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Abstract. The review aimed to assess the current research
status of polymer brushes and artificial cilia, based on the
analysis of polymer brush properties and the structure and
function of natural cilia. The application of polymer brushes
to develop artificial cilia has attracted increasing research
interest, with rheological analysis often employed as an entry
point for polymer mechanics. The present review assessed
whether combing polymer brushes with artificial cilia, along
with appropriate designing of high-polymer materials and use
of suitable equipment, may to the development of a polymer
net-structured material to imitate the morphology and
functionality of a natural cilium system.
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1. Introduction

Artificial trachea, a replacement procedure following tracheal
overcut to repair tracheal defects (1), has overcome many
complications frequent in earlier clinical trials (2), and
exhibits great biocompatibility and structural stability (3).
However, studies report that artificial trachea is linked to
severe infections and restenosis due to the lack of cilia; the
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airway waste is accumulated on the nude inner surface of
the trachea where bacteria thrives, and the smooth inner
surface of the trachea causes the surrounding tissues to grow
inwards (4). To solve this issue, researchers have experimented
with various parameters, for instance, altering the design of
the internal diameter of transplants (5), as well as altering
the surrounding microenvironment with anti-inflammatory
factors (6). However, these findings require further validation.
Recent developments in biomedical engineering and polymer
science, including using polymer brushes as a method for
surface modification, has led to further investigation into
tracheal re-epithelization. Combining the preparation and
molding technology of polymer materials with artificial cilia
research, it is possible to produce a cilia-like film to coat the
inner surface of a reconstructed airway to replace the natural
damaged cilia, in order to remove airway waste. This strategy
represents a potentially positive clinical application in the field
of artificial cilia research.

2. Properties and research of stimulus-response polymer
brushes

A polymer brush is a polymer system consisting of a high
density of short chains grafted onto a surface to form a special
topological structure, which appears as a stretched conforma-
tion. It resembles a brush between the short and main chains,
influenced by a steric effect. Along with the rapid development
of polymer science, the structure and length of polymer brush
molecules may be controlled precisely; therefore, it presents
an attractive applicability in many fields, including drug
delivery (7,8), lubrication (9,10), altering the conductivity of
a material's surface (11,12), and controlling the transport of
small particles (13,14). In recent years, investigation into the
stimulus-response polymer brush has involved biochemical,
environmental biology and biomedical applications. This is
owing to its ability to reversibly switch between adaptation and
responsiveness via external stimulation, including tempera-
ture (15-17), pH value (18), ionic strength of the solvent (19,20)
and light (21). A schematic diagram of polymer brushes is
shown in Fig. 1.

Temperature-responsive polymer brushes. Temperature-
responsive polymer brushes (17) can be divided into two
types according to their functional groups: lower critical
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solution temperature (LCST) or upper critical solution
temperature (UCST) group, including the polymers PNIPAM,
PDMAEMA, PMEMA and PPO. Among them, PNIPAM is a
typical temperature-sensitive polymer that is most frequently
studied, and its height gradually as temperature increases. The
responsiveness of temperature-responsive polymer brushes is
affected by additional factors, including molecular weight and
hydrophobicity of the monomer.

pH-responsive polymer brushes. The height of pH-responsive
polymer brushes (18) alters with environmental pH value,
leading to the receipt or release of protons due to the ionizable
groups in some polymers, including PAA, PMA, PDMAEMA
and P4VP. This response relies on different properties of poly-
mers; for example, the electrostatic repulsion between polymer
chains or an alteration of solubility.

Solvent-responsive polymer brushes. Block polymer brushes or
mixed polymer brushes are used to manufacture solvent-respon-
sive polymer brushes (19) generally, and a morphological
alteration is produced via phase separation to varying degrees
in different solvents. This is common for the polymers PMMA,
PBMA and PS. The morphological alteration of the polymer
brush is obtained by altering the wettability through solvents;
however, it may be influenced by other factors, including the
relative length of all the blocks in the polymer chain.

lonic strength-responsive polymer brushes. The ionic
strength (20) is controlled to directly affect the electrostatic
repulsion and steric effects of the polymer brush, and then
the inner osmotic pressure and elasticity of molecular chain
structure are affected immediately to alter the morphology of
brushes. It has been demonstrated that the response of ionic
strength-responsive polymer brushes is influenced by the
concentration of salt (21), ionic radius (22) and the structure of
the molecular chain (23).

