid of dopamine. Dopamine could
transfer into polydopamine via self-polymerization, which can
bind to the surfaces of the HNTs and the PLA matrix. After HNT
coating, the roughness and hydrophilicity of the scaffolds were
significantly increased, which improved the adhesion and viability
of cells.35

3.1.2. HNT assembly on polymeric substrates by non-covalent
interactions. HNTs show high thermal stability and good flame
retardancy. The mechanism of flame resistance is that the massive
hydroxyl groups of HNTs can condense to produce water under
high temperatures. HNTs can be assembled on polymer surfaces
to improve the flame-retardant property. Our laboratory prepared
high flame-retardant polyurethane foam by dipping the foam into
a HNT suspension. It was found that a HNT coating could be

formed on the surface of the polyurethane foam uniformly. After
the modification, the thermal stability, mechanical properties, and
flame retardance were significantly improved.36

In the next study, HNTs were first modified by grafting with
hexadecyltrimethoxysilane to improve their hydrophobic per-
formance and then their suspension was used to modify poly-
urethane foam. The hydrophobic HNT modified polyurethane
foam not only had good flame retardance but good oil absorption.
It was found that the modified HNTs peeled off very little from the
foam during use due to the interfacial interactions between the
HNTs and polyurethane foam such as hydrogen bonding and van
der Waals forces.37

Generally, the addition of nanoparticles in nanofiltration
membranes can enhance the separation ability. By the strong
hydrogen bonds between HNTs and polyvinyl alcohol (PVA),
PVA-assisted HNTs were used to modify a nanofiltration membrane
with good HNT dispersibility. The HNTs could improve the
hydrophilicity and water permeability of the membranes with-
out sacrificing salt retention.38

It has been proved that clay minerals can undergo the
reaction of electron transfer with some organic molecules. Clay
minerals provide sufficient electron accepting sites while organic
molecules donate electrons.39 Zheng et al. prepared a supra-
molecular gel by ultrasound treatment of HNTs and styrene.
The research results showed that the free electrons on styrene
derived from the conjugated structure can transfer to the
aluminium atoms and ferric ions on the crystal edges of the
HNTs. With absorption of the polycations of styrene on the HNTs,
the mixed HNTs and styrene could form a supramolecular gel in
which the HNTs were the gelator (Fig. 9).40 In the gel, the HNTs
are stacked in a cluster state with certain alignment, while there
are certain gaps between the HNT clusters. The dry skeleton of
nanotubes forms a certain ordered structure, and styrene is
fixed in the spacing among the ordered nanotubes. This is a
novel and effective approach for preparation of HNT oriented
structures.

Fig. 8 TEM images of the electrospun microfibers doped with HNTs with different tube contents.34 Copyright 2015, American Chemical Society.
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3.1.3. HNT assembly on substrates by the spray-drying
method. The spray-drying method is a simple, fast, and effective
method for assembling nanoparticles on a substrate. So far,
various nanoparticles have been used to modify substrates by
spray coating. This method can prepare super-hydrophobic
coatings, pH-sensitive self-healing anticorrosion coatings, and
functional metal oxide coatings.41,42 The morphology, rough-
ness and other properties can be controlled by the technological
parameters of spray coating. A recent study on controlling the
HNT orientation via the hydrodynamic flow in a spray coating
process was reported. A shear force was exerted on the mixed
epoxy/HNT suspension when it flowed through the nozzle exit.
The viscosity played an important role in the orientation of

the nanotubes. The orientation degree was increased with the
increase of the viscosity of the suspension (Fig. 10).43 Recently,
Feng et al. first modified HNTs by the hydrolytic condensation
of n-hexadecyltrimethoxysilane (HDTMS) and tetraethoxysilane
(TEOS). The reaction of HDTMS and TEOS could form poly-
siloxane, which modified the surface of the HNTs during the
silanization. The modified HNTs were coated on glass slides,
steel, cotton, paper and wood by spraying drying. All the HNT
coatings were uniform and did not have significant defects and
large aggregates, which demonstrated that it was feasible to use
the spray coating process to assemble HNTs on substrates.
HNTs randomly distributed on the surfaces of the substrate
due to the low viscosity of the dispersion. The surfaces roughness

Fig. 9 (a) The electron transfer mechanism between styrene and clay; (b) schematic illustration of the formation of the supramolecular gel.40 Copyright
2019, Royal Society of Chemistry.

Fig. 10 HNT orientation controlled by the viscosity using the spray coating process,43 Copyright 2016, American Chemical Society.
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of the coating increased with the increase of the silane loading.41

He et al. prepared a HNT coating on glass slides for cell capture.
In that study, it was found that the surface roughness and
thickness of the HNT coatings increased with the augmentation
of the HNT dispersion concentration.44 Moreover, spray coating is
a quick and economic way and environment-friendly modification
method for sensor interfaces. By this method, the HNT coating
modified surface of a plasmon resonance (SPR) sensor achieved
greatly improved sensitivity because the large surface area and
high refractive index of the HNT layer significantly increased
the probing electric field intensity and hence the measurement
sensitivity.45

3.2. HNT assembly on biological substrates

3.2.1. HNT assembly on hair. The unique HNT tubular
structure with an empty lumen allows it to load drugs or dyes. It
is a promising method to color hair or cure diseases which are
relevant to hair if HNTs can be self-assembled on hair.46,47

Panchal et al. colored hair using dye-loaded HNTs. Color/drug
loaded HNTs could self-assemble on the surfaces of hair by a
simple process, i.e. dipping the hair strands into the HNT
dispersion for 1–5 min (Fig. 11). The hair began to swell when
it is wet. Therefore cuticles opened up creating space, which
facilitated the penetration of the HNT dispersion. After drying,
the cuticles closed down to the initial state and the HNTs were
trapped in them. They colored grey hair into a bright orange
color by lawsone-loaded HNT treatment successfully (Fig. 11b).
After six shampoo–water washing cycles, the color remained,
which demonstrated the high stability of the HNT coating.
There were hydrogen bonds and van der Waals force inter-
actions between the hair and HNTs, which are responsible for
the good stability. Apart from the color, insecticide permethrin

was chosen as the drug model and permethrin functionalized
HNTs were assembled on hair. It was effective against C. elegans
nematodes (Fig. 11c and d).47

3.2.2. HNT self-assembly on cells. Using cells as the template
to construct biological scaffolds was a good strategy for application
in microcapsules, microelectrodes, catalysts and adsorbents.48

Combining with the superiority that HNTs could load a variety
of drugs, nutrients, enzymes and nucleic acids into the lumens,
cells coated with functionalized HNTs show practical applications.
Recently, HNTs as a nanocarrier were used to assemble on the wall
of cells or bacteria.48–50 Konnova et al. prepared Fe oxide nano-
particle functionalized-HNTs and then coated them on yeast cells.
It had promising application in the separation or delivery of cells.50

Based on layer-by-layer deposition, HNTs could modify the growth
behavior of cells. For example, cationic (poly)allylamine hydro-
chloride (PAH) could be coated on yeast cells with negative charges
and then the cell–PAH composite showed a positive surface, which
facilitated negative HNT coating on the cell–PAH composite. In
order to prevent mechanical disassembly both PAH and anionic
sodium PSS were coated on the cell–PAH–HNT (Fig. 12a and b).
The halloysite–polyelectrolyte coated cells are stable for at
least two hours, which can find applications in controllable
cell growth. After the thermal decomposition of cell–PAH–HNT
at high temperature, microcapsules with high porosity could be
obtained.48

3.2.3. HNT self-assembly on zebrafish embryos. Recently
the toxicity study of HNTs on a zebrafish model was reported by
our laboratory.15 HNTs didn’t show acute and lethal toxicity in
the development of zebrafish. It was attractive that the nano-
tubes could wrap the surface of the embryo chorion when the
concentration reached 25 mg mL�1 or higher (Fig. 12c and d).
It was hard to confirm that HNTs could accumulate inside