Currently, polymer brushes are primarily used for surface
modification, including alterations in wettability, permeability,
absorbability and adhesion in other materials due to its unique
topological structure (24). The modification ability is based on
the strong electronic repulsion, entropic stretching costs and
restricted constraints for irreversible grafting (25). For monomer
polymer brush, the responsive activity relies on the density of
grafts and the property of its functional groups, but for block
polymer brush, the responsive activity relies on phase separation
of different blocks and response to the relative reagent (26).

However, in the biological application of polymer brushes,
there is a requirement to focus on the obtained conformation
response by external stimuli and the controllability of the
property of the material itself, as it is necessary to consider the
long-term stabilization (physical and chemical) of the polymer
material in vivo. The complicated environment of an organism
renders it vital to develop a responsive system to control
multiple stimuli efficiently.

3. Structure and function of natural cilia and current
research of artificial cilia

Cilia is a type of hair-like organelle based on microtubule
structures. Cilia are critical for movements of liquid through
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the body, but may also function as a cell receptor (27). They
serve an important role in mediating bodily functions, along-
side other hair-like structures. For example, the atrophy and
loss of olfactory hairs on the top of nasopharyngeal epithelial
tissue may cause anosphrasia (28). Auditory hairs serve a
pivotal role in allowing a rapid hearing response to the vibra-
tion signals of sound waves, and grow on the inner ear hair
cells; the microvilli of intestinal mucosal epithelia cells are
an important structure for the body to assimilate nutrients;
the fertilization process of sperms and eggs may only be
accomplished with the help of the cilia in the human genital
tract (29). Previous research has demonstrated that whether the
cilia have motor activity primarily depends on the differences
in ciliary axonemes (29). The ciliary structure is presented in
Fig. 2 (30).

The present review primarily focused on active cilia. The
cilia in airways eliminate waste via asymmetric and periodic
bends to keep the airway clean and smooth. The movement of
natural cilia uses the ATP stored in the cell body as energy to
fuel the function of axonemal dynein. Previous studies indi-
cated that, due to its small size, the Reynolds number of ciliary
beat is less than 102, which conforms to the low Reynolds
number conditions (31,32). Therefore, the inertial effects are
not significant and the flow relies on the liquid viscosity more.

Based on the structure and function of natural cilia, studies
on artificial cilia have seen a rapid development in the last
decade, especially in the field of lab-on-chip devices. Usually,
these cilia are made of polymer materials prior to modification,
and are used to manipulate fluid flow under certain external
stimuli, including electrical (33,34), magnetic (32,35-37),
light (38,39), pH (40-42) and temperature (43,44). Overall,
these developments of artificial cilia are closely associated
with polymer science research, because polymers may be
easily modified to functional material. Combined with proper
design and assembly, polymers may reach adaptive responses
easily for environmental temperature, humidity, atmosphere
and micro stress. One of the first examples of artificial cilia to
control fluid flow was an electric-actuated cilium (33). From
a practical point of view, the electric-actuated cilia had three
main limitations. The relatively high electric field extends
into the fluid domain and therefore electro hydrodynamic
effects may occur, which potentially leads to electrolysis.
In addition, the principle did not work in conductive fluids,
including certain biological fluids, because the electrical
field may damage biological components of cells. Therefore,
magnetic-actuated cilia have been developed to overcome
these three primary limitations, and have become the most
studied artificial cilia (45-47). They are made from a polymer
matrix film consisting of embedded magnetic nanoparticles
in response to the external magnetic field (48). In addition,
other magnetic-actuated cilia have been synthesized using
self-assembling super paramagnetic beads in an external
magnetic field (32). Novel studies involving artificial cilia are
introduced as follows.