Fig. 11 (a) Preparation of a HNT coating on the surface of hair from anchoring in the cuticle to capillary force/drying driven surface assembly; (b) color
difference of the hair before and after HNT self-assembly with the lawsone functional molecule; (c) confirmation of permethrin-loaded HNTs in the
cuticle (c) and in the intestines (d) of C. elegans, reproduced with permission from ref. 47. Copyright 2018, Royal Society of Chemistry.
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the embryos. Single wall carbon nanotube (SWCNT) agglomerates
also could adhere to the surface of the embryo chorion and big
enough SWCNT agglomerates could not go through the pores in the
embryos.51 So, it was considered that the aggregates of HNTs could
not be internalized by the zebrafish embryos possibly.

4. The applications of self-assembly of
HNTs in the biomedical field

The micro or nanoscale topography plays an important role in
cell behaviors including cell adhesion, migration, proliferation,
activation and differentiation. Designing a suitable architecture
via halloysite assembly can control the cell behavior and find
application in different biomedical areas.

4.1. Capture of circulating tumor cells

Metastasis of cancer cells from a primary tumor to distant
organs was the main reason that led to poor prognosis. Using
functionalized biomaterial surfaces enhanced the efficacy of
capturing circulating tumor cells (CTCs), which was an important
diagnostic tool for preventing metastasis. However, capture of
cancer cells with high purity was challenging in that both CTCs
and leukocytes possess selectin ligands. How to choose the CTCs
and exclude the leukocytes is key for designing functionalized
biomaterial surfaces. Previously, it was reported that different cell
types had a dissimilar reaction to HNT exposure.52–54 Hughes
et al. prepared HNT coatings with different concentrations and
investigated the effects of the coating on leukocyte adhesion. The
different concentrations of HNTs allowed tuning the surface
roughness. It is found that the HNTs could prevent leukocyte
adhesion and spreading. Moreover, they extend a study of
leukocyte spreading on different surface roughness. The sur-
face roughness characteristics controlled the cell behaviors by

determining the average distance between discrete surface
features correlated with adhesion metrics. Below a threshold
concentration, leukocyte spreading on the HNT coating became
comparable to smooth surfaces.52 Moreover, they developed
a microscale flow device with a functionalized surface of
E-selectin and antibody molecules and a HNT coating. The
E-selectin and antibody molecules facilitated the selective capture
of CTCs and increased the capture efficiency and purity. The HNT
coating could increase the surface area onto which molecules
could adsorb and enhance the adhesion of CTCs.53

Generally, EpCAM antibody conjugated surfaces as the gold
standard for CTC specific isolation were used. In the absence of
EpCAM, Mitchell et al. exploited the possibility of a HNT based
surface functionalized by surfactant (sodium dodecanoate, NaL).
After the modification with NaL, the negative charge and dispersion
stability of the HNTs increased. Then, NaL–HNT was assembled on
the inner microrenathane surface to form the coating. Surfactant
functionalized nanotube coated surfaces enhanced the absorption
of E-selectin (ES) and increased the roughness. The roughened
surfaces after the modification with the NaL–HNT coating could
induce a switch from E-selectin mediated rolling to firm tumor
adhesion under flow.55 In addition, Mitchell’s laboratory compared
the response difference of cells on HNTs modified by cationic
(decyltrimethylammonium bromide, DTAB) and anionic surfactants.
It was interesting that NaL-functionalized HNTs improved the tumor
cell adhesion while negating leukocyte adhesion but DTAB treated
HNTs abolished tumor cell capture while promoting leukocyte
adhesion (Fig. 13).56

We have also investigated the effects of HNT assembled
structures on the capture of cancer cells. A patterned surface
with ordered alignment of the nanotubes was prepared using a
capillary tube device via evaporation-induced HNT assembly
(Fig. 5a). Tumor cells exhibited extended pseudopodia on the
patterned HNT coating but had a rounded conformation on the