Light-actuated cilia. Light-actuated artificial cilia (Fig. 3),
have been developed from a polymer material consisting of
light-activated chemical groups that may alter their conforma-
tion reversibly under different wavelengths of light, in order to
simulate the oscillation motion of cilia (38).
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Figure 1. Schematic diagrams of polymer brushes. (A) Thermo-responsive polymer brush. Reproduced with permission (17). Atomic force microscope images
(with corresponding 3D images at the top left corners) and 3 representative height profiles (below) taken from different areas of the 2-bromo-2-methyl-N-3
-(triethoxysilyl) propyl propanamide (BTPAm) layer after heating the silane coated Si substrate (120-130°C, 20 min). Left: images and profiles taken from
the hot side of the silicon wafer. Right: images and profile taken from the cold side. (B) pH-responsive polymer brush. Reproduced with permission (18). The
upper pictures show the schematic diagrams of the pH-responsive conformational change of linear polyethyleneimine (LP) with the red circles representing
the charged units: (a) pH 7 and (b) pH 3. The lower pictures show the schematic representations of LP molecules adsorbed on dicalcium phosphate dehydrate
surfaces at (c) pH 7 and (d) pH 3. (C) Solvent-responsive polymer brush. Reproduced with permission (19). Schematic representation of solvent-responsive
behavior for binary polymer brushes. (D) Ionic strength-responsive polymer brush. Reproduced with permission (20). Schematic representation of ionic
strength-responsive behavior for cationic bottle-brush polymers.
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Figure 2. Diagram of natural ciliary structure. Reproduced with permission (23).

A new study from the University of Kiel (Kiel, Germany) developed to mount azobenzenes onto the cell membrane (39).
demonstrated that new light sensitive artificial cilia have been =~ The artificial cilia exhibited directional movement. The
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Figure 3. (A) Artificial, light-driven cilia produce an asymmetric motion controlled by the spectral composition of the light. Reproduced with permission (49).
(B) Schematic representation of artificial cilia with diazocines as switching units. Reproduced with permission (33).

Figure 4. Scanning electron microscopy images of 3D carbon nanotubes cilium-like microstructures. Reproduced with permission (43).

accomplished progress of this motion occurred via special
surface-containing cilia molecules, which concluded that
a type molecular suction cup was being used to control the
switch. This molecular suction cup may be adsorbed on the
gold surface (49) successfully and maintains a flow state to
attract the cilia molecules constantly following the complete
self-assembly of cilia on the surface under light. Symmetric
diazocines as well as asymmetric molecules were controlled to
alter the directional motion of cilia (39). This study facilitated
the understanding of artificial cilia, which as biological trans-
port systems, are important in self-cleaning, thus providing a
potential novel strategy for the treatment of diseases such as
primary ciliary dyskinesia.

Force-actuated cilia. Force-actuated cilia are less widely
researched because it is difficult to control cilium-directed
motion; however, this kind of active cilia will potentially
become the main type to be used in the engineering of artifi-
cial cilia in the future.

In previous years, researchers have provided novel
ideas to solve the manufacturing problems of artificial cilia
engineered mimicry, with increasing numbers of studies
discussing carbon nanotubes (CNTs). A novel technique has
been presented for scalable fabrication of freeform micro-
structures via stain-engineered growth of aligned CNTs (50).

This method represents a versatile principle for designing and
manufacturing complex microstructured surfaces, as shown
in Fig. 4. Four important problems surrounding CNTs require
solving. Firstly, modulation of local CNT growth rate using
offset patterning of the CNT growth catalyst. Secondly, confir-
mation of the final shape of curved CNT microstructures,
designed via finite element modeling. Thirdly, overcoming the
production of microstructures with multidirectional curvature
and unusual self-organized patterns. Finally, the tuning of the
mechanical properties independent from the microstructure
geometry, by conformally coating CNTs.

In conclusion, the field of artificial cilia in bionic biology
is still a relatively young field, and their implementation in
commercial products is still rare. Nature has proven that the
artificial cilia may be able to work in complex biological
applications, due to their fluid manipulation effectiveness,
their ability to locally control flows and the elegance of
potential full integration, making them worthy for further
investigation.

4. Application of polymer brushes in the field of artificial
cilia

Polymer brushes have a similar topological structure to natural
cilia. Although some size diversity exists, polymer brushes
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Figure 5. Schematic of polymer brush (yellow circles) filming following shaping, in order to remove attached matter (blue circles).

have had good applications in the field of surface modification,
and additionally have various functions, including the delivery
of medicine and genes (51,52), enzyme biosynthesis (53,54)
and use in culture medium (55,56). A recent study on artificial
polymer brushes involved an artificial biological transporta-
tion system, as well as other research on a functional artificial
epithelium, by applying an external stimulus on the carried
nanoparticles to determine the effect of the brush as artificial
nasal mucosa (39). Taken together, research into polymer
brushes and cilia suggests that by combining polymer brushes
and artificial cilium, a polymer net-structured material may
be developed to imitate morphology and functionality of the
natural cilium system. Proper design of the high polymer
material and suitable polymer molding technology would be
required. To achieve this design, the micromechanics of the
polymer must be studied thoroughly.

At present, a polymer brush is treated as a fluid; thus,
the rheology of polymer brushes is critical. This study of
polymer brush rheology dates back to the 1950s (57), with
discernable breakthroughs being been made in the 1970s (58).
For polymer brushes, plenty of more recent studies point to
polymer brush emulsion as a measure of its stability and rheo-
logical properties, based on Russel's (59) research, to develop
the flow properties with polystyrene emulsion. These studies
on the mechanical properties of the polymer revealed that
the rheology is an important method in the characterization
of these properties. Emulsion rheology has been extensively
studied; however, there are limited studies on polymer brush
film during the period of simulation. The main research has

focused on variations of viscosity between each polymer brush
layer under steady and oscillatory shear force. Alexander (60)
conducted research on the absorption function of a flat sheet
membrane with results demonstrating that stretching forms
from free energy balance. On the basis of the free energy
theory and experiment data, high-density polymer chains
from the same layer overlap vertically, which may enhance the
contact and interaction energy among chains. Polymer chains
would be forced to stretch vertically from nodes, leading to a
polymer density decrease, while the polymer brush thickness
increases. Therefore, when solvents exist in a polymer brush
system, the polymer brush stretches in order to obtain a larger
contact area. On the other hand, when solvents do not exist
in the system, polymer brushes stretch from the interface to
avoid overlapping in the limited space. de Gennes (61) and
Halperin ef al (62) experimented on the self-assembly of the
stratiform copolymer and its effect on the polymer chain,
based on the model made by Alexander (60). They simulated
the inner structure of the polymer brush based on their experi-
ment data.

From the aspect of dynamics, mathematic models and
calculations have been made to simulate the deformation of
brush layers under force. Based on recent studies (63,64), a few
demonstrated that polymer brush layers incline when applied
with shear force, but they are not sensitive to the magnitude
of shear force. This property was observed particularly in the
polymer brushes with nanoparticles embedded; their entropy
stability makes it possible to maintain a stable performance
under high shear force. Common research methods include
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the self-consistent field theory, the particle model and the
coarse-grained model (24,62,65). However, those methods
may be only applied to a single component system; application
to multiple component systems remains to be developed. As for
a stimulus-response polymer brush, density functional theory
is widely used to describe the structure deformation. Research
has demonstrated that this may predict the thermodynamic
and structural properties (24). In particular, description of
a system's structural deformation prior to and following a
stimulus made by dissipative particle dynamics would be vital
to its practical use as well.

However, with its excellent ability of surface modifica-
tion, polymer brush material following processing is applied
in the field of biology as a kind of artificial cilia with a
similar topology and suitable mechanical requirements in
specific applications. For example, polymer brushes would
be subject to constant shearing and washing in the inner
face of the artificial trachea, brought about by airflow and
mucus. This means that the polymer brush film must meet
the shear test under certain conditions, so that the brush
layer does not come off, flocculate or clump at a sufficient
shear force. At the same time, the components of the mucus
differ depending on the health and pathological states of the
patient. Therefore, stretching side chains on the polymer
brush film are required to be able to move various fluid
environments.

Thus, it was hypothesized that the selection of appropriate
monomers to create a polymer brush, as well as the coating
material, with a similar ciliated topology, may be molded to
help the artificial tracheal substitutes clear away airway wastes.
The process is presented in Fig. 5. After shaping a cilia-like
film layer, certain side chains of the polymer brush materials
are adhesive to the base, and another part of the side chains
intertwine with each other to form a film. Due to the steric
hindrance, the rest of the side chains will extend into space
freely. Meanwhile, the extending side chains of brush polymers
end with a charge or some other features, including thermal,
pH or any others in solution that will be able to generate
electrostatic repulsion. Therefore, the spatial structure of the
side chains is more extended, and may lead to increases in the
height of the polymer film cilia-like layer. In addition, it may
present many different properties when interacting with mucus.

In conclusion, progress has been made regarding using
polymer brushes as a type of a surface modification of the
epithelium following airway reconstruction, although further
studies are required. Combined with the technology of
polymer shaping, as well as making use of the advantages of
polymer brushes to alter surface properties of the materials
effectively, future studies may investigate coating films on
the inner surface of reconstructed airways, which is produced
with polymer brush material. These films may have similar
topology to the natural epithelium and effectively replace
the airway epithelial layer to clear away waste mucus. This
has profound significance for the reconstruction of artificial
trachea and the treatment of the tracheal defects.
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