Fig. 12 (a) TEM and (b) SEM of yeast cells coated by modified HNTs.48 Copyright 2013, Royal Society of Chemistry. (c) Fluorescence microscopy and (d)
SEM of HNT self-assembly on zebrafish embryos.15 Copyright 2018, Royal Society of Chemistry.
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smooth glass surface. The Neuro-2a cell capture efficiency on
the HNT coating was more than 1.7, 1.4, and 6.2 times
compared to blank glass after the cells’ incubation for 1 h,
2 h and 3 h, respectively. These differences arose from the HNT
coating showing higher surface roughness than the blank glass.
The preparation process of the device was simple and the
captured cells are easy to stain and count.20 Another example
was that HNT patterns coated a glass substrate using a device
with a slit-like confined space and were further conjugated with
anti-EpCAM (Fig. 5b). As shown in Fig. 14a–c, the HNT coating
captured more MCF-7 cells than the smooth glass substrate and
the HNT coating with a concentration of 2% was better for cell
capture. From Fig. 14d and e MCF-7 cells had the bigger
spreading areas on the HNT coating than blank glass.27 A high
capture efficiency of tumor cells can also be achieved by a HNT
coating fabricated by the thermal spraying method. Further-
more, HNTs were loaded with anticancer drug doxorubicin and
then thermally sprayed into coatings. The MCF-7 cells captured
on the DOX loaded HNT coating exhibited significant membrane
rupture characteristics and only 3% cell viability after 16 h. All
these results suggested that the assembled HNT pattern shows
promising applications in clinical circulating tumor cell capture
for early diagnosis as an implantable therapeutic device for
preventing tumor metastasis.44

4.2. Guiding cell orientation

Cell can recognize and respond to the substrate, so the morpho-
logical and chemical characteristics of the substrate play an
important role in the cell behavior. It is suggested that anisotropic
structures could induce cell orientation.57,58 HNTs as one-
dimensional nanoparticles can be the building block, which
could assemble into an anisotropic structure under shear force.
Recently, aligned HNTs on solid substrates were fabricated by a
shearing method with brush assistance (Fig. 6). The oriented
HNTs could induce human foreskin fibroblast (HFF) and
human mesenchymal stem cell (HBMSC) orientation. Further,
orientation of HBMSC helped osteogenic differentiation.11 We
have also prepared a HNT coating with concentric ring patterns

by evaporation-induced self-assembly and investigated the cell
behavior on the coating. It was attractive that the HNT rings
could direct the orientation of C2C12 myoblast cells perpendi-
cular to the rings.19 Wu et al. designed HNT coated PLA patterns
with different stripe widths. The stripe width of the PLA pattern
affected the cell morphology and the best orientation of cells
was found at a stripe width of 0.05 mm (Fig. 15).35 This simple
method of managing the cell orientation has potential in tissue
engineering scaffolds and biosensors.

4.3. Biosensors

HNTs could modify sensors to improve the sensitivity, which is
helpful for detection of biochemical species.45,59 The performance
of SPR sensors before and after modification using HNT coatings
was compared to detect the resonance wavelength shift when
flowing through phosphate buffer and bovine serum albumin
solutions (Fig. 16a). The sensitivity of the sensors was enhanced
1.9 and 7.1-fold in the groups modified by the 2.5% and 5%
concentration of HNTs, respectively.45 A HNT based substrate was
also used for CTC capture, in which it is usual to compare the
capture efficacy by cell staining. We are now working on develop-
ment of a HNT coated optical fiber and design of a novel biosensor
for tumor cells. When the tumor cell suspension flows through the
optical fiber with the HNT coating, cells were captured by the
optical fiber and a spectral signal could respond to the changes
(Fig. 16b). This method was simple, effective, and low-cost, while
the captured cells could stay alive for further study.

4.4. Others

Self-assembled structures of HNTs also show promising appli-
cations such as drug release, wound healing, healthcare and
hemostasis.60–62 Lvov et al. made HNTs assemble on hair,
loading a drug or dye which could color the hair and also could
prevent disease which was relevant to hair.47 Zhang et al.
incorporated metronidazole-loaded HNTs into electrospun
nanofibers, which could extend the release of metronidazole.
The sustained release of metronidazole could prevent the
colonization of anaerobic fusobacteria.34 Wu et al. coated

Fig. 13 (a) Schematic illustration of HNTs functionalized by NaL and DTAB; (b) cancer cell and leukocyte adhesion on the plastic tube surface coated
with ES + HNTs, ES + NaL–HNT and ES + DTAB–HNT, reproduced with permission from ref. 56. Copyright 2015, Elsevier.
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chlorhexidine gluconate-loaded HNTs on fabric by using the
dip-coating method. Chlorhexidine gluconate/HNT coated fabric
exhibited significant antibacterial activity and no stimulation

to the skin of rabbits. It was promising that the chlorhexidine
gluconate/HNT coated fabric was used as an antibacterial
material.61

Fig. 14 Optical images (a) and SEM images (b) of captured MCF-7 cells on a blank glass surface and substrate with a HNT coating, 1% and 2% represent
the concentrations of HNTs; (c) DAPI staining of the MCF-7 cells captured on the HNT coating and blank glass substrate; SEM images of the cell
morphology on blank glass (d) and the HNT coatings (e), reproduced with permission from ref. 27, Copyright 2017, Royal Society of Chemistry.

Fig. 15 Schematic illustration of preparation of HNT coated PLA patterns and and induced cell orientation.35 Copyright 2018, Elsevier.
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5. Conclusion and outlook

This review summarized the recent progress in HNT self-
assembly and applications in the biomedical field. The unique
properties of HNTs such as a large aspect ratio, high dispersion
ability, opposite charges on the inner/outer surface, and good
hydrophilicity allow HNT assembly using various methods.
First, HNT self-assembly methods including solvent evaporation,
shear force, and electric force were introduced. Then, HNT
assembly on polymeric substrates and biological substrates by
van der Waals interaction forces and hydrogen bond interactions
was discussed in detail. This assembled halloysite structures have
attractive properties such as oriented structure, bigger roughness,
good hydrophilicity, excellent flame-retardant abilities, improved
oil–water separation and so on. Finally, self-assembled HNT
coatings applied in the biomedical field were emphasized. Shear
force and solvent evaporation induced HNT orientation could
induce cell orientation and cell differentiation. It was promising
to modify tissue engineering scaffolds using HNT coatings. HNT
coatings via solvent evaporation helped cell adhesion. CTCs on
self-assembled HNT coatings exhibited higher adhesion ability
due to the material–cell interactions.

In the future, development of more self-assembly methods is
expected such as magnetic field induced alignment of HNTs for
biomedical applications. Magnetic nanoparticles can be aligned
into ordered structures in a magnetic field. The lumen of HNTs
is possible to use for loading Fe2O3 or other magnetic nano-
particles. Using micron-scale channels as a template for ordered
HNT structures is an alternative method, involving dropping the
nanoparticle dispersion into the micron-scale channels and
then evaporating the solvent in a vacuum. Then a HNT pattern
parallel to the channels can be formed. Moreover, preparation
of self-assembled HNT coatings on a 3D substrate is of great
significance to 3D tissues such as nerves, bones, skin, and muscles
with anisotropic architecture for retaining their physiological
functions. Construction of 3D tissue engineering scaffolds with
oriented HNTs by self-assembly is a good strategy for tissue repair.
In addition, it is desirable to design optical devices using aligned
HNT coated optical fibers for real-time detection of disease signals.
Of course, the practical application of halloysite based drug
delivery and hemostatic products in the clinic is most urgent.

With more efforts being made, it is definitely sure that broader
applications of HNT assembled structures in biomedical areas
will be realized.
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